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Electromagnetic interaction in chiral quantum hadrodynamics and decay of vector
and axial-vector mesons
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The chiral invariant quantum hadrodynamics~QHD! III model of Serot and Walecka is applied in the
calculation of some meson properties. The electromagnetic interaction is included by extending the symmetry
of the model to the local U(1)3SU(2)R3SU(2)L group. The minimal and nonminimal contributions to the
electromagnetic Lagrangian are obtained in a new representation of QHD-III. Strong decays of the axial-vector
meson,a1→pr, a1→ps, and the electromagnetic decaysr→ppg, a1→pg, and r→pg are calculated.
The low-energy parameters for thep-p scattering are calculated in the tree-level approximation. The effect of
the auxiliary Higgs bosons, introduced in QHD-III in order to generate masses of the vector and axial-vector
mesons via the Higgs mechanism, is studied as well. This is done on the tree level forp-p scattering and on
the level of one-loop diagrams for thea1→pg decay. It is demonstrated that the model successfully describes
some features of meson phenomenology in the nonstrange sector.
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I. INTRODUCTION

Relativistic models built with hadronic degrees of fre
dom have been very successful in describing different pr
erties of nuclei and hadrons at low and intermediate ener
~for comprehensive reviews see Refs.@1–3#!. In some of
these models, the hadronic Lagrangian has symme
which are inspired by the underlying QCD theory. This
lows one to have fewer parameters, thereby reducing am
guities in the hadronic models. One of the first models wh
incorporated the SU(2)R3SU(2)L symmetry was the
gauged linears model ~GLSM! developed in Ref.@4#. This
model was an extension of the linears model and included,
in addition to the pion and scalar mesons, the vectorr and
axial-vector a1 mesons as gauge bosons of the lo
SU(2)R3SU(2)L symmetry. The local symmetry was ex
plicitly broken by the vector-meson mass terms, and spo
neous symmetry breaking~SSB! by the scalar field led to the
mass splitting between ther anda1. This model was elabo
rated in Ref.@5#, where the current-field identities were e
tablished. Later the model was applied@6# in a description of
the meson properties. Because of some difficulties additio
terms are often included. These terms break further the l
symmetry and introduce additional parameters, which al
for a better description of the meson observables@5–7#.

The quantum hydrodynamics~QHD! II model, which re-
spects the local SU(2)V isospin symmetry, was developed
Refs.@1,8#. It was extended in Ref.@9# by adding the chiral
SU(2)A symmetry. This model, called QHD-III, is a chira
invariant theory based on the local symmetry SU(2R
3SU(2)L . The r anda1 mesons are included as the gau
bosons which are initially massless. The masses are ge
ated through SSB and the Higgs mechanism. The Lagran
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of QHD-III includes the Lagrangian of the GLSM and th
Lagrangian of the Higgs fields. The need for the latter sec
of the model was clearly explained in Ref.@10#: the Higgs
mechanism in the GLSM with local symmetry leads to t
disappearance of the pion which plays the role of a would
Goldstone boson giving its degree of freedom to the mas
a1 meson. Therefore the Higgs sector serves to generate
masses of thea1 andr mesons and to preserve the pion as
physical degree of freedom. Due to the local gauge sym
try the model is renormalizable and does not require the
troduction of cutoff parameters. It is also parity conservi
by construction.

A subtle aspect of QHD-III~but also of the GLSM and
other hadronic models including the axial-vector meson! is
the presence of a bilinear term mixing thea1 and pion fields.
This considerably complicates the interpretation of the phy
cal particles in the theory as well as calculations with t
Lagrangian. One way to get rid of the mixing was conside
in Ref. @4# and later used in other papers@2,5,6,9#. It consists
of a redefinition of thea1 field and subsequent wave
function renormalization of the pion field. The final Lagran
ian takes a complicated form with strongly momentu
dependent vertices. This has undesirable implications in l
energy meson phenomenology. As examples, we mention
vanishing of thea1pr andspp vertices at some values o
the invariant masses of thea1 ands, and the difficulties with
therpp vertex@7#. The authors of Ref.@7#, instead of rede-
fining the fields, preferred to sum the self-energy genera
by thea12p mixing to all orders.

An alternative method in the framework of QHD-III wa
recently suggested in Ref.@10#. This method exploits the
freedom in choosing the gauge due to the local gauge inv
ance. Originally@9# the so-called unitary gauge was chos
from the beginning, and the two massless isovector Go
stone bosons~we will call them H and Z) were ‘‘gauged
away.’’ This choice leads to the above-mentioned compli
tion with the mixing. Note that the pseudoscalar bosonZ has
the same quantum numbersI (JP)51(02) as the pionp
©2003 The American Physical Society07-1
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originating from the GLSM sector. Therefore the physic
pion field can be chosen as a linear combination ofZ andp,
while the orthogonal combination is decoupled in the unit
gauge@10#. The Lagrangian then takes a simpler form, wit
out complicated momentum-dependent vertices.

In the present paper we apply this new representation
QHD-III in the calculation of some meson properties. Fir
we include the electromagnetic~EM! interaction in this
model. This is done via an extension of the symmetry
QHD-III to the local U(1)3SU(2)R3SU(2)L group. We
use an arbitrary gauge where all eight Higgs fields are
tially present. The EM interaction in both sectors of t
model is obtained. After an appropriate diagonalization
the Z and p fields and fixing the gauge along the lines
Ref. @10#, we obtain the EM interaction in terms of the phys
cal pion field. The final Lagrangian includes the minimal E
interaction, as well as the~nonminimal! EM interaction with
the intrinsic magnetic moment of ther anda1 mesons.

We then study the strong and EM decays of the vector
axial-vector mesons. Some of the decays can be calcul
on the ‘‘tree-graph’’ level, while others require a calculatio
beyond the tree level. In particular, we calculate the width
the following decays: a1→pr, a1→ps, and r0

→p1p2g. We also address the issue of the width of t
scalars meson, in view of the interest@6# in this subject.
The matrix elements for the above decays are given dire
by the corresponding vertices in the Lagrangian. In orde
calculate the decaysa1

1→p1g and r1→p1g we need to
include loop diagrams. In particular, thea1

1→p1g process
is described by a large number of one-loop diagrams, wh
can be grouped according to the intermediate state in
diagram. The diagrams where only vector or axial-vec
mesons in the loop are present are not yet included in
exploratory study.

All matrix elements of the EM processes turn out to
finite, due to a cancellation of divergencies between differ
amplitudes. The fulfillment of EM gauge invariance serv
as a check of the calculation. The decay widths of th
processes are listed in the Particle Data Group~PDG! re-
views, and we compare the model predictions with exp
mental values.

To determine the parameters of the model we fix
strong-coupling constantgr from the r→pp decay. All
other parameters are strongly correlated, once the mass
the particles are taken equal to their experimental valu
Only the massms of the s meson and the massmH of the
Higgs particles remain unconstrained. The massmH is taken
to infinity in the calculation. As an additional test of th
model we calculate the low-energy parameters forp-p scat-
tering. Because of some unusual features of the model,
as the presence of Higgs mesons and a suppression o
pps interaction, it is nota priori clear whether the mode
can reasonably describe the experiment. The scatte
lengths and effective ranges for theS and P waves are cal-
culated on the tree level and compared with the data
other approaches.

The paper is organized as follows. In Sec. II t
Lagrangians of the EM and strong interactions are obtain
We start with the Higgs sector in Sec. II A. The GLSM
01520
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briefly discussed in Sec. II B. In Sec. II C the procedure
removing the mixing terms in the Lagrangian is describ
The final EM and strong-interaction Lagrangians in terms
the physical pion field are presented in Sec. II D. In S
III A the widths of the strong decay of the mesons are cal
lated, and in Sec. III B we consider the EM decay of t
mesons. Results are compared with experiment. Pion-p
scattering at low energies is studied in Sec. IV. In Sec. V
discuss the results and prospects, and draw conclusion
Appendix A we outline the derivation of the Lagrangia
originating from the Higgs sector. Explicit expressions a
given for the Lagrangian in the GLSM. Finally, Appendix
contains details of the calculation of the one-loop integra

II. ELECTROMAGNETIC INTERACTION IN CHIRAL
QUANTUM HADRODYNAMICS

A. Lagrangian of electromagnetic interaction in the Higgs
sector

In this section we discuss the EM interaction in the fram
work of chiral quantum hadrodynamics~QHD-III !. The
strong Lagrangian@9# consists of the GLSM Lagrangia
LNpsv and the Higgs part,

LQHD-III 5LNpsv1LH , ~1!

whereLNpsv will be discussed in the next section, and

LH5~DmFR!†~DmFR!1~DmFL!†~DmFL!2VH~FR ,FL!,
~2!

with the potential

VH~FR ,FL!5
lH

4
@~FR

†FR!21~FL
†FL!2#

2mH
2 ~FR

†FR1FL
†FL!. ~3!

The complex doublets of spinless fields,FR ,FL , trans-
form as the spinor representation of SU(2). The covariant
derivativesDm are expressed in terms of the right and le
isovector gauge fieldsrm5(rm8 1am)/A2 and lm5(rm8
2am)/A2. The Lagrangian is symmetrical under the loc
SU(2)R3SU(2)L gauge transformations~for more details
see Ref.@9#!.

