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Theory of the nonleytonic decays of heavy flavors
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The meson wave functions of the anisotropic chromodynamics theory are used in order to calculate
the matrix elements and hence the form factors for D, B mesons. Nonleptonic weak decays into two

pseudoscalar (PP) or pseudoscalar-vector (PV) final states are studied in a factorization approach, and

the exclusive widths are successfully computed. We find that the S"-exchange contribution turns out to
be very important for D and Ds decays.

PACS number(s): 13.25.+m, 12.40.Aa, 14.40.Jz

I. INTRODUCTION:
TWO RESEARCH PROGRAMS

c' (m~ ) ba, (p)1+ ln
c 3/2(m 2) 6m

0.72

(1.4)

The problem of nonleptonic weak decays of hadrons is
a rather old one: for instance, in the late 1960s, the ex-
planation of the observed AI= —,

' enhancement in the
X ~~+~ and A~~N decays was a necessary task for
any theory that wished to understand nonleptonic phys-
1cs.

Thus two rival research programs have been developed
in order to face these puzzling questions: the short-
distance (SD) program, initiated by Wilson [1], and the
long-distance (LD) program, whose basic ideas were put
forward in Ref. [2]. The names of these approaches are
related to their different ways of handling the current-
current product which appears in the effective nonlepton-
ic Hamiltonian in the manner of Wilson [1]:

HNL(0)=g f d x D~,(x)T J ~ —J„,(1.1)
2 " 2

(p = 1 GeV, b =33—2nf), which is insufficient to account
for the experimentally known enhancement of the hI =

—,
'

channel. In spite of its failure, the perturbative QCD
(PQCD) inspired SD program was extended to the phys-
ics of the weak decays of heavy flavors, with the expecta-
tion that the large masses of the c and b quarks would
this time ensure the complete dominance of short-
distance effects [6]; then, the effective nonleptonic Hamil-
tonian for the Cabibbo allowed charmed particles decays
was written [6] (::denotes Wick products):

HNL = —cos Oc [c,:u y (1—ys)ds y„(1—ys)c:C G 2

2

+c2.u y"(1—ys)csy„(1—ys)d:],
(1.5)

where
where the propagation function D~(x) has an effective
support 1m~x I

1.
According to Wilson, writing

and

C1,2 z[C+ C ] (1.6)

T
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it would happen that

( eI=3/2( —2) ((( BI=I/2( —2)m~ m gr (1.3)

as a result of different SD anomalous dimensions; this
fact would explain the very large numerical difference be-
tween AI =

—,
' and —', weak nonleptonic amplitudes.

With the discovery of the asymptotic freedom [3] of
QCD, Wilson's suggestion could finally be checked, with
the result [4,5]:

In the same years, Nussinov and Preparata tried to face
these problems starting from a different point of view:
through a short-distance analysis [2] of the time-ordered
product of two charged weak currents, they showed that
one has no short-distance singularities. This fact strongly
suggested that the physical states

I
n ) between the

currents could be restricted such that the momentum
transfer between them and the initial and final states is
Q = I(p;„,„,—p„)I

~1 GeV, i.e.,
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J+~—
2
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(1.9)

or, put di6'erently, nonleptonic physics is dominated by
long dis-tance effects. The outcome was very promising,
including a "dynamical" explanation of the AI= —,

' rule
for hyperon weak decays [2] and nonleptonic K decays
[7]. Thus the LD approach appears as the right ap-
proach to nonleptonic physics.

In this paper we wish to analyze the exclusive decays
of D and 8 mesons within the framework of the LD pro-
gram, supplemented by the anisotropic chromodynamics
(ACD) calculational strategy [8]. The plan of this paper
is as follows. In Sec. II we recall the basic ideas of ACD
theory. In Sec. III we describe the details of the theoreti-
cal background. In Sec. IV we discuss the determination
of the form factors. Sections V and VI deal with a discus-
sion of our results for D and 8 mesons, respectively. A
comparison with other approaches is carried out in Sec.
VII, while the conclusions appear in Sec. VIII.

II. BASIC IDEAS QF ACD THEORY

Before starting to study in the LD approach the non-
leptonic decays of heavy flavored mesons, we think it use-
ful to recall the basic points of ACD theory; in fact, the
meson wave functions obtained within this theoretical
framework shall be used in the next sections to estimate
the relevant matrix elements (a detailed discussion can be
found in Ref. [8]).

Anisotropic chromodynamics is the theory of strong
interactions proposed by one of us (G.P.) in 1980, with
the purpose of finding an answer to an old and unsolved
problem of QCD, color confinement. In fact, ACD was
formulated with the belief that the only natural descrip-
tion of confinement emerges in the framework of two-
dimensional gauge theories.

The starting point is the assumption that the dynamics
of color is locally isomorphic to the dynamics of two-
dimensional @CD (one spatial plus one temporal dimen-
sion). This fact requires a new geometry for space-time:
thus one introduces a seven-dimensional manifold
M4 XS3, where M~ is the usual Minkowskian world and
S3 is a unit pseudosphere, spanned by a four-vector n

„

which is spacelike and normalized as n„=—1.
Now, to each elementary physical event one associates

a pair of Minkowskian vectors (x„,n ): in practice, we
can picture this seven-dimensional continuum as a collec-
tion of usual Minkowskian worlds labeled by the variable
n and we shall refer to them as "n sheets. "p

This view seems to destroy the space isotropy, but in
fact one demonstrates [8] that the hadron dynamics can
be globally expressed in terms of the collective quark
fields, obtained by averaging over the sheet variables n„.

An investigation of the structure of the ground state of
QCD showed that it can be accurately approximated by
the "chromomagnetic liquid" (CML) [9,10], which is
formed by a large number of needle-shaped magnetic
domains and which has all the suitable properties

(Lorentz and rotational invariance, color confinement,
freedom at short distances) expected for the real ground
state of the theory.

The idea of the space breaking up into a large number
of uncorrelated needles with a polarization along a given
direction provides also a physical and dynamical realiza-
tion of the anisotropy vector a.

