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In this paper the Regge-pole model is applied to K*(890) photoproduction. Conspiracy relations, kine-
matic constraints, factorization, and the question of when to set m,=0 are discussed. Predictions are ob-
tained, in the limit of large s and small ¢, for do/dQ, the density matrix, and the K*-decay angular

distribution.

I. INTRODUCTION

ECENTLY much interest has been shown in the
application of Regge poles to high-energy pro-
cesses.! K*(890) photoproduction is an interesting
reaction to consider here; the particles all have spin,
and the masses are all unequal.
In this paper we apply the Regge-pole model to the
process

v+p— K*+Y, 1
where K* is the 1~ meson at 890 MeV, and YV is either
a A or a = hyperon. Kinematic singularities are separated
out of the helicity amplitudes, and the questions of
conspiracy relations, kinematic constraints, factoriza-
tion, and when to set m,=0 are investigated. We
investigate the values of ¢ where constraints may arise
and discover that the leading amplitudes for the
process (1) are not involved in any constraint relations
at =0 or at = (mp—my)®. We also discuss why the
crossing matrix should yield the same conspiracy
relations as those obtained from invariant amplitudes.
Predictions for the large-s and small-f behavior of
do/dQ, the density matrix p, and the K*-decay angular
distribution are obtained; no data are as yet available
for comparison with these predictions.

The plan of this paper is as follows: In Sec. II, we
define our kinematic-singularity-free amplitudes and
find the dominant contributions in the limit of large s
and small ¢; Sec. ITI discusses possible modifications due
to conspiracy relations, kinematic constraints, factoriza-
tion, and ., — 0. In Sec. IV, we obtain our predictions
for do/dQ, the density matrix, and the K* angular
distribution.

II. +~-CHANNEL HELICITY AMPLITUDES

In this section we shall investigate the #-channel
helicity amplitudes associated with K*(890) photo-
production. We shall construct #-channel helicity ampli-
tudes that are free of kinematical singularities; these
will then be Reggeized. In separating out the kinematic

t Work supported by U. S. Atomic Energy Commission.

1 Present address: HH Wills Physics Laboratory Royal Fort,
University of Bristol, Bristol, England.

1 For a summary of recent work on Regge poles, see L. Bertocchi,
Rapporteur’s talk at the 1967 Heidelberg Conference, and
references therein (unpublished).
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singularities we shall follow the method of Wang?;
possible modifications will be discussed in Sec. III.

Each f-channel helicity amplitude fea.qs' contains
factors of sinjf; and cos36; arising from a partial-wave
expansion in terms of d functions; these are separated
out according to

Jeasan'= (sin36,) "4 (cos§y) M4 foaart, 2
where A=a—b and p=c—d. f* is then defined by
f‘cd;ablﬂ: f—c—d;abl—‘: ch;ab_(t)f.ad;abi(tys) ) (3)

where K contains the kinematic singularities. f* is the
kinematic-singularity-free amplitude which is Reggeized
according to

ﬂd;abfa,s)—w(t)(ﬂ)(i)aw, @

sinma(f) So

where M=max{|\|,|u|}. The factor M would be
absent in the spinless case; in the case with spin it arises
because some of the powers of s are absorbed by
separating out the sin}f, and cosif, factors before
Reggeization. The rest of the powers of s are assumed to
contribute full strength in our unequal-mass case
(i.e., we are assuming the action of daughter trajectories?
when writing s*(®—¥),

We note that for small £ and a given «(%), the highest
power of s occurs when M =0. (The sin36, and cos36,
factors do not contribute any powers of s here, since we
are dealing with an unequal-mass case, m,=mgs.)
Thus we expect the M=0 amplitudes to dominate.
[An estimate of a typical range of |#| is as follows:
Table I gives a list of the “parity-conserving” helicity
amplitudes, together with their low-¢ behavior (obtained
from the prescription of Wang?). The last four ampli-
tudes in the table have been given an extra factor of ¢
(we are assuming evasion at ¢=0 for these amplitudes;
see the following section for more details). The last
column of Table I gives the contribution of each
amplitude to the differential cross section. One can now
estimate when to expect dominance of the M=0
amplitudes: The contributions of the helicity ampli-
tudes to do/dQ (see Table I) contain factors of s~ or

2L.-L. C. Wang, Phys. Rev. 142, 1187 (1966).
3D. Z. Freedman and J. Wang, Phys. Rev. 153, 1596 (1967).
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TaBLE I. The low- behavior and contribution to do/dQ of the helicity amplitudes in K* photoproduction.
Evasion at =0 has been assumed for the last four amplitudes in the table.