To include the EM interaction we extend the model
adding the gauge U(1) symmetry of hypercharge. T
method is formally equivalent to that in the theory
Glashow, Weinberg and Salam~GWS! of electroweak inter-
actions~see, e.g., Ref.@11#, Chap. 20.2, and also Ref.@1#!.
The hyperchargeYH51 is assigned to the scalar fields, an
the covariant derivatives acting onFR andFL take the form

DmFR/L5F]m1 igr8
t

2
~rm8 6am!1

i

2
e8Am8 GFR/L , ~4!

whereAm8 is the EM field,gr8 ande8 are the strong and EM
coupling constants. The fieldsrm8 andam are associated with
the vector~isovector! mesonr(770), and axial-vector~is-
7-2
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ELECTROMAGNETIC INTERACTION IN CHIRAL . . . PHYSICAL REVIEW C 67, 015207 ~2003!
ovector! meson a1(1260). We should also add the fre
Lagrangians of all vector fields

L gra
(0) 52

1

4
rmn82 2

1

4
amn

2 2
1

4
~]mAn82]n Am8 !2, ~5!

where

rmn8 5]mrn82]nrm8 2gr8~rm8 3rn8!2gr8~am3an!,

amn5]man2]nam2gr8~rm8 3an!2gr8~am3rn8!. ~6!

In these expressions we included primes onAm andrm , an-
ticipating that these are not yet the fields of the physi
photon andr meson, but will be redefined.

Due to the chosen form of the potentialVH in Eq. ~3!, the
masses of the vector and axial-vector mesons are gene
via the Higgs mechanism, as suggested in Ref.@9#. The fields
FR and FL acquire a nonzero vacuum expectation va
~VEV!

^FR&5^FL&5
1

2 S 0

uD , ~7!

where the value ofu will be specified later. We now defin
the eight Higgs fields via

FR/L5
1

2
@u1h6z1 i t~HÁZ!#S 0

1D . ~8!

The fieldsh and H are scalars, whereasz and Z are pseu-
doscalars under the parity transformation

Ph~ t,x!P 215h~ t,2x!, PH~ t,x!P 215H~ t,2x!,

Pz~ t,x!P 2152z~ t,2x!, PZ~ t,x!P 2152Z~ t,2x!,
~9!

so that the fieldsFR andFL satisfy the relations

PFR~ t,x!P 215FL~ t,2x!, PFL~ t,x!P 215FR~ t,2x!.
~10!

Equation~10! is the condition that the model is parity con
serving@9#.

The Lagrangian can now be rewritten in terms of t
fields rm8 ,am ,Am8 ,h,z,H andZ. We insert Eq.~4! in the La-
grangian~2! and use the representation of Eq.~8!. In the
derivation there appears a mixing betweenAm8 and the third
component ofrm8 , which requires a redefinition of thes
fields. One can introduce new physical fields~without
primes!,

S rm
3

Am
D 5S cosu 2sinu

sinu cosu D S rm8
3

Am8
D , ~11!

with the mixing angle defined through tanu5e8/gr8 , and re-
write the Lagrangian in terms of the physical fields. T
covariant derivatives now read
01520
l

ted

e

DmFR/L5F]m6
i

2
gr8tam1

i

2
gr8~t1rm

1 1t2rm
2 !

1
i

2
gr~t322QHsin2u!rm

3 1 ieQHAmGFR/L ,

~12!

where we introduced the coupling of the neutralr meson,
gr[gr8/cosu, and the electric charge of the proton,e
[gr8sinu5e8cosu. The charge operator is given byQH5(1
1t3)/2; it is seen that it yields zero when acting on t
vacuum. The latter condition is crucial to ensure that
photon does not acquire mass due to SSB.

For the physical values of the couplings we haveu!1
and, up toO(e/gr), we use the substitutions

rm8
3→rm

3 1
e

gr
Am , Am8 →Am2

e

gr
rm

3 , rm8
1,2→rm

1,2,

~13!

without distinguishinggr8 from gr , ande8 from e. Equation
~12! simplifies correspondingly, to this order.

The derivation of the Lagrangian is tedious, and so
details are collected in Appendix A. The result can be writt
as a sum of the EM and strong-interaction parts,

LH5L H
em1L H

str , ~14!

where the EM Lagrangian is

L H
em52

1

4
~]mAn2]nAm!21L H

em,min1L H
em,nonmin,

~15!

L H
em,min52eAmJH

m , ~16!

JH
m5~H3]mH1Z3]mZ!31mr~Z3am1H3rm!31

1

2
gr@H

3~H3rm!1Z3~Z3rm!1Z3~H3am!1H3~Z3am!

1h~Z3am1H3rm!1z~H3am1Z3rm!#3

1~rmn3rn1amn3an!3 , ~17!

L H
em,nonmin5

e

2
~]mAn2]nAm!~rm3rn1am3an!3 .

~18!

It is seen that in the arbitrary gauge there is a contribut
originating from the fieldsH andZ. If they are omitted from
the beginning then only the last term in Eq.~17! would re-
main. In fact the fieldZ may survive even in the unitary
gauge~see Sec. II C! and contribute to the EM current. T
clarify this point we need to consider explicitly the seco
sector of the GLSM~Sec. II B!. It is also worthwhile to
notice the nonminimal EM interaction in Eq.~18!, which
comes from the freer-meson Lagrangian after making th
substitutions of Eq.~13!.
7-3
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The strong-interaction Lagrangian in Eq.~14! has the fol-
lowing structure:

L H
str5L HZ

(0)1L hz
(0)1L ra

(0)1L H
int1mr~am]mZ1rm]mH!,

~19!

whereL HZ
(0) , L hz

(0) and L ra
(0) are the free Lagrangians of th

massless Goldstone bosonsH,Z , the massive Higgs boson
h,z, and the gauge bosonsrm ,am . We have, respectively,

L HZ
(0)1L hz

(0)5
1

2
~]mH!21

1

2
~]mZ!21

1

2
@~]mh!22mH

2 h2#

1
1

2
@~]mz!22mH

2 z2#, ~20!

L ra
(0)52

1

4
rmn

2 1
1

2
mr

2rm
2 2

1

4
amn

2 1
1

2
mr

2am
2 . ~21!

The expression for the interaction termL H
int is complicated

and given in Eqs.~A3! and ~A4! of Appendix A. The last
term in Eq. ~19! describes the SSB induced mixing ofrm
with H and ofam with Z. This term will be dealt with in Sec
II C. The mass of ther anda1 mesons@26#, the mass of the
h andz, the VEV u, and the parameters of the potential a
related via

mr5
1

2
gru, mH5A2mH , lH5S mHgr

mr
D 2

. ~22!

B. Electromagnetic interaction in the gauged linear sigma
model

The Lagrangian of the GLSM@4,5,9# can be written in
terms of the fields of the nucleon (N), pion (p), scalar me-
son (f), and vector mesons (vm , rm8 andam) as follows:

LNpsv5N̄@ igmDm2gp~f1 ig5tp!#N1
1

2
@~Dmp!2

1~Dmf!2#1
1

2
mv

2 vm
2 2

1

4
vmn

2 2V~f,p!1LSB,

~23!

where the covariant derivatives acting on the nucleon, p
and scalar fields are defined, respectively, as

DmN5F]m1 igr8
t

2
~rm8 1g5am!1 igvvmGN, ~24!

Dmp5]mp1gr8p3rm8 2gr8fam , Dmf5]mf1gr8pam ,
~25!

and the kinetic energy of thev meson is expressed throug
the tensorvmn5]mvn2]nvm . The potential energy term i

V~f,p!5
1

4
l~f21p2!22

1

2
m2~f21p2!. ~26!
01520
n,

Note that there are no mass terms for the nucleon,r, anda1
mesons, whereas a mass term is present for the isoscalav.
This Lagrangian is invariant under local SU(2)R3SU(2)L
transformations, apart from a possible explicit symmet
breaking termLSB5cf generating the pion mass.

The EM interaction is included by changingDmN to
(Dm1 i /2e8YNAm8 )N, where the nucleon hyperchargeYN is

taken equal to unity. We also have to make the substituti
of Eq. ~13!. The covariant derivative for the nucleon, in th
orderO(e/gr), takes the form

DmN→F]m1 igr

t

2
~rm1g5am!1 igvvm1

i

2
e~11t3!AmGN,

~27!

and the electric charge of the nucleon iseQN5e(T3
1YN/2) in accordance with the Gell-Mann–Nishijima rel
tion.

The nucleon mass is generated via the SSB, ifl.0 and
m2.0 in Eq. ~26!. The scalar field acquires a nonzero VE
^f&5v, and after redefining the sigma field viaf5v1s
we obtain the following Lagrangian of the EM interaction

L Nps
em 52eAmJNps

m , ~28!

with the EM current

JNps
m 5N̄gm

1

2
~11t3!N1@p3]mp2gr~v1s!p3am

1grp3~p3rm!#3 . ~29!

The strong-interaction Lagrangian can be written in the f
lowing form:

L Npsv
str 5L Npsv

(0) 1L Npsv
int 1

1

2
gr

2v2am
2 2grvam]mp,

~30!

where the free LagrangianL Npsv
(0) of the nucleon, pion,

sigma, and omega reads

L Npsv
(0) 5N̄~ igm]m2mN!N1

1

2
@~]mp!22mp

2 p2#

1
1

2
@~]ms!22ms

2s2#2
1

4
vmn

2 1
1

2
mv

2 vm
2 .

