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The chiral invariant quantum hadrodynami@@HD) 1ll 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(2Y SU(2)gx SU(2), 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,a,;— mp, a;— 7o, and the electromagnetic decays> w#vy, a;— 7y, andp— my are calculated.

The low-energy parameters for thes 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 lewelfacattering and on

the level of one-loop diagrams for tleg — 7y decay. It is demonstrated that the model successfully describes
some features of meson phenomenology in the nonstrange sector.
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I. INTRODUCTION of QHD-III includes the Lagrangian of the GLSM and the
Lagrangian of the Higgs fields. The need for the latter sector
Relativistic models built with hadronic degrees of free- of the model was clearly explained in R¢10]: the Higgs

dom have been very successful in describing different propMechanism in the GLSM with local symmetry leads to the
erties of nuclei and hadrons at low and intermediate energi¢diSappearance of the pion which plays the role of a would-be
(for comprehensive reviews see Refé—3)). In some of Goldstone boson giving its _degree of freedom to the massive
these models, the hadronic Lagrangian has symmetrie%l meson. Therefore the Higgs sector serves to ger)erate the
which are inspired by the underlying QCD theory. This al-Masses of the, andp mdesons and to rﬁ)relservle the pion as a
lows one to have fewer parameters, thereby reducing ambﬁhﬁﬂgarlngggﬁ: gnf(r)?r?]a(ljir;ébllj;zgg :j(fesoz?)t ?gugi?es¥r:2r?r?.-
guities in the hadronic models. One of the first models Whicr}ry q

incorporated the SU(2)<SU(2), symmetry was the b?dcl:)?s?rnuc?tfiocnumﬁ parameters. It is also parity conserving

gauged linearr model (GLSM) developed in Reff4]. This A subtle aspect of QHD-II(but also of the GLSM and
model was an extension of the lineamodel and included, her hadronic models including the axial-vector meésen

in addition to the pion and scalar mesons, the vept@and  he presence of a bilinear term mixing theand pion fields.
axial-vector a; mesons as gauge bosons of the localThis considerably complicates the interpretation of the physi-
SU(2)rXSU(2). symmetry. The local symmetry was ex- cal particles in the theory as well as calculations with this
plicitly broken by the vector-meson mass terms, and sponta-agrangian. One way to get rid of the mixing was considered
neous symmetry breakin®SB) by the scalar field led to the in Ref.[4] and later used in other papg®5,6,9. It consists
mass splitting between theanda,;. This model was elabo- of a redefinition of thea,; field and subsequent wave-
rated in Ref.[5], where the current-field identities were es- function renormalization of the pion field. The final Lagrang-
tablished. Later the model was appliéd in a description of ian takes a complicated form with strongly momentum-
the meson properties. Because of some difficulties additionalependent vertices. This has undesirable implications in low-
terms are often included. These terms break further the locanergy meson phenomenology. As examples, we mention the
symmetry and introduce additional parameters, which allowsanishing of thea; mp and o7 vertices at some values of
for a better description of the meson observalptes?]. the invariant masses of tleg ando, and the difficulties with
The quantum hydrodynami¢QHD) Il model, which re-  the p7# vertex[7]. The authors of Ref.7], instead of rede-
spects the local SU(Z)isospin symmetry, was developed in fining the fields, preferred to sum the self-energy generated
Refs.[1,8]. It was extended in Ref9] by adding the chiral by thea,— 7 mixing to all orders.
SU(2), symmetry. This model, called QHD-III, is a chiral An alternative method in the framework of QHD-III was
invariant theory based on the local symmetry SU{2) recently suggested in Refl0]. This method exploits the
XSU(2)_. Thep anda; mesons are included as the gaugefreedom in choosing the gauge due to the local gauge invari-
bosons which are initially massless. The masses are geneaince. Originally[9] the so-called unitary gauge was chosen
ated through SSB and the Higgs mechanism. The Lagrangiafirom the beginning, and the two massless isovector Gold-
stone bosongwe will call themH and Z) were “gauged
away.” This choice leads to the above-mentioned complica-
*Electronic address: Korchin@kvi.nl tion with the mixing. Note that the pseudoscalar boZdmas
"Electronic address: Dimitri.VanNeck@rug.ac.be the same quantum numbet§I®)=1(0") as the pions
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originating from the GLSM sector. Therefore the physicalbriefly discussed in Sec. Il B. In Sec. Il C the procedure for
pion field can be chosen as a linear combinatio@ @fnd 7, removing the mixing terms in the Lagrangian is described.
while the orthogonal combination is decoupled in the unitaryThe final EM and strong-interaction Lagrangians in terms of
gauge[10]. The Lagrangian then takes a simpler form, with-the physical pion field are presented in Sec. Il D. In Sec.
out complicated momentum-dependent vertices. Il A the widths of the strong decay of the mesons are calcu-

In the present paper we apply this new representation dated, and in Sec. Il B we consider the EM decay of the
QHD-III in the calculation of some meson properties. First,mesons. Results are compared with experiment. Pion-pion
we include the electromagnetiEM) interaction in this scattering at low energies is studied in Sec. IV. In Sec. V we
model. This is done via an extension of the symmetry ofdiscuss the results and prospects, and draw conclusions. In
QHD-IIl to the local U(1)XSU(2)zxSU(2), group. We Appendix A we outline the derivation of the Lagrangian,
use an arbitrary gauge where all eight Higgs fields are inioriginating from the Higgs sector. Explicit expressions are
tially present. The EM interaction in both sectors of thegiven for the Lagrangian in the GLSM. Finally, Appendix B
model is obtained. After an appropriate diagonalization ofcontains details of the calculation of the one-loop integrals.
the Z and = fields and fixing the gauge along the lines of

Ref.[10], we obtain the EM interaction in terms of the physi- || ELECTROMAGNETIC INTERACTION IN CHIRAL

cal pion field. The final Lagrangian includes the minimal EM QUANTUM HADRODYNAMICS

interaction, as well as th@onminima) EM interaction with _ o o _

the intrinsic magnetic moment of theanda, mesons. A. Lagrangian of electromagnetic interaction in the Higgs
We then study the strong and EM decays of the vector and sector

axial-vector mesons. Some of the decays can be calculated |n this section we discuss the EM interaction in the frame-
on the “tree-graph” level, while others require a calculation work of chiral quantum hadrodynamic€QHD-III). The
beyond the tree level. In particular, we calculate the width ofstrong Lagrangiar{9] consists of the GLSM Lagrangian
the following decays: a;—mp, a;—mo, and p° Lnroe @nd the Higgs part,
—at7 y. We also address the issue of the width of the
scalaro meson, in view of the intere$6] in this subject. Lonpn = Lnroot L (1)
The matrix elements for the above decays are given directly
by the corresponding vertices in the Lagrangian. In order tdvhere Ly, Will be discussed in the next section, and
calculate the decaya; — 7"y andp™— 7"y we need to
include loop diagrams. In particular, tkeg — 7"y process
is described by a large number of one-loop diagrams, which
can be grouped according to the intermediate state in thﬁith the potential
diagram. The diagrams where only vector or axial-vector
mesons in the loop are present are not yet included in this A
exploratory study. Vi@, )= 5 [(PR1DR)7+ (D TP))?]

All matrix elements of the EM processes turn out to be 4
flnlteZ dueto a cancgllatlon of dlvergenC|e§ betvyeen different _Ma(CDRTq)RJrq)LT(DL)_ 3
amplitudes. The fulfillment of EM gauge invariance serves
as a check of the calculation. The decay widths of these
processes are listed in the Particle Data GroBpG) re-

L:H:(DM(DR)T(DM(DR)_'—(D,uq)L)T(DMq)L)_VH((DRv(DL()Zv)

The complex doublets of spinless fieldBg,®, , trans-
. d th del dicti it form as the spinor representation of @). The covariant
VIEWS, and we compare the model predictions wi experl'derivativesDM are expressed in terms of the right and left

mental values. : ' P (o
To determine the parameters of the model we fix thelSOVGCtOf gauge f'eldsr“_(pﬂ+a“)/\/§ and 1,=(p,

strong-coupling constang, from the p— 7 decay. Al —aﬂ)/\/i. The Lagrangian is symmetrical under the local

other parameters are strongly correlated, once the masses%lfJ(z)RXSU(Z)L gauge transformationgfor more details

; : - ee Ref[9]).

gﬁlyp?hrgcrlﬁgsgt g?ktig jq#gls;on glnirtﬁéprgg?ﬂingilt%/gluess. Tp include the EM interaction we extend the model by
Higgs particles remain unconstrained. The magsis taken adding t_he gauge U(l). symmetry of _hypercharge. The
to infinity in the calculation. As an additional test of the method is fqrmally equivalent to that in the the_ory of
model we calculate the low-energy parametersror scat- GlaShOW’ Weinberg and SalafGWS) of electroweak inter-
tering. Because of some unusual features of the model, su tions(see, e.g., Ref[l.l], Chap. 20.2, and also Re[ﬂ]).
as the presence of Higgs mesons and a suppression of € hype.rchargé(H=.1 IS as_slgned to the scalar fields, and
maro interaction, it is nota priori clear whether the model the covariant derivatives acting e and®, take the form
can reasonably describe the experiment. The scattering
lengths and effective ranges for tiSeand P waves are cal- D, &gy =
culated on the tree level and compared with the data and a
other approaches.