16x%p; do
Dominant Contribution to ? — (omitting factors of s22)
Amplitude parity Low-t behavior pr  dQ
St faonas (=17 1 1
Jugit—Fouat (=1m+ [t— (myp—my)* ]2 [t— (mp—my)*]?
Jroat+For0s (—1)7# e s sin%,
Jro3*— 103t (=17 V[~ (mp—my) 2]V 5754471t~ (mp—my)* ] sin%,
ST (=17 1t~ (mp—my)*]t st~ (mp—my)? ] sin'f,
St — gt (=1/# 10— (mp—my)* ]2 5727t [t~ (mp—my)*]! sin'e,
iyt oy (=17 18— (mp—my)? ]2 57271t — (mp—my)*] sin’,
AR Y (=1)7# i s sin%,
Jro—at+Fooat (=17 Lt— (mp—my)* ]2 STEX L — (mp—my)* T (1+-cos9,) +1 (1+cos’y)
Jro—4'— 1034 (=1p+ 1 +Re cosb[1— (mp—my)2]2}
it foanggt (—1)71 V[~ (mp—my)* ]2 sTAX{fst7 [t~ (mp—my)?]* sin’,(14-cos)
iyt —Foagt (=17 Lt — (mp—my)* ]t + 75t~ (mp—my)*]? sin®, (1+-cos’0,)

+1 Re cosfy singt~1[t— (m,—my)?* J/2}.

s—* (when M3£0) times functions of ¢ and 6,. When
5=10 and [imin]| <|#]<0.7, for example, and if the
dominant parity is (—1)7, then these functions of ¢
and 0, are <10, whereas s~2= 102, Thus, for P=(—1)7
amplitudes, the kinematic factors times s are the
largest when M=0, for s=10 and |f{| in the range
where we might expect Reggeism to be a valid model
(]¢] $0.7 BeV). Exactly the same conclusion holds
for P=(—1)7+! amplitudes.]

Next we apply parity conservation? to the yK*-
Reggeon vertex and expand in partial waves; we
find that exchange of natural-parity trajectories
[P=(—1)7] can contribute to f**a_,-o, but not to
F"Aeu—o. Exchange of unnatural-parity trajectories
(such as those associated with the K and K4 mesons)
would contribute to fr3_,—o, but the trajectory
values «(f) lie lower than those for natural-parity
exchange. (The Wang kinematic factor? for ft-y_,—o is
[t— (mp—my)*T12; this pole is assumed cancelled by
evasion at {= (m,—my)2.) We hence neglect exchange
of unnatural-parity trajectories. Thus the amplitudes
we shall need are those f*+ amplitudes having A=u=0.5
Using parity* to reduce the number of independent
amplitudes, we are left with the following amplitudes
at large s and small ¢:

Sippt= S S st
= fum4'22 Kt () fisi®t,  (5)

Juagt— (1) (1—:{:—6—-2("1) <i)a(¢> ) (6

sinra(t) So

where

4 M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).

5 As pointed out to the author by Dr. Frank Henyey, keeping
only amplitudes with M =0 requires care. We assume the absence
of poles near the forward direction in those M 720 amplitudes not
required to vanish by angular momentum conservation: In the
forward direction P=(—1)7 exchange can also contribute to
S10;3-3+F-10:3-4. This amplitude has no kinematic singularity at
t= Zm,,—my)z, and a possible pole at ¢=0 is assumed to be can-
celled by letting this amplitude choose evasion.

and Kiy,337() is a kinematical factor. Using the pre-
scription given by Wang for the unequal-mass case
(and setting m., — O in this result), we find that

Risyt () =[t— (mpt-my P T2 —med)2.  (7)

Actually, some caution is needed with respect to this
form of K+, and before proceeding further, we shall
discuss possible modifications of the factor K+ due to
conspiracy relations, kinematic constraints, factoriza-
tion, and the question of when to set #.,=0.

III. CONSPIRACY RELATIONS, KINEMATIC
CONSTRAINTS, FACTORIZATION,
AND M,—0

There are several points to be discussed in connection
with the factor Ki1,35+(¢). The general form of K has
been derived by Wang,? who examined the singularities
in the crossing matrix relating s- and #-channel helicity
amplitudes. In addition, however, the questions of
conspiracy relations, kinematic constraints, factoriza-
tion, and how to treat m., — 0 may arise. Consideration
of these points could lead to a modified K.

