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v˜rp transition and v˜3p decay
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We evaluate thev→rp transition and thev→3p decay using a quark level linear sigma model (QLsM).
We obtaingvrp

QLsM5(10.33214.75) GeV21 to be compared with other model dependent estimates averaging
to gvrp516 GeV21. We show that in the QLsM a contact term is generated for thev→3p decay. Although
the contact contribution by itself is small, the interference effects turn out to be important.

PACS number~s!: 13.25.Jx, 14.40.Cs
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I. INTRODUCTION

The problem of understanding low energy hadron dyna
ics is being supported by recent experimental data obta
at the Novosibirsk-VEPP-2M detector and by the DAFNE
facility which will soon produce large amounts of expe
mental data in the energy region around 1 GeV. This ene
region is particularly interesting since the nonperturbat
QCD effects that govern hadron dynamics are far from be
completely understood.

This paper is concerned with thev→rp vertex andv
→ppp decay. Existing experimental data seem to confi
the Gell-Mann–Sharp–Wagner~GSW! suggestion@1# that
thev→ppp decay is dominated by thevrp transition fol-
lowed by ther→pp decay, although avppp contact con-
tribution cannot be excluded. The theoretical description
these problems has been considered by a number of au
using different techniques such as approximate SU~3! sym-
metry @2#, vector meson dominance~VMD ! @3#, QCD sum
rules @4–6#, and effective chiral Lagrangians@7#.

It is our purpose in this paper to consider the quark le
linear sigma model (QLsM) predictions for thev→rp
transition and thev→ppp decay. The model describes th
U(2)3U(2) chiral invariant interactions of effective quark
with pseudoscalar and scalar mesons. Vector mesons ar
corporated in the model as gauge bosons, even though in
work they do not appear in loops. In this model, in additi
to the GSW mechanism, thev→ppp decay proceeds
through quark box diagrams with thev and three pions in
the box vertices, which can be interpreted as a contact te
By itself the contact term is not important: it leads to
G(v→ppp)>0.1 MeV. However, its interference with th
amplitude arising from the GSW mechanism leads to a
able 25% effect in the decay rate.

The paper is organized as follows. In Sec. II we introdu
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the model and discuss the determination of the correspo
ing coupling constants. In Sec. III we computegvrp , work-
ing in the soft momentum limit. In the QLsM this transition
is generated by loops of quarks. In Sec. IV we present
culations for v→ppp within QLsM. This includes the
GSW mechanism and the contribution arising from a box
quarks. Comparison with the observedv→ppp decay rate
is then made. In Sec. V we draw our conclusions.

II. THE MODEL

The quark level LsM describes the U(2)3U(2) chiral
invariant interaction of mesons and effective quarks. W
have chosen to work with a pseudoscalar rather than a
rivative coupling which has the advantage that no anomal
interactions are required to describe one pion processes.
tor mesons are incorporated in the model as gauge bos
even though in our work they are not involved in loop ca
culations. The QLsM Lagrangian is

Lint5c̄@ iD” 2M1A2g~S1 ig5P!#c1~DmBDmB†!/21•••,
~1!

where B[S1 iP with S,P scalar and pseudoscalar field
respectively@P5(1/A2)(h01tW•pW ), scalar and vector fields
being defined in a similar way# and c denotes the quark
isospinor. Vector fields are introduced as gauge fie
through the covariant derivative:

Dmc[S ]m1 i
gV

A2
VmD c,

DmB[]mB1 i
gV

A2
@Vm ,B#. ~2!

The chiral structure of the theory has been extensively
cussed in the literature@8#. The quark mass matrixM in Eq.
©2000 The American Physical Society13-1
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~1! is generated by spontaneous breaking of chiral symme
quark masses being related to thepqq coupling g through
the Goldberger-Trieman~GT! relation mq5g fp . The ellip-
sis in Eq.~1! refers to vector meson kinetic and mass ter
and to scalar-pseudoscalar Yukawa interactions which
not relevant for the purposes of this work.

Using the explicit representation forS, P, and V above,
from Eqs.~1!, ~2! we obtain the following interaction term
relevant to the calculations presented in this paper:

Lint52gV~rW m3pW !•]mpW 2
gV

2
c̄gmtWc•rW m2

gV

2
c̄gmcvm .

~3!

The model relates therqq, vqq, and therpp couplings.
These relations arise from the gauge principle which, in t
context, is a statement of universality. As shown below, t
principle is supported at the constituent quark level by
existing data. The gauge couplinggV can be estimated from
experimental data on ther→pp decay. An alternative de
termination of this coupling is achieved by assuming vec
meson dominanceat the constituent quark level. To this end
we proceed as follows.

Vector meson dominance of the electromagnetic fo
factor of the pion@9# at zero momentum transfered leads
the following relation between ther2g( f rg), and the
rpp (grpp) coupling:

f rg5
emr

2

grpp
. ~4!