The paper is organized as follows. In Sec. Il thewhereA] is the EM field,g, ande’ are the strong and EM
Lagrangians of the EM and strong interactions are obtained:oupling constants. The field); anda, are associated with
We start with the Higgs sector in Sec. Il A. The GLSM is the vector(isovectoj mesonp(770), and axial-vectofis-

H /T ! I ! !
&M+|gp§(pﬂtaﬂ)+ 7€ ALl Pr, (4
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ovecto) mesona;(1260). We should also add the free

i i
Lagrangians of all vector fields DuPr1=|d,%50,78,+50,( 'y +7p2)
E(O)__E/Z_EZ_E(?A/_& A/2 (5) [ 3 . 3,
ypa 4p,u,v 4a,uv 4( u My v ,u,) ' +§gp(7 —ZQHSII"IZQ)[J#'FIGQHAM (DR/L’
where (12
P;,,V=<9MP'V—<9VPL—9,;(PL><P,’,)—gé(aﬂx a,), where, we introduced the cogpling of the neutpameson,
g,=9,/cosy, and the electric charge of the protoe,
aﬂy:aﬂav_gvaﬂ_g[')(p;x au)_g,ﬁ(auxp;)- (6) Eg,’Jsin0=e’cosz9. The charge operator is given 6y, =(1

+73)/2; it is seen that it yields zero when acting on the

In these expressions we included primesAgpandp,,, an-  vacuum. The latter condition is crucial to ensure that the

ticipating that these are not yet the fields of the physicaphoton does not acquire mass due to SSB.

photon ando meson, but will be redefined. For the physical values of the couplings we hair€l
Due to the chosen form of the potentig), in Eq.(3), the  and, up toO(e/g,), we use the substitutions

masses of the vector and axial-vector mesons are generated

via the Higgs mechanism, as suggested in Ff.The fields

®r and & acquire a nonzero vacuum expectation value

(VEV) (13

e e
3 3 3 1,2 12
PPt g A AT AT P PR
p p

1 without distinguishingg;, fromg,, ande’ from e. Equation
(Pr)=(Pp)= 2\ul’ () (12) simplifies correspondingly, to this order.
The derivation of the Lagrangian is tedious, and some
where the value ofi will be specified later. We now define details are collected in Appendix A. The result can be written

the eight Higgs fields via as a sum of the EM and strong-interaction parts,
1 ' 0 Ly=LH™+ LY, (14
CDR/L=§[U+ nt{+idHxZ)] 1) (8)
where the EM Lagrangian is
The fields» andH are scalars, whereasandZ are pseu- 1 _ _
doscalars under the parity transformation Ly"=— Z(aMAV— ayAM)2+ Lgmming cgmnonming
Po(t,)P t=p(t,—x), PH(tX)P 1=H(t,—x), (19
PLEX)P 1= (t,—X), PZ(t,X)P 1=—Z(t,—x), LEM=—eAJf, (16)
€) L
so that the fieldsbg and®, satisfy the relations Ia=(HXH*H+ZXI#Z) g+ m,(ZXa*+HX p")s+ 59, H
POR(E,X)P 1=d (t,—%), PP (t,x)P 1=Dg(t,—X). X(HXpM)+ZX(ZXp")+ZX(HXa*)+HX(ZXaH)
(10)

+p(ZXat+HX pH) + {(HX a +Z X p*)]3
Equation(10) is the condition that the model is parity con-

serving[9]. +(p*" X p,FaXa,)s, (17)
The Lagrangian can now be rewritten in terms of the

fieldSP;L1a/_L!A,;17]!g'H andZ. We insgrt Eq(4) in the La- Eﬁmnonmin=g((9uAV—c?VAM)(p"Xp"wLa"Xa”)3.

grangian(2) and use the representation of E8). In the 2 19

derivation there appears a mixing betwetlep and the third
component Ofp;L, which requires a redefinition of these
fields. One can introduce new physical field@without
primes,

It is seen that in the arbitrary gauge there is a contribution
originating from the field$d andZ. If they are omitted from
the beginning then only the last term in E4.7) would re-
3 . '3 main. In fact the fieldZ may survive even in the unitary
Pul| _[co —sma) Pu (1)  gauge(see Sec. Il Cand contribute to the EM current. To
’ clarify this point we need to consider explicitly the second
sector of the GLSM(Sec. Il B). It is also worthwhile to
with the mixing angle defined through t@=e’/g’, and re- notice the nonminimal EM interaction in Eq18), which
write the Lagrangian in terms of the physical fields. Thecomes from the fre@-meson Lagrangian after making the
covariant derivatives now read substitutions of Eq(13).

A sind cosY

"

A
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The strong-interaction Lagrangian in E44) has the fol-
lowing structure:

LA =L+ L+ L+ L]+ mp(aﬂaﬂz+pﬂaﬂH)(, )
19

where £}, £ and £(9 are the free Lagrangians of the
massless Goldstone bosoAdsZ, the massive Higgs bosons

7,{, and the gauge bosoms, ,a,. We have, respectively,

1

L+ LQ=5(3,H)2+ 3 (a 2)%4+5 [(am —mi7’]
1 2 2 2
+ 500,07 -2, (20
1 1 1
Ellm et g g g (@

The expression for the interaction terfl}}" is complicated
and given in Eqs(A3) and (A4) of Appendix A. The last
term in Eq.(19) describes the SSB induced mixing pf,

with H and ofa, with Z. This term will be dealt with in Sec.
Il C. The mass of the anda; mesong 26|, the mass of the

PHYSICAL REVIEW C67, 015207 (2003

Note that there are no mass terms for the nuclgoranda,
mesons, whereas a mass term is present for the isosealar
This Lagrangian is invariant under local SURXSU(2).
transformations, apart from a possible explicit symmetry-
breaking termLgg=C¢ generating the pion mass.

The EM interaction is included by changirg,N to
(DM+i/2e’YNA;L)N, where the nucleon hypercharlfg is
taken equal to unity. We also have to make the substitutions
of Eq. (13). The covariant derivative for the nucleon, in the
orderO(e/g,), takes the form

e(1+ T3)A4N,
(27)

and the electric charge of the nucleon &Qy=¢e(T;
+Y\/2) in accordance with the Gell-Mann—Nishijima rela-
tion.

The nucleon mass is generated via the SSB,>#0 and
#>>0 in Eq.(26). The scalar field acquires a nonzero VEV
(¢$)=v, and after redefining the sigma field vib=v + o
we obtain the following Lagrangian of the EM interaction:

T . i
D,N— &M-I—Igpz(pﬂ-l— Ysa,) +ig,,+ >

em

Nmo ™ eA,u‘]ll\,l'w(r ’ (28)

n and{, the VEV u, and the parameters of the potential areith the EM current

related via

2
mng> .2

1
m,=59,U, My =2uy, )\H:( m,

B. Electromagnetic interaction in the gauged linear sigma
model

The Lagrangian of the GLSN4,5,9] can be written in
terms of the fields of the nucleomN§, pion (s7), scalar me-
son (¢), and vector mesonsw, , p/; anda,) as follows:

—. . 1
‘CNﬂ'a'a):N[l ’yMD/.L_gw(d)_I—IYSTﬂ)]N—F E[(Ap,ﬂ)z

1 1
2 2 2 2
+(A#¢) 1+ Emwwﬂ——w

795 V() + Lsg,

(23

where the covariant derivatives acting on the nucleon, pion,

and scalar fields are defined, respectively, as

. ,T ’ .
D,N= ﬁﬂ+lgp§(pﬂ+75aﬂ)+lgwwﬂ N, (24

A,m=3d,m7+ g;nX pl;—g")qﬁa v A p=0,0+ g;waﬂ,

(25)
and the kinetic energy of the meson is expressed through

the tensorw,,=d,w,—d,w, . The potential energy term is

1 1
V(gm)= NG+ )2 S p2(@P+ ). (26)

— 1
Hime= Ny 5 (1+ 79N+ [mX Par— g (0 + o) X

+9,mX (75X p")];.

