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The 3P, model, in which ¢g pair production is the dominant mechanism, is extensively applied to both
light and heavy meson decay and stands as one of the most successful strong decay models. The pair
production can be obtained from the nonrelativistic limit of a microscopic interaction Hamiltonian

involving Dirac quark fields. The evaluation of the decay amplitude can be performed by a diagrammatic
technique for drawing quark lines. In this paper we use an alternative approach which consists of a
mapping technique, the Fock-Tani formalism, in order to obtain an effective Hamiltonian starting from the
same microscopic interaction. An additional effect is manifested in this formalism associated to the
extended nature of mesons: bound-state corrections. A corrected *P,, is obtained and applied, as an

example, to b; — w and a; — pw decays.
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I. INTRODUCTION

A great variety of quark-based models are known that
describe with reasonable success single-hadron properties.
A natural question that arises is to what extent a model
which gives a good description of hadron properties is, at
the same time, able to describe the complex hadron-hadron
interaction or by the same principles hadron decay. In
particular, the theoretical aspects of strong decay have
been challenged by QCD exotica (glueballs and hybrids)
where a consistent understanding of the mixing schemes
for these states is still an open question [1-3]. The nature of
the family of “new mesons” X, Y, Z [4] is another un-
solved puzzle: are they actually new ¢gg mesons, hadronic
molecules, or something else? In the direction of clarifying
these questions is the successful decay model, the 3P,
model, which considers only Okubo-Zweig-lizuka (OZI)-
allowed strong-interaction decays. This model was intro-
duced over 30 years ago by Micu [5] and applied to meson
decays in the 1970s by LeYaouanc et al. [6]. This descrip-
tion is a natural consequence of the constituent quark
model scenario of hadronic states.

T. Barnes et al. [7-10] have made an extensive survey of
meson states in light of the 3P, model. Two basic parame-
ters of their formulation are vy (the interaction strength) and
B (the wave function’s extension parameter). Although
they found the optimum values near y = 0.5 and B =
0.4 GeV, for light 1S and 1P decays, these values lead to
overestimates of the widths of higher-L states. In this
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perspective a modified gg pair-creation interaction with
v = 0.4 was preferred.

In the present work, we employ a mapping technique in
order to obtain an effective interaction for meson decay. A
particular mapping technique long used in atomic physics
[11], the Fock-Tani formalism (FTf), has been adapted, in
previous publications [12—16], in order to describe hadron-
hadron scattering interactions with constituent inter-
change. Now this technique has been extended in order
to include meson decay. We start from the microscopic gg
pair-creation interaction, as will be shown, in lower order,
the 3P0 results are reproduced. An additional and interest-
ing feature appears in higher orders of the formalism:
corrections due to the bound-state nature of the mesons
and a natural modification in the g4 interaction strength.

In the Fock-Tani formalism one starts with the Fock
representation of the system using field operators of ele-
mentary constituents which satisfy canonical (anti)com-
mutation relations. Composite-particle field operators are
linear combinations of the elementary-particle operators
and do not generally satisfy canonical (anti)commutation
relations. ‘““‘Ideal” field operators acting on an enlarged
Fock space are then introduced in close correspondence
with the composite ones. Next, a given unitary transforma-
tion, which transforms the single composite states into
single ideal states, is introduced. Application of the unitary
operator on the microscopic Hamiltonian, or on other
Hermitian operators expressed in terms of the elementary
constituent field operators, gives equivalent operators
which contain the ideal field operators. The effective
Hamiltonian in the new representation has a clear physical
interpretation in terms of the processes it describes. Since
all field operators in the new representation satisfy canoni-
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cal (anti)commutation relations, the standard methods of
quantum field theory can then be readily applied.

In this paper we shall extend the FTf to meson decay
processes. In the next section we review the basic aspects
of the formalism. Section III is dedicated to obtain an
effective decay Hamiltonian. In Sec. IV, two light meson
decays examples are calculated: b; — w# and a; — p7r.
The summary and conclusions are followed by appendices
which detail the method employed throughout this work.

II. MAPPING OF MESONS

This section reviews the formal aspects of the mapping
procedure and how it is implemented to quark-antiquark
meson states [12]. The starting point of the Fock-Tani
formalism is the definition of single composite bound
states. We write a single-meson state in terms of a meson
creation operator M} as

ly = ME|0), (1)

where |0) is the vacuum state. The meson creation operator
MY, is written in terms of constituent quark and antiquark
creation operators g1 and g1,

Ml = d4" g1l 2)

®%" is the meson wave function and ¢,10) = g,10) = 0.
The index « identifies the meson quantum numbers of
space, spin, and isospin. The indices w and v denote the
spatial, spin, flavor, and color quantum numbers of the
constituent quarks. A sum over repeated indices is implied.
It is convenient to work with orthonormalized amplitudes,

(a]B) = DL DY = 5,5 3)

The quark and antiquark operators satisfy canonical anti-
commutation relations,

{9w @3} = 1@ @b} = 8,000 @
9w ¢} ={3w @} =9 @} = {gu @} = 0.