Assuming that the electromagnetic form factor of the co
stituent quark is dominated by vector mesons, the follow
relations are obtained:

f rg5
emr

2

grqq
, ~5!

f vg5
emv

2

3gvqq
, ~6!

which in turn lead to

grpp5grqq5gvqq

mv
2

mr
2

3 f vg

f rg
. ~7!

The 1
3 factor in Eq.~6! arises because the isoscalar contrib

tion to the quark electric charge is proportional to the qu
baryonic number.

The f rg and f vg couplings can be extracted fromv
→e1e2 and r→e1e2 decays. Existing data@10# on these
processes impliesf rg'3 f vg which supports the universalit
of gV in Eq. ~3!. Deviations from this universal behavior a
reflected on the actual values extracted from Eqs.~5!, ~6! and
the data on vector mesons leptonic widths, namely,gV

r l l

[grqq55.03 andgV
v l l [gvqq55.68, whereas ther→pp

decay leads togV
rpp56.01 ~superindices ingV indicate the

process from which its value is extracted!.
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Summarizing, forgV in Eqs. ~2!, ~3! we can use either
gV

rpp56.01, gV
r l l [grqq55.03 or gV

v l l [gvqq55.68. In the
rest of the paper we report numerical results for these va
of gV , even though, as we argue below, the most accu
determination comes fromv→e1e2 (gV

v l l ).

III. QL sM AND THE v˜rp TRANSITION

It is conventional to define thegvrp coupling in terms of
the amplitude:

Mvrp5gvrpemnabPmP8nea~v!hb~r!, ~8!

whereP(P8) denote thev(r) momentum ande(h) are the
respective polarization vectors. Although there is no ph
space from which to measure anv→rp transition, this ver-
tex can be extracted from many theoretical models. V
approximate SU~3! symmetry of the 1970s suggest@2#
gvrp'16 GeV21, while QCD sum rules obtain@4# gvrp

'(15217) GeV21, and the analogue light cone sum rul
method extracts@6# gvrp515 GeV21. Recently QCD sum
rules for the polarization operator in an external field co
cludes@5# gvrp'16 GeV21.

In the QLsM the vrp vertex is described in terms of th
quark loops of Fig. 1. A straightforward calculation yields

M@v~Q,h!→r~k,«!1p~r !#5gvrpe~k,r ,h,«!,

where

gvrp522iNcmqgV
2g~ I a1I b!, ~9!

with

I a[E d4l

~2p!4

1

¹~ l !¹~ l 2k!¹~ l 2k2r !
, ~10!

I b5I a~r↔k!,

where¹(p)[p22mq
2 . Since we are interested in thevrp

vertex involved inv→ppp decay, we calculate the inte
grals in Eq.~10! in the soft pion momentum limit, i.e.,k,r
→0. This amounts to keeping the leading term in the exp
sion of the amplitude in terms of the external momentak and
r. In this approximationI a5I b, and we get for thevrp
coupling:

gvrp
QLsM5

gV
2Nc

8p2f p

. ~11!

Using the values of the coupling constants previously
timated we conclude, usingf p593 MeV andNc53:

FIG. 1. Quark loop triangle contributions to thev→r0p0 tran-
sition.
3-2
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gvrp
QLsM5~10.33,13.19,14.75! GeV21. ~12!

These values are obtained using in Eq.~11! gV

5(gV
r l l ,gV

v l l ,gV
rpp), respectively. These QLsM predictions

for gvrp have consequences for some other processes@11#.
As a byproduct of our analysis we report the predictio

of the QLsM for the v→p0g and r0→p0g decays. The
corresponding calculations are very similar to the ones p
sented so far, the only difference being the appearance o
gqq coupling instead of theVqq coupling. We obtain

M@V~Q,h!→p~r !g~k,«!#5gVpg
QLsMe~k,r ,h,«!, ~13!

where

grpg
QLsM52 i

gVe

8p2

g

mq
Nc~eu1ed!,

gvpg
QLsM52 i

gVe

8p2

g

mq
Nc~eu2ed!. ~14!

Note that bothgvrp and gVpg as calculated in this work
agree with those derived from a chiral Lagrangian with v
tor mesons incorporated via the hidden scheme@12#.

Using the GTR andgV5gV
r l l ,gV

v l l ,gV
rpp we obtain, re-

spectively,

ugvpg
QLsMu5~0.622,0.703,0.743! GeV21,

ugrpg
QLsMu5~0.207,0.234,0.247! GeV21. ~15!

These numbers are to be compared with the experime
results ugvpg

exp u50.70360.020 GeV21, ugrpg
exp u50.29

60.037 GeV21.
Notice that the QLsM predictions for thev→pg transi-

tion are in good agreement with the experimental data w
gV5gV

v l l —as extracted from thev leptonic width—is used.
On the other hand, predictions forr→pg agree with experi-
mental results within two standard deviations. These res
and the fact that the reported decay rate@10# for v→pg is
more accurate than forr→pg lead us to considergV
55.68 as the most confident value forgV .

