
PHYSI CAI RKVIKW D VOI UME 2, NUMBER 6 15 SEPTEMBER j. 970

Compositeness of External Particle and Absence of Fixed Poles
in Photoprodnction Processes*
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We present a new argument, based on the study of the potential. -theory model, which claims that the right-
signature fixed poles are absent in the photoproduction processes if the external particles lie on Regge
trajectories. Our result is in complete agreement with the conclusions of other authors who have studied
relativistic models of photoproduction.

I. INTRODUCTION
' [ONLINKAR unitarity relations are known to rule

out the possibility of having right-signature fixed
J poles in the strong-interaction amplitudes. But in the
electromagnetic or weak. processes of the hadrons like
W+A ~ 8+C (where W represents either a photon or
a weakly interacting particle; A, 8, and C are hadrons),
if one works to the lowest order in the electromagnetic
or weak. -coupling constant, then linear unitarity rela-
tions are satisfied. So it is possible to have 6xed poles of
right signature in these processes. However, it is com-
monly believed that the amplitude for 8'+A ~8+C
will have a fixed pole at I=0 (when A is a boson) or
I= ~ (when A is a fermion) if the particle A is "ele-
mentary, "but that the 6xed pole will not be present if A
is a, composite object lying on a Regge trajectory. ' '

In this paper wc study the nonrelativistic potential
scat.tering model of the photoproduction process, work-
ing to the lowest order in the electric charge e. Speci6-
cally we consider the process y+3 ~8+C, with A
being a bound state of 8 and C.' That is, we assume that
8 Rnd C interact thiough some ccntI'Rl potcntiRl Rnd
produce A as a bound state which lies on a Regge
trajectory. Particular. attention is paid to investigating
whether or not the compositeness of 4 would rule out
the existence of a right-signature 6xed pole in this
Pi ocCSS.

Our results are in complete agreement with the con-
clusions of other authors' ' who have studied relativistic
models of photopl oductioll. Loosely spcRklng, it hRs
been found that if A is a,ssumed to be a bound state of 8
and C (typically in the ladder approximation), then
certain fixed poles in y+3 —+ 8+C which wouM
normally occur in perturbation theory are not present. ' '

The paper is organized as follows. In Sec. II, the
nonrelativistic potential scattering model of y+3
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—& 8+C is discussed. In Sec. III, the low-energy limit of
the scattering amplitude is derived to see whether our
model has the same general features as that in the
relativistic theory of photoproduction. In Sec. IV, a few
I'clcvRnt points arc discussed.

II. NONRELATIVISTIC POTENTIAL
SCATTERING MODEL

Let us consider the process

(2.1)

where y denotes a photon and 3 is a, bound state of 8
and C. Also, 8 carries electric charge e, and C is neutral.
Particular attention is paid to examining whether or not
the composite character of A may rule out the possi-
bility of having a 6xed pole at J= 0 in this process. Since
the spin of the particles just complicates the calculation,
for simplicity we assume that particles A, 8, and C be
spinless. The process is described by the total Hamil-
tonian IIt with

«= Jro+II.t+II' -,

where m~ is the mass of particle 8,p is the reduced mass,
Rnd a is the photon polarization vector. To the lowest.
order of electromagnetic interaction, the 5 matrix
describing the process now reads, in the c.m. system,

where Ho, II,-t, and II„„, denote free Hamiltonian,
strong-interaction Hamiltonian, and electromagnetic-
interaction Hamiltonian, respectively.

YVC consider the problem in the c.m. system and
denote by y and k the momentum of 8 and y in this
system, respectively. I.et r be the relative coordinate
between 8 and C. Then we have in this c.m. system

Ho p'/2y, = —V'/2p——,

II,„=H.,(r),
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where P~(r) is the bound-sta, te wave function of A and expansion of Sr; takes the form

lp„(r) is the outgoing state. pg(r) satisfies the equation

~f'= (3~)'"
~g l1,ra1, E,m, y,

Irl'"(P) I'I" '(k)

where H=II0+H, ~ and E~ is the binding energy of A.
The outgoing state lp„(r) is given by the expression'

X VI"*(r)I'I,"~(r) I';P(r)do

4p (r)=X,+
d'p'x„(r)

(2 3)
&(P) 1~ E—(p'—)

B@g
lp„ I *(r)jl,(kr) p.„r'dr

Bf

where X„ is the free-particle state in the c.m. system;
Kith the help of the 3-j symbols, we get

~ ~ )

(2&)
—3/pafp r

&p (r) =2 I'I"'"(P)I'I"(r)4., 1 (r) (2 4)

with

4p, l (r) =~'(2~)'"

X jl(pr)+
P"jI(pr) Tl(P' P),—d'p , (2.5)
&(P) &(P')—

T is the T matrix of the strong interaction, and Z(P)
=P'j2p. It is a very sma, ll number.