Using these quark anticommutation relations, and the nor-
malization condition of Eq. (3), it is easily shown that the
meson operators satisfy the following noncanonical com-
mutation relations:

(Mo, ME1 =805 — Do [MoMgl=0, (5)
where
Ayp = QL' PLIGhg, + O DY gl (6)
In addition,
[q,, M1 = @47l [g, Mi]1= —®L"q},

_ (7
[Qp,r Ma] = [QV’ Ma] = 0.
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The presence of the operator A, g in Eq. (5) is due to the
composite nature of the mesons. This term enormously
complicates the mathematical description of processes
that involve the hadron and quark degrees of freedom.
The usual field theoretic techniques used in many-body
problems, such as the Green’s functions method, Wick’s
theorem, etc., apply to creation and annihilation operators
that satisfy canonical relations. Similarly, the nonvanishing
of the commutators [g wM Z:] and [§,, M:E] is a manifesta-
tion of the lack of kinematic independence of the meson
operator from the quark and antiquark operators.
Therefore, the meson operators M, and M}, are not con-
venient dynamical variables to be used.

A transformation is defined such that a single-meson
state |a) is redescribed by an (ideal) elementary-meson
state by

lay — Ul a) = mb|0), (8)

where m} an ideal meson creation operator. The ideal

meson operators m} and m,, satisfy, by definition, canoni-
cal commutation relations

[mou m;;] = 8aﬁr [mov mﬁ] = 0. (9)

The state |0) is the vacuum of both g and m degrees of
freedom in the new representation. In addition, in the new
representation the quark and antiquark operators ¢1, ¢, g,
and g are kinematically independent of the m}, and mg,

[y ma] = (g mE] = (G ma] =[G mE] = 0. (10)
The unitary operator U of the transformation is

U(r) = exp[tF], (11)

where F is the generator of the transformation and ¢ a
parameter which is set to —77/2 to implement the mapping.
The next step is to obtain the transformed operators in the
new representation. The basic operators of the model are
expressed in terms of the quark operators. Therefore, in
order to obtain the operators in the new representation, one
writes

q() =U""'qU, 4 =U""qU. (12)
The generator F of the transformation is
F=miM, — Mim,, (13)
where
M, = ZM” (14)
i=0
with
[M,, ME]= 8,5+ O@"),
15)

(M, Mg) = [}, M1 = 0.
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It is easy to see from (13) that ' t = — F which ensures that
U is unitary. The index i in (14) represents the order of the
expansion in powers of the wave function ®. The M,
operator is determined up to a specific order n consistent
with (15). The examples studied in [12] required the deter-

mination of /% up to order 3 as shown below
WO =My WD =0 (16)

72 1 . 73 — Lyt

Mg _EAaBMB’ My _EMﬁTaBVMw
with Ty, = —[M,, Ag,]. In the “zero-order” approxi-
mation, overlap among mesons is neglected and terms of
the same power in the bound-state wave function ®, (P%,)
are collected. In order to have a consistent power counting
scheme, the implicit @, (P},) entering via Eq. (2) are not
counted. The consequence of this is that the equations for
m, and M, are manifestly symmetric,

dm,(t) -

dM (1)
dt

and their solutions involve only trigonometric functions of
t’

1) = M, sint + 1,
m, (1) o Sint + m,, cos (18)

M, (t) = M, cost — m, sint.

The equations of motion for the quark operators g and g
can be obtained by making use of Eq. (7) in a similar way,

dq,(t) _ ) dq,(1)
— [q.(0), F; o

In the zero-order approximation, the effects of the meson
structure are neglected resulting in

=[g,(0, Fl. (19

WO =q, @0 =3a,
m(f)(t) = m, cost + M, sint, (20)
MO(t) = M, cost — m,, sint.
In first order one has
6]2)0) = —(I)éf”‘éil[ma sint + M, (1 — cost)],
3V () = ®E gl [mg sint + M, (1 — cosn)], (1)

mA(y=0,  MP@) =0

The second and third order solutions to (19) were calcu-
lated in Ref. [12] and appear again, for completeness, in
Appendix A, together with the higher order operators
required in our calculation.

