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xp Lifetime and Associated Photoproduction Poles*
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The Born-approximation calculations for the differential cross sections for the photoproduction of E+—A
and X+—Z0 pairs from hydrogen are generalized to include the effect of the Z —h. mass difference and the
possibility of odd Z —h. parity. The residues of the poles in the unphysical regions of the center-of-mass
production angle are computed. It is shown that if the laboratory photon energy is greater than about
2 Bev, one could obtain information about the Z' lifetime and the anomalous moment of the produced
hyperon by extrapolating the experimentally measured differential cross section in the backward direction
of the E'-production angle.

I. INTRODUCTION

'HE lifetime of the Z' particle is so short that it
cannot be measured directly by present tech-

niques. The rapid ZP —+ A+y decay also prevents the
direct measurement of the 2' static magnetic moment.
This is unfortunate, since a knowledge of the Z' lifetime
and static moment would serve as a check to the various
models of the interactions among Z and A. particles and
photons. It is likely that our first knowledge of the Z'
decay amplitude X and moment p, ~ will result from the
method of "polology, " since the residues of the poles
in the amplitudes for several well-known processes are
proportional to A, and p~.' In this paper we are concerned
with the poles in the two photoproduction processes,
p+ p ~%++A and p+ p ~X++X'. The analytically
continued amplitude for either of these processes at
constant center-of-mass energy contains poles in the
"backward" unphysical region of the E+ production
angle, the residues of which involve the Z' decay ampli-
tude and the static magnetic moment of the produced
hyperon. '

The residues of the poles in the cross sections for
associated photoproduction may be determined from
the lowest order of the Born approximation. The Born
approximation expressions given in the literature by
Kawaguchi and Moravcsik' and by others'' are in-
complete for two reasons: (i) The possibility that the
intrinsic Z —A parity is odd is not considered. This
parity is crucial in those processes involving the Z —h.
vertex. (ii) The Z —A mass difference is neglected.
Although this mass difference is smaH, its neglect leads
to the vanishing of certain poles in the angular dis-
tributions, so that one must include the mass difference
in order to obtain a complete understanding of the
nature of the poles. The complete Born approximation

*Part of this work was supported by the National Science
Foundation.

'See, for example, W. S. C. Williams, Nuovo cimento 19
12M (1961).

2 John G. Taylor, Phys. Rev. 116, 768 (1959). This referenc
gives a brief discussion of the problem of extrapolating experi
mental data to such poles.

'M. Kawaguchi and M. J. Moravcsik, Phys. Rev. 107, 56
(1957).

4 A. Fujii and R. K. Marshak, Phys. Rev. 107, 570 (1957).' Richard H. Capps, Phys. Rev. 114, 920 (1959).

expressions are given in Sec. III of this paper, while the
possible experimental determination of the residues of
poles (and hence of X and ps) is discussed in Sec. IV.

The residues of the poles in the region coso~& —1
depend not only on the hyperon moments, but also on
the magnitudes of the EAS and EZÃ coupling con-
stants GA and G~. In fact, the residues are proportional
to O'. These coupling constants, as well as the particle
parities, may be determined from other experiments, so
that extrapolation to backward poles in associated
photoproduction may be considered as a method of
measuring the hyperon moments and the Z' lifetime.

II. HYPERON FORM FACTORS

Feldman and Fulton have derived the general form
of the electromagnetic form factor for the Z —A transi-
tion, under both assumptions concerning the Z —A

parity. ' The "magnetic form-factor term" in their ex-
pressions is proportional to fs(k')a„„k„if the 2. —h. parity
is even, or to fs(k')iso. „„k„if the 2—A parity is odd,
where k is the four-momentum transfer. Only this fs
term contributes on the mass shell, i.e., for real photon
emission. p If we assume that the process Zp ~ h.+y is
the only process contributing to Z' decay, the Z' lifetime
depends on the form factor on the mass shell, and is
given (in both Z —A parity cases) by the expression

1
( fs(0) ~' kp(Mr, —Mg)'

where k0=3f~—MA is the energy of the photon in the
rest system of the Z, and M; is the mass of particle i. The
constants A and c are set equal to 1 throughout this
paper.

