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I Introduction

A fundamental relation between nuclear, particle physics and astrophysics
has developed with the recognition that nuclear and particle physics are essential
in understanding the history of the universe and its contents [1]. Accordingly,
both nuclear and high energy particle laboratory experiments are pivotal to un-
derstand various reaction mechanisms in the early universe. For example, if the
Superconducting Super Collider (SSC) project near Dallas, Texas would be com-
pleted, proton beam energies of the order of 10 TeV would be achieved. This
energy corresponds to a temperature of 101K, which is the temperature of the
early universe at 10~'%s after the big bang. Thus, the particle reaction mech-
anisms occuring in the early universe can be studied at the SSC. Likewise, the
Continuous Electron Beam Accelerator Facility (CEBAF) which is being built
in Newport News, Virginia can study the early universe at 10=%s after the big
bang, corresponding to a temperature of 10'?K. Since the quarks and gluons are
hadronized at this temperature, CEBAF will be an important laboratory to test
theoretical models of hadron structure and reactions manifest in the early uni-
verse. Therefore, the experimental data from CEBAF will be quite invaluable
both for theoretical model studies of hadron reactions and studies of the early

universe at 107°s after the big bang.

While Quantum Chromodynamics (QCD) is accepted as the correct theory
of strong interactions, it is still fruitful to investigate hadronic models based on
Quantum Hadrodynamics (QHD) which possess several parameters, correspond-

ing to the various hadron coupling constants. In principle, if uniquely determined,
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channel is then given by

T8 (g2, P2, 43 7)) = (11-4)

(! AN T 4(w) dot
,:Qup:\/v —\» A.mmqnf.:uv + l.tm‘!lm A.ww,“?:wv_ ﬁA%nu\/v

The main idea of crossing is that the scattering amplitude is a universal, analytic
function of the Mandelstam variables, hence there is only one amplitude for all
channels. Thus, the scattering amplitudes in the s-channel and u-channel given

by Eqgs. (II-2) and (1I-4) respectively are actually the same

NJ\MMWAﬂuuﬁw.quﬁmv = ”NJ\MWWTNNLUM'QW,@\NV . AHH.UV

Because the four-momenta in the s-channel and u-channel are related by g2 = —¢j,
P2 = p1, ¢4 = —q1 and py = p}, we now obtain the crossing relation given by [2]

T3 (92,P2, 45, P2) = TV =2 P2, —q2,P) - (11-6)

While the physical kinematic region of one channel may correspond to the unphys-
ical region of the other channel, the scattering amplitude governing the crossing

related channels is universal. From Egs. (II-2), (II-4) and (II-6), we obtain

\A?&A.mnqm&qgwu = \wﬁu;Qwu“u'MQv y AMH-.NV
B®(sq,t2,u3) = —BO(uy,ty,55) .
Likewise, the t-channel corresponds to the K+ K~ production in pp annihilation

(pp — K*K~) and the amplitudes in the t-channel are related to those in the

s-channel by crossing;

\wﬁvﬁ.wuv “wu ﬁwv \»Auv Quq S3, .Rmv i AHH-WV

il

m?vﬁ.wmuﬁwvﬁmv I..m?vﬁww:,wm« ﬁuv ’

where

il

Aﬂw + muwvw )

ts = (¢5—as)” , (11-9)

S3

us = (9 —gs)° ,

and g¢s, ps, ¢5 and pj are the four-momenta of the B, p, K+ and K ~, respectively.

To appreciate the utility of the crossing relations given by Iigs. (II-7) and
(I1-8), let’s introduce a simple model [2} to describe the above three reactions,
K-p —- K p, K*tp —» K*p and pp — K+*K~ . The interaction Lagrangian

density in this model is given by

Lr = iga[NvsAK + K AysN | (II-10)
+igs [Nys7- 5K + K%-7ysN |
where
5
(p [ KT 2 X
N = n o K= Ko | Y= mm (II-11)
L3
Here, the X-baryons are given by
Yy +:XE
e _ Eritils : (11-12)

V2
MUO = Mu“

and the A-baryon is an isospin singlet. Using this model, one can obtain the

s-channel amplitudes in the lowest order;

L(My — M,
\»EQT?.SV = 3 fmhv , (11-13)
Y=A,Z S1 — My
(s) 9%
B¥(s1,ti,u1) = — —
<HM?M S1 — >%vm\
6
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Figure 1: Theoretical and experimental (Ref. 8) (error bars are omitted) K~p
elastic scattering cross section. The different theoretical curves correspond to the
three sets of coupling constants A (short dashed), B (long dashed), and C (solid)
listed in Table I. Only the first two columns of Table I are used for the calculations

displayed in Figs. 1-3.
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Figure 2: Same as Fig.1 for K*p elastic scattering. Data from Ref. 9.
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Figure 3: Same as Fig.1 for pp — K+ K~. Data from Ref.10.