~31!

The interactionL Npsv
int is not needed in this section, and

given in Eq.~A5! of Appendix A. The third term on the righ
in Eq. ~30! arises due to the nonzero VEV of the scalar fie
f. It gives an additional contribution to the mass of thea1
meson as

ma
25mr

21gr
2v25gr

2S v21
1

4
u2D . ~32!

The last term in Eq.~30! mixes the pion field with the axial-
meson field.
7-4



t
f t

te
s,

se

n
t

ng

s
b-
a

o

-

-
t

t

n.

t

Eq.
tic
is

-

r.
e-

nal

q.
so

ELECTROMAGNETIC INTERACTION IN CHIRAL . . . PHYSICAL REVIEW C 67, 015207 ~2003!
What remains to be specified are the relations between
masses of the nucleon, sigma, pion, and parameters o
potential. They read as follows:

mN5gpv, ms
252lv21mp

2 , mp
2 5

c

v
,

m25
1

2
~ms

223mp
2 !. ~33!

C. Removing mixing terms in the Lagrangian

The Lagrangians obtained so far are still not comple
They contain bilinear terms which mix different field
namely,am andp, am andZ, andrm andH. To remove these
terms we will follow the method of Ref.@10#, with some
variations. Collecting the mixing terms from Eq.~19! and
Eq. ~30! one gets

Lmix52grvam]mp1mr~am]mZ1rm]mH!

52gr]mam S u

2
Z2vpD2mr]mrmH

52ma]mamZ̃2mr]mrmH, ~34!

where we dropped a full divergence in the first line and u
the following definition:

S Z̃

p̃
D 5S cosup 2sinup

sinup cosup
D S Z

pD ~35!

of the new fieldsZ̃ and p̃. The mixing angleup is deter-
mined by tanup52v/u, i.e., by the ratio of the VEV’s of the
scalar fields in the two sectors of the Lagrangian. The tra
formation~35! leaves the sum of the kinetic terms invarian
(]mp)21(]mZ)25(]mp̃)21(]mZ̃)2. The mixing terms in
Eq. ~34! can now be removed by adding the gauge-fixi
term LGF52(]mam2jmaZ̃)2/2j2(]mrm2jmrH)2/2j
similarly to the procedure fixing the so-calledRj gauge in
gauge theories~@11#, Chap. 21!. For the sum we obtain

Lmix1LGF52
1

2j
~]mam!22

1

2j
~]mrm!22

ma
2j

2
Z̃2

2
mr

2j

2
H2, ~36!

which shows thatZ̃ and H are fictitious fields with masse
maj1/2 andmrj1/2, respectively. These fields do not contri
ute to physical processes because their contribution is alw
canceled by thej-dependent part of theam or rm propagator
@11# ~Chap. 21.1!. We will choose the unitary gaugej→` in
which Z̃ and H completely decouple and the propagator
the vector meson takes the formi (2gmn1kmkn/m2)/(k2

2m21 i0). In this gaugeZ̃ (H) provides a longitudinal de
gree of freedom to the massivea1 (r) meson@27#. Setting
Z̃50 in Eq. ~35! gives p5cosupp̃5(mr /ma)p̃ and Z
01520
he
he

.

d

s-
,

ys

f

5sinupp̃5(grv/ma)p̃. The latter formulas have been ob
tained in Ref.@10# in a slightly different way. It is convenien
to use the notationXp[(mr /ma)2. Then in all formulas of
the previous sections we just have to setH50 and make the
replacements

p→AXpp̃, Z→A12Xpp̃ ~37!

in terms of the physical pion fieldp̃. It is seen, in particular,
that choosingZ50 from the beginning leads to a differen
Lagrangian.

D. Electromagnetic interaction in terms of the physical pion
field

Now we are in a position to write the total EM interactio
For the sake of brevity we omit from now on the ‘‘tilde’’ on
the pion field and, after the substitutions of Eq.~37! are
made, use the notationp for the physical pion. The curren
arising from the Higgs sector reads

JH
m5~12Xp!~p3]mp!31A12Xpmr~p3am!3

1
1

2
gr@~12Xp! p3~p3rm!1A12Xph p3am

1A12Xpz p3rm#31~rmn3rn1amn3an!3 , ~38!

while the contribution from theNpsv sector reads

JNps
m 5

1

2
N̄gm~11t3!N1@Xpp3]mp2grAXp~v1s!

3p3am1grXpp3~p3rm!#3 . ~39!

Adding these currents, and noticing thatA12Xpmr

5grvAXp, we obtain the total EM current

Jm5
1

2
N̄gm~11t3!N1Fp3]mp1

1

2
gr~11Xp!

3p3~p3rm!2grAXp s p3am1rmn3rn1amn3an

1
1

2
gr A12Xp h p3am1

1

2
gr A12Xp z p3rmG

3

.

~40!

The nonminimal EM interaction remains the same as in
~18!. It describes the interaction with the intrinsic magne
moment of ther anda1 mesons, which is equal to one in th
model. The gyromagnetic ratio for ther (a1) turns out to be
2 in units of e/2mr(e/2ma). This is analogous to the non
minimal EM interaction in GWS theory and in QHD-II@1#.

Equation~40! is one of the important results of the pape
It shows the following features. The pion EM current is r
stored to its original form~the current of the free pion!. Due
to a cancellation between the currents, the term proportio
to (p3am) disappears. Therefore there is noapg interaction
on the tree level. As a result of the diagonalization in E
~11! the r meson does not couple directly to the photon,
7-5
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there is no explicit vector-meson dominance of the EM
teraction. The EM Lagrangian includes the three-field int
actionsgNN,gpp,grr,andgaa, as well as the four-field
interaction piecesgppr,gpsa,grrr,graa,gpah, and
gprz. The latter vertices are important for the EM gau
invariance of the amplitudes which will be calculated in S
III.

For completeness we present the strong-interaction
grangian which follows from Eqs.~19! and ~30!,

L str5L hz
(0)1L ra

(0)1L Npsv
(0) 1L Npsv

int 1L H
int , ~41!

L Npsv
int 52N̄Fgp~s1 iAXpg5tp!1grgm

t

2
~rm1g5am!

1gvgmvmGN2l~s21Xpp2!Fvs1
1

4
~s2

1Xpp2!G2
1

2
gr~11Xp!rm~p3]mp!

1grAXpam~p]ms2s]mp!1
1

2
gr

2@Xp~pam!2

1~AXpp3rm2sam!222vam~AXpp3rm

2sam!#, ~42!

L H
int5

1

8
gr

2$~rm
2 1am

2 !@h21z212uh1~12Xp!p2#

14rmam~u1h!z%1
1

2
grA12Xp@rm~z]mp2p]mz!

1am~h]mp2p]mh!#2
lH

32
@h41z414uh3

16hz2~2u1h!1~12Xp!2p412~12Xp!

3p2~h21z212uh!#. ~43!

The LagrangianL ra
(0) is given in Eq.~21!, where now we

have to take the mass of thea1 meson from Eq.~32!.
Although the EM current and strong-interaction Lagran

ian look somewhat complicated, they contain only sim
vertices with at most one derivative. This greatly simplifi
practical calculations. It is seen from Eq.~42! that, apart
from therpp coupling, the strength of the coupling to th
pion is scaled down by a factorAXp for each pion field
operator. At the same time the coupling to the pion from
Higgs Lagrangian in Eq.~43! is scaled by a factorA12Xp.
It also follows that ther-meson coupling to the pion,grpp

5gr(11Xp)/2, is not equal to ther coupling to the
nucleon,grNN5gr . So in this model ther does not couple
universally to the hadrons.

The presence of the Higgs fieldsh andz may seem as an
obstacle. However, as was argued in Ref.@9#, these fields
serve as regulators in the calculation of loop integrals.
taking the massmH very large the Higgs contributions can b
01520
-
-

.

a-

-
e

e

y

suppressed in many cases. We will study this aspect w
calculating meson decays and low-energy pion-pion sca
ing in the next sections.

It is interesting to note that the EM current in Eq.~40! can
be derived in a simpler way, directly from the stron
interaction Lagrangian in Eq.~41!. Indeed, the minimal sub
stitution]m→]m1 ieQ̂Am (Q̂ is the charge operator! applied
to all charged fields leads to Eq.~40!. At the same time the
nonminimal EM interaction in Eq.~18! cannot be obtained in
this way. The EM current satisfies the relation

Jm5I 3
m1

1

2
Bm, ~44!

where I 3
m is the third component of the conserved isosp

currentIm, andBm is the conserved baryon current. The la
ter is Bm5N̄gmN, while the expression for the former i
given by

Im5
1

2
N̄gmtN1p3]mp1

1

2
gr~11Xp! p3~p3rm!

2grAXp sp3am1rmn3rn1amn3an

1
1

2
gr A12Xp h p3am1

1

2
gr A12Xp z p3rm.

~45!

Conservation of the isospin current is a consequence
the symmetry of the strong-interaction Lagrangian in E
~41!–~43! with respect to theglobal SU(2)V isospin trans-
formations. Indeed, it can be readily verified thatIm in Eq.
~45! is the corresponding Noether current. It also follow
from Eqs.~41!–~43! that ther meson is coupled to a sourc
currentJr

m52gr
21(d/drm)(L Npsv

int 1L H
int), which is in gen-

eral different fromIm. The source current is closely related
a current corresponding to the underlyinglocal SU(2)V sym-
metry, which is ‘‘hidden.’’ This symmetry may be classifie
according to Ref.@12# as a symmetry of the second kind.
more detailed study of this aspect is beyond the scope of
present paper. For a related discussion in QHD-II see App
dix D of Ref. @1#.