Once a microscopic interaction Hamiltonian H is de-
fined, at the quark level, a new transformed Hamiltonian
can be obtained. This effective interaction we shall call the
Fock-Tani Hamiltonian and is evaluated by the application
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of the unitary operator U on the microscopic Hamiltonian
Hpr = U'HU. The transformed Hamiltonian HH pp de-
scribes all possible processes involving mesons and quarks.
The general structure of HH gy is of the following form:

Hpr=Hq+ Hup+ Hug, (22)

where the first term involves only quark operators, the
second one involves only ideal meson operators, and
H mgq involves quark and meson operators.

In H g1 there are higher order terms that provide bound-
state corrections (also called orthogonality corrections) to
the lower order ones. The basic quantity for these correc-
tions is the bound-state kernel A(pT; Av) defined as

AlpT; Av) = LT DIV, (23)

To discuss the physical meaning of the bound-state
corrections and how they modify the fundamental quark
interaction we shall present an example, in a toy model
similar to the model studied in [12], where the basic argu-
ments are outlined. In this example, the starting point is a
two-body microscopic quark-antiquark Hamiltonian of the
form

Hy, = T(Wqhq, + T(1)aha, + V(uviop)alald,a.
+ Vo (nviop)glala,g,
+ Voo v op)3}aba,d, 24)
The transformation Hpr = U _leqU is implemented
again by transforming each quark and antiquark operator
in Eq. (24), where a similar structure to Eq. (22) is ob-

tained. In free space, the wave function & of Eq. (2)
satisfies the following equation:

H(uv; op)®5" = €9, (25)
where H(uv; op) is the Hamiltonian matrix

+ V(v ap), (26)

€[] 18 the total energy of the meson. There is no sum over
repeated indices inside square brackets.

The effective quark Hamiltonian FH q has an identical
structure to the microscopic quark Hamiltonian, Eq. (24),
except that the term corresponding to the quark-antiquark
interaction is modified as follows:

V., =1[V,; — HA — AH + AHA], 27

where V,, =V, ;(uv;op) and the contraction HA =
H(uv; 7€)A(7€; 0p). An important property of the
bound-state kernel is

A(pv; op)®a” = @7, (28)

which follows from the wave function’s orthonormaliza-
tion, Eq. (3). In the case that @ is a solution of Eq. (25), the
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new quark-antiquark interaction term becomes

V auwviop) = Va(uviop) — Y e, @ P, (29)

The spectrum of the modified quark Hamiltonian, H @ is
positive semidefinite and hence has no bound states [11].
This result is exactly the same as in Weinberg’s quasipar-
ticle method [17], where the bound states are redescribed
by ideal particles. The new qu is a weaker potential,
modified in such a way that no new bound states are
formed.

In the quark-meson sector of Eq. (22) in HH mq appears a
term related to spontaneous meson breakup

Hypgq = V(iv; a)ghgbm, (30)
with
V(pr; a) = H(uv; op)da”
— Apv; op)H(op; TA)D. (31

Again, in the case that @ is a solution of Eq. (25), a
straightforward calculation demonstrates that H,,_,,; =
0. When there is no external interaction, this result is a
direct consequence of the bound state’s stability against
spontaneous breakup. This term can be interesting in stud-
ies related to dense hadronic mediums. For these systems
the wave function is, in general, not a solution of Eq. (25)
and the strength of the potential V(uv; a) is now only
decreased [13].

In the ideal meson sector #H ,,, many similar approaches
to FTf [12] have obtained the meson-meson scattering
interaction in the Born approximation: resonating group
method (RGM) [18], quark Born diagram formalism
(QBDF) [19],

where T, is the kinetic term and V, is the meson-meson
interaction potential with constituent interchange. This
potential is given by

Vi = Vil + Vi + Vit (33)
where Vdir is the direct potential (no quark interchange),
Vexe is the quark exchange term, and VB is the intra-
exchange term. As shown in Refs. [12,13], if one extends
the FT calculation to higher orders a new meson-meson
Hamiltonian is obtained

where 6 H,,, is the bound-state correction Hamiltonian. If
the wave function ® is chosen to be an eigenstate of the
microscopic quark Hamiltonian, then the intraexchange
term Vit is cancelled

Vi + SH,.. = 0. 35)
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In summary, these examples reveal an important and
common feature of bound-state corrections: they weaken
the quark-antiquark potential. In the next section we shall
follow the same procedure for a quark pair-creation inter-
action, which is fundamental for the description of meson
decay. Similar to the toy model, the resulting interaction
that describes meson decay will contain a Born order
contribution and a bound-state correction.