The first step in the construction of the hadronic world
is the determination of the spectrum of the "primitive
world": in fact, the confining Hamiltonian of AC13 can
be split [8] into two pieces:

H, =H,"'+H,', (2.1)

A. Meson wave functions of ACD

The calculation of the ACD meson wave functions in
an arbitrary moving frame has been performed in Ref.
[11]:basically, such moving-frame functions are the solu-
tions of a Schrodinger-like equation (see Fig. 1):

2 1/2

&+k +m'
2 q

2

+m'
2

1/2

.0 „,„(p,k)

+ V„",' (p, k, k')4„., „(p,k') =E„%'„,„(p,k),d K'
(2m )'

where r, s denote the quark helicities and

p, n

p—+K r
2

p——Ks
2

=gnrs( p, &)

FIG. 1. Kinematics of the wave function P„„,(p, k); r and s
denote the quark helicities.

where Hz ' is the confining, infrared singular part and H&
describes pair creation and has no singularity in the in-
frared region. Because of this peculiar behavior, one can
treat H& perturbatively, whereas under no circumstance
can this be done with Hz ', thus the diagonalization of
the first part of the Hamiltonian produces the "primitive
hadronic world" where the hadrons are stable states with
a definite number of q, q. After the introduction of the
perturbation H~, the primitive hadrons will become un-
stable, as a result of the pair creation processes: however,
in order to determine the meson spectrum, one does not
need this piece of the Hamiltonian and one can proceed
directly to diagonalize Hc '.
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V,",'"(p, k, k') =
& p, k, r, ~ IH~" Ip, k', r', s'

& . (2.3)

V(O, k, k') has been computed [8] and decomposed into
four distinct contributions, depending in a different way
on the spin and Aavor.

This potential is inserted in (2.2) at p=O in order to
find the meson spectrum in terms of five parameters only,
the string tension p and the quark masses
m„,md, m„m„mb. the case p=O is solved in a simple
way, and then the problem one has to face is the deter-
mination of the potential V at pAO. A direct calculation
is not easy, involving an elaborate analysis of the struc-
ture of color currents for quarks, which must be per-
formed after a boost with velocity equal to l pl /E. In or-
der to achieve this, one uses an approximate Lorentz
transformation establishing a connection between
V(p, k, k') and V(O, k, k'), the form of which can be found
in Ref. [11]. In this way one succeeds in obtaining the
meson wave functions in an arbitrary moving frame.

III. THEORY OF NONLEPTONIC DECAYS

Now, within the framework of the LD program and
ACD theory, we can study nonleptonic decays of heavy
Aavors in order to calculate the exclusive decay widths;
we can also test the effectiveness of the ACD meson wave
functions. We start by calculating matrix elements of
operators of the type

IIab .JaJPb.G
(3.1)p

where J„'"are general weak currents.
Let us then consider the matrix element

J (o)

(P H (o) a)=
CL

(3.2)

where la & and l13 & are two generic hadronic states.
From a purely topological point of view, we can classi-

fy all diagrams contributing to (3.2) in two classes: (a) the
disconnected diagrams (D class) and (b) the connected di-
agrams (C class).

To the D class belong those contributions for which the
individual hadrons appearing in la & and lP & separate in
two disconnected groups. It is clear that these diagrams
can be generated in only two ways: (1) by inserting the
vacuum between the two currents J„'(0)and J" (0) (see
Fig. 2) and (2) by inserting the vacuum between any
"Fierz rearrangement" of the product of the two currents
J„'(0)and J" (0) (see Fig. 3):

:J„'(0)J~(0):=QFg x. :Jx (0)Jx (0): . (3.3)

a',

FIG. 3. Vacuum insertion between any "Fierz rearrange-
ment" of the product of the two currents J„'(0)and J""(0).

(i) &P(p2)l VplD(pi) &

=f '(q')(pi+p2)„+f (q')(pi —p2)„
(ii) &P(q) A„lO&= ifpq„. —

(3.4)

(3.5)

For a final state that comprises a pseudoscalar and a vec-
tor meson, we have two possible configurations (see Fig.
6); the relevant matrix elements of the weak currents are

K+
/

vv

butions which cannot be so decomposed; as an illustra-
tion, in Fig. 4 we report typical contributions of both
classes to the decay of K+ ~m+m .

It is clear that the great theoretical advantage of the di-
agrams of the D class is their complete factorization in
terms of semileptonic processes, which thus can be taken
as input in the calculation of such nonleptonic ampli-
tudes.

On the contrary, the evaluation of C-class diagrams is
a diScult hadrodynamical problem, which in general
cannot be solved at the present time. However, we
should remark here on a fundamental difference between
the two types of contributions: whereas D-class contribu-
tions do closely reflect the internal (isospin, b,S, etc. )

structure of the current-current Hamiltonian, the C-class
amplitudes are much more sensitive to the peculiar dy-
namics of hadrons; examples of the latter fact are to be
found in the already mentioned dynamical explanation of
the b,I= —,

' rule in hyperon nonleptonic decays [2] and in
the calculation of the nonleptonic E decays of Ref. [7].

In order to evaluate the diagrams of the D class for the
decays of heavy flavored mesons, we start by calculating
the weak form factors that appear in those diagrams. Let
us consider first the D (or B) decay into two pseudoscalar
mesons (see Fig. 5); this amplitude is given by the product
of the matrix elements

The C class, on the other hand, comprises all the contri-

Jv(
I

I
' J (0)

A

K

(v

(b)

FIG. 2. Vacuum insertion between the two currents J„'(0)
and J~ (0)~

FIG. 4. Contributions to the decay of %+~~+a. : (a) D-
class contribution and (b) C-class contribution.
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A(iii) ( V(p2)IJ„ID(p,)) =i c„(MD+Mi,)A, (q ) —e (p, —p2), (p, +p2)„

2Mi, [AO(q ) —A3(q )] 2e„p+~ (pi —p». (pi —p2)„ (3.6)
q

(iv) ( I'(q)l I'„l0&=fvF-„ (3.7)

(where e„is the polarization of the vector meson).
Thus the contribution of Fig. 6(a) is obtained by calcu-

lating the product of the matrix elements (3.&) and (3.6)
and the one of Fig. 6(b) from (3.4) and (3.7); the first step
in carrying this out is the evaluation of all matrix ele-
ments by using the ACD meson wave functions discussed
in the previous section.