To see whether. the right-signature fixed poles exist in

the scattering amplitude gf;, we expand this amplitude
into partial waves. First we notice that the outgoing
wave function IP„(r) has the following partial-wave
expansion

I'I"(P) I'I "'*(k)(21+1)(211+1)
mg if, tR, l 1,f01,p

IP„,I *(r)jI,(kr) ppr'dr. (2.8)
Br

We clloose k to be 111 tile s-axis dlrectlon and P to be lI1

the xs plane. We consider right-handed polarized
photons. After .using the explicit formulas for the 3-j
symbols and with some algebra, we get the following
expression for the partial-wave expansion of the
scattering amplitude:

ie sin8

where jl(pr) is the spherical Bessel function, and ~f~=

TI(P'; P) is the 3th partial wave of the T matrix for the
where

strong interaction. Ke assume that the "strong"
process

(2.6)
fl Ip„,I

—*(——r) jl+I(kr) r'dr
8'f

(2.10)

LP PI'(coso) f1+ a PI'(cos8)hlj, (2.9)
4' 428gg l=0 )=1

wag(r) =rBy~(Br (2 7)

With Eqs. (2.4) and (2.7), we find that the partial-wave

~ M. L. Goldberger and K. M. Watson, ColksiorI, Theory
(Wiley, New York, 1964), pp. 231, 234, and 235.

Reggeizes in the usual way, so that we can analytically
continue T ~ into the complex / plane. We note that fixed

poles of the right signature cannot be present in the
analytically continued strong-interaction amplitude T g,

for it satisfies a nonlinear unitarity relation. The
analytically continued j& is an entire function in the
complex t plane. So we see that there would be no fixed
singularities of angular momentum / in the analytically
continued partial-wave amplitude Ipp, I (r).

On the other hand, the hound-state wave function

Q~(r) is in the 5 state because particle A is assumed to
be spinless. So we have

kl= IP„,I *(r)jI 1(kr) r'dr
0 leaf'

(2.11)

It is easily seen that fl and k I can be analytically con-
tinued into the complex / plane by simply using the
analytically continued lp„, I and spherical Bessel func-
tion in Eqs. (2.10) and (2.11).

After using the Watson-Sommerfeld transformation
to transform the sums in Eq. (2.9) into integrals in the
complex t plane, we see that if there are fixed poles in

Sf;, they must come from the analytically continued fl
or h~. To see whether there are fixed poles in the con-
tinued fl or kI, we recall that there are no fixed poles in
the continued lp„ I and jI. So the only possibility for
fixed singularities to arise in f I or k I should be due to the
divergence of the integrals in (2.10) or (2.11).However,
it is assumed that particle A is a bound state of 8 and C.
So the wave function P~(r) decreases exponentially as r
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becomes very large; i.e., is

expl —(—2/tE„) ' 'r) 4n, l *(r)
Q~(r): const— (2.12)

exp( —
I p I

r 22i—2rl) —exp(l p I
r+-,'itrl)

X
»'I plr

where the binding energy Ez is negative.
On the other hand, for all energy E above the

threshold, the asymptotic behavior of )P~ l *(r) has the
following form':

mP2 e L2 I

e /nl/—22' (p) (3 2)
dE/dp lplr1/2

4, ,
2-*(r):(-i)'—

T~co 7r

sin(pr —222rl) trp2 e'2'"

+ e
—Art/22'i(p)

pr dE/dp pr &o(p) &(r)~&~ E(p)
Also, we have

However, this pole will not be present in Sf, because it
is equivalent to a zero-zero transition as 1c ~ 0. From
angular momentum conservation, this is forbidden. So
we see from the asymptotic form (3.2) of )P„ i *(r) and

(2.12) that only the plane-wave contribution to the
asymptotic form of P„ i *(r) would make Sr; singu-

lar as k —+ 0. Therefore, to calculate the singular part
of Sr;, we only need to replace )P„by the plane-wave
state X„;i.e.,

sin(pr ——,'trl)
jl(kr) (2.14

With Eqs. (2.12)—(2.14), it is clear that since the wave
function @x(r) decreases exponentially as r —+~, the
integrals in (2.10) and (2.11) do not diverge for any
fixed l at all energy E above the threshold. As a result,
we see that there are no Axed poles in the scattering

amplitude. It should be stressed that it is the composite
character of A which rules out the presence of fixed

poles.
(x„(r) le""r. v Ip~(r))dor. (3.3)"-' (22r) 2/2r/2//

To calculate the singular part of 5~; as k —+ 0, we first
note that T/ has a pole of the bound state 3 at l =0;
that is,