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

(29

int
Nwaw

str
N7ow

(0)

N7Tow

22,2

L =L +L gpv a,—gva,dtm,

(30
(0)

N7ow

where the free Lagrangiaf
sigma, and omega reads

of the nucleon, pion,

L), =N(iy"a,—myN+ 5 [(a 72— mZa?]
1 ) ’ 1
+§[(19M0') o] waﬂ' 2I'T'I

(3D
The interactionZ . . is not needed in this section, and is
given in Eq.(A5) of Appendix A. The third term on the right
in Eq. (30) arises due to the nonzero VEV of the scalar field
¢. It gives an additional contribution to the mass of the
meson as

1
mi= i gfut= g v+ ] @2

The last term in Eq(30) mixes the pion field with the axial-

meson field.
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What remains to be specified are the relations between the sinaw%z(gpv/ma);r. The latter formulas have been ob-
masses of the nucleon, sigma, pion, and parameters of thgined in Ref[10] in a slightly different way. It is convenient

potential. They read as follows: to use the notatioiX .= (m,/m,)?. Then in all formulas of
the previous sections we just have to et 0 and make the
M =g, M=2Ap2+m2, m _¢ replacements
mTY g ) T v '
1 a— X @, Z—\J1-X_m (37)
w?==(m2—3m32). (33 ~
2 ag T . . . . . . .
in terms of the physical pion fieler. It is seen, in particular,

that choosingZ=0 from the beginning leads to a different
C. Removing mixing terms in the Lagrangian Lagrangian.

The Lagrangians obtained so far are still not complete.

They contain bilinear terms which mix different fields, D. Electromagnetic interaction in terms of the physical pion

namely,a, ands, a, andZ, andp, andH. To remove these field
terms we will follow the method of Refl10], with some Now we are in a position to write the total EM interaction.
variations. Collecting the mixing terms from E({l9) and  For the sake of brevity we omit from now on the “tilde” on
Eq. (30) one gets the pion field and, after the substitutions of E&7) are
" " " made, use the notatiorr for the physical pion. The current
Lmix=—~9pva, " mt+m,(a,0"Z+p,d“H) arising from the Higgs sector reads
u
=—g,0"a, EZ -0 17) -m,d“p,H Jh= (1= X)(mXd m) 3+ V1= X m, (X a");
1

= —myd*a,Z—m,d*p,H, (39 +59,L(1=X5) mxX(mXp)+1-Xgn mxat

where we dropped a full divergence in the first line and used +V1-X, ¢ aXp*lat(p'Xp,+a*'xa,)s, (39

the following definition:
while the contribution from thé&Nwow sector reads

( y4 cos,, —sineﬁ) 4 @5

~ = 5 1

= \sind, cos, [\ m Koy =NV (L+ T N+[ XX ot ar— 9\ X (v +0)

of the new fieldsZ and 7. The mixing angled,, is deter- X mX @+ g XX (X p)]s. (39)
mined by ta_.=2v/u, i.e., by the ratio of the VEV's of the

scalar fields in the two sectors of the Lagrangian. The transAdding these currents, and noticing thatl—X,m,
formation (35) leaves the sum of the kinetic terms invariant, =g,v JX_, we obtain the total EM current
(0,m)2+(9,2)?=(d,m)?+(3,Z)% The mixing terms in . .
Eqg. (34) can now be remove~d 2by adding the gaugze-ﬁxmg\w:_ﬁyﬁ(1+Ta)NjL X b= g,(1+X,)
term  Lgp=—(9"a,— EMaZ)?/26— (9 p,— Em,H)?/2¢ 2 2

similarly to the procedure fixing the so-call&} gauge in _ u N v
gauge theorieg11], Chap. 21. For the sum we obtain XaX(mXp) =G, VX, o mxat+p "X p, + " Xa,

1 1
1 1 maé +2g, VI-X, p mxat+ g, VI-X, { axp*| .
ﬁmix+£GF:_ng(ﬁ”aﬂ)z_z—g(&“m)z— TZZ 2 2 .
2 (40)
m,é
—_P7QH2 (36) . . . . .
2 ' The nonminimal EM interaction remains the same as in Eq.

(18). It describes the interaction with the intrinsic magnetic
moment of thep anda; mesons, which is equal to one in this
model. The gyromagnetic ratio for the(a;) turns out to be
)% in units of e/2m,(e/2m,). This is analogous to the non-
minimal EM interaction in GWS theory and in QHDAIL].
Equation(40) is one of the important results of the paper.
L It shows the following features. The pion EM current is re-
which Z and H completely decouple ar;gl thi Eropfgatgf Ofstored to its original fornithe current of the free pionDue
the ve.ctor mesgn takei the forn(ul—g Tk k./m.)/(k to a cancellation between the currents, the term proportional
—m?+i0). In this gaugeZ (H) provides a longitudinal de- o (zx a*) disappears. Therefore there isasy interaction
gree of freedom to the massiwg (p) meson[27]. Setting  on the tree level. As a result of the diagonalization in Eq.
Z=0 in Eq. (39 gives m=cod,w=(m,/my)7 and Z (11) the p meson does not couple directly to the photon, so

which shows tha? andH are fictitious fields with masses
m,¢Y2 andm, &Y respectively. These fields do not contrib-
ute to physical processes because their contribution is alwa
canceled by th&-dependent part of tha, or p, propagator
[11] (Chap. 21.1 We will choose the unitary gaugg— in
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there is no explicit vector-meson dominance of the EM in-suppressed in many cases. We will study this aspect while
teraction. The EM Lagrangian includes the three-field intercalculating meson decays and low-energy pion-pion scatter-
actions yNN, y7rr, ypp,andyaa, as well as the four-field ing in the next sections.
interaction piecesywmp,ywoa,yppp,ypaa,ymwan, and It is interesting to note that the EM current in E40) can
ympl. The latter vertices are important for the EM gaugebe derived in a simpler way, directly from the strong-
invariance of the amplitudes which will be calculated in Sec.interaction Lagrangian in Eq41). Indeed, the minimal sub-
. stitutiond,,—d,,+ieQA,, (Q is the charge operatbapplied

For completeness we present the strong-interaction Lap all charged fields leads to EG10). At the same time the
grangian which follows from Eq<19) and(30), nonminimal EM interaction in E¢18) cannot be obtained in

this way. The EM current satisfies the relation
L= O+ L@y O Lot bt (4

N7mow N7ow 1
I=14+ 5B, (44)

. i T
L w;gw: _N{g'n(a—'— I \/X_ﬂ75777) + gp'yﬂz(PM+ 75ap,)
where 14 is the third component of the conserved isospin

) 1, currentl”, andB* is the conserved baryon current. The lat-
+9u7"0,|N=N0?+ X, 7%) ”U+Z(‘T ter is B¥=Ny*N, while the expression for the former is
given by
1
+X, ) |— Egp(1+xw)pﬂ(wx )

1 1
|’“=§N7“7N+ X M+ Egp(l-i—X,T) X (X pH)

1
2 2
+9,VXa, (7o o— odtm) + Egp[xﬂ(wa#) —g, VX, omxali+phiX p +akiXa,

— 2_ 1 1
F(Xmx p, = 08,) = 208, (WK pmx o 450, VI-X, 7 mxats 59, VI-X, £ mXp/,
—oa’)], (42)
(49
) 1 . . . .
Ewtzggi{(pi+a;2¢)[772+ §2+ 2un+(1-X,) 772] Conservation of the isospin current is a consequence of

the symmetry of the strong-interaction Lagrangian in Egs.
1 (42)—(43) with respect to theglobal SU(2), isospin trans-
+4p a(u+ +-g,V1-X, P p——y formations. Indeed, it can be readily verified thétin Eq.
P (Ut} 2% Pl 0 (45) is the corresponding Noether current. It also follows
from Egs.(41)—(43) that thep meson is coupled to a source

+a,(notm—mitn)]— %[ '+ A+ 4up? currentd = —g,*(6/8p,) (L iy, + L"), which is in gen-
eral different froml#. The source current is closely related to

+6722(2u+ )+ (1= X, )2m*+2(1-X,) a current gorrgqunding to the underlyilogal SU(2), sym-
metry, which is “hidden.” This symmetry may be classified

X @ ( 2+ 2+2uny)]. (43)  according to Ref[12] as a symmetry of the second kind. A

more detailed study of this aspect is beyond the scope of the
The Lagrangianc(p%) is given in Eq.(21), where now we Present paper. For a related discussion in QHD-II see Appen-

have to take the mass of tklg meson from Eq(32). dix D of Ref.[1].