IV. QL sM AND THE v˜ppp DECAY

In this section we work out the QLsM predictions for the
v→ppp decay. Two mechanisms contribute to this proc
within the model. The first one is through an intermediater
in thes,t,u channels as depicted in Fig. 2, which involve t
previously calculatedgvrp and grpp . The second mecha
nism involves quark boxes, as shown in Fig. 3.

Ther-mediated contribution leads to anv→ppp ampli-
tude

M GSW@v~Q,h!→p1~q!p2~p!p0~r !#5AGSW«~h,p,q,r !,
~16!

where
03401
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AGSW52gvrpgVS 1

s2mr
2

1
1

t2mr
2

1
1

u2mr
2D . ~17!

The amplitude corresponding to the quark box contributio
is

Abox524gVg3mqINc , ~18!

where

I 5(
i 51

6

I i

and

I 15E d4l

~2p!4
@¹~ l !¹~ l 2r !¹~ l 2r 2p!¹~ l 2r 2p2q!#21.

~19!

The five remaining integrals are obtained fromI 1 by per-
mutations of the pions momenta (p,q,r ). Again, we consider
the leading term for the expansion of this integral in terms
the pions momenta@higher order terms are expected to
suppressed by powers of (mp /mq)2#. In this approximation
we obtain

Abox52
gVNc

4p2f p
3

. ~20!

The decay rateG(v→ppp) is given by

G~v→3p!5
gV

2gvrp
2 mv

3

768p3
J, ~21!

whereJ stands for the phase space integral

J5E
4b

(12Ab)2

dxE
y1

y2

dyu f ~x,y!u2D~x,y!, ~22!

FIG. 2. Intermediater contributions to thev→p0p1p2 decay.

FIG. 3. Quark box contributions tov→p1p0p2.
3-3



s
ric
or
on

ll
t.

-

hin
of
ta

ri-

a
-

s
-
er,

te.

for

m

e
his
cyt
the
as
nd

LUCIO M., NAPSUCIALE, SCADRON, AND VILLANUEVA PHYSICAL REVIEW D 61 034013
with

y65
1

2 F113b2x

7AS 12
4b

x D @x2~11Ab!2#@x2~12Ab!#2G ,
~23!

and

f ~x,y!5 f GSW~x,y!1 f box~x,y!,

where

f GSW~x,y!5
1

x2a
1

1

y2a
1

1

113b2x2y2a
,

f box~x,y!52
mv

2 Nc

8p2f p
3 gvrp

.

The Kibble determinantD in Eq. ~22! is given by

D~x,y!5xy~113b!2x2y2xy22b~12b!2, ~24!

where

x5
s

mv
2

, y5
t

mv
2

, b5
mp

2

mv
2

, a5
mr

2

mv
2

.

The phase space integral has been worked out by Thew@3#
in the case of a constant matrix element. Since the nume
evaluation of the integral is straightforward, below we rep
the results according to an exact numerical calculati
which of course reproduces the results of Ref.@3# in the case
of a constant matrix element.

The quark box contribution to thev→ppp decay rate is
small:

Gbox~v→3p!.0.11 MeV. ~25!

In Table I we summarize the numerical results for thev
→3p decay width for the three possible values ofgV . These
results are to be compared with the experimental data:

Gexp~v→3p!57.560.1 MeV. ~26!

Notice that while the quark box contribution alone is sma
the interference with ther mediated amplitude is importan
03401
al
t
,

,

In the QLsM the nonresonant contribution arising from
quark box diagrams~Fig. 3! necessarily exists. From the nu
merical results reported in Table I we conclude that QLsM
predictions are in agreement with experimental data wit
the 20% uncertainty associated with the determination
gV . It is worth remarking that, as shown in Table I, the da
on v→3p seems to favor the value ofgV as extracted from
thev leptonic width, which also nicely reproduce the expe
mental data onv→pg decay.

V. SUMMARY

We worked out in Sec. III the quark level linear sigm
model predictions for thevrp coupling constant. We ob
tained gvrp

QLsM5(10.33,13.19,14.75) GeV21, these values
corresponding togV as extracted fromr leptonic width,v
leptonic width andr→pp, respectively.

A nonresonant contribution to thev→3p decay naturally
arises within the QLsM. We evaluated the box contribution
~Fig. 3! to the v→3p decay in Sec. IV. We found an am
plitude which leads to a small decay rate by itself, howev
the interference between the box contributions and ther me-
diated amplitude leads to a sizable effect in the decay ra

The amplitudes for the v→pg(gvpg) and r
→pg(grpg) were obtained as a by-product of thegvrp cal-
culation. The agreement with experimental data is good
the v→pg decay. In the case of ther→pg decay, the
QLsM predictions are within two standard deviations fro
the central value reported by the Particle Data Group~PDG!
@10#.
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TABLE I. Numerical results for thev→3p decay width for
three possible values ofgV.

gr gvrp

(GeV21)
GGSW(v→3p)

~MeV!
G tot(v→3p)

~MeV!

5.03 10.33 2.72 3.79
5.68 13.19 5.66 7.39
6.01 14.75 7.92 10.06
i,
.
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