IV. DETERMINATION OF THE FORM FACTORS

The evaluation of the matrix elements containing the
vacuum state has been carried out in Ref. [12], where the
decay constants f~,fi, for various mesons are obtained in

satisfactory agreement with the experimental data; how-
ever, one is still working in order to improve the theoreti-
cal determination offI„fv [13].

In a first step [14] of our work, the pseudoscalar form
factors f+(q ),f (q ) have been calculated from (3.4) in
the Breit system, choosing the z axis of the coordinates
along the direction of the spatial component of the
momentum; the results thus obtained were quite good for
the D ~K case, but they were not really satisfactory (be-
cause they were small) for the D ~~ transition. Then we
thought that an improvement of this calculation could
come from the insertion into (3 4) of an additional
current term M„.The origin of such a term lies in the
fact that we work in a well-defined approximation (we
truncate our theory by treating quark-pair creation per-
turbatively), and in general, it is not possible to guarantee
that the "naive current"

' 1/2
d3 d3qi m&m

(2~)'
q

Xy (1—y)[ u(q') b(q') +(Uq' )d+ (q' ])

[u (q)b+(q)+U(q)d(q)]

(4.1)

is conserved (or partially conserved) [11]. The additional
term acts in the following way:

where we call Ia ) and Ib ) the generic initial and final
states, respectively, q„=(pi—p2), and D is the diver-
gence:

(b IDla ) =(m."'—m,'")(b Iuu Ia )
—(m.'"+m,"')(b luy, u la ) . (4.3)

The additional piece 6J„restores the current conserva-
tion and can be evaluated in a simple way from (4.2) pro-
vided we know the current quark masses m ' ' in (4.3).

For this purpose we use the values determined in Ref.
[15] from an analysis of the (approximate) chiral symme-
try of the ACD Hamiltonian:

m„' '=m' '= l8 MeV,d

m,"'=123 Mev,

m,'"=1)00 MeV,

mb '=4400 MeV .

By parametrizing the components 0 and 3 of 5J as

5JO =I' cos8(p), 5J3 =F sing(p),

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

and minimizing their size, we can calculate separately
5JO and 5J3. For q =0, the mininiizing angle 8 is equal
to 3m/4, and this means that the components 0 and 3 of
the current correction have the same weight but an oppo-
site sign.

In Table I we report the form factors obtained in our
approach at q =0, while in Table II one can find a com-
parison with the results of some different theoretical ap-
proaches, using, for instance, QCD sum rules [17] or a
lattice calculation [18]. We do not indicate the theoreti-
cal error which affects our form factors because it comes
mainly from the determination of the meson wave func-
tions; thus, it is not directly computable. However we es-
timate that it would be about 10%.

& b I q
"(J„"'+5J„)I

a &
=

& b ID Ia &, (4.2) P(q) v(q)

o(p ) o(p, )

o(p, ) q~=(p, -p, )"

(a) (b)

P(p )

p(p2)

FIG. 5. D decay into two pseudoscalar mesons.
FIG. 6. D decay into a pseudoscalar and a vector meson in

the two possible configurations.
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TABLE I. Pseudoscalar form factors.

Case f+(0) f (0) Remarks

D~g
D~K
D~~
D, ~q
D, ~K
B~D
B~K
B~m.

0.98
0.77
0.78
0.70
0.63
0.75
0.63
0.58

—0.39
—0.06
—0.34
—0.01

0.08
—0.79
—0.74
—0.83

f~ «(0),„p,=0.69+0.04 [16]

Looking at Tables I and II one can make the following
remarks.

(a) Our value of f~ «(0) is in satisfactory agreement
with the experimental world average [16]:

f~ «(0) =0.69+0.04 . (4.9)

Moreover, we agree also with the values calculated in
other theoretical approaches: in general, the theoretical
value falls within the range 0.60—0.75 and the model
dependence seems to be weak.

(b) The experimental determination of fr+, (0) is not
available yet. Thus we perform only a comparison
among the theoretical predictions: our ACD value is in
good agreement with the Dominguez-Paver [17] and the
Crisafulli-Martinelli-Sachrajda [18] ones, obtained, re-
spectively, by using QCD sum rules and lattice calcula-
tions.

Note that the insertion of the additional current 5J„
really increases the value of fz (0) as compared to our
previous determination of Ref. [14], thus setting it in the
theoretically expected range.

(c) As for the D, form factors, we obtain some smaller
values than the ones for D mesons: this fact satisfies also
the theoretical expectations that predict an (approximate)
inverse proportionality with the mass di6'erence between
initial and final states.

Finally, the B form factors calculated in ACD are
roughly in the range suggested in Refs. [20,21].

A relevant test of the accuracy of our form factors can
be given by the results that we have obtained for the ex-
clusive semileptonic widths; in this paper we have decid-
ed not to discuss these important decays, to which we
shall devote a future work, but we just present in Table
III some results and some experimental data. In general,
the agreement is satisfactory and this fact confirms that
our form factors have the correct size. Note, however,
that we find

I (D+ —+K e+v, ) = I (D ~K e+v, ), (4.10)

as one can expect considering that exactly the same pro-
cess and the same diagram are involved in these cases.
Thus the experimental data for these channels seem very
puzzling and a reexamination of this important question
is necessary.

Finally, note our prediction of I (B ~m. e v, ), a
width for which we have only an upper limit from the
Crystal Ball Collaboration [23].