Although the EM current and strong-interaction Lagrang-
ian look somewhat complicated, they contain only simple Ill. DECAY OF THE VECTOR AND AXIAL-VECTOR
vertices with at most one derivative. This greatly simplifies MESONS

practical calculations. It is seen from E{2) that, apart

frpm FhEpﬂ'ﬂ' coupling, the strength of the coup]mg t.o the obtained on the tree level. These are the decays
pion is scaled down by a factofX_ for each pion field . . o o and o We
operator. At the same time the coupling to the pion from the " ™ P> 77Y, d1-=@p, =77, g

) T : — will need the general expression for the width of the decay
Higgs Lagrangian in E¢43) is scaled_by a facto .l_x’f' A(Q)—B(p)+C(q) in the rest frame of the decaying par-
It also follows that thep-meson coupling to the piom, . ticle with the massMl , and spinJ
=g,(1+X,)/2, is not equal to thep coupling to the A A
nucleon,g,yn=9, - So in this model thep does not couple Io| 1
universally to the hadrons. = L > IM? (46)

The presence of the Higgs fieldsand/ may seem as an 8mM3 (2Jat+1) spins
obstacle. However, as was argued in Réf, these fields
serve as regulators in the calculation of loop integrals. BywhereQ,p, andq are the corresponding four-momenta, such
taking the masmy very large the Higgs contributions can be that Q=p+q. The three-momentum of the particles in the

First we consider the decay of the mesons which can be
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final state isp (q=—p) and the sum runs over the polariza- ,,'ql e v
tions' of all particles. The decay width for the— 77y will Qv Nk
be discussed below. AN Hf’dh
We first fix the parameters of the model. In general, the T T W
. 9
coupling constantsy(, .9, d,.,), the parameters of the poten-
t|a|S (,LL,)\,C,,U/H ,)\H), and a” the masses can be COﬂSIdered FIG. 1. Diagrams for th¢)0—>7T+7777 decay_
as parameters. There are, however, many relations between
these parameters: EQR2), Eq. (32), and Eq.(33). Simple Next we address the issue of the width of #hemeson.

considerations show that if we choose the masses of th€his subject has been discussed extensively in R&f.
nucleon, pion, rhoa;, and omega equal to their experimen- mainly because in the linear model the width is too large,
tal values, then there remain only four free parametersand sometimes larger than its mass, which makes it diffi-
9,9, the poorly known sigma mass,, , and the unknown cult to identify the o with a particle state. In our model
massmy of the Higgs particles. We will fix the coupling,  the matrix element of ther— 77 decay is given byM
from the p— 7w decay width. It is seen from E@42) that =—2i\vX, 8. Calculation yieldsI'=149 MeV for m,
the p— 77 decay is determined by the matrix element =770 MeV, andl'=346 MeV form,=1 GeV. If we had
=0prn €(p)-(d— p)&'X. The polarization vector of theis ~ used — as is appropriate in the lineamodel — the values
denoted bye(p), and Latin indices label the charge states ofX,,=1 andv=f_, wheref ,=93.2 MeV is the pion weak-
the mesons. From the experimental width 150.2 MeV onalecay constant, then we would indeed have obtained a very
finds g,,,=6.04. Takingm,=1.23 GeV [13], we obtain large width of 1.391 GeV (3.227 Gg\Wor m,=770 MeV
g,=8.68g,= 8.49,u=111 MeV, u/2=88.7 MeV, andX, (m,=1 GeV). The width, however, is reduced considerably
=0.392. Curiously enough, the rat®,/g,,,=2/(1+X,) due to the factoX, in the omrr vertex, and to a lesser extent
appears to be 1.437, which is close to a facf@r (with a  due to the difference betwean and f . We should also
deviation of 1.6% It follows that X~ \/5_1 andm,~(1 mention that the vertex, because of its simple structure, does
+ \/5)1/2mp ) not vanish for any values of the invariant mass of éhelrhe
vanishing of the vertex is an undesirable feature of the

A. Strong decays GLSM, as was pointed out in R€f7].

The decaya,;—mp is governed by the matrix element B. Electromagnetic decays
Mz—igﬁv\/x,, e(a)- € (p)e'k, wheree(a)[e(p)] is the o 4
1. p°—> @7~y decay

polarization vector of th@; (p) meson. Thea,mp vertex is
simpler than that in the GLSNI5,6], or in the “massive” Let us consider the EM decay®(Q)— 7 (q,)
Yang-Mills approach2]. Moreover it does not vanish for + 7 (qg,)+ 7y(k), which can be described by the tree-level
any invariant mass of tha; The calculated width of 272 amplitude shown in Fig. 1. The matrix element can be writ-
MeV can be compared with the experimental estimate 150 teen, using Eq(40) and Eq.(42), as M=¢,(p) €, (V)M
361 MeV[13]. In general, this decay is characterized by thewhere

two amplitudes,F and G, defined throughM=F e(a)

-€*(p)+G e(a)-p € (p)-Q. Those in turn define th& &Y= (20, +k)*(20,- Q)"
and D-wave amplitude$14] ~€Grn 2K-q,
Vam (29, +k)*(20,- Q)"
- 2 v
Fs 3m, [(e,+2m,)F+p m,G], + 2k-q, +2g*";. (48)
J8n The last term comes from thgrwp vertex in Eq.(40). The
Fp=— _77[(8 -m,)F+p?m,G] (47  total amplitude is gauge invariakt,M*"=0. Calculation of
3m, " F e the decay width i i i invari
b y width involves integration over invariant masses of

the pairs of particles in the final state,

wheree , is the energy of the meson in the final state. Since
G=0 in the present model we obtain tB¥'S ratio Fp/Fg 1 m 5 (Ml o 1 5
=—4.62%, which agrees in sign and order of magnitude F:TJ Pzdmmf 2 dmw§ E | M]*.

. . ; (27r)°32m> J am . spins
with the experimental ratie- 10.7+ 1.6% [13]. P mn

The a;— 7o matrix element, according to E@42), is
M=g,\X€(a)-(q—p)d*. The corresponding calculated The limits in the integral overm’_ are mZ. =15
width comes out 46 MeV and the branching ratioliga,; +2k* (E* =g*), wherek* ,E*, andqg* are, respectively, the
— 7o)l = I'(ay—7o)/[I'(a;—7p) + I'(a;—70o)] photon momentum, pion energy, and pion momentum in the
~14%. From the branching ratio given by PDG we canrest frame of ther-m system,
estimate the corresponding width as 32—147 MeV. Of course

this process is not very well defined, in view of the uncertain K — m,z)_ m2,, £ :Em *_ (E*2— m2)L2
status of theo meson. We used the value 770 MeV for the 2m,_. 2 Mamr G ™o
mass of the sigma. (50
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m m, m m m 2(d)] for the EM process. The amplitude can be written as a
my ‘\p my my my my
@ ®) (LY} © @

a) )

10 10
M=, M;=2, e (a)er(y)M*", 52

FIG. 2. Diagrams fora* — 7%y decay at the one-loop level. 121 ! 121 HA) € (7IM] (62

The intermediate propagators labeleg, m,, andm; refer to par-

ticles as defined in Table I. Depending on the intermediate ftate

the contact diagrams have the structdog for j=1,2,4,6, and 7 wherej labels the intermediate state in the loop, namgly,

and the structure (B for j=3,5,9, and 10. Foj=8 thereisno =(7"p°%, (#%™"), (#w'o), (@T0), (7"7), (a'7n),

contact diagram. (p*2), (pn), (p*a®, and ™). Note that in the present
o ) ) study, because of the technical complexity, the diagrams with

The sum and average over polarizations is most easily evaly—g9" and j=10 (containing at least two vector or axial-

ated in the system where tHeZ axis is along the photon yector propagators in the loppre not included. Calculation

three-momentunk. \We obtain of the amplitudes is cumbersome and we refer to Appendix B
for details. However, some features of the calculation are
1 4 a5 9395t worth mentioning here.
3 > |M|2:§ezg§ww 2+ 2 2 (i) Each amplitudeM“” is gauge invariant and has the
spins (k'(h) (k'qZ) !
structure
di-02 1
+ 207 -
i q”{(k~ql><k~q2> -0 QMqV)
Mer={ grr— it 53
k-dz] )’

where the T; are Lorentz scalars. This serves as an
whereq;t,q,T are the components of the pion momenta or-important check of the calculation. The contact terms
thogonal to theDZ axis, e.g..0,7=0;— k(q;-K)/k>. ywwp,ywoa,ypaa,ymwan, andymwpl in Eq. (40) are cru-
The decay p’— 7" 7~y includes the bremsstrahlung cial to ensure this property.
from the charged pions and is infrared divergent at small (ii) The diagrams with the bremsstrahlung from the final
photon energies. Experimentally a cutoff is introduced whilepion [Fig. 2(d)] do not contribute to the matrix element for
measuring the decay width, namek>Kk.,. This means the on-mass-shei; meson. Indeed, the polarization vector
that in the integral in Eq49) the invariant masésquaregof  of the a; meson satisfies the relatiaga)-Q=0. It is easy
the 7r-7 pair has an upper Iimilni—Zmpkmin. The value of to check that the matrix element corresponding to these dia-
the integral in Eq(49) depends strongly ok,,,. For k., grams is in each case proportional@d, and therefore van-
=50 MeV we obtain'=1.73 MeV, while fork,,,=60 MeV ishes when multiplied by (a).
we getl'=1.49 MeV. The PDG revieWl3] gives the value (iii) Some of the diagrams in Fig. 2 are divergent. How-
1.487+0.240 MeV for the photon energies above 50 MeV. ever, the divergent terms from the different diagrams in any
M#" cancel, and the total amplitude is finite. The calcula-
2. af - oty decay tions are done in the unitary gauge using the method of di-
mensional regularizatiofsee Appendix B in which the can-
cellation of divergencies is explicitly verified.
(iv) The diagrams with=5-7 in Fig. 2 contain interme-

Next we consider the EM decay; (Q)— 7" (p)
+y(q). There is no contribution to the matrix element on

the tree level, and we have to include at least the one—Iooiate Higgs mesong and 7. If one takes the mass), of
. H

processes shown in Fig. (8ee also Table)! these mesons very large the amplitudes remain finite and
These contributions can be obtained by attaching the pho- y 'arg P

ton line to the lines of the charged particles in the mixedCorreSpOnd to a contactlikgma Lagrangian,

self-energy operatak ,.(Q), and by adding diagrams com-

ing from the contact terms in the currgd0). Each one-loop Lognd yma)=h(d,A,—3,A,)(mX d*a)s (54)
diagram for3 ,.(Q) gives rise to four diagramigigs. 2a)— eon e '

TABLE I. Intermediate particles in the loop diagrams indicated whereh= —(477)_zeg§(1—X7,) 1/2/(3mp).
in Fig. 2. (v) The amplitudesM#* for j=1-3 have both real and
: imaginary parts, because the masses of the intermediate par-
J L 2 8 4 5 6 7 8 9 10 yesin these diagrams satisfy the conditimp+m,<m,.
m @« p = a @« a p N p a The amplitudest” for j=4,...,10 argeal.