%e define the "Z—A transition magnetic-moment"
(denoted by pr) in terms of the value of fs on the mass
shell, i.e.,

fs(0) =-', AT (M.„+My)/(2M'),

whirr~ e'/(4')=1/137. The factor (My+My)/(2M')
has been included for convenience, so that all hyperon
magnetic moments are definecl in the same units, A

magnetons.
' G. I'eldman and T. Fulton, Nuclear Phys. 8& 106 (1958);

See Eqs. (13) and (14).
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The form factor for the A hyperon is also given by
the expressions of Feldman and Fulton, ' if M~ is set
equal to Ms. In this case the value of 2f2/e on the mass
shell is equal to pq, the static magnetic moment of the
A in A rnagnetons. The static moment of the Z' is
defined in a similar fashion.

Since the poles in the processes 7+p ~ E++h. and

p+P ~ E++Z'' occur when the intermediate particle in
the lowest order Born approximation is on the mass
shell, the dependence of the residues of these poles on
the Z —Z, A —A, and Z —A form factors may be ex-

pressed in terms of the magnetic moments p, ~, p~, and p, ~.

III. BORN APPROXIMATION FOR ASSOCIATED
PHOTOPRODUCTION

Several different Feynmann diagrams contribute to
the Born approximation for associated photoproduc-
tion. ~ The nature of these Born approximation ampli-
tudes has been discussed by several authors. ' ' Ke list
below only the formulas for the differential cross section
in the center-of-mass system, since this is the quantity
most easily measured. The expressions are given only
for the process y+ p —+ K++A; the corresponding ex-
pressions for E++Z' production may be obtained by
obvious substitutions. The differential cross section for
E++It production may be written in the form,

do/did A 1+A 2PN+A 3@A+A AN +AsgiP+A PNi3A

+I31PT+~29T13N+ AP Ti44+ Ii4P T & (2)

where p,~ is the proton static, anomalous magnetic
moment in nuclear magnetons, and pq and p,p are the
A and Z —A transition moments, defined as in Sec. II.
The coefFicients A; and 8; are independent of p~, pg,
and p, ~, and are functions of energy and production
angle. The 3;are given by Kawaguchi and Moravcsik. '
The formulas for the 8, are given below for the case in
which the EAT parity and Z —A parity are even. The
corresponding equations for the other possible EAÃ
and Z —A parity cases may be obtained by applying
the following rules:

Rule 1. If the EAS parity is odd, replace M~ by
—M~ in all expressions.

Rule Z. If the Z —A parity is odd, replace M~ by
—Mg in all expressions. '

/G3.Gz pr ) C
~L2qskMN cos'8

k 42r Mgl kDzD1r J

+q2(W2Ms —MN'Mz

+4kE3,MN 2kErrMN) cos'8—

+2qk (WEsMz —WEIrMz

+E42MN 2E3ENMN) cos8-
+q'W'(Mz —Ma)

2kEgE1r (WMz+E4MN)), —(3a)
' See reference 4, Fig. 1.' Fayyazuddin, Phys. Rev. 128, 1882 (1961).
9 In order for this rule to be consistent with the definition of the

Gg and Gy. given in reference 3, the sign of Gg must also be changed
&f the Ejt 37 parity and Z —A parity both are odd.

(Gd z I3TI3N 'l (Gq)
ILq'MN' cos'8

E 42r M4MN1 4Dz)

+qMN(WMz+WMp+2E3MN) cos8

+(WMz+EaMN) (WM3+E3MN)), (3b)

(GJ Gz vrl33.) (
I3313ra4=1 II I(—2q'kW cos'8

k 42r M112) &DzD3J

+q2L —W2Ea +3E3MN-'

+WMN (Mz+MJ, )) cos'8

+q/W2E42+3Eg2MN2+2WE4MN (Mz+Ms)

+W2M4(Mz —Mp)) cos8+WE4L2ENE32

+EsMN(Mz+Ms)+WM3 (Mz Ms))}, —(3c)

1(Gz i4T ( C
&4Izr'=

~ ~ {—2q'kW COS'8

2(42r Mas (Dzs

+q'( —W2E3,+3E4MN2+2WMNMz) cos'8

+q)g 2E~2+3E,2MN2+4WE, M„M,

+W'(Mz' —Mas)) cos8+WEJ„tL2ENE32

+2EaMNMz+W(Mzs M42))}, (3d—)

where the function C is given by the expression

1 8 j.
C=——

8 4~ gk8"'

and the denominator functions D; are given by

Drr cos8 (EN/q—)—, — (Sa)