III. THE 3P, DECAY MODEL IN THE FOCK-TANI
FORMALISM

In the paper of E.S. Ackleh, T. Barnes and E.S.
Swanson [7] a formulation of the 3P0 model is presented.
It regards the decay of an initial state meson in the presence
of a gg pair created from the vacuum. The pair production
is obtained from the nonrelativistic limit of the interaction
Hamiltonian H; involving Dirac quark fields

Hy =2,y [ a2 i G0, (36)
where vy is the pair production strength. For a ¢g meson A
to decay to mesons B + C we must have (¢g)4 — (qg)p +
(gg)c- To determine the decay rate a matrix element of (36)
is evaluated

(BCIH|Ay = 8(P, — Py — Po)hy. (37)

The evaluation of &y; is performed by diagrammatic tech-
nique for drawing quark lines. The hy; decay amplitude is
combined with relativistic phase space, resulting in the
differential decay rate

EgE
dFA—>BC —27P B=C |hfi|2,
dQ My

which after integration in the solid angle (), a usual choice
for the meson momenta is made: P,=0 (P=|Pg| =
[Pcl).

In our approach, the starting point for the Fock-Tani A ;
is also the microscopic Hamiltonian H; in (36). The quark
fields can be written as (color and flavor are not represented
explicitly)

(38)

3 - - - ->. o
so-3 [ ﬁ[uxk)qm + o (~Dgh (e,
| (39)

In the product ¢ (x)i(x) we shall retain only the ¢tgt
term, which yields from Eq. (36) a Hamiltonian in a
compact form,

H, = Vyalah, (40)
where sum (integration) is again implied over repeated
indexes. In the compact notation, the quark and antiquark

momentum, spin, flavor, and color are written as u =
(P> S frocu)s v =1(Py, 8, f1rc,), while the pair-
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creation potential V,, is given by

(PM) s, fuc V(pv) (41)

It should be noted that since Eq. (36) is meant to be taken in
the nonrelativistic limit, Eq. (41) should be as well. In the
meson decay calculations of the next section, this limit is
considered.

Applying the Fock-Tani transformation to H; one ob-
tains the effective Hamiltonian

Vi =2m,y8(p,, + P,

wfucu

H g =U"H,U. (42)

The physical quantities in the FTf appear in a second
quantization notation. The effective decay amplitude will
be a product of the ideal meson operators with the follow-
ing structure in the ideal meson sector: mTmTm. To obtain
this product one has to expand up to third order in powers
of the wave function. A Hamiltonian that describes this
decay process, which we shall call H,,, can be extracted
from the mapping (42) by the following products:

H, = ” q,u(S)qﬂO) + V G (l)qi(z) (43)

After the substitution of Egs. (20), (21), (A1), and (A3) into
(43) results in the effective meson decay Hamiltonian

= fu*(a, B, y)V,mbmhm,, (44)
where

f* (e, B, y) =

In the ideal meson space the new initial and final states
involve only ideal meson operators |A) = mle) and
|IBC) =m mLIO} The 3P, amplitude is obtained in the
FTf by an expression equivalent to Eq. (37),

— QLD SO (45)

q

]

1
1

=]

(@

(9

FIG. 1.
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(BCIH,|A) = (OlmomgH,,m}|0)
= f%(a, B, V)V, + [*(B, @, Y)V,,,. (46)

The term f#¥(3, v, y) of (46) is shown in Fig. 1(a), and the
term f*”(a, B, y) corresponds to the same diagram with
a <« B.

In the FTf perspective a new aspect is introduced to
meson decay: bound-state corrections. The lowest order
correction is one that involves only one bound-state kernel
A(uv; op). This implies that the Hamiltonian representing
this correction must be of fifth order in the power expan-
sion of the wave function.

We shall call this new Hamiltonian, with the same basic

operatorial structure mﬁ;m;f,my, of 6H,,. The only combi-

nations g7 (@ gtV that result in a fifth order Hamiltonian are
HOZ10) 4 gH0

[q qT(4) + qT(S) (0)]‘/ (47)

Details of this calculation are found in Appendix B. The
bound-state corrected P, Hamiltonian, which shall be
called the P, Hamiltonian, is

HC3P0 H + 6Hm — _(D*P§¢*Ar®wavC3POmT 2;

.y
(48)
where VE3F0 is a condensed notation for
VC%PO [5/AA5§V5 pao'r - %5055/\50A(p7-; /-LV)
+ Z5U§5MAA(pT; wV)
+ 186,00, ApT w1V, (49)

25
2;
(b)
N @
A
%
(a)