III. DECAY OF THE VECTOR AND AXIAL-VECTOR
MESONS

First we consider the decay of the mesons which can
obtained on the tree level. These are the decaysr
→pp, r→ppg, a1→pr, a1→ps, and s→pp. We
will need the general expression for the width of the dec
A(Q)→B(p)1C(q) in the rest frame of the decaying pa
ticle with the massMA and spinJA ,

G5
upu

8pMA
2

1

~2JA11! (
spins

uMu2, ~46!

whereQ,p, andq are the corresponding four-momenta, su
that Q5p1q. The three-momentum of the particles in th
7-6
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ELECTROMAGNETIC INTERACTION IN CHIRAL . . . PHYSICAL REVIEW C 67, 015207 ~2003!
final state isp (qÄÀp) and the sum runs over the polariz
tions of all particles. The decay width for ther→ppg will
be discussed below.

We first fix the parameters of the model. In general,
coupling constants (gp ,gr,gv), the parameters of the poten
tials (m,l,c,mH ,lH), and all the masses can be conside
as parameters. There are, however, many relations betw
these parameters: Eq.~22!, Eq. ~32!, and Eq.~33!. Simple
considerations show that if we choose the masses of
nucleon, pion, rho,a1, and omega equal to their experime
tal values, then there remain only four free paramete
gr,gv , the poorly known sigma massms , and the unknown
massmH of the Higgs particles. We will fix the couplinggr

from ther→pp decay width. It is seen from Eq.~42! that
the r→pp decay is determined by the matrix elementM
5grpp e(r)•(q2p)« i jk . The polarization vector of ther is
denoted bye(r), and Latin indices label the charge states
the mesons. From the experimental width 150.2 MeV o
finds grpp56.04. Taking ma51.23 GeV @13#, we obtain
gr58.68,gp5 8.49,v5111 MeV, u/2588.7 MeV, andXp

50.392. Curiously enough, the ratiogr /grpp52/(11Xp)
appears to be 1.437, which is close to a factorA2 ~with a
deviation of 1.6%!. It follows that Xp'A221 andma'(1
1A2)1/2mr .

A. Strong decays

The decaya1→pr is governed by the matrix elemen
M52 igr

2vAXp e(a)•e* (r)« i jk , wheree(a)@e(r)# is the
polarization vector of thea1 (r) meson. Thea1pr vertex is
simpler than that in the GLSM@5,6#, or in the ‘‘massive’’
Yang-Mills approach@2#. Moreover it does not vanish fo
any invariant mass of thea1. The calculated width of 272
MeV can be compared with the experimental estimate 15
361 MeV @13#. In general, this decay is characterized by t
two amplitudes,F and G, defined throughM5F e(a)
•e* (r)1G e(a)•p e* (r)•Q. Those in turn define theS-
andD-wave amplitudes@14#

FS5
A4p

3mr
@~«r12mr!F1p2maG#,

FD52
A8p

3mr
@~«r2mr!F1p2maG#, ~47!

where«r is the energy of ther meson in the final state. Sinc
G50 in the present model we obtain theD/S ratio FD /FS
524.62%, which agrees in sign and order of magnitu
with the experimental ratio210.761.6% @13#.

The a1→ps matrix element, according to Eq.~42!, is
M5grAXpe(a)•(q2p)d ik. The corresponding calculate
width comes out 46 MeV and the branching ratio isG(a1
→ps)/G tot ' G(a1→ps)/@G(a1→pr) 1 G(a1→ps)]
'14%. From the branching ratio given by PDG we c
estimate the corresponding width as 32–147 MeV. Of cou
this process is not very well defined, in view of the uncert
status of thes meson. We used the value 770 MeV for th
mass of the sigma.
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Next we address the issue of the width of thes meson.
This subject has been discussed extensively in Ref.@6#,
mainly because in the linears model the width is too large
and sometimes larger than its mass, which makes it d
cult to identify the s with a particle state. In our mode
the matrix element of thes→pp decay is given byM
522ilvXp d i j . Calculation yieldsG5149 MeV for ms

5770 MeV, andG5346 MeV for ms51 GeV. If we had
used — as is appropriate in the linears model — the values
Xp51 andv5 f p , where f p593.2 MeV is the pion weak-
decay constant, then we would indeed have obtained a
large width of 1.391 GeV (3.227 GeV! for ms5770 MeV
(ms51 GeV!. The width, however, is reduced considerab
due to the factorXp in thespp vertex, and to a lesser exten
due to the difference betweenv and f p . We should also
mention that the vertex, because of its simple structure, d
not vanish for any values of the invariant mass of thes. The
vanishing of the vertex is an undesirable feature of
GLSM, as was pointed out in Ref.@7#.

B. Electromagnetic decays

1. r0\p¿pÀg decay

Let us consider the EM decayr0(Q)→p1(q1)
1p2(q2)1 g(k), which can be described by the tree-lev
amplitude shown in Fig. 1. The matrix element can be w
ten, using Eq.~40! and Eq.~42!, asM5en(r)em* (g)Mmn,
where

Mmn5egrppH ~2q21k!m~2q12Q!n

2k•q2

1
~2q11k!m~2q22Q!n

2k•q1
12gmnJ . ~48!

The last term comes from thegppr vertex in Eq.~40!. The
total amplitude is gauge invariant,kmMmn50. Calculation of
the decay width involves integration over invariant masses
the pairs of particles in the final state,

G5
1

~2p!332mr
3E4mp

2

mr
2

dmpp
2 E

mmin
2

mmax
2

dmgp
2 1

3 (
spins

uMu2.

~49!

The limits in the integral overmgp
2 are mmax/min

2 5mp
2

12k* (E*6q* ), wherek* ,E* , andq* are, respectively, the
photon momentum, pion energy, and pion momentum in
rest frame of thep-p system,

k* 5
mr

22mpp
2

2mpp
, E* 5

1

2
mpp , q* 5~E* 22mp

2 !1/2.

~50!

FIG. 1. Diagrams for ther0→p1p2g decay.
7-7
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The sum and average over polarizations is most easily ev
ated in the system where theOZ axis is along the photon
three-momentumk. We obtain

1

3 (
spins

uMu25
4

3
e2grpp

2 H 21
q2

2q1T
2

~k•q1!2
1

q1
2q2T

2

~k•q2!2

12q1T•q2TF q1•q2

~k•q1!~k•q2!
2

1

k•q1

2
1

k•q2
G J , ~51!

whereq1T ,q2T are the components of the pion momenta
thogonal to theOZ axis, e.g.,q1T5q12k(q1•k)/k2.

The decay r0→p1p2g includes the bremsstrahlun
from the charged pions and is infrared divergent at sm
photon energies. Experimentally a cutoff is introduced wh
measuring the decay width, namely,k.kmin . This means
that in the integral in Eq.~49! the invariant mass~squared! of
the p-p pair has an upper limitmr

222mrkmin . The value of
the integral in Eq.~49! depends strongly onkmin . For kmin
550 MeV we obtainG51.73 MeV, while forkmin560 MeV
we getG51.49 MeV. The PDG review@13# gives the value
1.48760.240 MeV for the photon energies above 50 MeV

2. a1
¿\p¿g decay

Next we consider the EM decaya1
1(Q)→p1(p)

1g(q). There is no contribution to the matrix element o
the tree level, and we have to include at least the one-l
processes shown in Fig. 2~see also Table I!.

These contributions can be obtained by attaching the p
ton line to the lines of the charged particles in the mix
self-energy operatorSap(Q), and by adding diagrams com
ing from the contact terms in the current~40!. Each one-loop
diagram forSap(Q) gives rise to four diagrams@Figs. 2~a!–

FIG. 2. Diagrams fora1→p1g decay at the one-loop leve
The intermediate propagators labeledm1 , m2, andm3 refer to par-
ticles as defined in Table I. Depending on the intermediate staj,
the contact diagrams have the structure~b! for j 51,2,4,6, and 7
and the structure (b8) for j 53,5,9, and 10. Forj 58 there is no
contact diagram.

TABLE I. Intermediate particles in the loop diagrams indicat
in Fig. 2.

j 1 2 3 4 5 6 7 8 9 10

m1 p r p a p a r N r a
m2 r p s s h h z N a r
m3 p r p a p a r N r a
01520
lu-

-

ll
e

p

o-

2~d!# for the EM process. The amplitude can be written a
sum

M5(
j 51

10

Mj5(
j 51

10

en~a!em* ~g!M j
mn , ~52!

where j labels the intermediate state in the loop, namelyj
5(p1r0), (p0r1), (p1s), (a1s), (p1h), (a1h),
(r1z), (pn̄), (r1a0), and (r0a1). Note that in the presen
study, because of the technical complexity, the diagrams w
j 59 and j 510 ~containing at least two vector or axia
vector propagators in the loop! are not included. Calculation
of the amplitudes is cumbersome and we refer to Appendi
for details. However, some features of the calculation
worth mentioning here.