(vi) The most complicated diagrams are those involving
the EM vertex of thep anda; mesons. The vertex for the
vpp (or yaa) has the form

3
S
S

BN

S

o~
z
»

©

my p
ms T p T a T a p N p a
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TABLE Il. Contribution of different diagrams in Fig. 2 to tlee" — 7" y decay width. Values are given in

keV.
Intermediate state in the diagrams m,=1.23 GeV m,=1.089 GeV Experimefit
't p° 469 330
atpP+ mlp* 187 89
atpP+ 7%t +ato 211 104
7 pl+ 7T+t ot+ate 845 434
7+ 7+t ot+ate
+[m T p+atp+pt ] 646 345
7T+p0+ 71'0p+ +rto+ato+
+[mtp+atptpt]+pn 412 192 646 246
8Referencd 13].
F“V”(q,r,p) — e{g)\V(r _ p),u,_ g,uvr)\+ g)\,upv 3. p+—>17+’y decay

+(ghr g —gihg)) S The diagram contributing to the™ (Q)— 7" (p)+ ¥(q)
decay on the one-loop level is shown in Fig. 3. The
N OO matrix element for this process, like for any anomalous
=e{gr(r—p)*+g*(g—r) decay, has the structuréRef. [11], Chap. 19.3 M
+gM(p—q) 8, (55 =&""er(7)€e,(p)Q0,/(Q-q)T, where 7 is the
Levi-Civita antisymmetric tensor, arildepends on the cou-
whereq is the momentum of the photofwith the Lorentz  pling constants and masses of the particles. The one-loop
index «, p andr) are the momenta of the (with the Lor-  integral corresponding to Fig. 3 converges, and using stan-
entz indices\ andv), andp+q+r=0. In the first line we dard methods we obtaisee Appendix B
explicitly separated the minimal EM interaction and coupling
to the intrinsic magnetic moment of the mesons. 1
(vii) In the rest frame of the mesom;, where Q” T:(47T)72269p9ﬂmN\/X_wJ0 In
=(m,0), one can use the additional relatiQ e(y)=0, (57)
since the photon polarization vectors have only spacelike

components. Therefore in the general structure of the ampILi_ . . .
. . he calculated decay width is 55 keV, while the PD{3]
mv -
tude of Eq.(53), only the term proportional tg** contrib guotes the value 687 keV. In view of the simple mecha-

utes. . . .
. n n . . nism assumed for this decay we consider the agreement be-
The width of the.al — 7y decay is expressed N t€IMS oo the calculation and eiperiment satisfac{@g&l. It is
of the T; as follows: worthwhile to mention that the facta,g,X,, which de-
2 fines the magnitude of the matrix element, is considerably
(56) smaller than one would get using the conventional values for

dx
1-x’

Mg —m2x(1—Xx)

ma— m2x(1-x)

bl 2 |

a 877'm§1 3

=
q, u
The results of the calculation are presented in Table II.
Calculations were performed with two values of the
a;-meson mass: 1.23 Ga\13], and\/imp= 1.089 GeV. The
latter value is often discussed in the literat{2¢15,14. One
notices from Table Il that the different amplitudes strongly
interfere. For example, the " p° and 7% amplitudes al-
most cancel each other. A substantial contribution comes
from the a* o loop (j=4), due to the large value of the
constant in front of the integral. There is a dependence on th
o mass, but it is weak. We used here,=770 MeV. The
diagrams in Fig. 2 containing the intermediate Higgs mesons
give a relatively small contribution, as can be seen from the

sixth row in Table Il. TheNN diagrams [=8) by them-

Q,v

N
selves would give a small contribution. However, due to the \
interference with other diagrams, their effect becomes size: N
able. On the whole, the calculation witm,=1.23 GeV P

. . . . . N
yields a width in agreement with experiment. Note, however,
that the diagrams with=9 andj =10 were not included. FIG. 3. One-loop diagram corresponding g6 — 7+ y decay.
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TABLE Illl. Widths of strong and electromagnetic decay of mesons. Calculations are performed with two massesr ahésen:
m® =770 MeV andm®=1 GeV. Experimental values are from RE£3].

Meson decay m,=1.230 GeV m,=1.089 GeV Referencls] Referencq 2] Experiment
m@ m® m® m®)
a;—mp (MeV) 272 272 163 163 483 360 150 to 361
D/S ratio (%) -4.6 -4.6 -2.3 -2.3 7.8 -1071.6
a;— o (MeV) 46 4.7 21 32 to 147
I'(a;— 70)/T 1 (%) ~ 14 ~1.7 ~11 18.76-4.29+1.48
o—mam (MeV) 149 346 325 753 373
pP—ata Ty (MeV):
(Kmin=50 MeV) 1.73 1.73 1.73 1.73 1.487.240
(Kmin=60 MeV) 1.49 1.49 1.49 1.49
afﬂ 7ty (keV) 412 411 192 180 670 300 64246
pt—7m"y (keV) 55 55 81 81 80 687

the couplings. For example, with the typical valugs tions for 7-7 scattering. In this section we will study this
=13.0,9,=6.04 (and X ,=1) the width would increase to issue by calculating the low-energy scattering parameters for
160 keV. the SandP waves.

All calculated decay widths are collected in Table lll,  The formalism ofw-7 scattering has been considered in
where they are compared with experimental valdel. We  many referencetsee, e.g., Refd6,17]), and we briefly re-
also included in Table Ill the resulf§] obtained in a version call the basic relations. The scattering amplitude for the re-
of the GLSM with massive anda; mesons, where several gction# + 7 — 7%+ 7' can be written as
additional terms were introduced. In particular, thg B o o
— 7"y decay in Ref[6] appears on the tree level due to the M;j y=M(s,t,u)d" '+ M(t,s,u) 85"+ M(u,t,s) 8" 8K,
introduction of dimension-six operators in the Lagrangian. (59
Some results in the nonlinear realization of the chiral sym-

metry (hidden symmetry approaglirom Ref.[2](Chap. 3 wherei,j kI Iapel the charge states pf the pions, anidu '
are shown in the seventh column. are the conventional Mandelstam variables. One also defines

the amplitudesv (V) with total isospinl =0,1, and 2:

IV. -7 SCATTERING AT LOW ENERGIES M©O@O=3M(s,t,u)+ M@ MD=M(t,s,u)—M(u,t,s),

Pion-pion scattering is a process where one can test the M@ =M(t,s,u)+M(u,t,s). (60)
strong-interaction Lagrangian. Let us first analyze the terms ” v
in the Lagrangian in Eqg42) and (43) which are relevant The amplitude in a channel with fixed isospin is expanded in

for the 7-7 scattering on the tree level: partial waves,
A= ! L MO=3273, (21+1)P o 61
L=—\X, 7 ua+waﬂ2 —59,(1+Xp)p (X otm) 77.:0( +1)Pi(cos)ti(s), (61)
Ay 1 where P,(co9)) is the Legendre polynomial and is the
B ?(1_X”)ﬂ2 um+ Z(l_X”)ﬂz}' (58) scattering angle. The partial-wave amplitufé(s) can be

approximated at small center-of-magsm. momentum|q|

- _ m2\1/2
This Lagrangian has several unusual features. Firsizihe = (s/4—m7)™* as follows,

interaction and the related* interaction, coming from the ol
first term in Eq.(58), are suppressed by the factots and Re t)(s)~ a
X2, respectively. This will lead to a suppression of the cor- ! 2
responding amplitude by the facttbﬁwO.lS. Second, the
p-meson exchange is determined by the coupll)g., In order to find the scattering Iengthaq“) and effective
=0,(1+X;)/2 which is fixed from thep— 7 decay. rangesbl(') one has to expand the amplitudes in EGO)
Third, the last term, containingy and =* interactions, aroundg?=0, using the definition of the invariants in the
has a coupling.; which rises with the Higgs mass, [see  c.m. frame,

Eq. (22)]. At first sight this leads to a divergence of the

tree-level amplitude in the liminy—o, and it seems un- s=4(m3+q?), t=—2g%(1—cos), u=—2g%1+cos).
likely that the Lagrangiar{58) can give reasonable predic- (63

q2
aV+b = +0
m

ks

q4
F) l (62

ks m
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TABLE IV. Low-energy parameters fotr-7 scattering. Ther-meson mass is 770 MeV, and thg-meson mass is 1.23 GeV.