Diagrams representing the C3P0 model. Diagram (a) corresponds to the 3P(, amplitude. Diagrams (b), (c), and (d) are the

bound-state corrections. The complete /y; amplitude includes the diagrams above plus diagrams with a < .
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IV. LIGHT MESON DECAY EXAMPLES

The light meson sector is an interesting test ground
where the effects of the bound-state correction can be
compared to the usual *P;, model. In particular, as ex-
amples, two specific decay processes will be studied: b; —
w7 and a; — pm. The wave function and details of the
matrix elements are found in Appendix C. The general
decay amplitude can be written as

hC3PO

M C3P0

1/431/2 (50)

For the first decay process, b; — w7 results in a decay
amplitude given by
M G0 = CorYoo(Qy) + Co1 Yap(Qy), (5D

with

2 2, 25 8
C()] = _ml:l _§X ]61()() +W|:1 —ﬁx ]62(X),

11/2 217/2
Cy = —xz[wel 77779 ez(x):l (52)
where x = P/ and
x? Ox?
e (x) = exp(— E)’ e)(x) = exp(— §> (53)

The decay rate has a straightforward evaluation, by sub-
stituting (51) and (52) in (50) and then in (38) obtaining

0.6
0.5
04+
N v - 3P
o 0
O 03f
e ----C%P,
[
0.2
01 F by on
) L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7

B (GeV)

FIG. 2. Decay rates for b — wm and a; — pm decays, for
3P, (y = 0.506) and C3P,, (y = 0.539) models.
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2 /mx Eoly Y2(C3, + C3)).

I

Fbl—vwﬂ' (54)

The second decay process, a; — pr, is similar to the
former one and results in the following amplitude:

M GFO = Co Yoo(Q) + Coy Yao(€2,), (55)

with
29/2 2 5 2]]/2 8 )
Cor = 352 [1 - §X ]61(X) - m[l - ﬁx ]ez(x),
2’ 2’5
= _,2 —

Cy = —x [w e1(x) WeZ(x):l’ (56)
and by a similar procedure one obtains

Lympr = 247 ” Ex y*(C§, + C3)). (57)

al

In the former equations, e,(x) = 0 recovers the original
3P, results.

In addition to the decay widths I', b, and a; mesons
have D/S ratios, which give a sensitive test for decay
models. By definition, these quantities are obtained from
the ratios of C,; and Cy; coefficients, in Egs. (52) and (56),

D e ) - e ()]

S lampr [1- %xz]eloc) — 2201 - £ e,
D B 22e1(x) — Z3 ey (x)]

S bmor [1- §x21e1<x> — 1201 - S xes()

(58)

The meson masses assumed in the numerical calculation
were - = 138 MeV; M, =7I5MeV;, M, =
1230 MeV; M, = 1229 MeV; M,, = 782 MeV [20].

The choice of simple harmonic oscillator (SHO) wave
functions allow exact evaluations of the decay amplitudes
even in the corrected model. A first new aspect that appears
is the presence of a new dependence in the exponential of
the corrected term. This implies a different range for the
bound-state correction due to the fact that e,(x)/e;(x) — 0
as x — 0.

The correction introduces the bound-state kernel,
Eq. (23), to the calculation of the decay processes. A
general sum over the meson index « is present and as
stated before, this index represents the quantum numbers

TABLE I. Decay rates 3P0 (y = 0.506e, B =0.397 GeV and C3P0 (y =0.53%, B =
0.396 GeV).

I' (MeV) D/S
Decay Exp [20] P, Cc*p, Exp [20] 3p, Cc*p,
b — wm 142 143 142 0.277(27) 0.288 0.273
a, — pw 250 to 600 543 543 —0.108(16) —0.149 —0.113
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0.6 ; —— ; :
b,>on
b, Exp. 1
+0.304
0.3 - -- S --
””” +0.250 o o
Y
a ok a, Exp. B
-0.092 _—— = 2
””” 0.124 T
3
- p
0.3 L= em *0
0. — C'p,
‘ ‘ ‘ ‘ !
0.2 0.4
B (GeV)

FIG. 3. D/S ratios in b; — w7 and a; — pr decays, for 3P0
and C*P,, models.

of space, spin, and isospin. The OZI-allowed decays rep-
resent flavor conserved continuous (anti)quark lines. A
direct consequence of this fact is the possibility to sum
over a larger set of mesons in the « index. In our calcu-
lation the sum was restricted only to the final state mesons.
In the b7 — w™ decay, there are two bound-state kernel
contributions one associated to the w meson and the other
to 7. Similarly, the aj — p*#° decay has two bound-
state kernel contributions: one associated to the p* meson
and the other to the 7.