Ds. cos8+ (Es./q),
—— (Sb)

Dz ——cos8+ (Es/q)+ (Mz' —Mas)/(2qk). (Sc)

All quantities refer to the center-of-mass system. The
angle 0 is the angle between the photon direction and
E-particle direction, and k and q are the magnitudes of
the momenta of the initial particles and Gnal particles,
respectively. The symbols M; and E; denote the mass
and energy of the particle i, and W= Ex+EN =k+EN
is the total energy. The coupling constants Gq/(42r) & and
Gz/(42r)' *refer to the ZAP and ZZX interactions, de-
6ned as in Kawaguchi and Moravcsik, s while e /4 22r
=1/137. The particle energies and momenta are all
functions of W and the masses, of course. (2WEs
=W +M2s, M2rp, etc.)

The author has pointed out previously that the Born-
approximation expressions for associated photoproduc-
tion are very simple at the threshold energies. ~ If one
takes into account the Z —A mass difference and the
possible Z —h. parity diff erence, the results of reference 5
must be modified. The properly modified threshold
value of the diGerential cross section in the case of even
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EAlV and Z —A parity is

da- e'Gp' Mp
lq

(4s.)' Wo'(Wo' —Miv')

( gN f pit)
!(Wo+.M„) ! !(Wo+.M„)

&2M i &2M,)
iir ) (Gz) WoMz+MItMor)

(6)
2Mpl (Gs/ 3Ig+8

where Wo= Mrr+Mz, 8= Wo(Mz' —Ms')/(Wo' —Mx'),
and the anomalous moments are defined as in Sec. II of
this paper, (i.e., measured in 3. magnetons). Again the
corresponding equations for the other parity cases may
be obtained from the rules preceding Eq. (3a).

IV. THE POLES

Throughout this section all listed formulas apply to
the case of even EAiV and Z —A parities. The corre-
sponding expressions for the other three parity cases
may be obtained from the rules preceding Eq. (3a).

The differential cross section for the process
y+P ~%++3. at fixed energy contains poles at three
unphysical values of the center-of-mass production
angle, i.e. , at cos8= Err/q, cos8= Es/q, an—d
cos8= —(Es/q) (Mz' Mz')—/(2qk—). The poles corre-
spond to E-particle, A-particle, and 2-particle inter-
mediate states, respectively. The second-order pole in

the forward direction has been discussed by Moravcsik
and by Sakurai. "In the backward direction there is a
second-order pole only if the Z —A mass difference is in-
cluded. This pole occurs at —(EI,/q) (M—zs —Mq')/2qk;
the limiting value of the differential cross section at the
pole may be determined from Eq. (3d) and is given
by the expression,

do 1 e'Gz' 1 pr )'
Dz' (at Dz ——0)=—

dQ 64 (4')'qkoW' Ms/

X (M z' —Ms')'L(Mx+Mz)' —3Ix'j, (7)

where Dz is defined in Eq. (Sc).
The energy dependence of this expression is the same

as that of the second-order pole in the forward direc-
tion. " Both of these poles are difficult to detect at
extremely high energies, because of the 8 ' nature of the
energy dependence of Dodo/dQ. Since the coefficient of
the Dz' pole is proportional to the square of the small
Z —A. mass difference, this pole would be difficult to
detect at all energies unless the Z —A transition moment
is much larger than the nucleon anomalous moment.
Hence we will neglect the backward-direction second-
order pole in the rest of the discussion.

If terms of second order in (Mz' —Ma') are neglected,
there are only first-order poles in the backward direc-
tion. The residue of the pole at Dg=0, determined from
Eqs. (3), is Lto first order in (Mz' 3Ia') j, —

do. 1 e-'GqGq 1 pz
Dz (at Dz ——0) =-

dQ g (4rr)' kW' Mg

2W'3''(Mz —Mp) pg 8"3fg3f g
W' 3Irvg+Mz' MI, '—Miv—

(Mz' —M~') pg
+ W'3Ip(Mz MIt)+ — WM~(Mz+3II, ) W(W'+M—z'+2MivMz —Mrr')

2k M~ Mg

2WoMIt —2WMrr'3IIz —2W(Mz —Ma) (MIts —Mrr')-

W2 M 2+M 2 M 2

dO

Drc—(at Dir 0, iJ, T term)——
dQ

Mrr'(Mz —Mg)1 e GpGy pz
(9)

4 (47r)' Mp kW(Ws —MIv'+Mz' —Ma')

There is also a simple pole in the angular distribution
at the angle cos8= —(Eq/q), arising from the inter-
ference between the pq and the p~ terms in the angular
distribution. The residue of this pole may be obtained
from reference 3 or by making the replacements
3Iz —+ Ms and Gz ~ Gs in Eq. (8).