Model al® b a® b af)
Present modet-+p+ 7 0.238 0.319 -0.100 -0.155 0.061
only o+p 0.210 0.301 -0.100 -0.146 0.057
only p 0.191 0.273 -0.095 -0.137 0.055
With form factor forp exchange 0.160 0.200 -0.061 -0.097 0.040
(A=1.6 GeV)
Soft-pion amplitud@ 0.159 0.182 -0.045 -0.091 0.030
ChPT (only piong® 0.20 0.24 -0.042 -0.075 0.037
ChPT (pions and resonancés 0.21 -0.043 0.038
Experiment 0.26+0.05 0.25-0.03 —0.028+0.012 —0.082+0.008 0.03&0.002
Experiment 0.20+0.01 —0.037+=0.004
3Referencd 21].
bReferencd22].
‘Referencd17)].
YReference$18,19.
®Referencd 20].

We now show that the Higgs part of the Lagrangjtast
term in Eq.(58)] gives a finite contribution td(s,t,u). The
n exchange andr* interaction lead to the amplitude

Ay 1 NjU? ,
M”(S’t'U)_(_T+1_6ma—S (1_X7T)
L gy(1-X)? s

4m? (1—-simd)’ (69
where we made use of,u?=4m?, which follows from
Eqgs.(22). It is clear that the couplings in the exchange and
the contactr?
remains finite at largen,, .

It is straightforward to obtain from Eq58) the ampli-
tudes corresponding to exchange, with the associatert
term, andp exchange,

2

™
2

M o(s,t,u)+M ,(s,t,u)=—2\X2

mi—s
P s—u N s—t
P 2 :
m;—t mi—u

(65

The total amplitude isM(s,t,u)= M,(s,t,u)+M,(s,t,u)
+M,(s,t,u). The other amplitudes in E¢59) are obtained
by interchanging+«s, or u~s. As expected, ther contri-
bution in Eq.(65) is multiplied by X2 which strongly re-
duces the effect of thee meson inm-7 scattering. The low-
energy parameters can be found by expanding Eg.and
(65) in powers ofg?, using the definitiong61), (63), and
comparing the results with Eq62). The calculated coeffi-
cientsal” andb(" are presented in Table IV.

It is seen from Table IV that the scattering lengt) is

overpredicted by a factor of 1:52. Thep meson gives the
dominant contribution(compare the second and fourth
rows), while the contribution of the Higgs meson is small
(see the second and third rows$n the sixth row we show
parameters obtained with the soft-pion amplitude
Mgpa(S,t,u)=(s—m?2) /f2 from Ref.[21], which is based
on partially conserved axial-vector current and current com-
mutation relations. Our amplitude will reduce to
Mgpa(s,t,u) if g,=0 andm?>mZ . We also show results of
the ChPT calculations: Ref22], where only pions are in-
cluded and 17], where resonances are added.

Comparison with the experiment indicates that the effect
of the p meson is overemphasized in the present model. In

diagram are tuned in such a way that the sUMhjs connection we compare teexchange amplitude in Eq.

(65) with the corresponding amplitude by Bernatdal. [Eq.
(3.14) in Ref.[17]]. One of the differences is that in R¢L7]
the propagator of the vector mesdw be exact, the part
contributing for on-shell pionsis modified according to

1 1

2 . 27
-t m;

1 t

—

2_
m,—t

ma(m2—t) T m (66

which coincides with Weinberg’s suggesti¢®3] based on
chiral-symmetry arguments. Such a modification strongly re-
duces the effect of the meson at low energies. In the
present model, however, there is no compensating term of
the form[23] ~ (@X (7#41)2 which would lead to Eq(66).
Using thewmp interaction with more derivatives, as is ad-
vocated in Ref[17], would also be inconsistent with the
Lagrangian(42). Besides, the calculation shows that the ef-
fect of the p meson cannot be eliminated completely as
would follow from Eq.(66), since thes contribution in itself

is by far too small. One of the mechanisms which can partly
reduce the contribution is the dependence of the 7 ver-

tex on the invariant mass of the One may assume that
9pra(1) =9,7:F p7a(t) with a form factor normalized to

described fairly well. The other parameters, however, aranity attzmﬁ. The typical form often used in phenomeno-
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logical models isF, . .(t) = (A?—m2)/(A?~t), whereA is  dratic divergence/~T'(1—d/2), but due to the EM gauge

a cutoff parameter. Choosing the vale= 1.6 GeV[24] we  invariance these divergencies from different diagrams cancel.
obtain a considerable reduction of the low-energy parametetSurthermore, the logarithmic divergencies;I'(2—d/2),

(see Table IV, the fifth royv Of course this is only one cancel as well.

plausible argument which may explain the unsatisfactory de- The Higgs mesonsy and £, play the role of auxiliary
scription of low-energyr-7 scattering on the tree level. Be- particles in this model. According to R€P] these mesons
sides the form factor, other higher-order corrections to theserve as regulators and should have minimal effect on the
amplitude would have to be consistently included. This issugow-energy predictions. They do not appear in the initial and

will be studied elsewhere. final states, but may contribute as intermediate particles. For
instance, they and ¢ appear in one-loop diagrams for the
+ + ; ith i i obest
V. DISCUSSION AND CONCLUSIONS a, —m vy decay. In the diagrams with intermediate” »

state, ther a7 coupling in Eq.(43) increases proportionally
In the previous sections we have presented the results @f ma_ However, due to the presence of thepropagator

calculations in the framework of a new representation ofthis contribution stays finite. The situation is different in the
QHD-IIl [10]. An advantage of this new form, compared to diagrams with an intermediate” 7 andp* ¢, where the ver-
the Original formulatior[9], iS that Only Simple VerticeS W|th ticesaan and apg are independent GﬁH . Nevertheless the
at most one derivative appear in the Lagrangian. As a reSUHmpIitudes do not vanish in the limity—, as one would
the calculations are simpler, and more importantly, thenajvely expect by taking the limit of the propagator in the
strong-interaction vertices describing the decay of the memop integrand. This is because the longitudinal component
sons do not vanish at any values of the meson invariangf the vector-meson propagator leads to divergent integrals;
mass. A comparison with experimefitable 11l) shows that the correct procedure is to take the limit,— after the
most of the decay widths are reasonably described. This wagop integration, which leads to a nonzero contribution. At
not anticipated in view _of the fact that practically no free my— o the total amplitude corresponding to the above pro-
parameters were used in the calculations. In fact, only thgesses involving Higgs mesons takes a form equivalent to an

couplingg, was fixed from they— 77 decay. The masses of effective ary Lagrangian. Numerically its contribution to
the nucleon, pion, rho, ana, mesons were taken from the he a; — ="y decay turns out to be relatively small.

latest PDG revievj13]. In processes where and ¢ appear on the tree level the
The mass of ther meson was chosen equal to the mass Ofamplitude may diverge any,—c, if there are morermy
thep, i.e.,m,=m,=770 MeV, in line with Ref[16] where
the o is supposed to be degenerate with gheWith this
mass the calculated width for tlle— 7o decay, 46 MeV, is
surprisingly close to the value predicted in REE6]: I'(a;

vertices thany propagators. Using the-# scattering as an
example we demonstrated that this is not the case. In this
reaction there is the-exchange diagram which at first sight

, behaves am? . However there is a compensating vertex
—m0)=I'(p—mm) /y8B~50 MeV. In some calculations i, the | agrangiari43). The couplings in they-exchange and
we use the valuen,= 1 GeV. As a result the widths of the ;4 contact diagrams are tuned in such a way that the sum
a;—mo ando—mm decays change considerably due 10 &emains finite. This mechanism of cancellation is similar to
change of the available phase space. The other observablg i the linear sigma model, in which the amplitude given
are not sensitive to the mass. Calculations were also per- by the o exchange and the* vertex does not diverge in the
formed with the valuem,=+2m,=1.089 GeV, which is jimit m,— o, but rather takes the value dictated by the soft-

based on different argumenits5,16. However, agreement yion amplitudg21]. The contribution of they exchange and
with experiment is better with the PDG valog=1.23 GeV. e associatedr term at low energies is small.