In this example, the parameters were chosen in order to
give a closer fit to the experimental data. In the b; decay,
width and partial waves are known with accuracy. The 3P,
model’s optimum fit for the b; data (I' and D/S ratio) is
achieved with y = 0.506 and 8 = 0.397 GeV. In the C*P,
model a similar fit is obtained with y = 0.539 and B =
0.396 GeV. These parameters are used in the two models
to describe the a; decay. The results for I as a function of
B appear in Fig. 2 and specific values are presented in
Table I. In Fig. 3, the D/S ratios for the two models are
plotted.

V. SUMMARY AND CONCLUSIONS

In this paper we have presented an alternative approach
for meson decay which consists of a mapping technique,
known as the Fock-Tani formalism, long used in atomic
physics. This formalism has been applied to hadron-hadron
scattering interactions with constituent interchange. The
challenge resided in extending the approach to include
meson decay. After demonstrating that in lower order the
result obtained was equivalent to the 3P, model, an addi-
tional feature pointed out was the appearance of bound-
state corrections in the effective decay Hamiltonian. These
corrections present a natural modification in the ¢g inter-
action strength. As an example, we studied two decay
processes by — wm and a; — pm. The D/S ratios in
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Fig. 3 show that a common range of 8 values for mesons
is obtained. In a new calculation with the inclusion of other
decay processes it might require different 8 values [21].
The corrected model presents an interesting feature that for
these two mesons the decay width differs slightly when
compared with the P, but D/S ratios are improved. The
examples studied here are encouraging but a more exten-
sive survey of the light meson sector would be a necessary
next step. The inclusion of the full meson octet, in the
evaluation of the bound-state correction, may provide a
fine-tuning for the model.
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APPENDIX A: SECOND AND THIRD ORDER
OPERATORS

The second order operators are

g3 (1) = 10" O M upq,,,, A
3P (1) = L0 DU M 54,

where

M,p = mZMB sint cost — mzmﬁsinzt
— M}:Mﬁ(2 — 2 cost — sin’t)
— Mlmﬂ(Z sint — sint cost). (A2)
The third order operators are

20 = el i,
— 1Y QL D57 gh gh G, M
S Tl L
) = —%(DZPU(DgV‘I)/;]UQ;ngMaBV
+ 10T OL DL g}, b, G, M
n %(DZPUCI)Z' V@Zlaqzl 6131 a,Mp,

(A3)

where
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Mg, = m:r,mﬁmysin3t + M;EMBmy(sint — sin’?)
+ MimBMy(Z sint — sint cost — sin’t)
+ (Mlmﬂmy + mI,MBmy)(— cost + cos’t)
+ mlmBMV(— cost + cos?t + sin?7)
+ MTMBM (2 — cost — cos’t — sin?f)
+ maMBM (sinz —
Mg = 2Mpg(1 — cost) + mgsint.

sint cost — sin’?),

(A4)

APPENDIX B: THE 6 H,, HAMILTONIAN

The §H,, Hamiltonian is evaluated from Eq. (47). The

q;ﬂc)q;ﬁ(z) combination can be obtained from (A1) and (A3)

SH. = otP510)
1= 4qu :]v . (B1)
Vi = 8f1"(a, B, VIV ymampm,

with

8f1"(a, B y) =J0L7D S TA(pT; Av)D7. (B2)
The qﬂl)q,t(“) combination has an important feature: a
contribution from a higher order operator. A new generator
M , has to be evaluated, with the inclusion of the following
fourth order term:

74 _ 3 _ t
My = —AQI,BABYMy —MB[AM, ABE]M(;M

— MM, T 1M, M. (B3)

The only relevant term in the q,,(4) for meson decay is

G (0) ~ =" Aow: pr) @R ML ()3, Mg (1),

(B4)
The resulting contribution is then
ot = 471, e
Vi = 84" (e, B, Y)V,mimbm,,
where
85" (a, B, y) = —LDLTDLTA(p Av)DAT.  (B6)

The qL(S)qI(O) combination implies in a fifth order genera-
tor to obtain the complete set of equations of motion (17)
and (19)

M*Z* M., + lM*M*W

7 t(5) _
Ma aypB Y

awpysMsM,, (B7)

where
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.l.
ZaVB 8 aéBAﬁy AB5Tay8 ayﬁAaw
Wlwﬁy& [Ma? Qwﬁyﬁ] - [Awy: aﬁﬁ]’ (B8)
Qaﬁ'y& = _%[Aay’ ABS] - [Mar Tg%g]