Group

TABLE II ~ Comparison with some different theoretical models.

f~ «(0)„&, Model

Gibilisco-Preparata
Dominguez-Paver
Aliev-Eletskii-Kogan
Crisafulli-Martinelli-Sachrajda
Lubicz-Martinelli-Sachrajda
Gibilisco-Preparata
Domingueg-Paver
Aliev-Eletskii-Kogan
Crisafulli-Martinelli-Sachrajda
Lubicz-Martinelli-Sachrajda
Bauer-Stech-Wirbel

0.77
0.75+0.05
0.60+0.10
0.74+0.17
0.63+0.08

0.77
0.75+0.05
0.60+0.10
0.74+0.17
0.63+0.08
0.75—0.82

ACD theory
QCD sum rules [17]
QCD sum rules [17]

Lattice calculation [18]
Lattice calculation [18]

ACD theory
QCD sum rules [17]
QCD sum rules [17]

Lattice calculation [18]
Lattice calculation [18]

Constituent quark model [19]

Group

Gibilisco-Preparata
Dominguez-Paver

Crisafulli-Martinelli-Sachrajda
Lubicz-Martinelli-Sachrajda

0.78
0.75+0.05
0.70+0.20
0.58+0.09

Model

ACD theory
QCD sum rules [17]

Lattice calculation [18]
Lattice calculation [18]

Group

Gibilisco-Preparata
Ovchinnikov-Slobodenyuk

0.75
1.0+0.2

Model

ACD theory
QCD sum rules [20]

Group

Gibilisco-Preparata
Dominguez-Paver

0.58
0.4+0.1

Model

ACD theory
QCD sum rules [21]
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TABLE III. Results: semileptonic decays D,B~I'ev, .

Channel

D+ Xoe+v,

D K e+v,

Do~~ e+v,
D,+ E e+v,

B ~D+e v,

B ~De v,
B ~we v,

I"„](10" sec ')

0.86

0.076
0.038
0.59
0.165

0.165
0.004

I,„~,(10" sec ')

(0.56+0.08+0. 15)
(0.61+', +0.07)
(0.56+0.09+0. 12)
(0.79+0.07)
(0.81+0.12+0.09)
(0.88+0.07+0. 14)
(0.91+0.07+0. 17)
(0.09 o o3+Q. Q1)

(0.045)'
(0.46)'
0.13+0.03
0.17+0.03+0.02
0.15+0.05+0.04
0.135+0.05+

& 0.016

Group

E691
Mark III

E653
PDG

Mark III
CLEO
E691

Mark III

PDG
CLEO

ARGUS
CLEO

Crystal Ball

'Estimates of the expected rates (see Ref. [22]).

Form Gibilisco-
Channel factor Preparata Different models

Vp

D~K
A2

1.78
0.77
0.49

on lattjce
0.86+0. 10
0.53+0.03
0.19+0.21

(Martinelli and co-workers [18])

Channel

Vo

Vp

Al
Aq

1.62
0.54
0.54
1.61
0.54
0.54

0.78+0.10
0.45+0.04
0.02+0.26

(Martinelli and co-workers [18])
(b)

Form factor our model

D, ~K*

B~p

Vo

A,
Aq

Vo

Al

(c)

Vo

Al
A2
Vo

Al
A2
Vo

Al

1.92
0.73
0.50
1.67
0.65
0.52

0.33
0.11
0.18
0.56
0.43
0.18
0.57
0.43
0.18

TABLE IV. (a) Vector and axial form factors for the D
meson. (b) Vector and axial form factors for the D, meson. (c)
Vector and axial form factors for the B meson.

(a)

Turning now to the vector mesons' form factors, we re-
port in Table IV the results obtained in ACD theory for
D, D„and B and the values determined by a lattice cal-
culation [18] for the D case [the term containing the form
factors Ao, A3 in (3.6) is negligible in the zero lepton
mass limit; thus, we need actually Ai(q ), A2(q ), and
V(q ) only ].

In general, from Table IV(a) one finds that our values
of the vector mesons' form factors are systematically
larger than those of Martinelli and co-workers [18] and
the difFerence is noteworthy especially for A2. It is in-
teresting to recall also the E691 experimental determina-
tion [24] of A, (0), A, (0), and V(0) for D~K*; it has
given very surprising results, because they contradict al-
most all the theoretical predictions. In Tables V(a) and
V(b) we perform an extensive comparison between the
theoretical and experimental values of the D —+X* form
factors. Let us remark that the ACD results agree with
the theoretical ones of Refs. [25—28]: there is no evidence
from our calculation of a value A2(0) ~ very near to
zero, as suggested by the E691 data and by some lattice
calculations [18].

The ratio
I (D+ K *e+v, )/I (D+ K *e+v, ),

derived by E691 disagrees also with the results coming
from the WA82 [29] and Mark III [30] Collaborations
[see Table V(c)]. Note, however, that the experimental
errors are large; thus, this disagreement could be reduced
by a more accurate determination of this ratio. In any
case, either I L /I T or I +/I obtained in our approach
agrees with all these measurements.

V. NONLEPTONIC DECAYS OF D's:
RESULTS

As we have emphasized in Sec. III, in order to calcu-
late the decay widths for heavy flavored mesons D, B, we
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TABLE V. (a) Form factors for D~K*. Here R2= A2(0)/A1(0) and Rv= V(0)/A1(0). (b) E691
experimental form factors for D~K* (see [24]). (c) Ratios I I /I T and I +/I for the decay—pg +D+ —+K e v, .

(a)
Model

Our model
Isgur-Scora [25]
Bauer-Wirbel [26]
Gilman-Singleton [27]
Korner-Schuler [28]
Lubicz-Martinelli-Sachrajda [18]

A, (0)

0.77
0.8
0.9
0.8
1.0

0.53+0.03
(b)

A (0)

0.49
0.8
1.2
0.6
1.0

0.19+0.02

V(0)

1.78
1.1
1.3
1.5
1.0

0.86+0.01

R2

0.64
1.0
1.3
0.75
1.0
0.36

Rv

2.31
1.4
1.4
1.9
1.0
1.62

Form factors

A, (0)
A2(0)
V('0)

R2 = A2(0)/A1(0)
R = V(0) /A, (0)

Model

Our model
Isgur-Scora [25]
Bauer-Wirbel [26]
Gilman-Singleton [27]
Korner-Schuler [28]
Lubicz-Martinelli-Sachrajda [18]
E691 expt. [24]
WA82 expt. [29]
Mark III expt [30]

(c)
r, /r,

1.08
1.1
0.9
1.2
1.2
1.51+0.27

0.6+0.3+0,
+1.0+0. 10 5 —0. 1 —0.2

E691 data [24]

0.46+0.55+0.05
0.0+0.2+0. 1

0.9+0.3+0. 1

0.0+0.5+0.2
2.0+0.6+0.3

0.09

0.15 p pg+0. 03

must distinguish between two classes of contributions:
the disconnected and the connected ones. Here we will ex-
amine in a more detailed way these amplitudes and the
topology of the diagrams related to them (see Fig. 7).

