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We present the calculation of phase shifts for the renormalizable SU; oo model with the
symmetry-breaking term £ g3 = -€,0 -€303. Perturbation theory is carried out to the one-loop
approximation and phase shifts are obtained from Padé approximants. We renormalize at physical
quantities:masses of 7, K, m, %, decay constant f_, and thews, I =0, | =0 S-wave scattering
amplitude near threshold. As a consequence of this choice, perturbation theory is a power series in
1/f7. A further consequence is that there are low-energy off-mass-shell points where the tree
approximation is exact,as we show. The symmetry-breaking picture is that of a nearly
SU, X SU,-invariant Hamiltonian and a nearly SU;-invariant vacuum. The SU; X SUj; limit is the
Goldstone type. The corrections to decay constants and symmetry-breaking parameters are small. We
can account for the size of corrections to all ‘quantities of interest in a simple way. We achieve con-
sistency between two measures of SU;-symmetry breaking, i.e., mg/m, and fy/f,. That is, we find
Sfx /f=f+(0) = 1.34. With the physical value of f,(= 0.095 GeV), and with one free parameter,

m ,(tree), we achieve qualitative agreement with experiment for the S-wave nonexotic phase shifts, and
the P- and D-wave octet central masses. The exotic S-wave phase shifts are too strongly repulsive and
an SU, 27 representation of states occurs in the D wave. SU; is a good symmetry for the P- and

D -wave states in spite of large differences in the thresholds of channels generating them. The
magnitude of splitting is quantitatively correct. A novel expression for the unequal-mass box graph is

1974

presented.

I. INTRODUCTION

The SU, and SU, 0 models have provided valu-
able insight into the consequences of the postulates
of current algebra and partial conservation of
axial-vector current (PCAC).}'2 There have been
a number of papers in which these models have
been studied in their own right as candidates for
providing some unity to low-energy dynamics be-
yond the current-algebra predictions.®* In this
paper we further pursue this point of view by cal-
culating meson-meson scattering phase shifts in
the SU; version of the model. We calculate am-
plitudes in standard perturbation theory to the
one-closed-~loop order and employ Padé approxi-
mants to unitarize them. We use the most gen-
eral form of the model with the restrictions that
the interactions are renormalizable and with sym-
metry breaking linear in the scalar fields.

Some of the groundwork has been laid out in
previous papers. In Ref. 5 we carried out the re-
normalization of the model in the presence of
symmetry breaking. We verified that all diver-
gences can be grouped into the renormalization
of the parameters of the SU,X SU,-invariant part
of the Lagrangian. Such is the case for the SU,

o model as shown by Lee® and Symanzik.” This
feature is important for the course of this work
and strongly prejudices us against adding further
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symmetry-breaking terms to the Lagrangian.
Symmetry breaking that is higher order in the
fields will generate divergences that cannot be
grouped into existing terms in the symmetric La-
grangian and also introduce new parameters in
higher order. This would in turn obscure the

role of chiral symmetry in the model and possi-
bly increase the number of parameters to an un-
manageable number. In Ref. 8 (referred to as
paper I) we calculated the one- and two-point func-
tions in the one-loop approximation and fit them
to decay constants and masses. In the tree ap-
proximation the picture of symmetry breaking
that emerges is essentially that of Gell-Mann,
Oakes, and Renner,® i.e., that the Hamiltonian

is nearly SU,X SU,-symmetric, whereas the vac-
uum is closer to SU;-symmetric. We found in
paper I that this picture remained intact through
second order in perturbation theory. The correc-
tions to symmetry-breaking parameters, masses,
and decay constants were quite small.

This paper greatly expands the scope of our
earlier paper (I). Phase shifts have been calcu-
lated for all two-body channels involving 7, X,
and n for /=0, 1, and 2. The amplitudes were
calculated in the one-loop approximation and then
cast into a [1, 1] Padé approximant. Coupling be-
tween these two-body channels was taken into ac-
count through a matrix Padé formalism. With
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our renormalization procedure, perturbation
theory is a power series in 1/f %, f, being the
physical pion decay constant as we show. We
calculated the K;, vector form factor allowing

us to compare with the experimental value of
fx/f +f+(0). The renormalization procedure was
modified slightly from that of Ref. 8 by introduc-
ing a chiral-invariant wave-function renormaliza-
tion constant. This has no effect on the deter-
mination of physical quantities but is useful for
studying symmetry limits. We examine the SU,
limit in order to ascertain the SU, representa-
tion content of resonances. The SU,XSU,; limit is
of the Goldstone type. This differs from paper I,
where the type of limit was ambiguous. A full
analysis of this limit will be delayed to a later
paper. The calculations were extensively checked.
The checks included unitarity of the amplitude,
the verification of Adler zeros,'° and other low-
energy theorems as will be described below.

An important effect that shows up prominently
in this model is strong cancellations among class-
es of diagrams. This effect can be seen most
easily in the tree graphs for n-7 scattering, for
example. Form j2—w f_ m,. s, and ¢ fixed,
individual graphs diverge yet the sum approaches
a finite limit, as is well known. For s near the
m-m threshold there are cancellations between
terms of order m ;2/4m 2. The cancellations are
quite a general feature and arise because the low-
energy region is essentially fixed by the Ward
identities arising from chiral symmetry order by
order in perturbation theory but not graph by
graph. We also note that in second order, for
example, the discontinuities across pseudoscalar
cuts contain products of tree graphs. The can-
cellations were in some cases as large as a fac-
tor of 10°, making roundoff error a knotty prob-
lem.

This effect can account for several discrepan-
cies between our determination of parameters in
this paper and our determination in the earlier
paper I. Notably we find an improved f x/f ,
(=1.31 as compared to 1.45 in paper I). This will
be discussed below, but suffice it to say that this
difference can be traced to a shortcoming in our
treatment of the scalar mesons in paper I. In
paper I we determined their masses and widths
from two-point function graphs, and in this paper
from scattering graphs. The former did not have
the cancellations that the latter exhibit. Although
this distinction would make no difference in exact
solutions, it is quite important in low orders.

To what extent should we expect perturbation
theory through the one-loop order to give reliable
solutions to this field theory? There are a num-
ber of quantities that are probably determined

very well in this approximation. These include
decay constants, wave-function renormalization
constants, and symmetry-breaking parameters,
all of which have small corrections. We show
that these are low-energy points for 7-7m scatter-
ing amplitudes where the tree approximation is
exact for our choice of renormalization subtrac-
tion points. Hence the low-energy region of scat-
tering amplitudes is also very well determined.
For higher energies, i.e., the region where we
look for dynamically generated states, 800 to
1600 MeV, the approximation is certainly much
less reliable. The second-order part must be
the order of magnitude of the tree order in order
to generate these states. Without going to next
order, the convergence of the Padé approximants
is always in question despite some impressive
convergence studies.!’ We feel that the spectrum
generated in the P and D waves gives an indica-
tion of the strength of the forces in the various
channels.

The paper is organized as follows. Section II
reviews the Lagrangian and the fit of parameters
at the tree level. Section III establishes some of
the low-energy theorems applicable to our calcu-
lation. In Sec. IV we express the scattering tree
graphs in terms of masses and decay constants
in order to exhibit the low-energy theorems and
the cancellation between graphs mentioned above.
We further estimate the relative force strengths
from these graphs. The second-order calculation
is described in Sec. V, with the numerical results
for the fit to experiment in Sec. VI. In Sec. VII
we go to the SU; limit in order to ascertain the
SU, content of the dynamically generated states.
Appendix A gives a novel treatment of the box and
related graphs for unequal masses. Appendixes
B and C give the needed projection on angular mo-
mentum and internal symmetries.

II. LAGRANGIAN, REVIEW OF TREE SOLUTION

The basic groundwork for this paper was laid
down in paper I. In this section we review the
necessary steps leading up to the Feynman rules
and refer the reader to paper I for more detail.
There are a few minor changes that are useful
for the present paper and we attempt to improve
the notation.

A. Lagrangian, renormalization constants

The Lagrangian is constructed out of the fields

MO= = 30 NHohig), 2.1)
i=0
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where 09 and ¢? are nonets of pseudoscalar and

Loym=C[2Tr(0,M8*M ")~ 5 2 Z, Tr(MM")
scalar unrenormalized fields, where M° belongs

— +

to the (3, 3) representation of SU, X SU, (Ref. 12): +8Z,(detM+H.c.)+f, Z; (TrMM y
o +f, Z; Tr(MM™MM™)],
£—£sym+£'sny ——C ZZfz (23)
Loym =%Tr(8uM° O MOTY — L(u)? Tr(uoMOh Lop=—Cle 70t €s Z€8 0g) -

+g%detM®+H.c.)+fUTrM°MO%)? (2.2) The Z, (p =S,/ 285 L2, €0 €;) have been defined

i h a way that C occurs as an overall factor.
o oprot proprot in suc
+f2TrM ). The following alternative expressions are given

Lgp=—€503—€50]. to clarify this point:

The superscript 0 on parameters means bare Cup2Z,=C(u2+0p%)=C(1°7,
quantities; on fields it means unrenormalized. CgZ, = Cc¥2 (g + 6g) = C3/2go ,
We depart from paper I by introducing a chiral- (2.4)
invariant wave-function renormalization constant'3; CfiZ; =C*(fi+0fy) =Cf1,

M°=CY2M ' Ce; Z, =CY3(e; +0e;) =CY2%Y .

(see Table I). In terms of the renormalized fields We define perturbation theory as an expansion in
M, the Lagrangian can be written powers of A, where

TABLE I. Summary of notations for fields and propagators. A denotes the quantity (T (o0))
and is not a propagator since (o) =0. Z,, is a wave-function renormalization constant =4,
in lowest order; Z,, contains the tree-order mixing angle 6, in lowest order., We adhere to the
index convention given here. The subscript T refers to states diagonalized at tree level; the
subscript P to physical states. Hence the index type indicates the basis.

Fields Propagators
Unrenormalized M ¢%:D%,D%;
%, ¢! 00:52j,zgs
0% 9% S%: Ay, AL
Chiral-invariant M ¢ :D;;,Dyp
renormalized " o~
0 ¢y 085 8ap
00:Pa S: 8,848
Fully renormalized Pk ¢%:DE
R ~ ab
Dg(s) 2 ﬁs‘—ma
Connecting relations
(0,$)=C""(©0"%¢% 0R=2,,7""9}
-1/2
¢;‘ =Ri?x o Zota ! _6ota —%GZ(“
172 _
0;=R{04 Zyo' =80, 5024,
Zia i =R %Zaa-i/z
Index convention
i,jkyeee=0,1,...,8
f Ny Ny pseudoscalars
Ol,,B,’Y, eee=1,...,7
107,, or scalars

a,b,cyi0a=1,...,7 Nps N'p pseudoscalars
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204,0)= 53 LOM), (2.5)

and where
C ) 2 : 3 2
z =1+ 2%X(power series in A?).
b

Lowest order in A? gives tree graphs; the next
order gives one-closed-loop corrections together
with tree graphs arising from the explicit A\26C,
and A26Z,. The Zyss Zy, Zg, and Z, have infinite
parts that cancel divergent parts occurring in
loop graphs. The finite parts of Z,, C will be de-
termined through the renormalization procedures
in Sec. V. This expansion preserves the symme-
try of the Lagrangian order by order.* The pa-
rameter A is used only for power counting and is
set equal to 1 in what follows.

The fields o, and 0, have nonvanishing vacuum
expectation values. It is useful to define new
fields S;:

0;=5;+(§;+06&;) (¢=0,8),
0,=8, (i=1,...,7).