~i! Each amplitudeM j
mn is gauge invariant and has th

structure

M j
mn5S gmn2

Qmqn

Q•q DTj , ~53!

where the Tj are Lorentz scalars. This serves as
important check of the calculation. The contact term
gppr,gpsa,graa,gpah, andgprz in Eq. ~40! are cru-
cial to ensure this property.

~ii ! The diagrams with the bremsstrahlung from the fin
pion @Fig. 2~d!# do not contribute to the matrix element fo
the on-mass-shella1 meson. Indeed, the polarization vect
of the a1 meson satisfies the relatione(a)•Q50. It is easy
to check that the matrix element corresponding to these
grams is in each case proportional toQn, and therefore van-
ishes when multiplied byen(a).

~iii ! Some of the diagrams in Fig. 2 are divergent. Ho
ever, the divergent terms from the different diagrams in a
M j

mn cancel, and the total amplitude is finite. The calcu
tions are done in the unitary gauge using the method of
mensional regularization~see Appendix B!, in which the can-
cellation of divergencies is explicitly verified.

~iv! The diagrams withj 55 –7 in Fig. 2 contain interme-
diate Higgs mesonsh and z. If one takes the massmH of
these mesons very large the amplitudes remain finite
correspond to a contactlikegpa Lagrangian,

Lcont~gpa!5h~]mAn2]nAm!~p3]man!3 , ~54!

whereh52(4p)22egr
2(12Xp)1/2/(3mr).

~v! The amplitudesM j
mn for j 51 –3 have both real and

imaginary parts, because the masses of the intermediate
ticles in these diagrams satisfy the conditionm11m2,ma .
The amplitudesM j

mn for j 54, . . . ,10 arereal.
~vi! The most complicated diagrams are those involv

the EM vertex of ther and a1 mesons. The vertex for the
grr ~or gaa) has the form
7-8
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TABLE II. Contribution of different diagrams in Fig. 2 to thea1→p1g decay width. Values are given in
keV.

Intermediate state in the diagrams ma51.23 GeV ma51.089 GeV Experimenta

p1r0 469 330
p1r01p0r1 187 89
p1r01p0r11p1s 211 104
p1r01p0r11p1s1a1s 845 434
p1r01p0r11p1s1a1s

1@p1h1a1h1r1z# 646 345
p1r01p0r11p1s1a1s1

1@p1h1a1h1r1z#1pn̄ 412 192 6406246

aReference@13#.
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for
Gmnl~q,r ,p!5e$gln~r 2p!m2gmnr l1glmpn

1~gmnql2gmlqn!%d i j

5e$gln~r 2p!m1gmn~q2r !l

1glm~p2q!n%d i j , ~55!

whereq is the momentum of the photon~with the Lorentz
index m, p and r ) are the momenta of ther ~with the Lor-
entz indicesl andn), andp1q1r 50. In the first line we
explicitly separated the minimal EM interaction and coupli
to the intrinsic magnetic moment of the mesons.

~vii ! In the rest frame of the mesona1, where Qn

5(ma,0), one can use the additional relationQ•e(g)50,
since the photon polarization vectors have only space
components. Therefore in the general structure of the am
tude of Eq.~53!, only the term proportional togmn contrib-
utes.

The width of thea1
1→p1g decay is expressed in term

of the Tj as follows:

G5
upu

8pma
2

2

3 U(
j 51

10

TjU2

. ~56!

The results of the calculation are presented in Table II.
Calculations were performed with two values of t

a1-meson mass: 1.23 GeV@13#, andA2mr51.089 GeV. The
latter value is often discussed in the literature@2,15,16#. One
notices from Table II that the different amplitudes strong
interfere. For example, thep1r0 and p0r1 amplitudes al-
most cancel each other. A substantial contribution com
from the a1s loop (j 54), due to the large value of th
constant in front of the integral. There is a dependence on
s mass, but it is weak. We used herems5770 MeV. The
diagrams in Fig. 2 containing the intermediate Higgs mes
give a relatively small contribution, as can be seen from
sixth row in Table II. TheNN̄ diagrams (j 58) by them-
selves would give a small contribution. However, due to
interference with other diagrams, their effect becomes s
able. On the whole, the calculation withma51.23 GeV
yields a width in agreement with experiment. Note, howev
that the diagrams withj 59 and j 510 were not included.
01520
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3. r¿\p¿g decay

The diagram contributing to ther1(Q)→p1(p)1g(q)
decay on the one-loop level is shown in Fig. 3. T
matrix element for this process, like for any anomalo
decay, has the structure~Ref. @11#, Chap. 19.3! M
5«mnlsem* (g)en(r)Qlqs /(Q•q)T, where «mnls is the
Levi-Civita antisymmetric tensor, andT depends on the cou
pling constants and masses of the particles. The one-
integral corresponding to Fig. 3 converges, and using s
dard methods we obtain~see Appendix B!

T5~4p!222egrgpmNAXpE
0

1

lnF mN
2 2mr

2x~12x!

mN
2 2mp

2 x~12x!
G dx

12x
.

~57!

The calculated decay width is 55 keV, while the PDG@13#
quotes the value 6867 keV. In view of the simple mecha
nism assumed for this decay we consider the agreemen
tween the calculation and experiment satisfactory@28#. It is
worthwhile to mention that the factorgpgrAXp, which de-
fines the magnitude of the matrix element, is considera
smaller than one would get using the conventional values

FIG. 3. One-loop diagram corresponding tor1→p1g decay.
7-9
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TABLE III. Widths of strong and electromagnetic decay of mesons. Calculations are performed with two masses of thes meson:
ms

(a)5770 MeV andms
(b)51 GeV. Experimental values are from Ref.@13#.

Meson decay ma51.230 GeV ma51.089 GeV Reference@6# Reference@2# Experiment

ms
(a) ms

(b) ms
(a) ms

(b)

a1→pr ~MeV! 272 272 163 163 483 360 150 to 361
D/S ratio ~%! -4.6 -4.6 -2.3 -2.3 7.8 -10.761.6
a1→ps ~MeV! 46 4.7 21 32 to 147
G(a1→ps)/G tot~%! ' 14 '1.7 '11 18.7664.2961.48
s→pp ~MeV! 149 346 325 753 373
r0→p1p2g ~MeV!:

(kmin550 MeV) 1.73 1.73 1.73 1.73 1.48760.240
(kmin560 MeV) 1.49 1.49 1.49 1.49

a1
1→p1g ~keV! 412 411 192 180 670 300 6406246

r1→p1g ~keV! 55 55 81 81 80 6867
II,
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the couplings. For example, with the typical valuesgp

513.0,gr56.04 ~and Xp51) the width would increase to
160 keV.

All calculated decay widths are collected in Table I
where they are compared with experimental values@13#. We
also included in Table III the results@6# obtained in a version
of the GLSM with massiver anda1 mesons, where severa
additional terms were introduced. In particular, thea1

1

→p1g decay in Ref.@6# appears on the tree level due to t
introduction of dimension-six operators in the Lagrangia
Some results in the nonlinear realization of the chiral sy
metry ~hidden symmetry approach! from Ref. @2#~Chap. 3!
are shown in the seventh column.

IV. p-p SCATTERING AT LOW ENERGIES

Pion-pion scattering is a process where one can test
strong-interaction Lagrangian. Let us first analyze the te
in the Lagrangian in Eqs.~42! and ~43! which are relevant
for the p-p scattering on the tree level:

DL52lXpp2S vs1
1

4
Xpp2D2

1

2
gr~11Xp!rm~p3]mp!

2
lH

8
~12Xp!p2Fuh1

1

4
~12Xp!p2G . ~58!

This Lagrangian has several unusual features. First, thespp
interaction and the relatedp4 interaction, coming from the
first term in Eq.~58!, are suppressed by the factorsXp and
Xp

2 , respectively. This will lead to a suppression of the c
responding amplitude by the factorXp

2 '0.15. Second, the
r-meson exchange is determined by the couplinggrpp

5gr(11Xp)/2 which is fixed from ther→pp decay.
Third, the last term, containinghpp and p4 interactions,
has a couplinglH which rises with the Higgs massmH @see
Eq. ~22!#. At first sight this leads to a divergence of th
tree-level amplitude in the limitmH→`, and it seems un-
likely that the Lagrangian~58! can give reasonable predic
01520
.
-

he
s

-

tions for p-p scattering. In this section we will study thi
issue by calculating the low-energy scattering parameters
the S andP waves.

The formalism ofp-p scattering has been considered
many references~see, e.g., Refs.@6,17#!, and we briefly re-
call the basic relations. The scattering amplitude for the
actionp i1p j→pk1p l can be written as

Mi j ,kl5M ~s,t,u!d i j dkl1M ~ t,s,u!d ikd j l 1M ~u,t,s!d i l d jk,
~59!

where i , j ,k,l label the charge states of the pions, ands,t,u
are the conventional Mandelstam variables. One also defi
the amplitudesM (I ) with total isospinI 50,1, and 2:

M (0)53M ~s,t,u!1M (2), M (1)5M ~ t,s,u!2M ~u,t,s!,

M (2)5M ~ t,s,u!1M ~u,t,s!. ~60!

The amplitude in a channel with fixed isospin is expanded
partial waves,

M (I )532p(
l 50

`

~2l 11!Pl~cosu!t l
(I )~s!, ~61!

where Pl(cosu) is the Legendre polynomial andu is the
scattering angle. The partial-wave amplitudet l

(I )(s) can be
approximated at small center-of-mass~c.m.! momentumzqz
5(s/42mp

2 )1/2 as follows,

Re t l
(I )~s!'

q2l

mp
2l Fal

(I )1bl
(I ) q2

mp
2

1OS q4

mp
4 D G . ~62!

