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The results of'combining conformal invariance and chiral symmetry are given for the pro-
cess mN xmN. It is shawn that if the symmetries are broken spontaneously the data are in-
sufficient to determine the scaIe of the breaking term. The. ~m scattering Iengths remain
small although both ao and a2 are altered- substantially.

I. INTRODUCTION

In the past few years there has been considerable
interest in two aspects of phenomenological 'La-
grangians. Initially, the interest lay in using such
Lagrangians to understand better the results of
current algebra. and chiral symmetry. ' More re-
cently, with the possibility that conformal sym-
metry might also be a useful approximate symme-
try, attempts have been made to combine the chi-
ral and conformal symmetries. In particular,
Ellis, ' on the basis of the phenomenological La-
grangian method, has shown that both chiral and
conformal symmetries must be realized in the
same way when the symmetries are combined.
Since the pion is normally considered as an exam-
ple of a Goldstone particle, this leads one to view
the dilaton, scalar-isoscalar o, also as a Gold-
stone particle. With a probable mass of around
700 MeV, and possibly a broad width of -300-400
MeV, it is not easy to find reliable evidence of the
underlying conformal symmetry.

In this paper we wish to test these ideas in the
process gN-nwN. This is one of the few process-

es which have not as yet been looked at with a
view to finding out more about the breaking of con-
formal and chiral symmetry. It is a process which
appears to be able to answer in an independent way
a diXferent problem which arises in chiral sym-
metry. It is well known that there exists an arbi-
trariness in choosing a suitable chiral-symmetry-
breaking mechanism. The single-pion production
process has been used successfully in eliminating
some of the existing ambiguity. ' In these studies,
however, contributions which would ari, se from
the. existence of a scalar-isosca, Ear. resonance,
such as the 0, have been omitted, and it is impor-
tant to be sure that the results would not be af-
fected too much by their inclusions. We shaQ show
that there is a substantial change in ao and a„al-
though these scattering lengths still remain small
in magnitude, when such terms are introduced. It
has, of course, beenknown for some time that the
current-algebra scattering lengths would change"
from the Weinberg solutions if there were a broad
gz resonance below 500 MeV. The present work
is to some extent complementary to that of Carbone
et al.~ from the point of view of chiral symmetry
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in that we also look at the effect of introducing an
S-wave m7) resonance characterized by the o. In

addition, we are able to study the problem of com-
bining conformal and chiral symmetries. As in
the calculation by Olsson and Turner, ' we evaluate
only the threshold amplitudes for zN- z7t¹

In Sec. II we set up the appropriate Lagrangians
which enter into our calculation. Section III pre-
sents the results and conclusions.

II. SINGLE-PION PRODUCTION

A. Chiral- and Conformal-Invariant Lagrangian

We have, by the Goldberger-Treiman relation,

f(P) f (2.4)

We introduce a scalar field v and make a canoni-
cal redefinition of (I)- /exp(-f ——,')go, withg a
parameter and l the dimension of g.

With these definitions and the prescription

s„g-&„)I) g—(lg„„—is„„)(&"o)g

the first term becomes

The problem of combining conformal and chiral
symmetry in a nonlinear phenomenological La-
grangian has been studied by Ellis' and Isham et
an't.

'
We start with the chiral-invariant Lagrangian

I = ((iy~D" —M)(+ 2D" (t) 'DpQ

+(G/2M)(1)y&y, Tg D" (t), (2.1)

and

(y') =(f(e')+ [f'(y')+ y']"')-'.
(2.2)

For the pion field the chiral-covariant derivative
is given by

where the chiral-covariant derivative of the baryon
field is defined by

&(4')
Dp(= p$+ zt

{ -2~ 2~ 3~+2 v' Q x&p(t) (f (0)+0 j

and is chiral- and conformal-invariant. A chiral-
invariant and conformal-covariant mass term
-Mage "can be added to give a Lagrangian

Lo=gy&D"g —Mage ~'. (2.5)

The second term in E(l. (2.1) is made conformal-
invariant on multiplication by exp(-2'). The last
term is both chiral- and conformal-invariant when
the canonical redefinition of g is used.