Note that the parameters §; has its second-order
part separated off just as do all other parameters
in the model. The &, +6&; will be chosen such
that (S;) =0 order by order. It is also convenient
to define

b=t/V2 &, a=€,/N2 €,

with appropriately defined second-order parts
5b, 6a. Expressing the Lagrangian in terms of
¢; and S; gives

£=C[ 20, ¢:) +2(0,;)?
~zMES,5,~ 2 M ¢
+ 5 GInSi8; S+ 3G 1 i 05
+ 35 FliiniSiS;SeSi+ 31 Fiim 01 05 00 0
+3F 0 01 0,868 —E:8i], (2.6)
where
F?jtzl = F?m
=8f, Zfl(oij Oy +0ir 055 +045 05)
+4f, Zfz(dijn Qpin+ Aign djln+diln djzzn) s (2.7a)
FiPm=8f1Z; 8i;0
+4f 3 Z5,(Aijn Gran+S inS jin+ S itnf jen),  (2.7D)

1 . . .
Gijkav’z-gzgeabc A‘ttza’ Aibl A’ch €alblcl’ (2,70)
Gin=G i+ Fii(£,+08)), (2.7d)
G a==Gip+ Fifult +08), (2.7e)

M$E=p2Z, 06, —Gipbe—2F5; m ke &

~G35u 0k, (2.71)
MP=p?Z,6,;+Gip b -2 Fifu & &
+G%,k5§k, : (2.7g)
EiE€,Z€‘+,u2Z“ & —%Gijk £ b —% Fisjk; ik &y
+ Mo, (2.7h)

All sums go over O to 8. Note that M, G, F, and
E have second-order parts. Since we are only
working to second order, it is understood that in
Eqgs. (2.6) and (2.7) all expressions are to be trun-
cated to that order.

B. Tree approximation

We start by first solving the model in the tree
approximation, i.e., truncating Egs. (2.6) and
(2.7) to lowest order. This involves finding a
vacuum, determining the masses and coupling
constants, and fitting the model to physical
masses and decay constants. Feynman rules
for higher orders are then expressed in terms of
these solutions.

The vacuum state is chosen such that (S;)=0,
which implies E; =0. Combining Egs. (2.7h) and
(2.7g) gives

el +a)==-m2 E,(1+D),
(2.8)
€l =a/2)==-m? £ (1=0/2).
The decay constants f; and f, are simply related
to these expressions:
fom 2= (%)Vzeo(l +a),
(2.9)
Frmg® == (2% (1 -a/2).

The masses are obtained from Eqs. (2.7f) and
(2.7g). There is 0-8 mixing which we diagonalize
to this order:

) -
R?axw UR?B ‘M(gchocB:v

(2.10)
R?aM§?R§B:M§25aB’
where
n n’
R?d:8 cosfp sinép ’
0 \ —sinfp cosbp
(2.11)
ol o
R§a=8 cosfs sinfg

0 \—sinfg cosfg



We conform to the convention that in the diagonal
basis Greek indices will be used. For example,
if O; is an object with an SU, index, then in the
diagonal basis we denote it O, =R, O;.

The fitting procedure works as follows:

m, w2 =421 +20%)f,
My : Eozfz
determines - (2.12)
my &8
My b

From this, m, , mc, 6p, and fx/f, are fixed.
Next m, (lower isoscalar) fixes u2, which in turn
determines m . and 65. Finally &, is determined
in terms of f, through Egs. (2.8) and (2.9). The
symmetry-breaking parameters are given by Eq.
(2.8). This completes the fit except for one not-
able qualification: For —0.35sb<-0.15, my
changes by only a few MeV. Since the K*-K°
mass difference is of this order, we can consider
b a bonus parameter over a large range (see pa-
per I for more detail).

The Feynman rules are given in Fig. 1 in the
diagonalized basis. Note from Eq. (2.7a) that
Fijm= Ffjn; however, Fgg s # Fig s since the
scalars and pseudoscalars are diagonalized by
different rotations.

HI. WARD IDENTITIES

There are numerous Ward identities among the
n-point functions that follow from chiral symme-
try and PCAC. These identities are useful in
identifying model-independent relations. Coupled
with our specific renormalization procedure we
are able to identify quantities that have no second-
order correction. Further, some of the relations
presented here were used to check our calcula-
tions. )

We first summarize the needed operator rela-
tions. These all follow from standard Lagrangian
machinery and can be found in Ref. 2, for exam-
ple. As a consequence of the assignment of the
MP° fields to the (3, 3) representation, we have the
commutation relations

[QF, 99l= ifuk ok,
[QF,0%]=ifjn0%,
(@, ¢9]=idyyn0p,
[@f,09]==1id;n 97,

where QY and Q# are the vector and axial-vector
charges,

(3.1)

Q= [asx(Vi), A1, 3.2)
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e X -i E;
a B i (k-ME%)" 8.,
@ —mmmmme B i(k®-M3H) B,
B
Y
B
———— /,, H s
a —\\ i Guﬁy
a 4
I
>< = iFaig,s
B 8
a. 4
\\ s
>< = i Fﬂ;.rb
,/
,/
B -]
d\\ //r
\\ //
N _ . S
/x\\ = iF. gy
B/’ \\a

FIG. 1. Feynman rules. Solid lines are pseudo-
scalars; dashed lines are scalars. The Greek indices
indicate that the isoscalars are diagonalized to the tree
order. F3g,5=F%s, s since the scalar and pseudoscalar
mixing angles are different.

with the standard commutation relations
[QF,QfI=if i@k,
(€F,Qf1=ifin@f, (3.3)
(@, @fl=ifin@k.

The divergence of the axial-vector current satis-
fies the operator relation

auAtu=i[Q24, Lepl==dine] on
(i=1,8;5,k=0,...,8). (3.4

Finally, we need the renormalized fields de-
fined by

(0l p(0)l @y = (ZT)WL(—ZI_JT)W (3.5)

l[a=@,...,7,1,7"),, where the subscript P refers
to the physical states]. The relation between ¢F
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and ¢° is
bo =219} (3.6)

(see Table I). We do not renormalize the scalar
fields, since the scalars are unstable. Strictly
speaking, we cannot renormalize the 7’ field,

for the same reason. However, to the order of
approximation in which we work, the n’ is stable.
Z;.~Y? is diagonal except for n-1/, 0—8 mixing.

It isdetermined by Eq. (3.5) or in terms of propa-
gators:

DY;=2;,? DY, z,,M?, (3.7)
where

6ub
s =mgz "

Dg(s =m)~

Table I summarized the renormalizations intro-
duced up to now together with conventions in no-
tation. (The chiral-invariant renormalization is
not used in this section.)

We define the decay constants f;, as follows's:

8
8, A= fiamPof (i=1,...,8). (3.8)
a=0
More explicitly,
lf1|'2mﬂ'2¢§ (l=a=1, 2’ 3)’
8;4A£l: meK2¢f (i=a=4,5,6,1),
fanmnzd)ﬁ "'fan'mn’z(pf;’ (¢=8). (3.9)
Equations (3.4), (3.6), and (3.8) give

fiam®P==d;;, €92, (i#0). (3.10)

In terms of the renormalized fields, the commuta-
tion relations with the axial charges are

[Q?’ qbaR] = idijk Zju-l/zag 3
(3.11)
[ f; O?J == Z.dijk Zkal/z(puR .
Equations (3.8) and (3.11) are the key inputs to
the Ward identities.
The identity linking the two-point and one-point

fia M f e Do (0) Dgr(0)Cac/| T16d) g, -a ), =0
c d

cdc'’d’ 4 =2, =q

== Frem din 217 alo 30N ¢ [T
cl

kimna'b!

+ z dimk Zma"“l/2 D?’Tzl(qz) djkn anl/2+ (a “b)] .

kimna’

function starts from the relation
3, (T(AL(X)BEO))
=(T (3, AL (x) o7 (0 +6(x°)([AS(x), p5(O)]) .
(3.12)

Take the Fourier transform fd 4y et?** and let
p¥—=0. The left-hand side is zero and the right-
hand side becomes

0=i 2 fipm® DE(p*=0)+((QF, 8D,  (3.13)
b

where DF is the pseudoscalar propagator (see
Table I). Using Eq. (3.11) gives

S inty? = —Z dign Zia~V%0R) D3H(0) .

jka

(3.14)

Since the left-hand side is proportional to sym-
metry-breaking parameters in the Lagrangian,
we recognize Eq. (3.14) as a statement of the
Goldstone theorem.

An identity involving the three-point function
follows from the same manipulations, starting
with

T (T(A ) OF()3(2) -

The identity is
3= 7 iwmi? DE(OKcloR(0)| @)l <
be

= ‘Z diji Z3p™? DiHa?) B%la.)
itb

+ Y iy 2,2 (3.15)
1

(See Table I for the meaning of A.) Evaluating
this in the tree approximation and taking ¢, equal
to appropriate scalar masses, this gives a useful
expression for the pseudoscalar-pseudoscalar-
scalar coupling constants in terms of decay con-
stants, masses, and mixing angles. These were
used in Sec. IV.

A four-point-function identity given below is ob-
tained, starting with 8,9,{(A*A"p¢)):

Qi Zomgr ™ Ajny Zypr™V? A,,(¢?) DEZHa?) DEZMg?)

(3.16)
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If we take ¢, and ¢, on the mass shell, the term
in square brackets is zero, giving a relation be-
tween the partly off-shell scattering amplitude
and the on-shell matrix elements of the o field.
Our interest in this expression lies in isolating
quantities that have no second-order corrections.
We wish to choose external labels such that the
(alo|b) terms vanish. This is only possible if we
restrict the external labels to 7’s and K’s, in
which case the expression greatly simplifies.
Malle ™ MpTa; ba =Pd =0; Pa=pp=4

Tac,bdf 1r2 [Wlw2 Dﬁ(o)]z

= [Dﬁ'l(qz) +0((@% = m;2)*) (8 4c Opa + Oaa Ovc)

+O(const) 8, 6,4 3.17)

for ¢*~m ?. Decompose the 77 amplitude in the

standard way,
Toe pa=T°0450pq+ T 05 Ooq+ T " B gg Oy - (3.18)

The kinematical constraints for the Ward’s iden-
tity are s=u=q¢%, £=0. Hence T°=T%. The iden-
tity then gives

[m,2DEO) ] T° = (¢ = m,2+0((g% = m,?)?)].

(3.19)

1
[

For tree graphs, T°=(¢% -
Since we venormalize at f . and m,2, we conclude
that the higher-ovder covrections to [m,2DE0)PT°
have a double zevo at ¢>=m, 2. Since the correc-
tions to DE(0) are extremely small, the same
statement holds for 7T'° for all practical purposes.
That is, the higher-order corrections to 7
~0((¢? = m**+¢ (¢<1). Having found a point
where the tree approximation is exact, we claim
that perturbation theory should be better the
closer you arve to this point, i.e., low energies.

K K.~ KyKy; Po=04=0; p.=05=4.
sz [sz DI?(O)]Z Tacbd

3
=0(const) Z Aypym Aygm + O(const) 8,4, 0.4

+[ (g% = my®) + 0 (4% = 1®)?) (B 4 O + O g Oic)
(3.20)

for ¢®~m,®. We take the following decomposition
of the KK-KK amplitude:

Tac,bd =As 6ac 5bd +At6ab 60(1 +A" 6ad ébc
+Bsfacafbd8+Btfab8fdcs +Bufadsfcb8 .
(3.21)

A® (B°) is symmetric (antisymmetric) under £-u
crossing. Analogous crossing properties hold for
the remaining amplitudes. At the point £=0,

/f,r2 +0((g* = m?)?).
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s=u=¢* ,
=0, B°=-B", A°=A".
Using Eq. (3.21), the Ward identity (3.20) gives
f&® [my® DE(O)P(A® = 3 B%) = (4% — mg®) + O((¢® — mg?)?)
(3.22)
for g%~ my2.
AT =3 B%) = (¢® - my®) + O((¢% — me)?) .