As a curious observation we mention that this value approxi-  The pion interaction with hadrons in the model is scaled

mately obeys the relatiom,~(1+2)"m, within a 3%  gown by the factor/X = m, /m, (with the exception of the
accuracy. This  relation also implies tha8,/Qyzn  7mp, wmpp, and wraa verticed. This influences the ma-
=2my/(mz+mp), i.e., the ratio of thep couplings to the  trix elements of the meson decays, and in most cases im-
nucleon and the pion is very close {@. proves agreement with experiment. The faatgy/m, also

The EM decay’— 7" 7~ y is described by the two-step |eads to a reduction of the— o decay width. For ex-
tree-level amplitude supplemented by a contact diagram. Thg@mple, compared to the linear sigma model the width is re-
latter comes from theymmp vertex in the EM current39)  duced by almost an order of magnitude. Therefore the width
and guarantees the EM gauge invariance. The decay tsomes out smaller than themasgof the order of 154350)
mainly determined by thges7 coupling and is not sensitive MeV for m,=0.77 (1.0)GeV] which may be helpful in
to other ingredients of the model. The de@y— =" yisa identifying the o with the scalar-isoscalar state around 1
more informative process. Since there is no digegty cou-  GeV [13]. At the same time the effect of the in ==
pling the process is described by many one-loop diagramscattering is also diminished. Our calculation shows that the
which strongly interfere. The total amplitude af — 7"y & contribution to the low-energy parameters becomes very
comes out finite despite the divergence of the separate digmall, and the dominant contribution comes from thex-
grams. Since the Lagrangian was obtained in the unitarghange. The agreement between the calculation and experi-
gauge, the propagator of the vector mesons includes the lomaent is not very impressive compared to, for example, ChPT
gitudinal componenk“k*/m?. The latter gives rise to a qua- calculations. The scattering length in the 0, |=0 channel
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is described quite well, but the other calculated parametergxtension of calculations to the baryon secterN scatter-
overestimate the experiment. This deficiency may be relatethg and nucleon form factoysa clarification of the role of
to the tree-level approximation. We included a form factor inthe cascadé&, and inclusion of the other strange hadrons.
the warp vertex, similarly to what is often done in phenom- Finally, applications to the many-body sector, i.e., nuclear
enological models. This is one of the effects which contrib-matter and finite nuclei, may be considered. As was shown in
ute beyond the tree level. In this way tpecontribution is  Ref.[25] (see also Ref3], Sec. 3A, the linear sigma model,
reduced and the agreement is improved, but other highewhen applied to finite nuclei on the mean-field level, has
order corrections need to be consistently taken into accourfiome deficiencies. The present model is much richer and
before definite conclusions can be drawn. differs in several respects, such as the presence of additional
In this paper we focused on the meson properties and |efarticles and ve_rtices, and a considerable sgppression of_ the
out the nucleon sector. Inclusion of the latter can also be aRSeéudoscalar pion-nucleon coupling. Detailed calculation
important test of the model, especially because the nucleorfVill N€lp to assess the applicability of the model to the many-

pion vertex is reduced. At this point we would like to men- body sector.
tion that we did not include an additional baryon, the cascade
E=(E°E") with the hypercharg&'==—1. This isodou- ACKNOWLEDGMENTS

blet was added in Ref9] to cure the problem with the chiral  \we would like to thank Gary Peeau for clarifying com-
anomaly and render the theory renormalizable. The chirghuynication regarding Ref10], and Olaf Scholten for useful
anomaly in QHD-III will show up when the isoscalarme-  discussions. This work was supported by the Fund for Sci-
son couples to the baryon loop with other two isovector verentific Research-Flanderd&WO-Vlaandereh and the Re-
tices, one of which contaings. Such processes were not search Board of Ghent University.
considered here. The anomaly may, however, be important in
the EM decayp”— 7"y considered in Sec. IIB 3. If we  APPENDIX A: DERIVATION OF THE LAGRANGIAN IN
added the loop with the cascade then the calculated width THE HIGGS SECTOR IN AN ARBITRARY GAUGE
would change, though we did not include this effect. It seems
logical first to extend the SU(2X SU(2), model to the The most complicated part of the Higgs Lagrangian is the
strange sector, as, for examp|e, was done in E@ﬁor the terms with the covariant derivatiyes. For the rlght field, for
GLSM. The extension to SU(A) SU(3), would allow one ~ €xample, such a term can be written in the form
to include along withE the other strange hadrons, such as 1
A2, andK. tOsd ) — - ) ) Ry

In conclusion, we applied chiral quantum hadrodynamics (DuPr) (D" Pr) 4(0 1)[Y1 Ytz Yot YsYs
(QHD-III) [9] in the calculation of some properties of the

mesons. First we included electromagnetic interaction by ex- Y1 (Ya+ Ya) +i(Y2- Y3 Y5 Yp) ]
tending th_e symmetry to the qual U(XI_SU(Z)RX SU(2.)|_. 0

group. This allowed us to obtain consistently the minimal X , (A1)
and nonminimal contributions to the electromagnetic interac- 1

tion in an arbitrary gauge. After an appropriate diagonaliza- -
tion and fixing the gauge the Lagrangian is obtained in termgvhere the operator¥;,Y,,Y3 and Y3 are defined as
of the physical pion field. We calculated the strong and EM 1
decays c())f the+ve_ctor a+nd a>i|al—vector+mes<?1§,—> TP, a1 Yh= (o p+ o), Yh=HFH+IZ)+ = (u+ p+OYE,
—mo, po—m w y,a, —mw y, andp”—x" y, and ad- 2
dressed the issue of the width of themeson. For the; L .
— "y decay some loop diagrams are not yet included, and w_ P VR
a more complete analysis is reserved for future work. Most Y3 _27(H+Z)Y4 Y5 _2Y47(H+Z)’
of the calculated decay widths are in reasonable agreement
with experiment13]. The only free parameter used in cal- ygzg;,.(p’mr a#)_l,-e’A,P-ngT(pﬂ«J,_ at)+ e A1+ 73),
culations is the mass of the meson, although most of the (A2)
results were not sensitive to,, .

We studied the effect of auxiliary Higgs bosons of QHD- and the notatiorX-Y =X, Y* is used. The similar term for
lll in the a; — ="y decay andr-7 scattering. The contri- the field @ can be obtained from the above formulas by
bution of these particles to the amplitude, both on the tre¢hanging{——¢{, Z— -2, anda,——a,. The potential
level and in the one-loop diagrams, turns out to be finite and/y in Eq. (3) is chosen such that,>0 andu?>0, thus
small in the limitmy—c. This goes in line with the view- allowing for SSB of the global gauge invarianf®. From
point of Ref.[9] on the role ofp and{ mesons in low-energy the condition that the term linear in must be absent, the
hadron physics. VEV u can be found. The fieldg and{ acquire a mass,,

Our exploratory study shows that QHD-III in the repre- whereasH andZ remain massless, indicating that these are
sentation of Ref[10] can describe some features of mesonthe Goldstone bosons.
phenomenology in the nonstrange sector. There are many Calculation of the matrix elements in E¢AL) leads to
interesting issues which can be further addressed, such as tre EM current in Eqs(16) and(17). The strong Lagrangian
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consists of the free Lagrangians in Eq20) and (21), the
mixing term in Eq.(19), and the interaction Lagrangian

L= gi{(pi%— &) (n?+{+H>*+Z2+2un) +4p,a*[(u

1
+n){+HZ]}+ Egp[pu("/]c?”H— Ho*n+ (o*Z

—ZM{—HX*H—ZX *Z) +a,(nd*Z—Zd"y
FLMH—HOPL—HX PZ—Z X 3*H)]

_UH(ﬂué"H:Z), (A3)

where the remaining piece of the potential is

Ay
vu(7.{HZ2)= o[ 0+ {4 4un+ 69 (2ut n) + H

+Z%4 2H?Z%4+ 4(HZ)?+ 2(H?+ Z?)

X (9?4 2+2un)+8(u+ n){HZ]. (A4)

Equations(A3) and (A4) will reduce to the Lagrangian of
QHD-III [9] if we takeH=Z=0.

The interaction Lagrangian of the GLSM from Sec. |1 B
follows from Egs. (23)—(26) after we define ther field
through¢=v + o, where the VEVv can be fixed from the
minimum of the potential\v®— u?v —c=0. The Lagrang-
ian has the form

int  _
N7mow

i T
L _N{gﬂ.((f‘l‘l’}/57'77)4‘9!,’)/’“5([)#4")/53#)

+9,Y"w,|N+g,[a,(md 0~ 0d"m)
—pu(maXtm)—gra,(mXpt—oa)]

+ %gﬁ[(aﬂw)zﬂwx pﬂ—aa“)z]—)\(0'2+ )

X (AS5)

1
vo+ Z(az+ ) |.