One can ask at which points to expect special condi-
tions on the #-channel helicity amplitudes. In NN
scattering, angular momentum conservation applied
at cosf,=:1 leads to conspiracy relations,® but in
the unequal-mass case (i.e., 7,7 mgx) there are no
such relations at cosf,==1. (This has been shown by
Hégaasen and Salin’; the proof depends on the fact
that for unequal masses, cosf,===1 implies cosf,==-1.
Angular momentum conservation then says that each
Sfa=,'! must vanish at cosf,===1, and no relations
between f¥s arise.)

¢ D. V. Volkov and V. N. Gribov, Zh. Eksperim. i Teor. Fiz.
‘24, 1(;%8 (1963) [English transl.: Soviet Phys.—JETP 17, 720
1963)]. :

7H. Hogaasen and Ph. Salin, CERN Report No. TH788
(unpublished).
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Conspiracy relations among parity-conserving helicity
amplitudes can still arise at =0 when all the masses are
unequal, but no such relations occur for A=0 or u=0,%
which is the case of interest here. This can be seen as
follows®: The Wang prescription? allows a maximum
singularity (1/+/f)** at ¢=0 in the individual
amplitude f.aas’. Thus feaas' and fo._a.qs' would in
general have different maximum singularities at (=0,
and fogap'=E foa.0s’ would be allowed the larger of
these two singularities. One can then show® that
constraint equations between fogaptt f—c—a00? and
Feasapt— foo—d:ast would arise at {=0. But if \=0 or
u=0 (the case of interest here), the maximum singular-
ity at t=0 is the same for fea;es’ and f_._a;qp* and thus
no constraint equations involving these parity-conserv-
ing helicity amplitudes arise at {=0.

In general, we might also expect special relations
between helicity amplitudes to arise at those points
where the helicity becomes undefined.® One can define
the helicity four-vector ns;(p;) for a two-particle state
by the conditions #;-7#;=—1 and (in the c.m. system)
n;-p.>07%:

mP— (ps- P)p: )
31— (mat-ma)2 V21— (ma—ma)? 42/

ns(pi)=— (
where P= p1+p.. It is evident that troubles arise when
¢t is at a threshold or pseudothreshold f= (mi1d=m.)?,
and constraint conditions can occur between #-channel
amplitudes at precisely these points. Another way of
seeing that constraint cnoditions arise at {= (m,m;)*
has been discussed by Jackson and Hite,'® who note that
in a special basis system certain amplitudes vanish at
precisely these points.

Having thus discussed where one can expect con-
straint conditions, we next turn to the question of
constructing them. One way of deriving constraint
conditions is to express the invariant scalar amplitudes
for the process in terms of linear combinations of ¢-
channel helicity amplitudes. Since the scalar amplitudes
have no poles in £, one then derives certain conditions on
linear combinations of {-channel helicity amplitudes.
These are the conspiracy relations. The point to be
noted is that the only property of the scalar amplitudes
that is used is that they have no poles in ¢. Thus one
could have started with any other complete set of
s-channel amplitudes having no poles in ¢, and the
results would have been exactly the same. Hence it is
equally valid to start with f* amplitudes. Since these
are related to the f¥s by crossing, one can thus obtain
the conspiracy relations by examining the crossing
matrix at the values of ¢ in question. This approach has
been investigated in detail by Cohen-Tannoudji et al.°

8 S, Frautschi and L. Jones, Phys. Rev. 167, 1335 (1968).

9 G. Cohen-Tannoudji, A. Morel, and H. Navelet, Saclay
Report, 1967 (unpublished).

10 J. D. Jackson and G. E. Hite, Phys. Rev. 169, 1248 (1968).
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We now turn to explicit construction of the desired
constraint relations for K* photoproduction. We need
those relations which involve A=p=0 helicity ampli-
tudes (these are the relevant amplitudes for large s,
as noted in Sec. II); the point of interest is f=4
= (my—my)®. The other three threshold or pseudo-
threshold points for this reaction involve much larger
values of ¢ and are thus not needed for a study of the
behavior at small 7. Following the method involving
the crossing matrix® as illustrated by Hogaasen and
Salin,’ we discover that there are indeed constraint
relations between several /-channel helicity amplitudes
at t=1f,, but none of these relations involves fec.eat
+ foc—caat amplitudes, i.e., those amplitudes which
contain the leading s behavior (as discussed above) are
not involved in any conspiracy or constraint relations.