As for the nm case, the second- and higher-order
corrections to the left-hand side of Eq. (3.22) have
a double zero in ¢*-my%. However, for this case
the corrections to DE(0) are larger, and we do
not renormalize at fx.

SU, limit, pseudoscalar octet: ac—=bd, p =p,=0
pa = pb =q

F o2 [me 2 DE (0

The tree graphs give

) (acl T |ba)

=0(const) 6, Oc,', +0(const) Y dgym deam
m=1

8
q - WQP Z acm bdm+dadm dbcm) (323)

m=

0
for ¢*>~ mp 2. We can decompose T, as follows:
Pg ac,bd

Tac,ba :Aséac Opa +At5ab Oca + A 8aa B¢

8
+ Z (Bs dacm dbdm + Bt dabm dcdm +B" dadm dbcm) .

(3.24)

These six tensors are not independent but satisfy
the relation

8o 06q + 0ap Ocq + 0aq Obc

8
=-3 acm dbdm + dabm cam dadm dbcm) . (3 .25)
m=1

Hence, Ty ;4 is invariant under the replacements
A-A+N, B=~B-3A. (3.26)

These can be verified most easily by expanding
Eq. (3.25) in a complete setof projectionoperators
which are given in Appendix C. There are, of
course, only five independent tensors in the re-
duction of P XP,.

Gomg to the point s =u=¢?%, £=0, then A°= A"
B°*=B*, and Eq. (3.23) gives

fpaz [mP82 I)gs(o)—l}Z(As +Es/3)
=(@* - mp)+0((@® = mp 2P . (3.27)

One further relation on the scattering amplitude
which is of interest results when one four-mo-
mentum ¢, goes to zero:
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2 fiamEDE(0)a'cl T 1bd)] 5,

=Y diyn DFiH@%)(cloy(0)l d)

bR

+ czk: 4o D33 a")K c low(0)] ba)

+ 3, dign D@ (clog(0)B).  (3.28)
da'r
For b, ¢, and d on the mass shell, this gives the
Adler zero.'® For s=(g,+4,)?, t=(q,-,), this
is the point: s=¢q2, t=¢,%, u=q;.

IV. SCATTERING GRAPHS—TREE ORDER

It is worthwhile looking at analytic expressions
for the tree graphs. They take a simple form
when expressed in terms of masses and decay
constants. They exhibit the low-energy theorems
described in the previous section. Further, they
can be used to indicate the signs and relative
strengths of forces in various channels.

A. SUj; limit

Let us consider P,-P, (pseudoscalar octet) scat-

tering labeled i+j =k +1, s=(p;+p;)?, t=(p; —ps)P.

The sum of tree graphs can be written

Tijkl "—‘As 5ij bkl +A-t 5ik 6“ +/1“ 5” Ojk

8 i~ -~
+ 2 (B*® Ay jmOpym+ B ipm Qg+ B Gy Ajpm)
mE (4.1)
where
A% = (mp 2 = mg ) (x = mp 2)/£5%(x - ms?),
(4.2)
B*=3 (mpsz - msaz)(x - mpaz)/goz(x - msa"’) .
These six tensors are not independent—as was
discussed in Sec. III. Hence, there was a choice
involved in writing Eq. (4.1). Changes in A and
B given by Eq. (3.26) will, of course not affect 7.
If we let P; =0, which corresponds to s=¢=u
=mp?, T clearly vanishes as Eq. (3.28) dictates,
giving the Adler zero. If we let p;=p, =0 and
pE=p2=q¢% corresponding to s=u=¢2, t=0, we
find
A +4 B =(g* - mp)/3 £ +O((¢® = mp 2)?)
(4.3)

for ¢* =~ mp ?. Since fp =(%)/2L,, this agrees with
the Ward identity (3.27).

We can isolate the four -point coupling parts of
A* and B*:

A% mp - ms ?)/E2,
' 4.4)

B*: —3;(1%,,82 - ms:)/goz .

Note that as g, s, =~ for fixed &y, mp,, s, ¢,
and #, these expressions diverge, whereas Eqs.
(4.2) approach finite limits. This exhibits the
cancellations of order Mso‘sz/s as described in
the Introduction.

Looking now at the SU, diagonalization of T in
the s channel obtained with the use of the projec-
tion operators in Appendix C we find

T =8A%+ (At +A") + 2 (B' +BY),
T% = (A +A%) + 2 B -3 (B + B),
T% = (At + A¥) + L (B! + BY),

T = (A' - A%) + 2(B' - Bv),
T®=(A* ~A%) - 2(Bt - BY).

(4.5)

We can make an estimate of the forces in various
channels, thinking of these terms as “potentials.”
For our case of interest ms, Mg, >mp . Of the
three S-wave amplitudes, 7' and T®Saredominated
by the scalar-meson poles. 7?7 is negative, in-
dicating repulsion and a negative phase shift (nor-
malizc_éd to zero at threshold). For P waves

(A* - A*) and (B* - B*) give a positive I=1 projec-
tion; hence the octet is attractive and the 10 has
less attraction or possibly is repulsive. For the
D waves A° and B® do not contribute; (A*+A¥)

and (B! +B¥) correspond to attraction. Hence the
singlet has the most attraction, followed by the

27, and finally the octet is the weakest, and possi-
bly is repulsive. This picture appears to be physi-
cally realistic with the exception of the strength

of the D wave 8, and 27. We must tentatively be
suspicious of the D wave and will return to this
question in Secs. VI and VII.

B. Broken SU;

A similar analysis can be carried out for broken
SU;. We give the tree graphs for amplitudes in-
volving 7’s and K’s in external lines. The deriva-
tion of these expressions is complicated by the
0-8 mixing. Aids to expressing these amplitudes
in terms of masses can be found in Ref. 4 or by
using the Ward identity (3.15). Our expressions
involve the scalar-mass mixing angle 6. Al-
though this angle could be expressed in terms of
masses we found no enlightenment results from
doing so. The scalar mixing angle 65 enters in
these expressions in the following forms:
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¥ = (4)2 cosbs - (£)V/? sinbs = —sin(fs - 6,) , Tl = Ty
Y™ = (4)2 sinfg + (£)/2 cosbs = cos (s - 6,) Tijuy=T58;5 0y + T 8,053+ T8, 84, (4.7)
_ ‘ (4.6)
Vol =(3)"* cosds + 23" sinés, 1= L2 [ty Bl v (e My
- a .
VEE = (£)V2 sinbg — 2(2)"2 cosbs . f X =M X = Mg
(4.8)
T}?e angle 6, is conventionally called the canonical For s=u=g?~m2?, t=0,
mixing angle in which the 0’ “contains pure
str.ange quarks,” tand,=1/v2, 6,=35.3°. Our T = “‘—sz +0((g? -~ m2)).
fs is close to 6,. fa
J
mm; KkKl
8;; 0 7 M = mg? My® — My,
Tim== 357 {(s -m.?) (VE" o s tTE e "'s{—_—m—‘z‘>
1 1 1 1
- 2 _ 2 2 _ 2 .
o M )(mk s )[ sz - nlkz 2 (t - sz ¥ u - mK2> ]}
f X 1 1
- e ond = mn ) s = ) 9
This amplitude vanishes at two different Adler AS=C®+5(Dt+D* -D%),
points: i.e., at s=m,? t=u=m? and s=m?, (4.13)
t=u=m.? B =4(D' -DY).
KiK ;K. K;.

Tijny=C%8;;0,+Ct0;,0;,+C*0;,0,,

3
+ E (D° Ay j Apy i+ D iy Ay + D iy )

m=1
(4.10)
v X =my? KRz Mg = KEy2 Mk° -ma' ]
C*= 4fK2 [(7’0) X — mg ('yo) X% — m 3
(4.11)
D= x —my? Mi” “mnN2

sz 2

Although there are six independent tensors T g4,

the six shown are not independent, i.e., the tree

graphs do not contribute in the most general way.
The relation between these tensors is

(045 0p;+83,0,,+03;042)

X —WLWN

"42 dljmdklm+dtkmdjtm+dzlm )Izm) 0

m=1

(i’j’ kyl’ = 4, 5, 6: 7) . (412)

The C’s and D’s are a natural set of amplitudes
for tree graphs having isospin-0 and -1 exchange.
To compare with the Ward identity, let us convert
to the A and B amplitudes of Eq. (3.21):

The remaining amplitudes are obtained by cyclic
permutation of s, ¢,u. The Ward identity (3.22)
gives a condition on

AS —3BS=C°+3(2D* -D°). (4.14)

At the point s =u=¢?, ¢=0, then D°=D*. We find

then, for ¢~ my?,

AS =3B =C* +3D° = (g% -m?) + O((¢® -m2)?),
(4.15)

thereby checking Eq. (3.22).

V. SECOND ORDER

In this section we describe the second-order
calculation. This includes loop graphs and the
determination of second-order counterterms 6C,
6Z,, and 6&;. These are fixed by choosing a set
of quantities at which to renormalize. We follow
closely the procedure in paper I emphasizing de-
partures. The procedure is outlined in Sec. V A;
we leave the details to Sec. V B.

A. Outline of renormalization

The divergences in the loop contributions can
be canceled by assigning infinite parts to Zy,,
Zg, and Z,. These infinite parts denoted DZ,
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are derived in Ref. 5 and are given below:
Zy=1+6Z,,
8Z,=DZ,+AZ,,
DZ; = 8(13f,+3f,2/f,+12f,) By(v?),

(5.1)
DZf2:48(f1 +fz)Bo(V2)’
DZg =24(f1 "fg) Bo(Vz) ’
DZ,=16(g?/u?) By(v?) = [ (81, +48f,)/n?]
X[A(W?) + (u? - v2)By(v?)],
where
. d*e 1
A(”z)zzf Cn R =viiie’
(5.2)
P 1
By(v*) =1 @2m)?* (B* -v2+ie)?
= E—V—E A(Vz) .

The parameter v? is chosen arbitrarily; changes
in v® merely change the definition of AZ,. The
following recipe rids the model of infinities to
second order: Subtract the proper combination
of A(v?) and By(v?) from each divergent integral
to make it finite and at the same time write 62,
=DZ, +AZ,, and discard the DZ,. All physical
quantities are independent of v2, which supplies
a check on the algebra.

The renormalization procedure must fix C, Zf1
Zsyy Loy Z s Loy Zea, 6&,, 6&,, which we choose as
follows:

(i) Ome-point function-—two velations. The van-
ishing of (S,) and (S;) must be achieved to this
order.

(i) Mass venovmalizations —four velations.
We choose to renormalize at the 7, K, 7, and 1’
masses.

(iii) Decay constant—one relation. We can re-
normalize at f, or fx but not at both. We choose
f » to have no second-order corrections.

(iv) Symmelry-brveaking parameley--one ve-
lation. The choice of the value of C does not
affect any physical parameters since it is an
overall factor in the Lagrangian. We choose it
such that (£)2¢,+ (4)/%¢, has no second-order
corrections. This parameter measures the break-
ing of SU,XSU, symmetry. This choice corre-
sponds to choosing C =Z, where Z is the con-
ventional wave-function renormalization constant
of the pion field ¢°=Z Y2¢% (see Table I).

(v) Four-point function—one velation. The
above eight relations determine C, Z;,, Z,, Z,
ng’ 6&,, 6¢; and the second-order part of

Q+0Q={n"Z, - 4(&+05)?[1+2(b+06b)]f,Z, }/C,
(5.3)

but not Z, and Z; separately. This follows from
the fact that the pseudoscalar masses in the tree
order depend on the combination @ =[pu? —4§?