In order to find the scattering lengthsal
(I ) and effective

rangesbl
(I ) one has to expand the amplitudes in Eq.~60!

aroundq250, using the definition of the invariants in th
c.m. frame,

s54~mp
2 1q2!, t522q2~12cosu!, u522q2~11cosu!.

~63!
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TABLE IV. Low-energy parameters forp-p scattering. Thes-meson mass is 770 MeV, and thea1-meson mass is 1.23 GeV.

Model a0
(0) b0

(0) a0
(2) b0

(2) a1
(1)

Present models1r1h 0.238 0.319 -0.100 -0.155 0.061
only s1r 0.210 0.301 -0.100 -0.146 0.057
only r 0.191 0.273 -0.095 -0.137 0.055

With form factor forr exchange 0.160 0.200 -0.061 -0.097 0.040
(L51.6 GeV)

Soft-pion amplitudea 0.159 0.182 -0.045 -0.091 0.030
ChPT~only pions!b 0.20 0.24 -0.042 -0.075 0.037
ChPT~pions and resonances!c 0.21 -0.043 0.038

Experimentd 0.2660.05 0.2560.03 20.02860.012 20.08260.008 0.03860.002
Experimente 0.2060.01 20.03760.004

aReference@21#.
bReference@22#.
cReference@17#.
dReferences@18,19#.
eReference@20#.
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We now show that the Higgs part of the Lagrangian@last
term in Eq.~58!# gives a finite contribution toM (s,t,u). The
h exchange andp4 interaction lead to the amplitude

Mh~s,t,u!5S 2
lH

4
1

1

16

lH
2 u2

mH
2 2s

D ~12Xp!2

5
gr

2~12Xp!2

4mr
2

s

~12s/mH
2 !

, ~64!

where we made use oflHu254mH
2 , which follows from

Eqs.~22!. It is clear that the couplings in theh exchange and
the contactp4 diagram are tuned in such a way that the s
remains finite at largemH .

It is straightforward to obtain from Eq.~58! the ampli-
tudes corresponding tos exchange, with the associatedp4

term, andr exchange,

Ms~s,t,u!1M r~s,t,u!522lXp
2

mp
2 2s

ms
22s

1grpp
2 S s2u

mr
22t

1
s2t

mr
22u

D .

~65!

The total amplitude isM (s,t,u)5 Mh(s,t,u)1Ms(s,t,u)
1M r(s,t,u). The other amplitudes in Eq.~59! are obtained
by interchangingt↔s, or u↔s. As expected, thes contri-
bution in Eq. ~65! is multiplied by Xp

2 which strongly re-
duces the effect of thes meson inp-p scattering. The low-
energy parameters can be found by expanding Eqs.~64! and
~65! in powers ofq2, using the definitions~61!, ~63!, and
comparing the results with Eq.~62!. The calculated coeffi-
cientsal

(I ) andbl
(I ) are presented in Table IV.

It is seen from Table IV that the scattering lengtha0
(0) is

described fairly well. The other parameters, however,
01520
e

overpredicted by a factor of 1.542. Ther meson gives the
dominant contribution~compare the second and four
rows!, while the contribution of the Higgs meson is sma
~see the second and third rows!. In the sixth row we show
parameters obtained with the soft-pion amplitu
MSPA(s,t,u)5(s2mp

2 ) / f p
2 from Ref. @21#, which is based

on partially conserved axial-vector current and current co
mutation relations. Our amplitude will reduce t
MSPA(s,t,u) if gr50 andms

2@mp
2 . We also show results o

the ChPT calculations: Ref.@22#, where only pions are in-
cluded and@17#, where resonances are added.

Comparison with the experiment indicates that the eff
of the r meson is overemphasized in the present model
this connection we compare ther-exchange amplitude in Eq
~65! with the corresponding amplitude by Bernardet al. @Eq.
~3.14! in Ref. @17##. One of the differences is that in Ref.@17#
the propagator of the vector meson~to be exact, the par
contributing for on-shell pions! is modified according to

1

mr
22t

→ t

mr
2~mr

22t !
5

1

mr
22t

2
1

mr
2

, ~66!

which coincides with Weinberg’s suggestion@23# based on
chiral-symmetry arguments. Such a modification strongly
duces the effect of ther meson at low energies. In th
present model, however, there is no compensating term
the form @23# ;(p3]mp)2 which would lead to Eq.~66!.
Using theppr interaction with more derivatives, as is ad
vocated in Ref.@17#, would also be inconsistent with th
Lagrangian~42!. Besides, the calculation shows that the
fect of the r meson cannot be eliminated completely
would follow from Eq.~66!, since thes contribution in itself
is by far too small. One of the mechanisms which can pa
reduce ther contribution is the dependence of therpp ver-
tex on the invariant mass of ther. One may assume tha
grpp(t)5grppFrpp(t) with a form factor normalized to
unity at t5mr

2 . The typical form often used in phenomen
7-11
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logical models isFrpp(t)5(L22mr
2)/(L22t), whereL is

a cutoff parameter. Choosing the valueL51.6 GeV@24# we
obtain a considerable reduction of the low-energy parame
~see Table IV, the fifth row!. Of course this is only one
plausible argument which may explain the unsatisfactory
scription of low-energyp-p scattering on the tree level. Be
sides the form factor, other higher-order corrections to
amplitude would have to be consistently included. This is
will be studied elsewhere.

V. DISCUSSION AND CONCLUSIONS

In the previous sections we have presented the resul
calculations in the framework of a new representation
QHD-III @10#. An advantage of this new form, compared
the original formulation@9#, is that only simple vertices with
at most one derivative appear in the Lagrangian. As a re
the calculations are simpler, and more importantly,
strong-interaction vertices describing the decay of the m
sons do not vanish at any values of the meson invar
mass. A comparison with experiment~Table III! shows that
most of the decay widths are reasonably described. This
not anticipated in view of the fact that practically no fre
parameters were used in the calculations. In fact, only
couplinggr was fixed from ther→pp decay. The masses o
the nucleon, pion, rho, anda1 mesons were taken from th
latest PDG review@13#.

The mass of thes meson was chosen equal to the mass
the r, i.e., ms5mr5770 MeV, in line with Ref.@16# where
the s is supposed to be degenerate with ther. With this
mass the calculated width for thea1→ps decay, 46 MeV, is
surprisingly close to the value predicted in Ref.@16#: G(a1

→ps)5G(r→pp) /A8'50 MeV. In some calculations
we use the valuems5 1 GeV. As a result the widths of th
a1→ps and s→pp decays change considerably due to
change of the available phase space. The other observ
are not sensitive to thes mass. Calculations were also pe
formed with the valuema5A2mr51.089 GeV, which is
based on different arguments@15,16#. However, agreemen
with experiment is better with the PDG valuema51.23 GeV.
As a curious observation we mention that this value appro
mately obeys the relationma'(11A2)1/2mr within a 3%
accuracy. This relation also implies thatgr /grpp

52ma
2/(ma

21mr
2), i.e., the ratio of ther couplings to the

nucleon and the pion is very close toA2.
The EM decayr0→p1p2g is described by the two-ste

tree-level amplitude supplemented by a contact diagram.
latter comes from thegppr vertex in the EM current~39!
and guarantees the EM gauge invariance. The deca
mainly determined by therpp coupling and is not sensitive
to other ingredients of the model. The decaya1

1→p1g is a
more informative process. Since there is no directapg cou-
pling the process is described by many one-loop diagra
which strongly interfere. The total amplitude ofa1

1→p1g
comes out finite despite the divergence of the separate
grams. Since the Lagrangian was obtained in the uni
gauge, the propagator of the vector mesons includes the
gitudinal componentkmkn/m2. The latter gives rise to a qua
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dratic divergence,;G(12d/2), but due to the EM gauge
invariance these divergencies from different diagrams can
Furthermore, the logarithmic divergencies,;G(22d/2),
cancel as well.

The Higgs mesons,h and z, play the role of auxiliary
particles in this model. According to Ref.@9# these mesons
serve as regulators and should have minimal effect on
low-energy predictions. They do not appear in the initial a
final states, but may contribute as intermediate particles.
instance, theh and z appear in one-loop diagrams for th
a1

1→p1g decay. In the diagrams with intermediatep1h
state, thepph coupling in Eq.~43! increases proportionally
to mH

2 . However, due to the presence of theh propagator
this contribution stays finite. The situation is different in th
diagrams with an intermediatea1h andr1z, where the ver-
ticesaah andarz are independent ofmH . Nevertheless the
amplitudes do not vanish in the limitmH→`, as one would
naively expect by taking the limit of the propagator in th
loop integrand. This is because the longitudinal compon
of the vector-meson propagator leads to divergent integr
the correct procedure is to take the limitmH→` after the
loop integration, which leads to a nonzero contribution.
mH→` the total amplitude corresponding to the above p
cesses involving Higgs mesons takes a form equivalent to
effective apg Lagrangian. Numerically its contribution to
the a1

1→p1g decay turns out to be relatively small.
In processes whereh and z appear on the tree level th

amplitude may diverge atmH→`, if there are morepph
vertices thanh propagators. Using thep-p scattering as an
example we demonstrated that this is not the case. In
reaction there is theh-exchange diagram which at first sigh
behaves asmH

2 . However there is a compensatingp4 vertex
in the Lagrangian~43!. The couplings in theh-exchange and
p4 contact diagrams are tuned in such a way that the s
remains finite. This mechanism of cancellation is similar
that in the linear sigma model, in which the amplitude giv
by thes exchange and thep4 vertex does not diverge in th
limit ms→`, but rather takes the value dictated by the so
pion amplitude@21#. The contribution of theh exchange and
the associatedp4 term at low energies is small.