B. The Symmetry-Breaking Term

Within chiral SU(2) x SIJ(2) symmetry there is an
ambiguity in breaking the chirality, which results
in the ratio ao/a, of the )()( scattering lengths de-
pending on the specific breaking hypothesis. When
we consider the breaking of conformal symmetry
an additional complication arises in that, at the

D,e =I:(f'+~') '"s,~-

—(f'+ ((()') '(2f '+ &)(t)((t)()„(t)Hf' (2.3)
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FIG. l. (a) Diagrams previously considered in calculating 7l. p vr+m. n; p&) new diagrams involving the 0. meson for
the same process.
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L~- L~e (2 8)

SU(2) x SU(2) level, it appears necessary' to have a
5 term which breaks conformal symmetry, but not
that of SU(2)xSU(2). Otherwise, we shall find

m, '-O(m, '}. To avoid this we shall assume that
5 = 0 at the SU(3) x SU(3) level so that the same
term will be responsible for breaking conformal
and chiral SU(3}xSU(3} symmetries. We shall as-
sume that the term is of conformal weight X. That
1sq

G
L~~. =2M(r)rP'2&4 s P (2.9)

3

2M ~"~ ~ ~ 8", 2.i02M g~

Q 2 2.=-I,M
'" I:~'(s,~}'+-:((-2)P'(y') ).2M g~

(2.8)
Other interaction Lagrangians, in an obvious

notation, are

where L2 is the SU(3) x SU(3) chiral-symmetry-
breaking term. We define a parameter' R by the
nonlinear v-model condition" '

L
2M

Lmr o = gM gg ~,

(2.11)

(2.12)

+2+ ~2 (g2/g2) -2ga (2.7) L - gg-e Q
~ 8" (p —2kgP, (p g. (2.13)

C. The Broken-Symmetry Lagrangians

Following the above discussion we can write
down the Lagrangians appropriate to the single-
pion-production problem. " The g-z interaction is
given by

The parameter g is a measure of breakdown of
the usual "a" commutator 'F.rom (2.8)-(2.11) we
reproduce the calculation of Olsson and Turner, '
who concluded that g =0 gave a best fit to the data
which in turn picks out the original Weinberg re-
sults, ' with a,/a, =—

III. RESULTS AND CONCLUSIONS

The Lagrangians (2.12) and (2.13) lead us to consider six further diagrams in addition to those considered
by Olsson and Turner. ' These are shown in Fig. 1(b). We define the amplitude A(nN- vxN) by

G ' g Mf)~4)(p~+q +q -p; —Q) M(~(PI)P($)& (4)(SIN(p)~"(())) 2M (2~)'"(zz ~~ ~ )"* 2(z. +I))
x(p o Qp;A(v~N-v"vBN). (3.1)

From the graphs shown in Fig. |we arrive at

A(w p-n"w n)= + ——2—+ — 2~4) —hP
M.

2p,

p, +2M 2E, -p,

2M g») 2 (4P(()4) —(X+2)P }(2—X)P, (M+P )(2 —A)P (M —P, + P (do)(2 g)~
G g„] 4(P —(()4))(4P —m ) 2(4P, —m ) 2(4P, 2 —m 2)(P E.)
(AP —2(M-Eg)}(2(u4) +AP) P. ())P +2(()(2) (2PE;+2P M-P2)(2(()4)+ AP)

4(P —(do)(2P2 —m, 2 —2,P (()o) 2(P + 2M)(2P, —m, —2P (()o) 2(2P' —m, 2 —2P (())(p —2E&}

(3.2)

where the second bracket contains the terms additional to the previous chiral-Lagrangian treatments. Here
we have used

e=(., @), P, =(E, -4),
Similarly, we can obtain

q, =q2=(P, O), and p~=(M, O).

(. . .
)

I((2+))P 4P, 4P
2E, —p,

2M 2 ~» 2 2(()4)+PA P (4+X) —2P(()o 2P (d4)+P &

G g„g 2P, 2 —2P, (d —m ' 2(P —(do) 2P, —2g(u4) —m, P, +2M

2p, M~+p. A, 2E&+2M- p.
2p, ' —2p, co —m g -2E. (3.3)
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In Fig. 2 we shiv the differences arising from the
insertion of a dilaton into the nonlinear chiral La-
grangian. We see that the general result is a
lowering of the cross sections. To determine a
"best" solution we shall consider the g'p - n'w'n
cross sections. There are two values available'0:
at 200 MeV, a(s'p) =25+18 pb, and at 35'I MeV,
a(w'p} =120+10 pb. Table I shows our calculations.
Together with our results on v p —v's n, it would
appear that a negative t', probably near -1, is
favored. " Figure 3 shows, for (=-1 and X=-1,
the variation of our solutions with increasing g,
and Fig. 4 shows the behavior of the solutions for
A=-1, -2, -3 when E. is held fixed andthe a mass
and width remain. approximately constant.