X (1+2b2)f,] but not u? and f, separately as was
pointed out in Eq. (2.12). Some of the quantities
we calculate depend on Z, and Z, only in the com-
bination (5.3). These will be pointed out in Sec.
VI. All scattering amplitudes depend on Z, and
Zy;, separately.

In paper I we renormalized the ¢ mass by re-
quiring the real part of the inverse propagator to
vanish at the tree mass in order to determine Z,
and Z; . Since the scattering amplitude gives a
description of the ¢ that is superior to the self-
energy graphs at this order of approximation,
this procedure was changed. We search for a
“natural” quantity at which to renormalize, with
some difficulty. The ¢ is so wide that it is diffi-
cult to renormalize at its mass in a meaningful
way. One possibility is to renormalize at the
point s =¢=u=%m,? in the 7°7°~ 7°7° amplitude.
However, since there are trilinear couplings in
the model, this point is not interpretable as a
47w coupling constant. We choose to determine
Z;, (and hence Z,) by renormalizing at the 77
I=0,1=0 scattering amplitude at an on-mass-
shell low-energy point. The loop graphs have a
threshold cusp that is absent in the tree graphs.
However, this model has phenomenal cancella-
tions at threshold and the cusp effect is greatly
suppressed. There are numerous quantities cal-
culated in this paper that do not depend on Zy,
such as decay constants, symmetry-breaking pa-
rameters, and wave-function renormalization con-
stants which we will point out later on.

B. Details of renormalization

Now to the details: We start with the conditions
that the scalar fields satisfy (S;)=(S;)=0. These
equations are

CEi—% 2 [650:A00,2) +Glo s AMIEN)]=0
(i=0,8). (5.4)

The loop graphs are shown in Fig. 2(a). E;, G,
and M,? are given in Eq. (2.7). [Note the meaning
of Latin and Greek indices in the discussion fol-
lowing Eq. (2.11) and in Table I.] The lowest-
order part of E; is zero from the tree solutions,
giving a relation between the second-order finite
parts of E; and the loop contribution. All the pa-
rameters in the loop part are truncated to lowest
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order. The subtraction recipe is given above in
this section. Explicitly,

A(x)=A(x) —A(v?) = (x —v?)B,(v?)
=(x - v?) B(0;x, v?). (5.5)

Next consider the pseudoscalar propagators
[the loop contributions are shown in Fig. 2(b)]:

D1, 5(s) =C(S844 -Ma?é)
20 (RS, AMS) + S8 AMD))
+2 o apyy AWy )+ Fap,yy Y

= 3.G8y 568, s Bls; M2, M®), (5.6)
Ys

where

N 1

B<P2;x’y)="f(2_n>4 [k =pP —x+ i€l[¥® -y + i€]

—By(v?). (5.7)

Note that ngﬁ contain second-order parts; the
lowest-order part is diagonal. The mass renor-
malization equations are

D-laoc(motz)=0 (a=mK,n,7'). (5.8)

The lower -case 7, ® refer to the physical masses
and are in fact equal to the lowest-order part of
M2 as a result of Eq. (5.8). Since the off-diagonal
matrix element D",m, is of second order, it would
contribute to fourth order in the mass renormal-
ization of n and 1’ and hence is dropped. With
these renormalizations we can write

D-laﬂz(s _motz) 5a8—2ae(s)y (59)
where
Zeamy?)=0.

We will need the wave-function renormalization

(a) —

(b) —O—— + —CO—

(c) qu + ngi- ng
(d) >€ + >—€/ + crossed
(e) >S< + >’9—< + >—®<+crossed

FIG. 2. Loop graphs for (a) one-point function, (b)
self-energies, (c) vector form factor, (d) wave-function
renormalization, (e) counterterms.

1 1 1

Dyls)= s —m,? *s -2 E"(s)s -m,?

=[1+32/m, )] D¥(s)[1 +32'0m,2)]

)

where (5.11)
D¥(s) = [“;2_3:%;_)2_ —E'(mz)] s—l—W . (5.12)

and where Z’ denotes dZ/ds. We identify Z, as
Z,=1+Z "(m?) +8C

daB
=1+ };G?y, 5 Gl o5 m 5 MP, M) .
’ (5.13)
Similar expressions hold for the K propagator.
The mixed propagator is slightly more involved.
With a matrix generalization of Eq. (5.11),

constants defined through the relations: Deg(s)=C~Y2 2, M2 DR (s) Z g, /2 CY/2, (5.14)
¢ = <Z_1L> V2 BF DE(s) is defined such that
m C ™
7. \V/2 1 (1 o> . s
¢K=(_Cif.> oF, (5.10) s—m2\0o +finite (s-+m,?),
, , DR~ 1 00 (5.15)
—=-1/2 1/2 4+ R - ’ s
¢ =C Zoi P (@,a=m,7m"). W(O 1) +finite (s-*mnrz).
The R denotes fields that have propagator poles
with unit residue. To find the Z’s we write From these conditions we find
1 6C =, ?)
14} T, et
Zyg/?= , (5.16)
= m ) N 5C
- ;l—nn-;ﬂzjlnn—? 1 + 22,’,,,1,(1%",2) + ‘5‘
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1

DY, = W [1+2 () /(s = mmz) =),

1
DI:]I.", = *s—::——m—z- [1 +En,n:(s)/(s - Wlnlz) —Eérnr(mnrz)J ,

ot o ZmlS) Sgilmt)

m* (s ~ nznz)(ynnZ -m, 2y (5.17)

Expressions for decay constants are now given
to second order. The expression for the diver-
gence of the axial-vector current, Eq. (3.4), when
expressed in terms of the variables used in this
section, becomes

0, Al ==dile; Z, CM2)(CY2¢,) . (5.18)
Using Eq. (5.10), this gives for 7 and X
)20 Z ey + (5) /%602 ) CV2 2,265
o, Al= l (@=1,2,3)
82602, e 2 | CV2 2 V20
(a=4,5,6,7). (5.19)

From these and Eq. (3.9) we can identify f, and
Skt

fomg?= _((%)1/2 €oZeo+(':li‘)l/z €, Zea) c/2 Zﬂl/z ,
(5.20)

(Fe+0fx)mg® == (37 € Ze -5 (3" €, Z¢)

xC2 z, M2 | (5.21)
Equation (5.20) is one of the defining equations of
our renormalization procedure, i.e., 8f,=0. The
lowest-order part of Eq. (5.20) is satisfied at the
tree level, Eq. (2.9).

This completes the determination of the second-~
order parts with the exception of Z;, (or z,) as
discussed above in Sec. VA. We will discuss the
determination of Z; in Sec. VI, the section on
numerical results.

To motivate our choice of C, write the symme-
try-breaking part of the Lagrangian as

Lo == CLB? € Zey + (3)/2 € Ze | [(3)2 00+ (3) 7 0] = Cl= (3077 € Ze + (D)7 € Z¢ | [ ()70, + (8 /2 0, .

The breaking of SU, XSU, is due to the first term;
the second term preserves this symmetry. Using
Eq. (5.20) and Eq. (2.9) we can write the first term
as

1/2
_.<.Zc_;> L(.g_) 1/2 €o+(—$~)1/2 € [(%)1/200+(%)1/2 a,].

Hence by choosing C=Z,, the term in brackets
which measures SU, XSU, breaking is normalized
to the tree value. Using Eq. (2.9) and C=Z,, this
term can be written

Fam[(8)/20,+(H20,] .

C. K3 vector form factor

We wish to calculate in this model the experi-
mentally determined quantity'S

Fx /fof(0)=1.27 £0.03, (5.23)

where f,(t) is the K,;; vector form factor. The
form factors are defined

V2 (m°(0) | Vi is(0) (K7 (9))
=[@+@"f )+~ f-(D)], (5.24)

where ¢=(p —- ¢)®. The normalization is such that
f.(0)=1in the 8U; limit, as follows from the con-
servation of the vector current. For broken SU,

(5.22)

we expect it to be very close to 1 as a consequence
of the Ademollo-Gatto theorem.

We calculated f,(0) directly in this model. The
graphs entering are shown in Fig. 2(c). Note that
there are no counterterm graphs contributing to
the vector form factors. This means that it can be
calculated directly from the parameters in the tree
solution, bypassing the renormalization procedure.
In the two-loop order only the one-loop counter-
terms are needed. Appendixes A and B give ex-
pressions for the evaluation of the triangle graph.
The form factor f,(0) was found to be close to
one arising from cancellations between the iri-
angle graph and the wave function renormalization
graph. The numerical value is given in Sec. VI,

D. Scattering graphs

The scattering graphs are of the following types:

(i) Intevnal loop graphs. These are given in
Fig. 3.

(it) Graphs with loops on extevnal lines. These
types of graphs are given in Fig. 2(d). We are only
interested in S-matrix elements and hence these
reduce to wave-function renormalization factors
on external legs.

(iti) Countertevm graphs. These are given in
Fig. 2(e). The x denotes a coupling arising from
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the 6Z, or 5¢,.

The calculation of all these graphs follow from
a straightforward application of the Feynman
rules. Considerable labor is involved in calculat-
ing the internal loop graphs due to the general
mass kinematics. Appendix A gives all these
graphs as integrals over discontinuities. By re-
stricting our scope to 7, K, and 7 in external lines
and for our ¢ mass values, there are no anomalous
thresholds to worry about. We found a very com-
pact expression for the Box discontinuity function
for general masses, Eq. (A6), that we have not
seen in the literature and which simplified its
evaluation.

E. Partial waves—Padé approximants

The partial-wave projections are defined in
terms of the amplitude A(s, #):

1
A=t [ dAGs, He)PG). (5.26)
-1
For coupled channels A, is a matrix in the channel
space. We write
A,=T+S, (5.26)

when T and S denote tree and second-order part.

Unitarity to second order gives
ImS=TpT, (5.27)

where ImS refers to discontinuity of S across the
normal threshold cut, and p is the phase-space
matrix,

p.8(s-s,) 0 cee
(5.28)

p= 0 p2b(s - s5) ,

oo oo

Py =3;'—1,{[$ - (ma+mb)2][s -(m, _mb)z]}uz/s,

(5.29)

where m  and m, are the masses of the particles
in the ith channel, and where s, are the ith-channel
thresholds.

The [1, 1] matrix Padé approximant is

A= 7(T -9 'T. (5.30)
This satisfies the unitary equation
ImA = _ 77 ImS T}
=-p, (5.31)
or, equivalently,

ImAlT=AR T oAl (5.32)

Spurious left-hand cuts can cause difficulty in

(a)

3
a3 ay 3
T+
2 4
2 4
ast
I 3
| -2
+ + + 3wy
2 a4

(b) Group (a) with 3 <=4 (t-u crossing)

(c) Group () ond (a3) with 2==3 (s-t crossing)
(d) 1 3
2 :Xj a
FIG. 3. Second-order scattering graphs characterized
by the existence or nonexistence of normal thresholds in
the ¢ and » channels. The graphs in (a) have a threshold

in ¢, (b) a threshold in %, (c) threshold in neither ¢ nor
%, (d) thresholds in ¢ and .

this algebraic unitarization of the amplitude. Tak-
ing 77 and KK channels as examples, the left-hand
cut in the KK elements of S starts at s=4m,* —4m,>.
This arises from the 27 exchange in the KK ampli-
tude. Other exchanges, o, m,, (20), etc., give
rise to branch points farther to the left. This
branch point gets fed back through the Padé ap-
proximant to the 77 element of A"**), producing

a singularity above the nw threshold that clearly
does not belong there. Although this could be a
very serious problem, we were able to live with
it. The phase shifts behave erratically in small
neighborhoods around the branch points. This
behavior was sensitive to small changes in pa-
rameters and could be averaged out. The com-
parison of the phase shift from different numbers
of channels aided in averaging. For our final set
of parameters, the effects of left-hand cuts were
negligible. The spurious 27-exchange left-hand
cut was negligible for all parameters we looked at.
We believe that this is due to suppression of the
2m-exchange graphs near ¢ ~4m,® as dictated by
the strong cancellations discussed in the introduc-
tion.