The pion interaction with hadrons in the model is sca
down by the factorAXp5mr /ma ~with the exception of the
ppr, pprr, andppaa vertices!. This influences the ma
trix elements of the meson decays, and in most cases
proves agreement with experiment. The factormr /ma also
leads to a reduction of thes→pp decay width. For ex-
ample, compared to the linear sigma model the width is
duced by almost an order of magnitude. Therefore the wi
comes out smaller than thes mass@of the order of 150~350!
MeV for ms50.77 (1.0)GeV] which may be helpful in
identifying the s with the scalar-isoscalar state around
GeV @13#. At the same time the effect of thes in p-p
scattering is also diminished. Our calculation shows that
s contribution to the low-energy parameters becomes v
small, and the dominant contribution comes from ther ex-
change. The agreement between the calculation and ex
ment is not very impressive compared to, for example, Ch
calculations. The scattering length in theI 50, l 50 channel
7-12
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is described quite well, but the other calculated parame
overestimate the experiment. This deficiency may be rela
to the tree-level approximation. We included a form factor
the ppr vertex, similarly to what is often done in phenom
enological models. This is one of the effects which contr
ute beyond the tree level. In this way ther contribution is
reduced and the agreement is improved, but other hig
order corrections need to be consistently taken into acco
before definite conclusions can be drawn.

In this paper we focused on the meson properties and
out the nucleon sector. Inclusion of the latter can also be
important test of the model, especially because the nucle
pion vertex is reduced. At this point we would like to me
tion that we did not include an additional baryon, the casc
J5(J0,J2) with the hyperchargeYJ521. This isodou-
blet was added in Ref.@9# to cure the problem with the chira
anomaly and render the theory renormalizable. The ch
anomaly in QHD-III will show up when the isoscalarv me-
son couples to the baryon loop with other two isovector v
tices, one of which containsg5. Such processes were n
considered here. The anomaly may, however, be importa
the EM decayr1→p1g considered in Sec. III B 3. If we
added the loop with the cascade then the calculated w
would change, though we did not include this effect. It see
logical first to extend the SU(2)R3SU(2)L model to the
strange sector, as, for example, was done in Ref.@5# for the
GLSM. The extension to SU(3)R3SU(3)L would allow one
to include along withJ the other strange hadrons, such
L,S, andK.

In conclusion, we applied chiral quantum hadrodynam
~QHD-III ! @9# in the calculation of some properties of th
mesons. First we included electromagnetic interaction by
tending the symmetry to the local U(1)3SU(2)R3SU(2)L
group. This allowed us to obtain consistently the minim
and nonminimal contributions to the electromagnetic inter
tion in an arbitrary gauge. After an appropriate diagonali
tion and fixing the gauge the Lagrangian is obtained in te
of the physical pion field. We calculated the strong and E
decays of the vector and axial-vector mesons,a1→pr, a1

→ps, r0→p1p2g, a1
1→p1g, and r1→p1g, and ad-

dressed the issue of the width of thes meson. For thea1
1

→p1g decay some loop diagrams are not yet included,
a more complete analysis is reserved for future work. M
of the calculated decay widths are in reasonable agreem
with experiment@13#. The only free parameter used in ca
culations is the mass of thes meson, although most of th
results were not sensitive toms .

We studied the effect of auxiliary Higgs bosons of QH
III in the a1

1→p1g decay andp-p scattering. The contri-
bution of these particles to the amplitude, both on the t
level and in the one-loop diagrams, turns out to be finite a
small in the limitmH→`. This goes in line with the view-
point of Ref.@9# on the role ofh andz mesons in low-energy
hadron physics.

Our exploratory study shows that QHD-III in the repr
sentation of Ref.@10# can describe some features of mes
phenomenology in the nonstrange sector. There are m
interesting issues which can be further addressed, such a
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extension of calculations to the baryon sector (p-N scatter-
ing and nucleon form factors!, a clarification of the role of
the cascadeJ, and inclusion of the other strange hadron
Finally, applications to the many-body sector, i.e., nucle
matter and finite nuclei, may be considered. As was show
Ref. @25# ~see also Ref.@3#, Sec. 3A!, the linear sigma model
when applied to finite nuclei on the mean-field level, h
some deficiencies. The present model is much richer
differs in several respects, such as the presence of additi
particles and vertices, and a considerable suppression o
pseudoscalar pion-nucleon coupling. Detailed calculat
will help to assess the applicability of the model to the man
body sector.

ACKNOWLEDGMENTS

We would like to thank Gary Pre´zeau for clarifying com-
munication regarding Ref.@10#, and Olaf Scholten for usefu
discussions. This work was supported by the Fund for S
entific Research-Flanders~FWO-Vlaanderen! and the Re-
search Board of Ghent University.

APPENDIX A: DERIVATION OF THE LAGRANGIAN IN
THE HIGGS SECTOR IN AN ARBITRARY GAUGE

The most complicated part of the Higgs Lagrangian is
terms with the covariant derivatives. For the right field, f
example, such a term can be written in the form

~DmFR!†~DmFR!5
1

4 ~0 1!@Y1•Y11Y2•Y21Y3•Ỹ3

2Y1•~Y31Ỹ3!1 i ~Y2•Ỹ32Y3•Y2!#

3S 0

1D , ~A1!

where the operatorsY1 ,Y2 ,Y3 and Ỹ3 are defined as

Y1
m5~]mh1]mz!, Y2

m5t~]mH¿­mZ!1
1

2
~u1h1z!Y4

m ,

Y3
m5

1

2
t~H¿Z!Y4

m , Ỹ3
m5

1

2
Y4

mt~H¿Z!,

Y4
m5gr8t~r8m1am!1e8A8m'grt~rm1am!1eAm~11t3!,

~A2!

and the notationX•Y5XmYm is used. The similar term for
the field FL can be obtained from the above formulas
changingz→2z, Z→2Z, and am→2am . The potential
VH in Eq. ~3! is chosen such thatlH.0 andmH

2 .0, thus
allowing for SSB of the global gauge invariance@9#. From
the condition that the term linear inh must be absent, the
VEV u can be found. The fieldsh andz acquire a massmH ,
whereasH andZ remain massless, indicating that these a
the Goldstone bosons.

Calculation of the matrix elements in Eq.~A1! leads to
the EM current in Eqs.~16! and~17!. The strong Lagrangian
7-13
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consists of the free Lagrangians in Eqs.~20! and ~21!, the
mixing term in Eq.~19!, and the interaction Lagrangian

L H
int5

1

8
gr

2$~rm
2 1am

2 !~h21z21H21Z212uh!14rmam@~u

1h!z1HZ #%1
1

2
gr@rm~h]mH2H]mh1z]mZ

2Z]mz2H3]mH2Z3]mZ!1am~h]mZ2Z]mh

1z]mH2H]mz2H3]mZ2Z3]mH!#

2vH~h,z,H,Z !, ~A3!

where the remaining piece of the potential is

vH~h,z,H,Z !5
lH

32
@h41z414uh316hz2~2u1h!1H4

1Z412H2Z214~HZ !212~H21Z2!

3~h21z212uh!18~u1h!zHZ #. ~A4!

Equations~A3! and ~A4! will reduce to the Lagrangian o
QHD-III @9# if we takeH5Z50.

The interaction Lagrangian of the GLSM from Sec. II
follows from Eqs. ~23!–~26! after we define thes field
throughf5v1s, where the VEVv can be fixed from the
minimum of the potential,lv32m2v2c50. The Lagrang-
ian has the form

L Npsv
int 52N̄Fgp~s1 ig5tp!1grgm

t

2
~rm1g5am!

1gvgmvmGN1gr@am~p]ms2s]mp!

2rm~p3]mp!2grvam~p3rm2sam!#

1
1

2
gr

2@~amp!21~p3rm2sam!2#2l~s21p2!

3Fvs1
1

4
~s21p2!G . ~A5!

APPENDIX B: EVALUATION OF LOOP INTEGRALS

Let us consider the amplitudes fora1
1→p1g decay with

an intermediate (p1r0) state, corresponding to diagrams
Fig. 2 with j 51. We introduce the following notation:

Dk5k22mr
2 , dk1Q5~k1Q!22mp

2 ,

dk1p5~k1p!22mp
2 ~B1!

with Q25ma
2 , p25mp

2 , and q250. The amplitude in Fig.
2~a! has an integrand proportional to
01520
M1a
mn⇒~2k12Q2q!m~2p1k!s

3S gns2
knks

mr
2 D 1

Dk dk1Q dk1p

⇒ 2~k1Q!m

Dk dk1Q
F kn

mr
2

2
~2p1k!n

dk1p
G .

~B2!