The disconnected diagram [Fig. 7(a)] is usually referred
to as the "spectator" contribution: it can be evaluated in
a simple way, after the insertion of the additional current,
by means of the product matrix elements (3.4) and (3.5)
(PP case), (3.6) and (3.5) [PV case in the configuration of

I

Fig. 6(a)], and (3.4) and (3.7) [PV case in the configuration
of Fig. 6(b)].

The connected diagram [Fig. 7(b)] has been called
"essentially disconnected" as a consequence of its reduci-
bility to a disconnected one through a Fierz transforma-
tion. The D+ decays receive a contribution only from (a)
and (b) topologies: thus, for instance, the amplitude for
D+ ~K m+ in the rest frame of D+ meson is written as

2 (D+~K rt+ ) = —V„V„dIf [fD x(0)(mD m~ )+fg) x(0—)(m ' )]

—
—,'f»[fn (0)(mD —m„)+fD (0)(mx. )]] . (5.1)

Note that, after the Fierz transformation, we have a
color suppression facto-r —,

' and a minus sign: in Sec. VII
we shall discuss the importance of this factor.

The "properly connected" diagram [Fig. 7(c)] involves
the exchange of a W boson, and in our model it has a
considerable weight for D,D, decays, its amplitude be-
ing comparable with the disconnected one. We are con-
vinced indeed that this contribution is the cause of the
difference of lifetimes between D+ and D,D, mesons.

Note, however, that the W-exchange amplitude is usu-
ally considered negligible, owing to its SD helicity
suppression. In the LD program, this is in general not

q q' q'

(a)

D-c[ass contribution

(b) (c)
C-class contributions

(b) essentially connected
(c) properly connected

FIG. 7. Different contributions to heavy Aavor meson decays.
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w+ TABLE VII. Results: D+~PP.

QO

w+

g

Channel

D+ Z 0~+

D+ ~~+~'
D+~Z+Z'
D+

I „],(10" sec ')

0.33

0.012
0.071
0.011

I„„,(10" sec ') Group

0.24+0.04 PDG
0.23+0.04+0.06 E691

(0.050 PDG
0.064+0.019+0.012 E691
0.062+0.021 PDG

w+

(b)

w+

(c)

FIG. 8. Parametrization of the properly connected contribu-
tions to the decay D ~PP.

the case, and in Sec. VII we shall make a few comments
about how the LD program avoids such suppression.
Unfortunately, we are not yet in a position to calculate
the properly connected contributions; thus, we choose for
them a suitable parametrization in terms of a modulus
and a phase angle (see Fig. 8). Using this parametriza-

TABLE VI. (a) Pseudoscalar meson decay constants. (b)

Vector meson decay constants. (c) Constituent quark masses.

(d) Cabibbo-Kobayashi-Maskawa matrix elements.

(a)
Decay constants [12,13]

tion, we perform a fit of those channels that have the
smallest experimental errors; subsequently, we use the pa-
rameters thus obtained in order to calculate the remain-
ing widths.

In Table VI we report the decay constants, the quark
masses and the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements employed in our calculation; in Tables
VII —XII one can find our results for D+, D, and D, ex-
clusive decays compared to the experimental widths (the
inclusive ones have been discussed in Ref. [32]).

A few remarks are now in order.
(a) Our approach, in general, gives good results: we

will emphasize that for the D+ decays our model is com-
pletely parameter free, thus allowing us to successfully
calculate the widths of many channels, as for instance,
I (D+ IC ~+), I (D+ IC+I7 ), I (D+ K+K 0),
and I (D+~E *sr+).

Note, however, that our value of I (D+ —+Pm+) is out
(by a factor 2) of the experimental range stated by E691
[33], and this failure does not depend on the value of
f~ (0) calculated in our approach. With regard to this
problem, we think that a pole diagram (see Fig. 9), which
we have so far neglected, this time could be important.
However, in order to evaluate such diagram, we need a
knowledge of I (D * +Dm), whic—h is presently unavail-
able.

We must remark that Buccella et al. [34], in a rescat-
tering model based on the production of resonances in
SU(3) symmetry, also obtain a somewhat small width, in
agreement with our result:

f =0.133 GeV
fn =0.191 GeV

f„=0.068 GeV

f =0.167 GeV2

f 0=0.118 GeV'
Pfp
=0.30 GeV

f „=0.592 GeV'

fzzq, =l. 111 GeV

(b)
Decay constants [12,13]

(c)
Quark masses

fx =0.162 GeV
fn =0.226 GeV

f „=0.198 GeV'

f + =0.167 GeV'
P

f „0=0.577 GeV'

f+ =0.971 GeV2

)=0.290X10' sec

l,„t„(D+~pm
+

) = (0.64+0.06+0. 11 ) X 10'c sec

(see Ref. [33]).
(b) As for the D and D, decays, we list all experimen-

tal widths fitted in Table XIII(a), while in Table XIII(b)
we report the value of the parameters thus obtained, sub-
sequently reemployed in the computation of the properly
connected contributions to other amplitudes.

Note that we succeed in limiting the number of chan-
nels fitted by assuming that the size B of the properly
connected contribution is nearly comparable to the

m„=0.100 GeV
md=0. 100 GeV
m, =0.171 GeV

V„d=0.976
Vcd = 0.221

(d)
Matrix elements employed

V„,=0.221
V„=0.975

m, =1.12 GeV
mb =4 35 GeV

V„l,=0.007 [31]
V,b =0.046 [31]

Channel

Do

D qK
Do~~o~o

I „&,(10" sec ')

0.023

0.12
0.012

I,„„,(10" sec ')

0031+ ' +0 005
0.026+0.09
0.20+0.03+0.04
0.021+0.005+0.005

TABLE VIII. Results: D PP.

Group

CLEO
PDG

CLEO
CLEO
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TABLE IX. Results: D+~PV.