F. Expansion parameter

The definition of tree order and second order
was given in Eq. (2.5) in terms of an artificial
expansion parameter x. Is there a physical quan-
tity which enters only as a power series param-
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eter such as e?/7c in electrodynamics? The pa-
rameter 1/f.% serves this purpose. To clarify
what we mean, note that coupling constants can
be expressed in terms of masses and &:

mass? mass?
3 8~
£ £o
Hence for n-external-line S-matrix elements the

£, dependence (for fixed masses) of tree graphs
T is

T(r‘l) ~ l/gon-Z s

i~

and for one-loop graphs L(">,
m ~ 1/50" .

Since we renormalize at f,, we have
fr= @)Y g(1+0).

Hence these graphs are power series in 1/f, %
The parameter b is fixed by tree masses. What
about counterterm graphs K ™ 2 These contain
the quantities Z, and 6&; which are determined
through the procedure given above. Since we
demanded that the second-order part of physical
quantities be zero,

S(n):K(n) + L(n) =0 ,

then clearly K™ ~1/¢7.

In summary, since all counterterms are deter-
mined by demanding that second-order quantities
be zero, i.e., the defining equations are Zomogen-
eous in the ovder of \ (second ovder), our pertur-
bation series is a power series in 1/£,% (including
the first two terms). Since we renormalize at f,
and f ;< &,, this is a power series in 1/f 2.

VL. FIT TO EXPERIMENTAL QUANTITIES —
NUMERICAL RESULTS

In this section we present the results of our fit
to experimental quantities. There is a vast amount
of experimental data to compare with. In order to

clarify our method of determining parameters, we
first review and expand on all the input that goes
into this calculation that has been given earlier

in this paper.

A. Input

Table II summarizes the input. The Lagrangian
has six parameters. In lowest order these six
parameters can be expressed in terms of the six
quantities in Table II. In second order, there are
six counterterms corresponding to these parame-
ters. Five are determined by renormalizing at the
four pseudoscalar masses and at f,. This fixes
Zfz’ Zgy Zyy Zeyr Zc, and the combinations of Z; ,
and Z,, given in Eq. (5.3). We fix the final counter-
term, Z;, by renormalizing at a low-energy point
in the w7 amplitude to be discussed shortly.

The n and 7’ masses were given their experi-
mental values, the 7 mass its 7¥-7° central value.
The K mass, however, was taken above its central
K'—K°value (by 1%). As mentioned in Sec. II
and in more detail in paper I, it was pointed out
that although My determines b= £,/V2 &, in princi-
ple, a very large range in b leaves M, almost un-
changed (and happily at the physical K mass). The
value of My =502 MeV gives the tree value b
=-0.16 and thereby f./f, =(1-5/2)/(1+b)=1.28.
In paper I we had M, =495 MeV, 5=-0.25, f/f,
=1.5. As we will see, the choice of f,/f, in the
present paper gives a far better second-order cor-
rected value of f,/f, f,(0) and it is for this reason
we chose my as we did. Since we were aware of the
relation between b and m, in paper I, why did we
not choose it then as we do now? The reason lies
in the fact that the two-point function description
of the lower ¢ went haywire (¢ went below thresh-
old) for 5 =-0.16. The oft-mentioned cancellation
at low energies was not present in paper I.

In summary: my; was not chosen strictly as a
fixed input parameter, but was varied to improve
Sx/f.f+(0) at a cost of 1% in the K mass. Why not

TABLE II. Values of all input quantities used for fitting the model at the physical point,

m,=138.1 MeV
m,=548.8 MeV
my=958.1 MeV
mg =502.1 MeV

Deviates from experimental K*-K° central mass

to improve fg/f , (see text).

m(tree) =775 MeV

Chosen to give best I =1, 2 spectrum and S-wave

phase shifts.

f»=0.095,0.120 GeV

Two values presented. f =0.095 physical value

f+=0.120 chosen to reduce repulsion in exotic
! =0 channels.
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vary the other masses 1% also? From a pragmat-
ic view it would probably not buy us anything.

The physical value of f =0.095 GeV was used in
our fit. However, since f, determines the overall
strength of the forces, we show the effect of in-
creasing f,, i.e., reducing the strength. The ex-
otic /=0 channels show too much repulsion. We
show the cost of decreasing this repulsion on other
quantities. Finally this leaves m j(tree) which was
chosen to get the best overall picture in all the
scattering channels.

Table III lists the various parameters calculated
to the tree order resulting from the input described
above. The parameter g is close to -1, indicating
a nearly SU,XSU, Lagrangian, but since b is small,
SU, is a good symmetry of states.

This set of tree parameters is such that the mod-
el has Goldstone realizations of SU,xXSU, symme-
try. At the physical point £,=0.1385, as shown in
Table III. In the SU,XSU, limit obtained by taking
€, €0, £,~0.113. The analysis of this limit
with regard to the second-order effects will be
given in a later paper.

B. Second order— quantities independent of Z;,

Table IV lists calculated values to second order
of decay constants, symmetry-breaking parame-
ters, wave-function renormalization constants,
and renormalized propagators at momentum zero.
The quantities have the property in common that
they do not depend on Z,. The quantity fx/f, f,(0)
has the calculated value 1.34 compared to the ex-
perimental value [Eq. (5.23)] 1.27+0.03. Although
we could fit this better by decreasing b, it would
require more substantial changes in the K mass
than the 1% we allowed.

We can understand the size of corrections from
a simple a posteriori argument. All the quantities
in Table IV are proportional to a number e, which
characterizes the strength of loop corrections,
which we find to be

Lo 16n° f,°

(074 Py =400 MeV as shown in Sec. VI). If the quanti-
ty in question goes to zero in the SU,XSU, limit,
the corrections are suppressed by a factor e,.
Similarly, if the corrections go to zero in the SU,
limit, there is a suppression factor e;. The num-
bers e, and e, can be determined from tree solu-
tions in Table II. Noting that in the SU,xSU, limit
a=-1, we estimate

e, =(1+a)=0.1,
e, ~|b[=0.2.

0.1

We can shed some light on the meaning of e, by
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TABLE III. Quantities calculated to tree order. Those
in the first group are fixed by the pseudoscalar masses
and f; the second group depend also on the choice of
my(tree). e, and e3 are explained in the text. For
fr=0.095, set @ =1.

Quantities independent Order of
of m s(tree) f+=0.095¢ magnitude
1+a =1+ /N2 ¢ 0.0857 ey ~0.1
b=£N2 & -0.1600 €3 ~0.2
F/fr 1.286 1+ey~1.2
Sfen/fx 1.366 1+e;~1.2
Font/fr -0.335 ey ~0.2
6p —2.74°
My, (GeV) 0.966
m, (GeV) 1.068.
€ (GeV?) —0.025 88
& (GeV) 0.1385a
2 —-6.918a~2
g (GeV) 1.575a~
Quantities dependent
on m(tree) fr=0.095¢
my (GeV) 1.254
O 39.7°
p? -0.1499
fi —4.668x 7
noting
m?2 m
1+a :.LE.__IL._z. ~—T 0.1

The exact equality follows from Eq. (2.9) and the
SU, limit of Eq. (2.9). Note then that
P 2
esey, :1_61? ;lf ~0.01,

which is the order of magnitude expected for cor-
rections to quantities close to the SU,xSU, limit.

The corrections estimated from these considera-
tions are shown in Table IV, where we see order
of magnitude agreement. The last four entries
have suppression factors of m;?/m 2. This follows
by noting

m2

1+€L6((S—mi2)/msz)] s$=0

m;2D®(0) =(s-mi [

since M sets the scale of the dispersion integral
in the propagator. Our simple argument does not
work for the last entry in Table IV. The extrapo-
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TABLE IV, Quantities calculated to second order. These are all independent of the value of
Z;,. The quantity 6(Ce¢yZ ) is the correction to the quantity that appears in £55. We used
C=Z,. The order of magnitude of corrections is estimated from e;, e;, and ¢; as described in

the text. For f,=0.095, set a =1,

Order of
magnitude
fr=0.095a (@=1)
ba —0.000 960 2 (1 +a)eze =0.001
&b —0.0243a 2 bey =0.02
§(fy/f ) 0.0227a: 72 ese; =0.02
8(Fan/fr) 0.02190 72 eger, =0.02
8(fan'/f ) —0.0398c:72 eze; =0,02
8(CeZ ) —0.00030a ™! €gezer, =0.0005
5&, 0.00423a~! §oey =0.01
f.0) -1 ~0.0221a 2 ege;, =0.02
fi/fuf+ ) 1.286+0.051a 2
z 1 -0.167a ™2 e, =0.1
Zx/Z N =1 0.006a 2 eser =0.02
wrerena (SR (3n)
-mDE(0) -1 0.0019a 2 eym,’/mgt=0,002
—my*DE0) -1 0.0185a™2 epmy’/mgt=0.02
-m,IDE(0) -1 0.0244a™? egrmy?/ms?=0.02
~m DR (0) =1 0.0238a2 egm’t/mgt =0.07

lation of the n’ propagator is much closer to a
pole extrapolation than one should have expected.

C. S-wave phase shifts

The S-wave phase shifts are given in Figs. 4-17.
Those channels that have scalar nonet poles have
rising-phase-shift behavior. The exotic channels
are all repulsive—characterized by negative phase
shifts.

Figure 4 shows the behavior of the 7w S-wave
amplitude in the low-energy region. We have
chosen Z;, such that ReS4Z3 (E=2.2m,)=0. Note
S8 is very small and has four zeros in this region.
S,2 is an order of magnitude smaller. We have
also given the sum of all box graphs to show the
supression of the cusp effect at threshold when all
second-order graphs are added together. This
supression is 2 to 3 orders of magnitude. The
tree graph result is also plotted along with the
Weinberg'® linear amplitude.

Considerable attention was paid to the 7=0, [=0
phase shifts. Figure 5 illustrates the features seen
in this channel. In the region near threshold, the
phase shifts for the coupled channel problem ap-

proach the single-channel result. We attribute

this to the fact that chiral symmetry governs the
behavior in this region in a model-independent way.
The single-channel phase shift contains an artifact
of the approximation. In the notation of Sec. VE
the single-channel Padé form is

A,=T?*/(T-S9).

Since T has two poles (0, 0’), it has a zero between
them. Hence A, must have the same zero, which
accounts for its passage through 180°,

Where is the 0’? We attribute the rising be-
havior of the K K phase shift to the existence of
that state much like the o occurring in 77. This
state can be brought near the KK threshold, giving
the rapid rise to the n7 phase shift much like the
experimental situation described by Refs. 19 and
20. However, this is at the cost of destroying
everything else.?! The wiggle in the three-channel
phase shifts between 1150 and 1300 MeV is not the
o’/. It is a structure that results from repulsion
in the nn channel.

The deviation of two channel and three channel
in the 7 case between 550 and 750 MeV we at-
tribute to a spurious left-hand cut arising from the



7m channel. As we searched over a range of pa-
rameters, we found deviations in this region some-
times nonexistent and sometimes wild.

Figure 6 gives our predicted phase shifts for
two values of f,. It was not possible to adjust
parameters through reasonable values to get 6
through 90° at E = 850-—which would have given
a better fit. The inelasticity  in the 77 phase
shifts vary from 1 to 0.9 above the KK threshold,
but since our ¢’ is not near a threshold (such as
the $*) 7 is not very interesting.