The only relevant terms in the qﬂ ) for meson decay are
ai¥ (1) = BA(pT: po) D7 Dy
—A(pT; MU)CI)ZP“’@E)‘TCDV
—3A(pT; Aw)(DZ“T(D;potby]

x MEO (MO (g, MY (1). (B9)
The resulting contribution is
8Hs = 8f4"(a, B, y)V,,mimbm,, (B10)
where
814" (a, B, y) = 0L DR A(pT; pr) D57
— 10O Apr; )Y
=307 T A(pT; Av) D). (B11)
The complete §HH,, Hamiltonian is
0H,, = 0H, + 6H, + 0H;
= 8" (a, B, y)Vu,mimpm, (B12)
with
8" (a, B, y) = 8ft" + 8f3" + 8f5"
= %CDZPO-(I)ZATA([)T; pur)Pi”
- A—llcl)zp”d);mA(pT; Av) D37
— 1P AlpT; pA)PYY. (B13)

APPENDIX C: DECAY, WAVE FUNCTION, AND
MATRIX ELEMENTS

We will use the decay b} (+2) = w(+2)7" to illustrate
the nature of our formalism and simply quote the other case
in the text.

1. The wave function

The general meson wave function can be written as

(I)g,l/ — X;:Yzf:flfzccqczq)fln*ﬁl7132’ (Cl)

a direct product of the spin x§'* [the indexes s, and s, are
the quark (antiquark) spin projections with (s = 1 =1 and
s =2 =|); the index S, denotes the meson spin]; flavor
ff‘f2 color C“1°2, and space PPe PP

ni components.

In all our calculations the color component will be given
by
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caer = Jsae, (C2)

The spatial part is defined as harmonic oscillator wave
functions

L PP = §(B, — By — p)®u(pr, ) (C3)

where ®,,(p;, p;) is given by

oL 1\! . N (p: — b))
cI)nl(pi’ pj) = (%) Nﬂllpi o [lelCXpl:_ 8,82 ’ ]

(Bi — D;)*
£l+(1/2)|:47B2i|Y1m(Qf71_ﬁj) (C4)

with p;(; the internal momentum, the spherical harmonic
Y., B a scale parameter, and N,; the normalization con-
stant dependent on the radial and orbital quantum numbers

2(n!) ]1/2' ©3)

N., =
! I:B3F(n +1+43/2)
The Laguerre polynomials L2 p) are defined as

(D) T(n + 1+ 3/2)0 0!
KID(k + 1+ 3/2)

L3P (p) = Z

k=0

pt. (C6)

In this paper two kinds of light nonstrange mesons will be
studied:

(1) Ly =0
o R 1 p?

@(p) = Dyy(p) = W exp[— 8—32] (o))

@ Ly=1
®,,,(p) = ¢(P)Y1,,(Q2}) (C3)

with
. 2 1/2 2

o(p) = [W] PCXP[_ 8P_ﬁ2] (C9)

Returning to our example the pion has J = 0 and b,
J = 1. We choose the ( + Z) direction for this cal-
culation, so the spin wave functions become

by = HATD =111, ) =111,
- _ (C10)
|m = 511D - 111

or in the y notation

11 — 12 — 21 — 22
o b Xo Xow o Y%

1S - —0- - _ _ 1
Xmb, = Xop, = 0; Xob, = ~ X, 7

(C11)
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The flavor component f f:f ” follows the same logic
as the spin part

bf) = 177) = —lud),

- (C12)
|w) = J(lui) + 1dd)).

The b{ and the 7" mesons have the same flavor

contribution
—1- 22 —
fb* + 17 fb* + fb* + = bl+,7r+_0-
(C13)
For w, one has
11 _f22 — 1 12 _f21 =0. (C14)

2. The spin matrix elements

In the evaluation of a decay amplitude, the following
spin matrix element is necessary:

X5(G - P)x¢ (C15)

() (0
() o (0)

By direct calculation one can show

with

(C16)

Xi(@P)x; =P, —iP,  xi(@ P)xs=—P,

—(P, + iP).
(C17)

Xo(G - P)xs=—P,  xi(G- Py =

3. Matrix elements: b; — ww* decay

The transition considered is of the form m, — m, +
m g, where the initial state is|A) = m; 110 and the final state
is given by |BC) = mim B|0> The matrix element of the

uncorrected part results in

(BCIH,|A) = —d; — dy; (C18)

d, and d, are defined as
dy = YL DD, dy = DD Y,
(C19)

Equations (C19) can be decomposed according to the
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sector of the wave function to which they correspond:
flavor, color, spin space:
dy = d{dﬁ'd{_e, dy, = dédgdi“’. (C20)

The matrix elements of the bound-state correction refer
to diagrams (b), (c), and (d) of Fig. 1. The bound-state
kernel’s definition as ®% ®*"” implies in an additional
element, due to the contraction in the « index, a sum
over species requirement [11]. A question that naturally
arises is which states to include in this sum. We shall adopt
in our calculation a restrictive choice: include in the sum
only the particles that are present in the final state. For the
bi decay, A(p; Av) will have two contributions: @ and
7. Similarly, the a; decay shall be corrected by the final
state mesons p* and 7°.