APPENDIX B: EVALUATION OF LOOP INTEGRALS

Let us consider the amplitudes fai — 7y decay with
an intermediate £+ p°) state, corresponding to diagrams in
Fig. 2 with j=1. We introduce the following notation:

Dy=k?~ m,z,, dy+ o= (k+Q)*~

disp=(k+p)?— (B1)

with Q?>=m?, p?>=m?, andg?=0. The amplitude in Fig.
2(a) has an integrand proportional to

PHYSICAL REVIEW C67, 015207 (2003

Mia=(2k+2Q—q)*(2p+k)“
X( K.k,

Ovo— 2

mp

2(k+Q)
~ D, dio | m

1
Dy di+q di+p

kV

2

(2p+k)”
dk+p

(B2)
The terms proportional t@"” and g* are omitted hereafter

because of the relation®-e(a)=0 andq-e(y)=0. The
diagram in Fig. 2b) has an integrand

v k#k”
9= - m |

p

2

M =
7Dy dysg

(B3)

For Fig. 4c) with photon bremsstrahlung off the, meson
we obtain after some algebra

M4’=
1e7" g-QDy

| Q= 29) "+ (k+2Q)"q"~g""q- (2Q + k)
dk-%—p

| QUK"+kkg”
2

m,

(B4)
Similarly we find for Fig. 2d) with bremsstrahlung off the
pion

1 2

q'Qdk+Q mi dk+Q '
(BS)

In the chosen unitary gauge the propagator of the vector
meson includes three spacelike polarization states. We notice
that the most divergent terms proportionalmjz, which
come from the longitudinal component of thepropagator,
cancel. The term-(k*q”—g*”q-k)/Dy that remains in Eq.
(B4) is equal to zero after integration ovkr Further, it is
straightforward to check that the sum of the four diagrams
does not depend on the photon gauge, gg(Mi;+ M1y
+MiZ+MLE)=0.

To evaluate the integrals we apply the method of dimen-
sional regularizatioitsee, e.g., Refl11], Appendix A. Using
the Feynman parametrization and integrating oketin
d-dimensional space-time we obtain

I'2—-d/2)

du 1w du Ad/z 2
(4 )d/2 1

u
Ag/2—2_ < 1— E) Ag/Z—Z}] '

M&=2ifgr——— =

1
+fdu
0

(B6)
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where the constarftreadsf=—ieg3v X, (1+X,)/2. The  in Fig. 2. Most of these diagrams are calculated similarly to
expressions foA;,A,, andA; will be specified below. We M4{" while others, where the photon couples to a vector me-
kept in Eq.(B6) only theg“¥ part because of the condition son in the loop, are more algebraically involved.

Q- €(y) =0 (in the rest frame o&,). Since the gamma func- After this general consideration we present expressions
tionT"'(2—d/2) has a pole al=4 we have to verify that the for the amplitudes corresponding to the diagrams in Fig. 2
expression in the curly brackets vanisheslat4. Using the with j=1,...,8. For ther-p loops (j=1,2) we obtain
expansions neard=4 [11], AY?72=1+(d/2—2)InA
+O((d/2-2)%) and T'(2—d/2)=2/(4—d)— ye+O(d/2 1 (1 AyX) As(X)
—2), we find that the pole term drops out because of the T1=Ci) — | 2—x+ ——— dx¢,
relation 27 Jo 8500 M=(1-x)
(B12)
f 1-uy
- = dulf duZ f (1_ _) :0 (B?) 1 A X 1 A X
2 T2—Cz( f 2l ){x—3+— 3) 2 ]dx),
X| M2
The residue gives the amplitude (B13)
111 1
Miw:ingV(47T)—2[f J In Ay(X,y) dxdy—l—J [(2 Ap(x)=m2x+m2(1—x) —max(1-x),
0Jo 0

Ag(x)=m2x%+m2(1-x),
—X) InA3(x)—2In Az(x)]dx}, (B8)

Cy=Com(dm) 2o Ky (14X,),
where the integration variables , u, have been changed to 2
x,y defined such thati;=xy, u,=x(1-y). In the above
formulas ye~0.5772 is the Euler-Mascheroni constant and and we introduced the notatid?=m;—m2=2Q-q. Since
m_+m,<m, these amplitudes acquire an imaginary part if

Al(x,y)zAg(x)—(mg— mi)x(l—x)y, Az(x)<0, and we have to select the proper branch of the
o, 2 0 logarithm. Recalling the prescriptiom®>—m?2—i0 for the
Ag(x) =m;(1=Xx)+mzx?, masses of the particles in the propagators, we have corre-
5 5 2 spondinglyA,(x)—A,(x)—i0 and we can use the substitu-

Ap(x)=—maX(1—x)+m;(1—x)+m2x. B9 tion
The argument of the logarithm can formally be made dimen- _ : -~
sionless by changing ly—In(A;/A?), where A is a mass- InA,(x)=In|Az(x)| =i 76— A2(x)]=In|A2(x)]
scale parameter. This will not affect the amplitude, due to Eq. —imO(X—X_)O(X; —X), (B14)
(B7). ExpressionB8) can be further simplified by carrying
out the |r£egrat|on ov_ey. _ o _ X:Z{(ngfmi—mi) i[(m§+ mi_mi)z

The NN-loop amplitudes (=8 in Fig. 2 require a trace
calculation, for example, —4m§m§]1’2}/2m§,
METZs T (k+p+my) y“(K+Q+my) y"ys(K+my) ys] in Egs.(B12) and (B13) to calculate the real and imaginary
8a Dk Dy+oDk+p parts. Hered(y)=1 if y>0, and 0 otherwise.
For thej =3 contribution we obtain
g"q- (2k+Q)—(2k+Q)*q” gr”
=4my - )
Dy Di+gDk+p Dy Dyip T_C 1 2J1| Ay(X) As(X) 4
(B10) 3=Cs3) —1+ "3,00 X_Mz(l—x) X1,

where D= k2 MY, Dy+o=(k+Q)?—mi, and Dy., (B15)

= (k+p)?—m3. The amplitude in Fig. @) reads
N Ay(x)=mix+mA(1—x)—m2x(1—Xx),
mv
M’B‘C”=4mNDkng. (B1Y) As(x)=m2x2+m(1-X),
+p

This amplitude cancels the divergent and EM gauge nonin- Cs=(4m) 22eg,\v X, X,, 2\=(m2—m2)/v2.

variant piece oM4. . Finally, the amplitudeM £ (radiation

from the pion ling is zero, being proportional t@” A substitution similar to Eq(B14) is applied to calculate
An important observation is the cancellation of divergentthe real and imaginary parts 0f.

terms between different diagrams. This, together with the Next, for the diagrams witi=4 in Fig. 2 the amplitude

EM gauge invariance, helps in evaluating the other diagrams real and reads
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1 1 Ag(x)
5(1— o)+ fo InAg(X) {x—3+ 6(1—x)

.

Ay(x)=mix+m2(1—x)?,

T4:C4

1| As(x)
— W(l— 6)+2

-~ (B16)

Ag(x)=—m2x(1—x)+m2x+m2(1—x),
Co=(4m) 22egvX,, &=(mi—mZ)/m3.

The contributionj=5 in Fig. 2 with an intermediate
Higgs mesony (7" 7 state) is
dx],
(

A
M?(1—x)

To= C5[ —1+ ZJ:'”ZEX X

B17)
Ay(x)=mix+mé(1—x)—m2x(1—x),
Az(x)=m2x2+m3(1—x),

1

Co=—(4m) 2 zenym,/1-X (1-X,).

The amplitudes forj=6 (a*# stat¢ and j=7 (p* ¢
state can be written in the form

1 1A

o]

Ay(x)=mZx+mi(1-x)?,

Az(x)
M2

1
X

(1-6)+2 (B18)

where

Ag(x)=—m2x(1—x)+mZx+m3(1—x),

PHYSICAL REVIEW C67, 015207 (2003

1
Co= —(4#)_2Zeg§u\/1—x,,, 5=(mZ—m2)/m2

for j=6, and
Ap(x)=mEx+m2(1—x) —max(1-X), Az(x)=m;x
+m2(1—x)—m2x(1-x),
C,=Cq, d=(mi—m2)/m

for j=7. In the Ilimit of large Higgs mass,mﬁ
>mZ.,m>,m3, the sum of the amplitudes with the interme-
diate » and ¢ mesons can be written as

m2—m?
T J1-X,+0(m53).
6m,
(B19)

Ts+Te+Ty~(4m) %eq,

This amplitude corresponds to a contactlike Lagrangian in
Eq. (54) of Sec. Il B 2.

Finally, the amplitude fosz(sttate in Fig. 2 has the

form
1
T8: Cgf In
0

Ce=(4m) 20,9, mMVX.

The amplitude in Fig. 3 describing the degay— 7" y is
calculated similarly. Evaluating the trace we obtain

mZ—m2x(1—x) | (1—2x)dx

1-x

(B20)

m2—m2x(1—x)

iTr[(‘H‘ p+my) y*(K+Q+my) y”"(K+my) ys]

M~
Dk Dk+qDk+p

:4mN S#V)\O'Q)\q(rD (le)
k

Di+qDitp

The result of the integration ovdsis given in Eq.(57) of
Sec. I B 3.
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