S-wave scattering lengths, af, in units of m, ",
are given in Table V for 77. They are defined

at=m,_lim (6/k) (k=c.m. momentum).
k=0
The corrections to the I =0, 2 scattering lengths
are small, ~1%, as discussed earlier and shown
in Fig. 4.

Next consider 77 I =2 in Fig. 6. The phase shift
reapidly falls away from the experimental points,2?:23
The repulsion is clearly too strong. In this ap-
proximation strong attraction can make bound
states or resonances (which are acceptable) but
strong repulsion can give rise to phase shifts
that fall rapidly through -90° given poles on the
physical sheet (which are not acceptable). It is
reasonable to believe that in a better approximation
the phase shift would not drop as rapidly through
-90° but would probably still give too much re-
pulsion to compare favorably with experiment.
This repulsion can be decreased by increasing f,
as the dashed curve shows in Fig. 6. However,
this has limited effect and further steepens 5J.

The scalar 7y couples to 71 and KK. The mass
and width obtained from the coupled-channel phase
shift was m, =840 MeV, I, =50 MeV. These
are to be compared to the experimental mass of
960 MeV and width of about 30 MeV.

Figure 7 gives the ] =4 and £ phase shifts. The
shaded band above 800 MeV in this figure contains
most of the experimental points and was taken from
the compilations by Fox and Griss.?* The shaded
region below 800 MeV was taken from a threshold
analysis by the same authors. We can estimate the
« pole position from the energy corresponding to
the most rapid variation of §,' which for f, =0.095
gives M, ~800, I",~200. The I =3 channel, like
I =2, suffers from too much repulsion in com~
parison to the phase-shift analysis of Ref. 25.
These are pure 27 channels and this behavior
shows up there in the SU; limit. The 7K scatter-
ing lengths are given in Table V.

D. P- and D-wave spectrum

One common feature of models of this type!! is
that the dynamically produced P- and D-wave

10 MESON DYNAMICS IN THE SU, X SU; ¢ MODEL

4159
2.0 T T T T-70
I=0 /‘,4’"”'
1.0 e T
0.0 // \_//\
ok \
- -2.0f 7
L -1
o -30 —- Tree x 10 -
2™ order
wme Box x 1072
-40- Weinberg x 10-! 7
~5.0- 7
.o
e T ~ -
-8.01- e 7
{ 1 l | 1
00 10 20 30 40 50 60
s/mé
2.0 AN T T I I
\\ I=2
1.OF \ 7
\\
0.0 \\ /l’"‘\
\ \
- 1.0 \
\
A\
- =2.0 \\ 7
L —)
) R =]
-3.0k “x, \/ -
A
A\
B
40 \\ N
A
"\
-5.0f - Tree N\ -
———- (2nd order) x10 "\
- Box x 1072 =\
80— ... Weinberg
| | 1 | {

00 10 20 30 40 50 60
s/m,,2

FIG. 4. mn I=0,2, I =0 amplitudes in low-energy
region. We renormalized the I =0 amplitude at E =2.2 m,.
The linear Weinberg!® amplitudes are given. Curves
labeled ‘“box” are the sum of all box graphs. Note the
scale factors for the various functions, f,=0.095 GeV,

states have very small widths. Our model is no
exception. For this reason we do not give the
phase shifts. The existence or nonexistence of
states is a measure of the force in these channels
which we report here. Table VI gives our results.
The P wave seems to be in line with the considera-
tions of the Born terms described in Sec. IV. That
is, the 8¢ is resonating and the 10 is not. There
can only be one state in the w, ¢ channel in this ap-
proximation which we call ¢,. All the states go to
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(mw, KK, n79)
(rm, KK )
CHANNEL

160

(rm)

140
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E (GeV)
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FIG. 5. I=0, [=0, 7w, and KK phase shifts for 1, 2, and 3 coupled-channel calculation. The parameters are fixed

as given in Table II, f,=0.095 GeV.

higher energy as f, is increased as expected. The
SU, mass splitting is small. For those channels
that are coupled p ~(n7,KK), K*~(nK,nK), the
single~channel result p ~(77), K* ~(7K) gave sig-
nificantly different masses from those coupled-
channel cases. Since SU, is clearly a good sym-
metry for P waves one must at least include all
the channels that become degenerate in the exact
SU, limit in order to get reliable masses.

The results for D waves are given also in Table
VI. Here we see that there are exotic states gen-
erated for which there are no known resonances.
The SU, content of these states is traced out in the
next section. The upshot is that the lowest of the
f,A,, K* belong to an octet. This is followed by
the 27, and finally the singlet is the highest.

E. Checks

We conclude this section with a list of checks we
carried out on this calculation in order to reassure
the reader who has gotten this far.

(i) The calculation of paper I was reprogrammed
in a systematic fashion and agreed with paper L

(ii) Generalized Bose symmetry was checked
for all full amplitudes {(not partial waves).

(iii) Adler zeros were verified for all amplitudes
for each external line momentum P -0.

(iv) The two-point function Ward identity (3.14)
was checked.

180

—— fx=0.095 GeV

160
fx = 0.120 GeV

140

120

____________

¢

100

(deg)

7z
éi% f

o
o

80 {}%’
V4

3

60

- 20
- 40

- 60

(deg)

- 80

L)

-100
-120
-140

-160

1 | 1 1 | 1 1 | |

-18od
03 04 05 06 07 08 09 LO LI

1.2 13

E (GeV)

FIG. 6. 7w I =0, I=0,2 phase shifts. For I=0, the
dots are taken from Ref. 19, the crosses from Ref. 20.
For I =2, the dots are taken from Ref. 22, the triangles
from Ref. 23.
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TABLE V. Scattering lengths a} in units of m,™'. v=(1/167) (m./f )%, B
B=0.784. The entries use f,=0.095 GeV, The column labeled “order of magmtude” is to be compared to the second-
order column. e, and e; are defined in the text.

= +m/myg) .
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For f,=0.095, y=0.042,

Order of
magnitude for

Weinberg Tree Second order second order Padé approximant
™
I=0 0.147(3.57) 0.168(4.0y) 0.001(0.71v?) ay’eqer =0.0017 0.169
I=2 —0.042(—1y) —0.041(—0.97y) 0.0005(0.32y2) ay’ese; =0.0004 —0.040
TK
I=1 0.132(4.0vB) 0.160(4.85v8) 0.029(20.7y%B) ayle; =0.016 0.195
I=3 0.066(—2.0yB) 0.054(—1.6378) —0.004(—3.0y?%8) a,’e; =0.005 —0.057

(v) The four-point function Ward identity (3.19)
and Eq. (3.22) for the n7-nm and KK -K K ampli-
tudes were checked.

(vi) Coupled channel unitarity for partial waves
was checked.

(vii) The program was truncated to give the SU,
model as described in Ref. 13.

(viii) Invariance of all results on the cutoff mass
v?2 described in Sec. V was checked.

(ix) We checked that the sum of partial waves
for 1=0, 1,2 approached the full amplitude.

Checks (ii), (iii), and (v) are good checks on the
real part of the amplitude; (iii) and (iv) are good
checks on the proper handling of the nn’ mixing;
(vi) checks the imaginary part.

VIL SU, LIMIT

In this section we give the results of passing
to the SU, limit. We take the limit in the following

way?®:

fufan& B &
and
Zfl’ Zfzy Zg, Zu’ C

fixed at a physical point (€, -—0) This leaves open
the determination of Zeo, Ze o OF) equivalently,
d¢€,, O€,. We felt it was desirable to continue to
renormalize at the 7 and K masses and hence the
mass renormalization conditions give two equa-
tions for Zeo and Z68 as functions of €;. One could
argue that we should hold Zeo fixed as we pass to
the SU, limit. This would require that we relax a
mass renormalization condition and in the SU,
limit the P, mass would have second-order cor-
rections. The P,-P, threshold would be in the
wrong place.

The limit approachad this way is a normal limit,

meaning £, 0£, 0e,~0. Table VII gives the re-
sults for many of the quantities of interest. Note
that the corrections are all about 10%. Our esti-
mate that they are proportional to e, checks out.
The near degeneracy of Mso and Ms8 is accidental.
Note that f,,g (=fg=fr=fn) and M, have second-
order corrections since we relaxed these renor-
malization conditions in this limit. The S-wave
phase shifts are shown in Fig. 8. The 27 is strong-
ly repulsive as surmised earlier. It is clear that
any future refinements of this model would have
to be directed at this excessive repulsion.

Figure 9 is given to untangle the SU, content of
the dynamically generated P- and D-wave states.
Also shown is the pseudoscalar nonet. The p,
K*, ¢, states found at the physical point go to the
vector octet mass in the SU, limit. Hence there
is no ambiguity as to the SU, content of these

—— fq = 0.095 GeV
| ——— fy = 0.120 GeV |
° 120 B
E7)
=
-0 B8O
(2]
“T SRR
0
—~ -40
o
E)
2
"w o -80
@«
-120
| | 1 | 1 L \ . l

0.7 0.8 0.9 1.0
E (GeVv)

FIG. 7. mK 1=0, I=1, % phase shifts. The shaded
band represents the experimental points?! (see text).
The dots are I = data points from Ref. 25.
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TABLE VI, P- and D-wave spectrum, The column “channels” indicates which channels were coupled together in the
matrix Padé amplitude. Masses obtained from a reduced number of coupled channels are given in parentheses. We
underline the mass values for the physical value of f,. States with the same quantum numbers are separated by a

slash (/).
Coupled
Experiment fr=0.095 fr=0.120 channels
JE=1"

I1¢=1"(p) 770 885 1060 mm, KK only 1 state found

(645) (810) (rm)
I%=0"(¢g) 784/1019 910 1033 KK only 1 state possible
I=3Y=1(K*) 892 936 1043 TK , nK only 1 state found

(520) (680) (TK)
16=1" repulsive KK
I1=3,7=1 repulsive K Pure 10
I1=0,Y=2 repulsive KK

JP =9+

IC=0"(f,f") 1270/1516 1170/1682/1735 1200/1850/1930 mn, KK, nn

(1210/1690) (1270/1920) (rm, KK)

(1340) (1485) ()
I6=17(4,) 1310 1330/1660 1360/1835 mn, KK

(1470) (1580) (mn)
I=1,Y =1(K*¥) 1421 1110/1710 (1120/1865) 7K, nK

(1130) (1155) (TK)
IG=2* 1680 1900 e
I=3,v=1 1605 1800 TK Pure 27
I=1,Y=2 1692 1865 KK

states—certainly no 10, _1__6 mixing, which does not
resonate. This is in line with the arguments of
force strength based on the tree graphs in Sec. IV.
It is interesting that the SU, splitting of the vec-
tor octet is small. These states are generated
dynamically in channels with wildly different
thresholds. This is to say that the splitting is
probably due to the coupling constants that have
symmetry breaking of the order of magnitude of
b =-0.16 rather than the pseudoscalar masses.
The vector octet further exhibits octet dominance
of the mass splitting for small values of €; as it
must. For €;=0.3¢€,(physical), the Gell-Mann~-

Okubo mass-squared formula is very well satisfied.
For €, = €,(physical) the 27 term in the mass break-

is clearly important.

For the D wave, the SU, assignments of particle
states are confused. Note that in the SU, limit
the states are ordered 8, 27, 1 for increasing

mass. This is the reverse order from that esti-
mated from the tree graphs of Sec. IV. The sin-
glet-27 mixing is presumably strong. We cannot
associate our SU, singlet with the f’ since it occurs
above the isosinglet member of the 27. Again
there is octet dominance of the mass splitting for
small €. The ordering of states in mass in the 27
follows the formula /(/+1) — 5 Y2 for small €,.