Because of the parity assignment of the spatial part, the
integration of diagram (1b) is zero. Spatial symmetry also
implies that the matrix elements of diagrams (1c) and (1d)
are equal. This simplifies our calculation, reducing the
problem to the evaluation of diagram (1c) only. The
bound-state correction (bsc) matrix element reduces to
evaluate the following expression:

(BC|SH,,|A) = —db — db, (C21)

where
dye = J{dy, + dir), d3* = iy, + doy)  (C22)
with
iy = OFT o ADY,0, =
dyy = PO (pr; An) DAV, = df d 5.

(C23)
In (C23) j refers to mesons w and 7.
4. b] — ww" decay (uncorrected)
(i) Flavor:
df =dl = s ey, = 5 (€29

(i1) Color:
d{ =d5 = #58%”"6“#“ 0 rdntr = \/% (C25)
(iii) Spin space: The spin matrix element is

SpSy  SuSx _ SpSa

d‘i = di T X7 Xo  Xp, Vf;f = %Vivfe(ﬁ#yﬁv),

(C26)

where

PHYSICAL REVIEW D 78, 076004 (2008)
Vi (P By) = —v8(py + P))
X xilo - (B — B)Ix7.  (C27)

Using (C17) to evaluate (C27) and after integrating
momentum conservation deltas one arrives at

di=¢ = —y/d3K(Kx — iK,)¢(P — 2K)
X $(2P = 2K)Y11(Qyp - 1) (P — 2K).
(C28)

Introducing the spatial wave function and integrat-
ing

e _ (VY 2
i = (wxwmvz){[l B 5)‘2]“0(“*)

32%/5)‘2 YZO(Qx)}el (x),

—+

(C29)

d5~¢ is obtained from d{ ¢ by P — —P. The decay
amplitude results in

PR B [

SR (@)

+

(C30)

5.b; — wz" decay (bound-state corrected)

The quantities between [...] in the following expres-
sions are related to the bound-state kernel.

(i) Flavor:
d{w = -;_pftf ﬁﬂff[fﬁpfffﬁ)tfu]fif\fo = ﬁi’
d{/ﬂ — f/)f{f {qur[f{lrpfr {T/\fu]fil)lfa — 715’ (C31)
Sulr pfofor pfpofr pf2S .
dj;w =f7"fo [ w fwA M]fi?f = 2\1/5,
d};ﬂ — {T/J.f‘f {Upf(rU{rprf{;\fu]f{).?fa — O,

(i1) Color:

di, = di, = d5, = d3,
— _1_5¢,Ce §Cuc:[ §SpCr §€1€r ] §CACor §CuCr = _1
= Sero Gt 80 5401150 § L
(C32)

076004-10



MESON DECAY IN A CORRECTED 3P, MODEL

(ii1) Spin space: The spin matrix element is

(1]
(2]

(4]
(5]
(6]

&, = XA xaIxd” X oy Vee
= —foe(ﬁ,u p ),
di, = XD NIV
WG >, (9
B, = X2 XD XS NGV = 0
d§7=)(fr”“s’x§fs”[x%r R P

—lys—e(3 7
=Vir (P Po).

Because of symmetries in the spatial part the fol-

lowing relations are true:

Bt = die =l dse =0, (C34)
where d}_¢ is given by
ai =Y [@kaq, - iK)eq - P

X (2K — P)le(§ + K - 2P)

X o(g + 12)]¢(2ZI)Y11(92(§)- (C35)

PHYSICAL REVIEW D 78, 076004 (2008)

After integration one finds

. 211/2 Y 8
i = (G ) Gtga [~ 2 Jret
272 11, 0
e x>}e2<x). (C36)

The decay amplitude for the bound-state correction
is

2! Y 8
bse — (=~ Y 8,
hfi (75/23)(77-]/461/2){[1 21 X ]YOO(Qx)

7/2

27 ey, Jesto)

¥ (C37)

The total amplitude will be

BP0 = by + 21 = — L MG, (C38)

l/ﬁ

which are expressions (50) and (51).
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