This result can be partially understood in the follow-
ing way: The fooaa'+fccat’s cannot be linearly
related to other /s whose leading s behavior is also
governed by natural-parity [P= (—1)7] exchanges at
i=1y, since the leading powers of s would be different.
On the other hand, f.caa'+ fo-saat cannot be related
to a polynomial in s times other f*s, since none of the
f?s has any kinematic singularities in s.

Thus in finding the kinematical factor K ..+ we can
completely avoid the question of possible extra factors
due to conspiracy or constraint relations. We next note
that factorization of residue functions will also not yield
any new information. The residue factors K factor
automatically at thresholds and pseudothresholds, and
for our unequal-mass A= =0 helicity amplitudes there
are no factors of ¢ in K for the relevant processes, so
factorization with respect to these pieces is auto-
matically satisfied.

To find the kinematical factors, we thus gain no new
information from constraint conditions or from factor-
ization. The only remaining uncertainty in finding
K.t arises from the question when to put m,=0.
One could put m,=0 in Wang’s general prescription?
for K ;.;aa™, or one could put m,=0 in the crossing matrix
and derive a modified prescription for K ,..+.1* The end
result for the two cases can in general differ in the net
power to which ((—mgs?) should be raised. Since for
small ¢ this factor is smooth, the exact power need not
concern us, and we will simply use Wang’s prescription
and set m, — 0 at the end. We thus obtain the result

Ry (0)= [t~ (mpt-my P T 0 —meT2. (7)

This result for the kinematic factor K can be checked
by means of simple angular momentum and parity
arguments.”? As an example of the method, consider
the point ¢= (my+my)®. Setting 1 (orbital angular
momentum) for the NY system equal to zero, the
possible NY states have JP=0~ or 1-. Since the N¥
system is coupled to a P= (—1)7 Reggeon in our model,

11 S, Frautschi and L. Jones, Phys. Rev. 163, 1820 (1967).
12 5. Frautschi and L. Jones, Phys. Rev. 164, 1918 (1967).
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J? is restricted to 1=. Now expand the helicity ampli-
tudes in terms of partial waves:

S fers3' =X Fiuga7doo” (cosy).
J

The F7’s have the threshold behavior gx%%, and cosf,
is proportional to 1/¢x¥. Hence, we deduce the behavior

Fdo” (cosfly) = qn7'(1/qn¥)? = (ga7) ™",

i.e,, near f=(my+my)? the kinematic factor K+(f)
goes as gyy t o« [{— (mp+my)* T2, in agreement with
(7). For ¢ near the other threshold or pseudothreshold
points, analogous arguments go through [the ¥ is
treated as having positive parity at ¢= (m,—my)*],
and one obtains exactly the Wang kinematic factor (7).

IV. CROSS SECTION, DENSITY MATRIX, AND
K*-DECAY ANGULAR DISTRIBUTION

The differential cross section in the c.m. frame can
be written

dcr

dﬂ 47r23p.

ED VAR

where the sum goes over the s-channel helicity ampli-
tudes. Orthogonality of the crossing matrix'® then gives

da ? 7

dQ 42 Ds

DML ®)

where the sum is now over all ~channel helicity ampli-
tudes. We take the limit of large s and use the results
(5), (6), and (7) of the preceding sections. Thus

do
dQ

large s Pf
_

c.m. small ¢ 161T2SP.'

1:|:e—z1ra.,(t) ai(t) 2
S 5)

sinma; (£)

[t— (mpt-my)? | [1—mgs? T

9

The sum is taken over the K*(1~;890) and Ky(2%;
1420) trajectories.™*

We make the following choices for the residue func-
tions and Regge trajectories: y1-(£) is assumed roughly
constant, while v.+(¢f) is put proportional to as*(f) in
order to cancel the pole in

1+ e—tmazt(t)
sinmag*(£)

(136"11‘ L. Trueman and G. C. Wick, Ann. Phys. (N. Y.) 26, 322

14 As emphasized by Jackson and Hite (Ref. 10), do/dQ does
not have kinematic poles at t=mg»? or {= (m,+my)? (these poles
are cancelled when one includes constraint conditions between
the amplitudes at these points). Since these two values of ¢ are
far from the physical region, however, empirical fitting will give
essentially the same results whether we incorporate the constraint
conditions at these two points or not (Ref. 10).
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at a*()=0 (Chew ghost-eliminating mechanism!).
Thus we set
'Yl_(t) = '5;1‘(5) )
vo+(8) =Fa+ (Daz* () ,

where the §’s are assumed slowly varying in # The
K*(1-) and K*(2%) trajectory functions are taken
parallel to those of the p and A2. We take'® o, ()=
+0.57 and a4, (f)=2¢+0.35; thus

ar-()=2t40.37,
s ()=2t+0.02.