Channel

D+ KOO +

D+ K *K+

D+ +K 0

D+ —+K*+K
D ~CO'IT

D+ ~P~+

D+ 0 +

I „~,{10"sec ')

0.22

0.036

0.87

0.050
0.001
0.030

0.002

I „~,(10" sec ')

0.55+0. 18+0.23
0.18+0.06
0.041+0.018+0.010
0.044+0.008
0.64+0.07+0.21
0.62+0. 16

& 0.056
0.064+0.006+0.011
0.056+0.007
0.007+0.005+0.001

Group

Mark III
PDG

Mark III
PDG

Mark III
PDG

PDG
E691
PDG
E691

disconnected amplitude, as suggested by our theoretical
approach.

The calculation of all remaining widths gives good re-
sults, thus showing that our handling of the W-exchange
(or 8'-annihilation) diagrams is correct.

We obtain, for instance, a satisfactory agreement with
the most recent CLEO II data for I (D ~K K ),
I (D ~m m. ); our results for I (D ~K n. ),
I (D ~/K ), and I (D ~coK ) seem also to agree very
well with the experimental widths. For
I (D ~K +K ) we can determine a range of values

only, by requesting the existence of the phase angle n of
our parametrization; in any case, we agree with the ex-
perimental domain suggested by the E691 and the Parti-
cle Data Group (PDG) Collaborations.

A very important result is obtained in our approach for
the channel D,+ ~Pm. + (see Table XI): for this decay one
has no 8'-exchange contribution, thus allowing us a com-
plete, parameter-free calculation of the amplitudes; we
must note that the calculated width is in very good agree-
ment with all experimental data. This is a clear indica-
tion, in our opinion, that when we are able to calculate all
contributions, the model works very well.

Let us remark that we obtain also a ratio
I (D, ~K*+K )/I (D, ~Pm+) in agreement with the ex-
perimental data (but they are still affected by large er-
rors).

A more exact experimental determination of
I (D, —+K m+), a channel for which we have the discon-

nected contribution only (see Table XII), will give us
another important test of the effectiveness of our model.

Concluding this section, in spite of some problems, we
believe that our approach altogether provides a satisfac-
tory picture of nonleptonic decays of D mesons.

VI. NONLEPTONIC DECAYS OF B's:
RESULTS

The same analysis just carried out for D mesons can be
successfully applied to determine the exclusive decay
widths of B mesons. However, a fundamental difference
does exist between D and B decays: while D mesons
through the 8-exchange amplitude can be mixed to
well-defined, almost degenerate light-quark resonances,
B's cannot, as we can easily note from the values of their
masses. Indeed, we believe that it is the closeness to a
resonance that makes the 8'-exchange amplitude impor-
tant for D and D, . Thus we expect no significant contri
bution from the properly connected amplitude for B and
no remarkable difference between the lifetimes of B+and-
B,as the experimental data confirm.

In Tables XIV—XVI, we list our results for the ex-
clusive widths concerning the B~PP and the B~PV
channels, obtained from the evaluation of the spectator
contributions only.

For the CKM matrix elements and the lifetimes, we
have used the values

TABLE X. Results: D ~PV.

Channel

D p+K
D ~A@K

DO K 0+ 0

DO OK 0

D' yE'
D0~gK '*

D ~K*+K

'In order to have ~cosa~ ( l.

I „&,{10"sec ')

1.49
0.57

0.40
0.45
0.27
0.075

0.002~ I ~0. 15'

I,„,(10" sec ')

1.74+0.26
0.59+0. 12
0.81+0.21+0.24
0.50+0.24
0.15+0.07
0.21+0.03

& 0.33
0.50+0.29
(0.16+0'.06+0.04)
0.083+0.019

Group

PDG
PDG

CLEO
PDG
PDG
PDG
E691
PDG
E691
PDG
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HNL p+

TABLE XI. Results: D,+ ~PV. We calculate also
r(D,+ K*+K )/I (D, (5vr+)=1.04, ratio (PDG)=1.18
+0.32 and ratio (CLEO) = 1.2+0.25.

FIG. 9. Pole model for the channel D+ —+Pm+.

V,b =0.046, V„b=0.007 (6.1)

Channel I „&,{10"sec ')

0.66
{8=2.9%)

r,,pf {10"sec ')

0.78+0.27
0.74+0.36+0.09
0.72+0. 16+0.11

& 0.76
0.74+0.22
0.79+0.18
0.62+0. 11

Group

CLEO
TASSO
ARGUS
Mark III

HRS
E691
PDG

(see Ref. [31]),

g +=1.35X}0 ' sec (6.2)
a, =c, +gc2l„

a2 —cp+gci l

(7.1)

(see Ref. [35]),

z o=}.42X }0 ' sec (6.3)

VII. COMPARISON KITH OTHER APPROACHES

As we have emphasized in Sec. V, a color-suppression
factor equal to —,

' is present in the (Fierz transformed)
essentially disconnected amplitude. The value of this fac-
tor is a very fundamental question concerning the study
of exclusive nonleptonic decays of D and 8 mesons; in
fact, it affects in a remarkable way the cancellation be-
tween the different contributions to the overall ampli-
tude.

The Bauer-Stech-Wirbel (BSW) model [19],a milestone
in this research domain, adopts an effective Lagrangian
which is a Wick-ordered product of hadronic currents
weighted via two scale-independent coefficients a, , a2. At
the scale of the decaying heavy quarks, they are connect-
ed with the coefficients ci, c2 of Eq. (1.6) through the re-
lations

(see Ref. [35]). The values (6.1) are (probably) slightly
high; however, the error in V,b, V„b is not very important
at this stage of experimental knowledge.

In particular, we can consider noteworthy the results
obtained for I (B ~D ~ ), I (B ~D+~ ),
I (B o~D+D, ) (see Table XIV), I (B ~J/gK ),
I (B ~D D,* ) (Table XV), and I (B +D+p ), —
1 (B ~J/gK ) (Table XVI).

In general, we can predict many values of the widths,
because frequently the experimental data are upper limits
only. The calculation of the semileptonic channel is also
very satisfactory (see Table III). However, we must wait
for more precise measurements before judging our re-
sults, but we believe that one can see already a basic
agreement with the presently known data.

where g is the color factor equal to 1/X (%=number of
colors).