Froxa. these we can conclude that, to within the
.present accuracy of the data, the single-yukon pro-
ducti. on experiments do not allow a determination
of X. If we assume that the dilaton is the & m.eson
at -700 MeV with a fairly large width then the
"best" solution would appear to have $- -1. This
would increase" a, by -30% from its value of
0.23p. ' and decrease a, from -0.045', ' to
--0.026@ ' (using f, -82 MeV). This would change
the value of 2aQ+ a2 = 0.34@, ' found by Qlsson and
Turner to Ra~+a, =0.56p, ', which lies just outside
the estimate'~" 0.4p. '+O. lp. '. In terms of trans-
formabons of the pion fieM the value (=-i does
not have the simple behavior advocated by Wein-
berg. Table II shows the variation of the scatter-
ing lengths with R. These scattering lengths in-
clude the 0 -exchange terms" and are given by

TABLE I. For the process x+p m+m+n, some values
of the cross sections (in pb) predicted are given. The
experimental values are~ 120 +10 pb at T =357 MeV
and 25+18 pb at T =300 MeV, where T is the pion
kinetic energy in the Iab. m and I' are given in MeV.

T„=357MeV
$=-1 )=0 (=1

T~=300 MeV

nz = 610
I'~ =395
A. =-1

m~ =610
I' = 322 58
A, =-2

m~ =610
I'~ =488 52
h. =-3

180 326

149 285

140 272

44 102 185

33 85 163

2
32vga, = ~, 7' f,'

R'q'[2(~+2)'+3(2-X)'(1-4p, '/~ ')- ]&
)I

(3.4}

(3.5)

We note that, for (=0 and m -5p, a is in-
creased by approximately 20%, in agreement with
Carbone et a/. ' For $ = -1 a fairly substantial
change in both ao and a, is obtained, aMhough the
scattering lengths themselves stiO remain smaB.

In deriving the scattering length relations (3.4)
and (3.5) we have put the pions on their mass shell.
If instead we imposed the Adler condition on the
z-g scattering amplitude then the relation

R~p, '(X+ 1)'
0 2y 2(~ 2 ~2) (3.6)

R IOO-

O
CJ

CO

CO
EO
O

IO-

0

-I
0 &=-I ma. =6IO Z=395
-I P=-I mg =6l0 Z=595

-I P=-I m~=SIO Z=395

tusav et al.
khintseva et ol

eahl et al.
rkins et al.

s„A~ =f,q'y(1 + h, pm+ ~ ~ ) . . (3.V)

ox AQ 0, reproduces the previous re-
sults based on smoothness arguments. '4

TABLE II. Pion scattering lengths for bvo values of
$ and different vaEues of masses.

results, where hQ is defined bys the partial con-
servation of axial-vector current (PCAC) assump-
tion

200 240 280 320 360 400 440
T (MeV)

/=0 A, = —1 $=-1 A =-1
m~ (MeV) I'~ (MeV) co (p, ) a2 (p ) ao (p. ) a2 (p, )

FIG. 2. Cross sections and their dependence on (.
Curves 1, 2, and 3 are those from the diagrams in Fig.
1(a). Curves 4, 5, and 6 show the result of adding the
diagrams in Fig. 1(b). The data are from Ref. 9.

436
523
610

57
167
395

0 .238 -0.056
0.232 -0.056
0.230 -0.056

0.311 -0.027
0.305 -0.027
0.302 -0.027



CONFQRMAL SYMMETRY AND SINGLE -MESON PRODUCTION 855

1000— I000-

77 P "ff' vr n

~~ 100

O
~~
O

lA

('=-I ' X=-I
= 436 I'= 57
=523 Z= 167
=610 r=ve5

O
~~

Ch

l00-

I. ('=-I P =-I ~=610 Z=595
2. g=-I X=-2 ma-=610 F=322

(=-I 4=-3 my=610 F=488

l0
OI-

~ Sotusav et aI.
o Blakhintseva et al.
o Deahl et ol.
o Perkins et ol.

10
O
O ~ Batusov et al.

& Blokhintseva et al.
& Deahl et al.
o Perkins et al.

200 240 280 MO 560 400 440
T~ {MeV)

FIG. 3. This shows the variation in the cross sections
with the o mass and width.
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FIG. 4. For a fixed ( and o mass and width the variation
in cross section vrith A. is shown.
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