To determine the 7,’s appearing in the residue functions
7vi, we first examine A2 and p exchange in p° photo-
production; then we obtain the corresponding residues
in K* photoproduction.

Since a photon does not couple to two ps by C
invariance, only the 42 contribution need be studied.
Maheshwari” has used universality and vector dom-
inance to estimate the A2 contribution to p° photo-
production. Evaluating his results at {=20, we find that

(10)

(11)

Fas=—3Vea, vp— .

Thus for p° photoproduction 7,=0 and §4:=—%+/a.
Using universality'® to relate ¥, and §42 to y1- and ya*
for K* photoproduction, we obtain

o=
2*t= __\/(Za) ) Yp— K*OZ-{—, (12)

Yor= I\/a 3 YP— K*+20 ’
pr=—(1/83)Va, vp— K*A°.

We note that gx+a-yszny and gg+a-yan are small® so
that ;- is probably small even though K* exchange is
not prohibited by C invariance.

Thus we obtain the prediction [using (9), (10), (11),
and (12) and setting sy=21 BeVZ]

do
dQ

c.m.

pfl,s;l 2a2(t) ‘ 1+e—i1ra(t) l 252a(t)
smallt 16725p;|t— (mp+my)?| [t—mzs? ]t sinra(f) ’

large s

(13)
where
a(f)=1t+0.02
and
70)=—3V(2a), yp— K¥Z+
~ Ve, yp— K*+20

= — (Va)/43, vp— K*N.

16 G, F. Chew, Phys. Rev. Letters 16, 60 (1966).

16 F. Cooper, Phys. Rev. Letters 20, 643 (1968).

17 A. M. Maheshwari, Phys. Rev. 170, 1523 (1968).

18 The coupling at the K* vertex is pure d by € invariance;
we take the pure f coupling given by universality (Ref. 16) at
the baryon vertex.

( 19 IS-I) Hogaasen and J. Hogaasen, Nuovo Cimento 40A, 560
1965).



2002 N. S.

1='min)

=
Ny
N
=k

T T P TTTIT

T

T T T TT10] T T TTTI1T]

T

Yo Yt SO TN N TN SR TN S S |

[¢] 02 04 06 08 Il

F16. 1. Theoretical prediction of (do/dt)¢/(do/dt)mn versus
|2] for the process y+p — K*+A; s=10.

The cross section for y+p — K*4A (divided by its
value in the forward direction) is plotted in Fig. 1.

The density matrix may also be found in our formal-
ism. The density matrix can be expressed in terms of
¢-channel helicity amplitudes?® (we go to the K* rest
frame; the z axis is taken parallel to the incident
photon momentum as seen in this frame):

Pmm’ = Z fma;dbt*fm'a;dbt/ Z |fca;dbt]2-

a,b,d a,b,c,d

(14)

Inserting the result (5) into this expression, we obtain
the predictions (for large s and small £)

(15)

These results hold true when exchange of one Regge
trajectory is assumed (as was done in this and the

p11=p—1—1=% s POO= Pmszm’ = 0.

2 K, Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
(1964).
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preceding sections). If other trajectories are also
permitted, then conspiracy relations arise at ¢=0, for
example, between parity-conserving amplitudes with
A and p nonzero.® Such amplitudes would then have
extra factors of (1/¢) (if conspiracy is assumed); these
extra factors could effectively restore the powers of s
which were removed by the sini6; and cosif; terms in
the definition of f*. Thus f**’s with A and x>0 could
become as important as those f*’s with A=p=0. In
particular (if M =1 amplitudes are assumed important),
P10, pox1, and poo would no longer be required to vanish,
and could be of the same magnitude as p;; and p_;_;.

The K*-decay angular distribution has been written
in terms of pmms by Gottfried and Jackson2-2:

W (0,6)= (3/47) (poo cos*0-+p11 sin?0— p1_; sin?f cos2¢p
—V2 Repyo sin26 cos¢p). (16)

Hence we directly obtain [from (15)] the prediction
(for large s and small £)

W (0,¢)= (3/8)sin’, 17)

where 6 is the angle made with the 2 axis in the frame
described above.

The only data on K* photoproduction give an upper
limit? of 0.1-0.05 ub on the cross section for y+p — K%
—+2%, so no comparison with experiment can be made
at the present time.
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