VII. CONCLUSION

It is appropriate in light of this lengthy calcula-
tion to review the strengths and weaknesses of
this model and the one-loop approximation. The
starting point is a Lagrangian based on SU, cur-
rent algebra, operator PCAC, and renormaliz-
ability depending on six parameters. Renormal-
ization generates no new parameters. Without
the above principles, the number of parameters
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TABLE VII. SU; limit obtained by taking the physical
fit (f,=0.095) and turning off €g. The quantity C is held
fixed at C=Z, (physical point). The order-of-magnitude
estimate for all of these corrections is e¢; =0.1.

Tree Second order
€y (GeV?) —0.025 88
6(CZ, &) (GeV’) 0.004 36
& (GeV) 0.1457
8¢, (GeV) -0.0155
fp, GeV) 0.1190
6fp, (GeV) ~0.0169
Mp, (GeV) 0.4214
Mp, (GeV) 0.9863
6Mp, (GeV) 0.1476
Mg, (GeV) 1.049
Mg, (GeV) 1.048
Zp,? -1 —0.1411
zZp 121 -0.0963

0

in a calculation of this type could be prohibitive.
The model is able to fit the pseudoscalar nonet
and predict non-negative scalar masses (in fact
moderately high)—two nontrivial results. Cur-
rent-algebra results are built in the tree graphs.
If we employ smoothness assumptions, correc-
tions to low-energy parameters can be expected
to be small and indeed are found to be. These
parameters include decay constants, wave-func-
tion renormalization constants, symmetry-break-

I
200—P°°

160 |- -1

120 —

-120

-160

09 10 LI L2 L3 L4 15 16 17
E (GeV)

FIG. 8. S-wave phase shifts in the SUj limit corre-
sponding to the parameters in Table VII.
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ing parameters, and scattering lengths. These

quantities are very well determined by the one-

loop approximation and there is good agreement
with experiment where data are presently avail-
able.

Of the six parameters in the Lagrangian, five
can be determined in terms of m,, myg, my, Wy,
and f,, leaving one—m,—to be chosen to fit every-
thing else, i.e., phase shifts. (For /=0, 1,2 there
are 28 channels.) Within the limitations of our
fit, we feel we have been successful in verifying
the attractive idea that the pion decay constant,
probed by the leptonic current, provides a good
measure of the strength of the interactions nec-

JPe 2+ singlet

Mass (GeV)

o
)
T
|

o
)
1

JP= 0~ octet —

o
(3
T
1

0.2

T
|

0.1

—

0 1 1 1 |
° 02 04 06 08 10

€g/ €g (physical)

FIG. 9. Spectrum of states as a function of SU;-
symmetry breaking. The parameter €g is in fact C€g Zes»
the full octet symmetry-breaking term in the Lagrangian.
The masses of the scalar nonet are not given since they
are poorly defined resonances (with the exception of the

).
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essary to form resonances in purely strong-inter-
action processes.

It seems unlikely to us that all the shortcomings
in the fit can be attributed to the approximation.
The SU, 27 representation shows up with too much
repulsion in S waves, and too much attraction in
D waves, the former being more serious since
we expect a higher reliability for S waves. We
could not get the S* effect in the 77 phase shift,
but this is because our ¢’ is several hundred MeV
too high. The « is showing up too low. All these
difficulties are tied to the fit at the tree order,
and if a solution to these problems exists it can
probably be discovered there.

While it is rather unlikely that such a simple
model can account for the full dynamics in strong
interaction, we have nonetheless demonstrated
that a dynamical model encompassing those in-
teresting theoretical features unified by Gell-
Mann, Oakes, and Renner® can give a realistic
dynamics beyond the low-energy region. In ad-
dition to providing a means to calculate correction
in the low-energy region, this model can serve
as a testing ground for some of the conjectures
which have been accepted as reasonable but other-
wise unchecked.?’

The threshold dominance model®® suggests that
the nonanalytic behavior in the chiral symmetry
limits can be used to isolate the leading correc-
tions to low-energy theorems in a model-indepen-
dent manner. Our perturbation calculation which
does not require the expansion of the symmetry-
breaking parameter € and is correct to all order
in € can be used to test such an assumption. While
the nonanalytic term may dominate at sufficiently
small €, at the physical point the analytic depen-
dence in € in the tree order cannot be ignored in
comparison with the nonanalytic terms in the
second order. Tables III and IV clearly demon-
strate these effects. In addition, our calculation
has a natural chiral-invariant cutoff mass from
the scalar meson which is approximately half of
the 2My used in Ref. 28. The meson form factor
f+(0) is cutoff independent and has no €, dependence
in tree order. Our value f,(0)=0.978 agrees with
the threshold dominance model.?® The disagree-
ment on other quantities such as f/f, can be
traced to the sizable contributions from the ¢,
term in the tree order together with the difference
in the cutoff mass. Further study of this model
may help to provide a better understanding of
model-independent consequences of chiral sym-
metry.
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APPENDIX A: SECOND-ORDER FEYNMAN GRAPHS

The box and triangle graphs were needed in this
calculation for general values of all internal and
external masses. However, none of the graphs
needed in this calculation have anomalous thresh-
olds. Hence they could be evaluated as dispersion
integrals over the normal threshold discontinuity
function. We have found a new form of this func-
tion for the general mass case which simplifies
the evaluation of these graphs. In this appendix
we give a procedure to evaluate the box graph
and outline the steps to relate our discontinuity
function to the form originally found by Mandel-
stam.*®

1. Box graph

The variables defining the box graph A(s, ¢,
m; %, m;;°) are defined in Fig. 10. A is defined

A=i é—Z%(ﬁ [(q; +k)2 = m; +ie])—1 . (A

i=1

A is invariant under the replacement ¢} — g¥ + &*
for arbitrary 2. We use this freedom to put ¢;
on their respective internal mass shells. Our
conventions are summarized as follows:

q,-4q, d93 ~dz
(a) a,tk
s — q|+k q3+k
qtk
q,-4q, 9,-q3
tt
(b) 93792

s —» q3+k

44 — 493

FIG. 10. Definition of variables for box and triangle
graphs used in Appendix A.



q; 2= m; 2 =(internal mass)?,
external mass®=m;%=(q; - q;)°
[()=(12),(23), 34), (41)], (A2)
s=(4,~-4.)°,
t=(q,-4y)° .
Define the matrix of invariants
Yij=-qi"q; . (A3)

The Y;; are related to the variables (A2) as fol-
lows:

Yii=—-m?,

Yiy=30mi;® —m® —m;®) [(i5)=(12), (23), (34), (41)],
Yy =3 (s -m® -mp?) , (A4)
Y13=%(t_m12 _m32)

Writing the box graph A in terms of the s-channel
discontinuity A,
ds’ A
A= [ S Sl (a5)

m2+m

the discontinuity function can be written

Asls, 1) = 641r(llYI)”2 n llil’? |l-+§-|1Y8§§§]):1Yl|f)ll)/12/2’
(A6)
where
| Y| =det(Y),
Y, Y, Y,
|v{y|=det| v, Y, Y | , (A7)

s
IS
N

g'*i
§’<

| {33 | = det

Ry
£*<

4
J

pl.ql oo pl-q4

p4-q1 ) p4-q
and

pl.ql e o pl.qa
A{;a.q1 cee Ps"l

Equations (A9) are established by going to the
s-channel c.m. frame and taking advantage of the
invariance in these expressions under the replace-
ment

P{~P{+AP, +BP; +CP} .
Plugging (A9) into (A6) gives Mandelstam’s re-
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The notation | Y (,, 7. .'))l means the determinant of
the matrix obtained from Y by deleting the (¢,5 -+ )
rows and (k,Z---) columns of the matrix Y.
Considerable care is in order in evaluating (A5)
and (A6) for general s, t, m;;%, and m,;® because
of the complicated singularity structure of the
box graph. The importance of the form (A6) lies
in the fact that the singularity structure of the
box graph has been analyzed in the literature®
in terms of the variables that occur in Eq. (A6).
To see this we make use of the following identity

to eliminate |Y{3|:

Y@= 1vByE-1vE3] ] (A8)

The vanishing of these determinants that now occur
give rise to singularities in the box graph and, in
fact, have names®'

|Y|=0 “box singularity,”
l¥{I=0

|Y{i3|=0 “normal threshold.”

“triangle singularity,”

Figure 2.4.4 of Ref. 31 gives a plot of these sin-
gularities and is immensely useful in using Eq.
(A6).

The derivation of (A6) is lengthy and will not be
given here. Rather we will establish a corre-
spondence between our form and that of Mandel-
stam.®® The discontinuity formula is his Eq. (3.21).
The correspondence is

=20 20 20, 2(52 2 2
| Y|=w?q,%q,°q; *(2° +2{,° +2{;" = 1-22z{,21,) ,

f ((;;I"w qeqoqtz(z"z;ezto) (AQ)
Y8 l=-a:

The right-hand sides of Eq. (A9) are the variables

in the notation of Ref. 30. These identities may

be easily established by making use of a trick

used by Kibble.*® Using the expressicns for the

determinants

1 Qa0 [ ByByqBagB
l=242 € ju1DiPI2PRS 1* € a,a 0, €8, 8,848, 90 95 29c39a* €avea
4

(A10)

1 a o
_1 i 8, 8,8
> €y DT T2DES €aj o, ann €518, 8, 9a1qp29c3 €ape »

—

sults up to a factor of 4. (The discrepancy is due
to an error in Mandelstam’s expression.)

2. Triangle graph

The triangle graph is a simple limit of the box
graph which we give here. A more conventional
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form for the triangle graph is given in Appendix B
on partial-wave analyses for those readers who do
not find this form transparent.

The triangle graph 7(s) defined by the variables
in Fig. 10 is a simple limit of the box graph. The
s discontinuity T’ is given in terms of A [Eq.
(A6)] by the relation

Te=- lm (mz2A)) . (A11)
my

In this limit

IYI"%ml‘l(Y'I ’

Y@ l~=tm Y31, (a12)
v =1y,
where
01 1 1
— 1Y, Y, Y, &13)
1Y, Y, Y,
1Y, Y, Y,

T itself can be evaluated through a dispersion in-
tegral over T as in Eq. (A5).

We also need the triangle graph in which one leg
is a vector current. Choosing the (2, 4) leg for
the current, we define

bej d‘k 2" +q," +2R"
) @ T (@ + P —my® rie]
The standard form factors are defined
TH=(q, +4, - 24,)" T(sy +(44— @) T(-y . (A15)

T(+) and Ty also satisfy unsubtracted dispersion
relations [Eq. (A5)]. We give their discontinuities
Tss Tioyst

T

(A14)

Teyom= 1y UT@IT, 43 - (YO 1
(A16)
T(-)s is given through the relation
(m? —=my®)Ts=(myy® —my,®) Ty +5T(oys - (ALT)

The latter equations can be derived from Eq. (A14)
by evaluating (g, — ¢,), T" and taking the imaginary
part.

APPENDIX B: PARTIAL-WAVE PROJECTIONS

The s-channel partial-wave projections are de-
fined for the scattering a +b-c+d as

a(s)=1 ]_” dzA(s, 1) Py(2) , (B1)

where z =cosf, 6 being the scattering angle be-

tween a@ and c¢ in the ¢.m. frame. Equation (B1)
is converted to the Froissart-Gribov form by
writing A(s, t) as a fixed-s dispersion relation
and performing the integration over z. We first
evaluate Eq. (B1) for all the cases of interest in
subsection 1, and then give the dispersion rela-
tions in subsection 2.

1. Pole terms

We need the partial-wave projections of pole
terms in ¢ for lowest-order graphs and from the
dispersion denominators in second order.