An isospin analysis gives, for D mesons,

a& —1.3+0.1, az ——0.55+0. 1 . (7.2)

On the other hand, at the mass scale p- }.5 GeV, one
has

c& —1.21, c2 ——0.42 . (7.3)

Thus, from (7.1)—(7.3), one deduces that /=0, while a
value g= —,

' is disastrous because it yields

a& —1.07, a2-0, (7.4)

which are definitely unable to reproduce the experimental
branching ratios.

Thus one faces a problematic situation: adopting the
coefficients (7.2) and using relativistic oscillator wave
functions at infinite momentum, in the BSW model [19]
one obtains a satisfactory agreement with the experimen-
tal data, but at the cost of admitting the debatable value
/=0.

Buras, Gerard, and Riickl [36] tried to justify this
peculiar g value on the basis of the 1/X expansion; how-
ever, a careful study of this question, carried out by one
of us (G.P.) [37], showed that the correct value of g must
be —,'. In fact, one proves that the first-order coefficient of
the a i expansion in powers of g, (p) must necessarily van-
ish and this fact requires a value g= —,'. As a conse-
quence, the BSW approach is probably vitiated, in our
opinion, by an incorrect value of the color factor.

Another important question arises about the helicity
suppression of the 8'-exchange contributions: in fact,
they involve the decay of a pseudoscalar state (J =0 )

into a pair of fermions. This process implies the equality

Channel

TABLE XII. Results: D,+~PP.

I „„/I(D,+ ~Pm. +) Group

0.86
0.091

0.53+0.14
~ 0.21

PDG
PDG

'Here we have the disconnected contribution only.
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TABLE XIII. (a) Channels fitted. (b) Parameters obtained from the fit of the experimental widths.

(a)
(i) D ~PP widths

1 (D ~K ~ )=(0.88+0.06) X10" sec ' (PDG)
I (D ~K m )=(0.45+0.09+0.05)X10" sec ' (Mark III)
I (D ~K K+)=(0.109+0.007+0.012) X10" sec ' (CLEO)
I (D ~+m ) =(0.040+0.007+0.007) X 10" sec ' (ARGUS)

{ii) D ~PV width
I (D ~K* w+)=(1.09+0.14)X10" sec ' (PDG)
(%'e assume 2 „,„„„=Ad;„)

(iii) D,+~PP width
I (D,+—+K K+)=(0.76+0. 13)X10" sec ' (CLEO)

(iv) D,+~PV width
I (D+~K *K+)=(0.66+0.24+0. 17)X10" sec ' (Mark III)
(We assume Ap„„„„„=Ad,„)

Parameters

B

G
cz

(b)
D PP

0.42X10 ' GeV
0.097X10 ' GeV

—0.097X10 ' GeV
100'
130'
135'

D ~PV
—0.48 X 10 GeV
—0.11X 10 GeV

0.11X10 ' GeV

Parameters

B

G
cz

D, ~PP
—0.36X10 ' GeV

110'

0 54X 10 ' GeV

125'

of the q, q helicities, and because left-handed quarks only
can interact weakly with the 8' boson, one has that the
annihilation amplitude is proportional to the masses of
noncharmed quarks, thus being negligible. The
existence of some decay channels such as
D ~K P [B=(0.88+0. 12)% [38]] and D ~K K

[B=(0.11+0.04)%%uo [38]] with a significant width shows
that the helicity-suppression mechanism must be
somehow ouercome: in fact, these decays can only proceed
through a 8'-exchange process.

For this purpose, in the standard theory, one admits
[19] the possibility of an exchange of momentum and an-

TABLE XIV. Results: B~PP.
Channel

B ~DD,

B ~Dm

B ~D+D,

B ~D+m

B
B K

B ~me
'Prehminary data.

I „„{sec')

0.068 X 10"

0.020 X 10"

1.82x10'

0.065 X 10"

0.041 X 10"

0.13X 10
0.83 X 10
0.61x10'

0.23 x10'

I empt '(sec

(0.14+0.08) X 10"
(0.21+0.10) X 10"
(0.18+0.09+0.03) X 10"
(0.028+0.008) x 10"
(0.015+0.006+0.004) X 10"

&0. 18X10'
(0.056+0.035) X 10"
(0.084+0.049) X 10"
(0.120+0.091+0.042) X 10"
(0.022+0.005) X 10"
(0.034+0.007+0.007) X 10"
(0.036+0.019+0.010)x 10"

& 0.91 X 10'
&0.63X10'
&0.63 X 10
&0.91 X 10
&0.32X 10

Group

PDG
CLEO

ARGUS'
PDG

ARGUS
PDG
PDG

CLEO
ARGUS'

PDG
ARGUS
CLEO
PDG
PDG
PDG

ARGUS
Crystal Ball'
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TABLE XV. Results: B ~PV. We use w ~=13.5X10 "sec, ~ O=14.2X10 "sec [35].

Channel

B ~Dp

B ~D D,*
B ~D, D*
B —+D *~

B ~J/QIC

B +f(2S—)K

B ~pO~
B ~K p

'Preliminary data.

I „&,(sec ')

0.11x10"

0.73 x10"
0.24x 10'
O. 1Ox 1O"

O.O86x 1O"

0.022 X 10'

3.93 x10'
0.61 X 10

r,„pt (sec ')

(0.96+0.30+0.30)X 10'
(0.96+0.44) X 10'
(1.2+0.9+0.2) x 10"
(1.0+0.7+0.1)X 10'
(0.29+0. 10+0.09) X 10'
(0.38+0.11)X 10'
(0.38+", ,',*O.08) x 10"
(0.05 +0.02+0.01)X 10'
(0.057+0.015)x 10"
(0.13+0.06+0.03)x 10"

& 0.015 X 10"
& 1.11X10
&0.52X10'

Group

ARGUS
PDG

ARGUS'
ARGUS'
ARGUS

PDG
LEP'

ARGUS
PDG

ARGUS
PDG
PDG
PDG

X (n, q uy"(I —y5)d ~D ) (7.5)

for ~q~
~ 1 GeV. This condition ensures that we are con-

sidering the long-distance part of the weak matrix ele-
ment.

In (7.5) we can indeed restrict the sum over the inter-

gular momentum between the quarks and gluons inside
hadrons or a possible gluon emission during the decay
process; in this way, the wave function of the D meson
would be a linear combination of qq), ~qGq), and
~qGGq) states (G=gluon field), and thus the helicity-
suppression mechanism does not act [39].