The terms proportional toQn and qm are omitted hereafte
because of the relationsQ•e(a)50 and q•e(g)50. The
diagram in Fig. 2~b! has an integrand

M1b
mn⇒ 2

Dk dk1Q
S gmn2

kmkn

mr
2 D . ~B3!

For Fig. 2~c! with photon bremsstrahlung off thea1 meson
we obtain after some algebra

M1c
mn⇒ 1

q•QDk

3FQm~k22q!n1~k12Q!mqn2gmnq•~2Q1k!

dk1p

2
Qmkn1kmqn2gmnq•k

mr
2

. ~B4!

Similarly we find for Fig. 2~d! with bremsstrahlung off the
pion

M1d
mn⇒ Qmkn

Dk
S 1

q•Qmr
2

2
1

q•Qdk1Q
2

2

mr
2 dk1Q

D .

~B5!

In the chosen unitary gauge the propagator of the ve
meson includes three spacelike polarization states. We no
that the most divergent terms proportional tomr

22 , which
come from the longitudinal component of ther propagator,
cancel. The term;(kmqn2gmnq•k)/Dk that remains in Eq.
~B4! is equal to zero after integration overk. Further, it is
straightforward to check that the sum of the four diagra
does not depend on the photon gauge, i.e.,qm(M1a

mn1M1b
mn

1M1c
mn1M1d

mn)50.
To evaluate the integrals we apply the method of dim

sional regularization~see, e.g., Ref.@11#, Appendix A!. Using
the Feynman parametrization and integrating overk in
d-dimensional space-time we obtain

M1
mn52i f gmn

G~22d/2!

~4p!d/2 H 2
1

2E0

1

du1E
0

12u1
du2 D1

d/222

1E
0

1

duFD2
d/2222S 12

u

2D D3
d/222G J , ~B6!
7-14
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where the constantf readsf 52 iegr
3vAXp(11Xp)/2. The

expressions forD1 ,D2, andD3 will be specified below. We
kept in Eq.~B6! only thegmn part because of the conditio
Q•e(g)50 ~in the rest frame ofa1). Since the gamma func
tion G(22d/2) has a pole atd54 we have to verify that the
expression in the curly brackets vanishes atd54. Using the
expansions near d54 @11#, Dd/222511(d/222)lnD
1O((d/222)2) and G(22d/2)52/(42d)2gE1O(d/2
22), we find that the pole term drops out because of
relation

2
1

2E0

1

du1E
0

12u1
du21E

0

1

duF12S 12
u

2D G50. ~B7!

The residue gives the amplitude

M1
mn5 i f gmn~4p!22H E

0

1E
0

1

ln D1~x,y! dxdy1E
0

1

@~2

2x! lnD3~x!22ln D2~x!#dxJ , ~B8!

where the integration variablesu1 , u2 have been changed t
x,y defined such thatu15xy, u25x(12y). In the above
formulasgE'0.5772 is the Euler-Mascheroni constant an

D1~x,y!5D3~x!2~ma
22mp

2 !x~12x!y,

D3~x!5mr
2~12x!1mp

2 x2,

D2~x!52ma
2x~12x!1mr

2~12x!1mp
2 x. ~B9!

The argument of the logarithm can formally be made dim
sionless by changing lnDi→ln(Di /L

2), whereL is a mass-
scale parameter. This will not affect the amplitude, due to
~B7!. Expression~B8! can be further simplified by carrying
out the integration overy.

The NN̄-loop amplitudes (j 58 in Fig. 2! require a trace
calculation, for example,

M8a
mn⇒ Tr@~k”1p”1mN!gm~k”1Q” 1mN!gng5~k”1mN!g5#

Dk Dk1QDk1p

⇒4mNFgmnq•~2k1Q!2~2k1Q!mqn

Dk Dk1QDk1p
2

gmn

Dk Dk1p
G ,
~B10!

where Dk5k22mN
2 , Dk1Q5(k1Q)22mN

2 , and Dk1p

5(k1p)22mN
2 . The amplitude in Fig. 2~d! reads

M8c
mn⇒4mN

gmn

Dk Dk1p
. ~B11!

This amplitude cancels the divergent and EM gauge no
variant piece ofM8a

mn . Finally, the amplitudeM8d
mn ~radiation

from the pion line! is zero, being proportional toQn.
An important observation is the cancellation of diverge

terms between different diagrams. This, together with
EM gauge invariance, helps in evaluating the other diagra
01520
e
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in Fig. 2. Most of these diagrams are calculated similarly
M1

mn while others, where the photon couples to a vector m
son in the loop, are more algebraically involved.

After this general consideration we present expressi
for the amplitudes corresponding to the diagrams in Fig
with j 51, . . . ,8. For thep-r loops (j 51,2) we obtain

T15C1H 2
1

2
2E

0

1

ln
D2~x!

D3~x! F22x1
D3~x!

M2~12x!
G dxJ ,

~B12!

T25C2S 1

2
1E

0

1

ln
D2~x!

D3~x! H x231
1

x FD3~x!

M2
12G J dxD ,

~B13!

D2~x!5mp
2 x1mr

2~12x!2ma
2x~12x!,

D3~x!5mp
2 x21mr

2~12x!,

C15C25~4p!22
1

2
egr

3vAXp~11Xp!,

and we introduced the notationM2[ma
22mp

2 52Q•q. Since
mp1mr,ma these amplitudes acquire an imaginary part
D2(x),0, and we have to select the proper branch of
logarithm. Recalling the prescriptionm2→m22 i0 for the
masses of the particles in the propagators, we have co
spondinglyD2(x)→D2(x)2 i0 and we can use the substitu
tion

lnD2~x!5 lnuD2~x!u2 ipu@2D2~x!#5 lnuD2~x!u

2 ipu~x2x2!u~x12x!, ~B14!

x65$~ma
21mr

22mp
2 ! 6@~ma

21mr
22mp

2 !2

24ma
2mr

2#1/2%/2ma
2 ,

in Eqs.~B12! and ~B13! to calculate the real and imaginar
parts. Hereu(y)51 if y.0, and 0 otherwise.

For the j 53 contribution we obtain

T35C3H 2112E
0

1

ln
D2~x!

D3~x! Fx2
D3~x!

M2~12x!
GdxJ ,

~B15!

D2~x!5mp
2 x1ms

2~12x!2ma
2x~12x!,

D3~x!5mp
2 x21ms

2~12x!,

C35~4p!222egrlvAXpXp , 2l5~ms
22mp

2 !/v2.

A substitution similar to Eq.~B14! is applied to calculate
the real and imaginary parts ofT3.

Next, for the diagrams withj 54 in Fig. 2 the amplitude
is real and reads
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T45C4S 1

2
~12d!1E

0

1

ln
D2~x!

D3~x! H x231d~12x!

1
1

x FD3~x!

M2
~12d!12G J dxD , ~B16!

D2~x!5ms
2x1ma

2~12x!2,

D3~x!52mp
2 x~12x!1ms

2x1ma
2~12x!,

C45~4p!222egr
3vAXp, d5~ms

22mp
2 !/ma

2 .

The contribution j 55 in Fig. 2 with an intermediate
Higgs mesonh (p1h state) is

T55C5H 2112E
0

1

ln
D2~x!

D3~x! Fx2
D3~x!

M2~12x!
G dxJ ,

~B17!

D2~x!5mp
2 x1mH

2 ~12x!2ma
2x~12x!,

D3~x!5mp
2 x21mH

2 ~12x!,

C552~4p!22
1

4
elHmrA12Xp~12Xp!.

The amplitudes forj 56 (a1h state! and j 57 (r1z
state! can be written in the form

T6/75C6/7S 1

2
~12d!1E

0

1

ln
D2~x!

D3~x! H x231d~12x!

1
1

x FD3~x!

M2
~12d!12G J dxD , ~B18!

where

D2~x!5mH
2 x1ma

2~12x!2,

D3~x!52mp
2 x~12x!1mH

2 x1ma
2~12x!,
01520
C652~4p!22
1

4
egr

3uA12Xp, d5~mH
2 2mp

2 !/ma
2

for j 56, and

D2~x!5mH
2 x1mr

2~12x!2ma
2x~12x!, D3~x!5mH

2 x

1mr
2~12x!2mp

2 x~12x!,

C75C6 , d5~mH
2 2mp

2 !/mr
2

for j 57. In the limit of large Higgs mass,mH
2

@mp
2 ,mr

2 ,ma
2 , the sum of the amplitudes with the interm

diateh andz mesons can be written as

T51T61T7'~4p!22egr
2

ma
22mp

2

6mr
A12Xp1O~mH

22!.

~B19!

This amplitude corresponds to a contactlike Lagrangian
Eq. ~54! of Sec. III B 2.

Finally, the amplitude forj 58(pn̄ state! in Fig. 2 has the
form

T85C8E
0

1

lnF mN
2 2ma

2x~12x!

mN
2 2mp

2 x~12x!
G ~122x!dx

12x
, ~B20!

C85~4p!222egrgpmNAXp.

The amplitude in Fig. 3 describing the decayr1→p1g is
calculated similarly. Evaluating the trace we obtain

Mmn⇒ Tr@~k”1p”1mN!gm~k”1Q” 1mN!gn~k”1mN!g5#

Dk Dk1QDk1p

⇒4mN «mnlsQlqs

1

Dk Dk1QDk1p
. ~B21!

The result of the integration overk is given in Eq.~57! of
Sec. III B 3.
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