For future reference we define the c.m. mo-
mentum

2 2 2 2 _ ., 2)27|1/2
pls,m2, ) = | =28l o) " =Y |

(B2)
and z =cosb,

2 2 2 2
AL, s,mq %,y 2, %, my )

2 2 2 2y -
z(t’s,ma ) Ty =y M ™~y Ty )"

(B3)
AL, s, me 2, my, %, m. %, my?)
‘—'%[t—mbz —-my®
+(1/28) (s +mp % =my %) (s —my® =m,?)]. (B4)

For the purpose of these projections we shorten
the notation to

bi=p(s,me?,m?%) ,

Dy =p(s,m.?,m%) ,

2y =2(t, 8, my %, m, %, m. %, my?) (B5)
Ay =A(2, s,m5%,my %, m %, my®)
2e =N /Pi by

The basic integral needed is

N +1 1 _ 1 ]_ 1
zf_l dzP,(z)oz_t _[oz—t TS Qu(242).
(B6)

There are computational advantages in defining
a new function

s

o, ayol 1
0Pz, 0) =5 Gio™ Qi(2) , (BTa)
-3 27 Qua)] (BT)

For values of z of interest, 2% is real. For real
22, Re©? is even in z and Im6'? is odd in z. We
also need

(1) - 1‘. 1 .fd.._
01" (2,4)= 7 Bip)™E & Q(2) . (B8)

P(S,maz’ ny z)p(s;mc 2, mdz) ’
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In summary,

[-071-7} 7 =(p’:pf)l e(IO) (302, AOZ) 3
1 1 (1) (B9)
‘:(0'2—_23_2-} '=_(p‘pf) (S} (2029 Aoz) .

The other forms needed are related to these by
partial fractions, which include

e e
02—t mi-tl,;

[ 1 1 1 l’ (B10)

02—t m2—t n?:~t

{_1__ _1_}
o2t (mz—t)2 1.
2. Dispersion relations

The groups of graphs indicated in Fig. 3 are
treated individually below.

(a) The group labeled a, in Fig. 3 involves the
bubble graph. This can be evaluated analytically
as is done in Ref. 5, Appendix B. However, a
dispersion form in ¢ is needs for the s-channel
partial-wave projections which we give here. Re-
ferring to Fig. 11 and Eq. (5.2) we have

B (t;m®,my?) = B(t;m,®, m,”) = Bo(v?) ,
B(t;m,*,m,?) =B (0;m,*, m,”)
1 ° 1 1
- ar (-1 _ L1
87T2 (”'1+m2)2 g <tl"t tl>

bty m?, m?)
x t/ )
(B11)

where

B(0,m,? m,?)

1 mm, m+my? m,
_16n2<1 - —1-m12_m221nm1>. (B12)

The group @, in Fig. 3 involve the triangle graph
T(t). The dispersion relation for the triangle is
given in Appendix A. We translate it into con-
ventional variables here. Referring to the labels
in Fig. 11, we find

1 f“’ 1 RS
= — At — 0
IO == G S @ W=7 77 %0 @A)
(B13)
where
P=p(t',m 2 m22)
19 s (B14)
z =z(mg, t',m,?, my?,my ?,m.®) .

The form factors for the triangle contributions to

(a)

m m2 tt
a c
(b) ms
m, mp tt
a c
(c) mg
s— m m3 tt
mg
b d
a c a c
mp m2
(d)
™ m3 u
s —> tt — m mz tt
mg my
b d d b

FIG. 11. Feynman graph labels used in Appendix B.

the vector current as defined in Appendix A are
also given in this form:

___1r ar _ p* o
B0~ g ), ror i N, (B19)
(mc2 — 1y 2) T(‘+)(t) +t 7E-)(t)
= (7”22 "7”12) T(t) +B (m, % m127 ’”32)
- E (chz;mzz, m32) ’ (Bls)

where B is the bubble graph of Eq. (B11).
The box graph as given in Appendix A is given
here as a fixed-s dispersion relation,

Tt As, )

A(s, t)=
(5 ) (m1+m3)2 T t,—t ’
(B17)
o1 ReATEICIP el AN
At(syt)_ 641T|Y|l/2 In lYéigl—[—lYEggl IYI]I/Z'

Note that the internal masses in Fig. 11 are labeled
the same as Appendix A. The external mass labels
correspond as follows:

(12) ~a, (23)-~c, (34)=~d, (41)-D.
(b) The group of graphs in Fig. 3(b) are simply
obtained from group (a) in Fig. 3 by
al(s)lgroupb :(_)Ial(s)lgmupa . (B18)

(¢) The group in Fig. 3(c) are pure S -wave
graphs.

(d) The final graph is shown in Fig. 3(d). The
labels are given in Fig. 11 together with the same
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TABLE VIII. Block diagonalization of Pgx Pg into Y, G, and I. For partial waves, the
even (odd) exchange symmetry go with even (odd) ¢{. For full amplitudes, they must be sym-
metrized or antisymmetrized in applying these forms. The matrices are symmetric,

Y G I Symmetry T KK M
T [3Aq — 44

0 1 0 even KE| 2V3 Ay 4A 65 +4 A7 +Aysss
N0 \V3 Ay 2A g Agans
mr [ 24

0 11 odd KI—(—< 23 A 1245 2A 505 = 2 Assen >

0 1 2 even TT(2A919)

0 -1 o0 odd KK (2 As45+2 Agsgr)
T 2A

0 1 1 even KI% (2\/—21—821846 4A4657+2A4545>

0 -1 1 odd T (2Ags)

) s TK <2A1414+4A1425 >
K \ 2V3 Agy, 2 A48

1 3 TK @A 414 — 2A1495)

9 0 odd KK (2 A 947 —Agsas +2A4567)

2 1 even KK (2 Aysy5)

graph in its planar form to aid in the identification
of the variables Y;;. The Y;; are given in Eq.
(A4) with the exception of Y,,, which is
Y,, =% (u-mz —m
e =2 (u—m, ) (B19)
S+t+u=Z=m % +my? +m,? +my?

The external-mass labels of Appendix A corre-
spond to the present labels as follows:

(12)~a, (23)~c, (34)~b, (41)—~d.

)

We need the box graph A(«, t) as a fixed-s dis-
persion relation where we adhere to the convention
that the first argument () is the variable with the
(2, 4) intermediate state and the second variable
(¢) with the (1, 3) intermediate state:

dtt AJu(t), Loar A, fu(t), ']
A(u,t)=[ _n_ t[(;; ]_] “uer () 4,
R

¢ - e T -t
(B20)
The integrations are at fixed s; hence
u(t)==t'-s+2,
tp=2Z -5 = (m,+m,)* (B21)

tg =(m, +m3)2 .

The discontinuities A; and A, are given by Eq.
(B17) and Eq. (A6), respectively, with the under-
standing that Y,, is modified by Eq. (B19).

APPENDIX C: INTERNAL-SYMMETRY PROJECTIONS

The projection operators for diagonalizing the
amplitudes into Y, I, and G parity and in the SU,
limit in terms of SU, representations are given
here.

(i) Y, I, G. The projection operators P{:L%
are properly normalized:

Py riPriymn=Pijmn -
mow;(6,j=1,2,3):
‘#'0-'?'-’13)1 = % 5‘1 Giljl B
PO 25,8, +0;, 0 ,0) = PO

(0,1,+) _ 1
P =2 €jn€irjn

K;K,;(i,j=4,5,6,17):
3
(0,1,4) _
plo1H - Z diynlyrjog
k=1
P(O'0’+)=é5{15i’1' ,
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plE20) __(5”,5”, +8, 400 440) = plo+) _ plo,0.4)

plo.1,+ =i: FisaFirym
k=1

s

plo.o.-) _"fijs Ffir g
plEzD) :5(5”, 5”_, - 5”, 5,1') —ploo.-) _ plo4

TK, (6=1,...,3;5=4,...,7:

4
pleni/2) =4 Z dijudyr

k=1

plt1,3/2) =6,,16,, — p(£11/2)
JJ

For elastic scattering, the diagonalized ampli-
tudes can be found from

3 Y,1,G) p(¥,I,G
Aijkl= E Al )Puu ) .
IYG

The Ay;,; must be symmetrized as antisymme-
trized—for partial waves, this is automatic. For
m; 1; K, K; we can-use the tensors (not projection

operators)

=575 0i,0ip0,

(0,1,4) —
T ) \/—— €‘jk€¢111k .

The expansion tensors involving 1 are easily
written down. Table VIII gives the diagonalized
amplitudes expressed in terms of the A, ;.

(1) SU; limit. These operators, normalized
as above, are

1 =L
P‘j,iljl—abijﬁiljl s
8 3 .
Pt dyydig
: R=1
{ 1 8
—‘é‘(é ,6j1y+6“,5ji,)—P - P°s

8
PS":%Z SijeFirgm s

k=1

PUOtIO _4(6,,, 8, =0, 0,) = Poa .
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We explore the freedom of choosing subtraction points in the renormalizable o model of 7 and o.
Phase shifts are computed from Padé approximants in the one-loop approximation. Comparisons are
made with a previous calculation and an SU; o-model calculation. The phase of the scalar form factor

of the pion is presented.

I. INTRODUCTION

In the preceding paper' (referred to as paper II)
we described a calculation of phase shifts for the
SU, 0 model in the one-loop approximation. In this
paper we do the same for a much simpler model—
the SU, 0 model.? Since a similar calculation has
been done before by Basdevant and Lee® (referred
to as BL) we need to justify doing it again. This
paper differs from BL in the manner by which fi-
nite parts of renormalization counterterms are
chosen. We describe a freedom in the renormal-
ization procedure that is not discussed in BL. We
advocate adopting a procedure in which perturba-
tion theory is a power series in a physical quantity
with a known value—in this case 1/f,?—and in
which all subtractions are at physically measur-
able quantities. The procedure in this paper is the
direct analog of that in our paper IIL. Hence, in ad-
dition to exploring the renormalization freedom,
this paper gives a direct comparison between these
two models treated on the same footing and in the
light of up-to-date phase-shift data that is substan-
tially different from that used in Ref. 3.

The freedom we refer to can best be described
by considering the hypothetical situation in which
the o particle is stable. Then a very natural re-
normalization procedure suggests itself. Since
there are three parameters in the model, three
guantities can be chosen to be fixed constants to
all orders in perturbation theory-—a natural set
being m,, m, and the perturbation expansion pa-

rameter, which for us is in 1/f,%, for BLin 1/
(0)? ({(0)=vacuum expectation value of the o field).
The statement that the expansion parameter has
no higher-order corrections is a tautology, but
there is a choice involved in what that parameter
shall be. Renormalizing at the pion mass is a
deep-seated prejudice based on the fact that we
know the mass very well. If one knew instead the
10th derivative of a form factor very well, one
could make a case of renormalizing at the physical
quantity. Now, since the o is in fact unstable and
very wide, even if we were committed to renor-
malizing at its mass, there are a myriad of pos-
sible conditions one could think of to replace the
strict mass renormalization condition for the sta-
ble o.

Neither BL nor we are committed to renormal-
izing at the o mass, although one of our renor-
malization prescriptions discussed here is in that
spirit. This method (referred to as method II) is
to demand that dd3/ds be a maximum at the tree
value of the o mass, where 8] is the /=0, 1=0 77
phase shift. A second method is given which ex-
actly parallels our paper II (method I), in which
the =0, 1=0 7w amplitude is renormalized such
that there are no second-order corrections at a
low-energy on-mass-shell point, A consequence
of both these methods is that as f, -, with tree
masses fixed, the ratio of (second order)/(tree)
for all quantities goes to zero, all dynamically
generated states go away, and the scalar reso-
nances approach their zero-width approximations.