The part of the cross section that is linear in pz con-
tains a simple pole at cos8=Erc/q, in addition to the
backward-direction poles. The residue of this pole is

If the Z —A parity is even, this pole is expected to
be hidden by the second-order pole discussed by
Moravcsik. " If the Z —A parity is odd, however, so
tha, t the quantity (Mz —3II&) in Eq. (9) becomes

( 3I~ MIi), this s—imple —pole may be important. Theo-
retically, if one follows the procedure of Moravcsik and
multiplies the differential cross section by D~', the
effect of the simple pole vanishes at the pole. However,
if the 2—A and EAX parities are odd, and if pp& 1, the
effect of the simple pole on the differential cross section
at angles close to the forward direction may be greater
than the corresponding effect of the second-order pole,
so that extreme care must be taken in making the
extrapolation.

"M. J. Moravcsik, Phys. Rev. Letters 2, 352 (1959); J. J
Sakurai, Nuovo cimeuto 20, 1212 (1961).
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this pole is simply

1 e'Gas Ms jr Gz
»I »+» I

8 (4x.)' kWMii k G» )
when the Z —A parity is even. On the other hand, if the
Z —A parity is odd, the quantity Mz M—x in Eq. (8)
becomes (—Mz —Mq), and several terms become im-

portant at the D~=O pole.
In order to illustrate the main effects of the backward

poles at high energies, we give below the high-energy
limit of the Born-approximation terms in the differential

p+ p ~E++Across s.ection, expressed in terms of the
quantity y= (1+cos9):

FIG. 1. Born approximation expressions for D0, where
D=cose+Es/g. The iirst index in the expression 0 (o,b) denotes
whether the parity is even or odd, while the second index denotes
whether ps/. Va is equal to yN/~Mx or ( par/~HEN—~) The
moment pir is taken to be 1.9 and Gss/ 4x) is set equal to 2. The
residue R is 2.05)&10 '0 cm'. The extrapolated values of Do. should
go through R at cose= —1.95 in the cases (E,—) and (0,+), and
should go through (—E) in the other two cases.

At energies just above threshold, the backward-
direction poles are so far from the physical region that
it is not feasible to attempt to determine their residues

by an extrapolation procedure. On the other hand, the
terms quadratic in the magnetic moments dominate the
Born-approximation cross section at very high energies
(especially at extreme back angles), and the eRect of
the Dz and D& poles may be large. Since the energy
dependence of the leading terms in the residues of the
backward poles (the pry~, pqlj~, and prlj, q terms) is of
the type (Wk) ', the eRect of these poles does not vanish

as the energy becomes very high; i.e. , the residue divided

by the distance of the pole from the physical region

approaches a constant at high energies. Hence it is not
likely that these poles will be swamped by the non-Born
contributions (dispersion integral corrections) at high

energies. Of course, as is always the case in such extra-
polations, one has to worry about other nearby singu-

larities. For example, there are branch cuts, related to
x+A and w+Z intermediate states, that are not much

farther from the physical region than the A- and 2-parti-
cle poles; these cuts approach the physical region with
the same energy dependence as the poles at high energies.
The anomalous nucleon moment is quite large, however;
if either p, p or pq is of magnitude comparable to p~, it
seems likely that pole effects will be large enough to be
separable from the branch cut effects.