Actually, in our LD approach, a simple argument
avoids resorting to the presence of soft gluons inside had-
rons in order to overcome this suppression effect.

Let us consider, for instance, the long-distance part of
the amplitude of a D at rest dissociating by weak in-
teractions into an sd pair [40]:

a(D'~sd)= g (sd Isy„(1 y, )cl—~, q&
n, jq)

mediate states ~n ) to D+,D*+, the only ones which are
important.

Now let us examine the vector current Vk =u yj, d: the
calculation shows that in the small momentum transfer
region it is suppressed by a factor o(~q~/mD). This fact
is the crucial point of our discussion: substituting the
D,D* meson by their on-shell quark lines and performing
a Fierz transformation, we no longer have the Vk current
in this amplitude, which is thus helicity unsuppressed (see
Fig. 10): therefore the W-exchange contribution turns
out to be very important in the computation of the decay
widths.

Recently, the so-called "heavy-quark effective theory"
(HQET) has gained the interest of many theorists [41] as
a powerful method for investigating heavy flavored
meson physics. This theory, proposed by Isgur and Wise
[42], is based on the limit of mb, m, ~ ac; in this way, one
acquires two new, important, symmetries: a heavy Aavor
symmetry SU(ÃJ due to the unimportance of the fiavor in
the limit m ~~ and a spin symmetry due to the decou-

TABLE XVI. Results: B ~PV.
Channel

B ~D D,*
Bo D+

B ~D, D*+

B —+D*+w

B ~1/fE
BO DO 0

Bo +

Bo~p m+

B ~E*
BO ~0 0

'Preliminary data.

I „1(sec ')

0.08 X 10"
0.095 x 10"

0.24 X 10

0.196x 108

0.009 x 10"
O.OO7 x10"

0.003 X 10"
0.016x 10"
0.11 X 10
0.34x10'

I,„p, (sec ')

(0.19+0.12+0.03) X 10"
(0.063+0.042) X 10"
(0.06+0.03+0.02) x 10"
(0.099+0.070+0.021 }X 10"
(O. 11+O.O8) x 1O"
(0.022+0.005) X 10"
(0.020+0.006+0.004) x 10"
(0.020+0.010+0.006) x 10"
{0.004+0.002) x 10"

& 0.004 X 10"
& O.O04x1O"
& 0.036 X 10'
& 0.036 X 10'
&0.31X10'
& 0.22 X 10'

Group

ARGUS'
PDG

ARGUS
ARGUS'

PDG
PDG

ARGUS
CLEO
PDG
PDG
CLEO
PDG
PDG
PDG
PDG
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a(P sd) =
D Cp

p+ p jf+

A C P duality

Fierz trf,

O

P S,P

FIG. 10. Long-distance part of the amplitude of a D at rest
dissociating by weak interactions into an sd pair.

pling of the spin degrees of freedom in the heavy- quark
limit.

Applying these symmetries, one can in principle sim-
plify the calculation of the matrix elements, thus allow-
ing, for instance, the determination of heavy Aavored
baryon form factors also [43].

However, in our opinion, the complete analysis of the
corrections to the limit m~ —+ ~ is now awaited in order
to describe the real world of the finite-mass heavy
flavored mesons and to disclose the potentialities of this
approach.

VIII. CONCLUSIONS

As we discussed in the Introduction, in the past the
study of nonleptonic decays of heavy flavored mesons has

been carried out following two rival research approaches:
the short-distance and the long-distance programs. In
this paper we compare their basic points and conclude
that nonleptonic physics of heavy flavors is dominated by
long-distance effects.

In the framework of the LD approach and by using the
meson wave functions of the anisotropic chromodynam-
ics theory (Sec. II), we evaluated the matrix elements and
the form factors parametrizing the decay amplitudes in-
volved in these processes (Secs. III and IV). We showed
that the diagrams contributing to nonleptonic decays are
separable in two classes: the disconnected and the con-
nected ones. The diagrams of the first class (called also
"spectators") were evaluated in a simple way by using the
form factors just calculated; the latter were parametrized
in a suitable way, the parameters being obtained by a fit
of the experimental widths and then reemployed in the
calculation of some other channels. In this way, we ob-
tained a satisfactory determination (Secs. V and VI) of
some exclusive nonleptonic decay widths of D, D„andB
mesons, in very good agreement with the experimental
data. A list of some sernileptonic decays calculated in
our model was also given.

Finally, we discussed (Sec. VII) the value of the color-
suppression factor g in our model and in the Bauer-
Stech-Wirbel one, and we concluded that g= —,

' must be
its correct value.

We believe that our approach provides an extensive
and powerful description of nonleptonic weak decays of
heavy flavors, thus demonstrating also the correctness of
the ACD meson wave functions in studying many irnpor-
tant physical processes.

¹te added in proof. We must stress that the Fierz
transformation of the product of two currents [Eq. (3.3)],
while completely straightforward in the short-distance
program, in the long-distance approach, which we have
followed in this paper, requires some care. Indeed, we
write the weak nonleptonic Hamiltonian between two ha-
dronic states as

d4q ].
&~I~N, I~&=ig'f '. . . f (13lT(J„(x)J+~(o))l~&,'-d~x

q Mw

gE

(2 ) +M
T (1 )'

QE

where the last step follows from Wick rotation to the Euclidean space and T (iq, q) is given by

& Pl J„(o)I n & & n
I
J+"(o)

I
~ & & Pl&„+(o) l

n & ( n
I

1"(o)
I
~ &

T (i, )=i%P qE, q= T + "E -E+-'qE, a n 'O'E

f ~E,d
1

(2') E E„iqE——1= —e(E —E )a n

By integrating the denominators over qE we obtain
0

showing that the sign of the contributions of the products of current matrix elements is positive for E —E„&0 and
negative for E —E„(0.

In the long-distance program the sum is dominated by E„(E(n =K,E*,E" for D decays and n =D,D for B de-
cays) while in the short-distance program the opposite is true.
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Thus the Fierz-transformation coeflicients in Eq. (3.3) in the long-distance approach are opposite to what one (naively)
computes in the short-distance approach.
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