(2.13) residue

III. LOW-ENERGY LIMIT OF
SCATTERING AMPLITUDE

In order to check whether or not the nonrelativistic
model is gauge invariant and has the same general
features as that in the relativistic theory of photo-
production, we study the low-energy limit of the scat-
tering amplitude. The scattering amplitude S~; is

known to be singular as k ~ 0. To calculate the singular

part, first we notice that )P„ l (r) has the following

asymptotic behavior':

sill(pr —22rl) trp e
+ eivrl/22' (p) (3 ])

pr dE/dp pr

As k —+ 0, from energy conservation we have

E(p)
k~0

Since X~ is an eigenstate of ~, and a @=0, it follows

that

—'p&x.-tie~)
)t-o (2~)2/2~

(3.4)

So we get

&xu-2l&~), ,- (—1/&)&x. IH tl&~) (3.5)

However, (X„
I
H, t

I pz) is just the 2 —8—C coupling
constant g»&. This can be easily seen as follows: The
T matrix for the strong interaction is given by

So we have

IIst+ IIst Hst,
E H+it/—

On the other hand, we have

.Ie )=(1/E )(x .IHle )
= IE(p-~)/E. )(x .I~.)

+(1/E )(x .IH. Ie )
or

&X„ 2
I 4~) = L1/Eg —E(p—k))(Xt 2 IH„I//x).

Since the binding energy E& is negative, the momentum i
p pf the putgping particle becpmes imaginary as /t ~ 0 & ul T

I n) =
& u I Ht I p)+& pl Hst Hst I p)

E—H+it/
For imaginary p, we set p=il pl. The analytic con-
tinuation of the asymptotic form oft'~ l for imaginary As E(p) ATE&, we only need to consider the pole terms
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of the bound state A; i.e.,

Therefore, we get

Combining Eqs. (3.4)—(3.6) yields

(3 6)

BC

Fr@. 1. Born-approximation diagrams (external line
photon insertions).

8 a P 1
gast."-

" ' (2m)"'ms
(3.7)

Taking the nonrelativistic limit po ~me, p&(me, we get

On the other hand, the low-energy limit of the
scattering amplitude in the relativistic theory of the
photoproduction process y+A —+ 81C can be obtained
by using Low's approach. 9 The process is described by
the matrix element

gaza - gaze'0~0 (3 9)

Since the sum of these two diagrams is gauge invariant,
we can choose to work in the radiation gauge. In this

gauge,
e„= (e,O).

Using the Lorentz condition k a=0, it is easily seen
that in the c.m. system, the second term in Eq. (3.8)
does not contribute because

(2pg+k), e„=2pg e= —2it e=O.

So we find in the c.m. system that

gaze." ' (2m)'" pok —p lt

8 F. E. Low, Phys. Rev. 110, 974 (1958).
9 S. L. Adler and R. F. Dashen, CNrrext A/genre I'Benjamin,

Neer York, 1968), pp. 212 and 213.

where J„' is the electro)magnetic current. The corre-
sponding process with no photon, i.e., A ~8+C, is just
the A —8—C vertex. The external line insertions of the
photon are just the Born diagrams in Fig. 1. The sum
of these two diagrams is divergenceless and gauge in-
variant; thus by using Low's argument, it follows that
as the photon energy k tends to zero, these two dia-
grams describe the photoproduction amplitude up to
terms of order k. Let Sg be this amplitude. Ke have

ee„(2p—k)„
Sg = (2n )

—'~' g~eo
(p —k)'+me'

(2x) "'ee„(2p~+k)„g~eo

(p~+&)'+3-I~'

where g~~q is the vertex function for the 2 —8—C
vertex; as k —+ 0, g~~q becomes the 2 —8—C coupling

t tg . Th t',

(3.l0)

Comparing (3.7) and (3.10), we see immediately that
the results are exactly the same. It then follows that our
nonrelativistic model not only is gauge invariant but
also satisfies the same kinematic condition as the
relativistic theory of photoproduction.

IV. DISCUSSION

Ke have shown in our nonrelativistic potential-
scattering model that the composite character of the 3
particle removes the fixed pole. However, if one assumes
an "elementary" 3 with a basic 2—8—C 'coupling,
then the usual Born diagrams for p+A ~8+C yield
a fixed pole which persists in the nonrelativistic limit. It
is amusing to note that the presence or absence of the
6xed pole is apparently dependent on the "elementarity"
of an external particle, whereas one usually thinks of
J-plane properties as being associated with internal or
exchanged particles.

Our results are in complete agreement with the con-
clusions of other authors who have studied relativistic
models of photoproduction. It should be stressed that
it is the composite character of particle A in our
calculation, not the nonrelativistic kinematics, which
removes the fixed pole. Our model is seen to be
gauge invariant and has the same general features as
relativistic photoproduction. Since there is no obvious
reason to believe that relativity plays any special role,
as far as the right-signature fixed pole is concerned, our
model may indicate the actual state of aGairs.

Recently it was pointed out by Dashen and Lee' that
high-energy backward pion photoproduction is the best
place to look for the right-signature fixed poles. The
experiment done by Tompkins et al. '0 confirms that the
fixed poles are absent in the backward pion photo-
production. This absence of fixed poles may very well be
due to the composite nature of the nucleon.
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