If the Z —A parity is even, the most important back-
direction pole terms are the term proportional to

@TED~

and the similar term involving p, ~p, ~, since these terms
are the only ones that are not proportional to the small
Z —A mass difference. If one neglects this mass differ-

ence, the Dq and Dp polt. s coincide, and the residue of

(
I cos8+—

I

qido

(w &s (ps prGz)s
A(2 —x) I I+I +

16 (4')' kW t M~I (Ms MgGs)

px
+ y+ (Ms+sMxy) (Ms+—s—Mxy)

M~ Mg

p, z Gg
(Mz+-', M~y)

p, z Gg—2 (Mp —Mz)y . (10)

Only the first two terms in an expansion in (M;/q)' have
been retained, and the Z —A mass difference has been
neglected, so that M~= &My. In this approximation,
the D~ and D~ poles occur at the same place,
y= ——,'MiI.'/q'. In making the extrapolation, values of y
of order Ms'/qs are important; for such values of y the
leading terms of Eq. (10) are the q' term and the terms
that are independent of y.

If pz or p, q is comparable to p~, the residues of the
backward poles are so large that the effect of these poles
may be important at energies much lower than those at
which the expansion in terms of M,s/q' is valid. In order
to illustrate this point, we have calculated the differen-
tial cross section at the lab photon energy of 1.95 Bev
in the Born approximation, assuming pal=0 and
ps/Mz= &p&/I

M&I�.

At this energy the Dx pole occurs
at the point coso= —1.95. The results of this calculation
are shown in Fig. 1, for the different assumptions con-
cerning the sign of p& and the Z —A parity. (Very similar
results are obtained from the assumptions pal=0 and
p&/M&=~p~/I M~I p~o~ided IGzl = IG~I and the
Z —A parity is even. ) It is seen that for these four cases
a simple linear extrapolation between the angles
cos0= —0.5 and cos8= —1 gives approximately the
correct residue. (Of course, such a simple extrapolation
procedure may not be valid with experimentally meas-
ured cross sections. ')
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%e conclude that at any energy comparable to or
greater than 2 Bev, the poles in the unphysical region
cose( —1 may produce observable effects. Extrapola-
tion to the backward pole (the two backward poles are
very close together, so we consider them as one) in the
angular distribution for the processes y+p —+E++A
and &+p-+ E++Z' will yield information concerning
the magnetic moment of the produced hyperon and the
Z' lifetime, provided that the particle parities and the
approximate values of the EA.N and EZN coupling
constants are known. The magnetic moment of the A.

may be measured directly, " so that this extrapolation
method, when applied to E++A production, is essen-

tially a measurement of the Z' lifetime. If the Z' lifetime
were known, the Z' anomalous moment could be meas-
ured approximately by applying the extrapolation
method to E++Z' photoproduction.

V. REMARKS CONCERNING EXPECTED VALUES
OF HYPERON MOMENTS

At present, no reliable theoretical prediction of p, ~,

p, q, and p~ can be made, since our knowledge of Z and A

interactions is meagre. Various theoretical models do,
however, lead to approximate predictions. " For ex-

ample, the global symmetry model of pion interactions
with nucleons and baryons, (in which the Z —A. parity is

even) leads to the predictions pq=pq'=0 and pr =@~ if

"R. A. Schluter et al. (private communication; and to be
published).

~„'See, for example, Hiroshi Katsumori, Progr. Theoret. Phys,
(Kyoto) 24, 1371 (1960); Katsumi Tanaka, Phys. Rev. 122, 705
(1961);J. Dreitlein and B.W. Lee, ibid. 124, 1274 (1961).

the baryon mass differences and the K meson contribu-
tions to the moments are neglected. 5~ The value
pz=p~ for the transition moment, when substituted
into Eq. (1), results in a Z' lifetime of 0.8X10 "sec.

It is generally assumed that the two-pion state is
responsible for the largest part of the nucleon anomalous
moment. The two-pion state that contributes to form
factors is of isotopic spin 1, and hence cannot contribute
to the A or Z' magnetic moments. ' Therefore, it would
not be surprising if p, ~ and @go were small.

The fact that the (7r+Z)/(w+A) branching ratio of
the Vt" is so small indicates that the w+Z and ~+A
states of angular momentum, parity, and energy equal
to that of the I"~*are not coupled together appreciably.
A possible explanation for this lack of coupling results
from the assumption that the vrZZ coupling constant is
zero, " since the exchange of pions cannot couple the
sr+A and s.+Z channels if the wAZ interaction is the
only mV interaction. For a similar reason, the contribu-
tion of the two-pion state to the Z —h. transition moment
must be small if f ran = 0. In this case one would expect
that p, z, as well as p.q and p~, is smaller than p~.
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