III Application to Kaon Photoproduction and
Radiative Capture

We now apply our results to electromagnetic reactions and document the
sensitivity of calculations for kaon photoproduction, yp — K*A, to the full set
of coupling constants listed in Table I. Because new, improved measurements
are planned for these processes | at CEBAF, Japan’s National Laboratory for
High Energy Physics (KEK), and proposed North American “kaon factories” ]

and because these reactions entail electromagnetic coupling (a, = ¢?/47 =~ L),

which is more amenable to our perturbative treatment, we have been motivated

to include additional refinements.

As demonstrated in Refs. 6 and 11, a more realistic theoretical treatment can

be obtained by extending the model to accommodate vector meson /i * exchange.

10
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As reported in a previous study [11] we have calculated the elementary amplitudes
by evaluating the S-matrix to second order for the above Lagrangian. These
amplitudes, which are summarized in the Appendix, are functions of s = (¢ + p)?,
t = (k- q)% u = (I — )% and the coupling constants which conveniently group

into the effective parameters

Gz = krgs , (111-17)
Gv = gkx 9~ » (111-18)
Gr = gkk- 9k+ » (111-19)

which, along with g, have been phenomenologically analyzed previously [6, 7]

and are listed in Table I. The spin-averaged c.m. cross section is

do®®) 1 MMy k|
= el T2
dn 4 (47W)2 |q] Wm Ty

(111-20)

where k, q are the kaon, photon c¢.m. momentum. Using trace techniques and
computer algebra, Eq. (III-20) has been reduced and is specified in the Appendix

of Ref. 2.

In Fig. 4 we display the photoproduction cross sections corresponding to
the three sets of coupling constants in Table I. All curves provide a reasonable
description of the data [12]. This is expected since each set was phenomenologi-
cally determined using this reaction. Again, our major thrust in this paper is not
the physics of this reaction but to demonstrate that crossing can provide a pow-
erful criterion for determining model completeness as parameters appropriately
describing one channel may or may not provide a consistent description of crossed

channels.

13

0.5 T — y — :
Yp=K'A
0.4 Y €.m. cross section ]
Mm lab momentum = 1.2 GeV/c |
do 03FNa. .
dQ |
(ub/sr) 0.2 F
0.1+
o.o 1 1 1 1 1 1 1
1.0 0.5 0.0 -0.5 -1.0

nom ®h.=—.

Figure 4: C.M. cross section for yp — K*A with the same labeling as Fig.1.
All four columns of coupling constants in Table I are used for the calculations
displayed in Figs. 4 and 5. Data from Ref. 12.

We now address the u-channel process K~p — vA. Crossing the photon

and kaon in the s-channel gives the, by now ubiquitous, relations for the physical

u-channel having kaon momentum k, photon momentum §, photon helicity A:

Tk, p,¢0) = T (~a4,p, k1) , (111-21)

NJ\.MW_W\QM,EU q D @Qu \/\v Qmmtﬁm,\mu

X NEAM (55, 2, 12) u(p, A)

(111-22)

I

where the N} are specified by Eqs. (11I-13) - (I1I-16). Equating Eqs. (111-21) and

(111-22) gives the crossing relations for the elementary amplitudes

A (s2,t5,u2) = —Augitss), i=1,2,3,4 , (111-23)

with change of sign under s; — u; and u; — s, because the four-vectors Nt

also change for ¢ — —§. We have confirmed these results through detailed di-

14
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IV Isospin and Parity Symmetries in Kaon Pho-
toproduction

In this section, we consider a few different hyperons in the kaon photoproduc-
tion processes, yp — K1Y (Y = A, £° A(1405)). Because of the difference in the
final state isospin and parity quantum numbers, one can make some interesting

observations from the experimental data in conjunction with these symmetries.

IV.1 Isospin Symmetry

If we compare the two processes, yp — KA and yp — K+X°, then we find
an interesting difference in the final isospin states. For the isoscalar part of the

photon, we have the following isospin assignment for the initial and final states.

| v »p - Kt A | v »p - K+ %°
I 0 2 10 0 % 1
N»eu W W. . W. W ! W

The main point here is that the kaon photoproduction process involves partly the
electromagnetic interaction which can violate isospin conservation, and hence the
total initial and final state isospins do not have to be the same. Thus, the isospin
2 in the final K +¥° state in the above assignment is allowed and the A-excitation
should be considered in this channel. For the isovector part of the photon, the
isospin conservation of the strong interaction insures the A-excitation only in
the K+¥° channel again. Thus, the principles of the isospin symmetry in the

electromagnetic and strong interactions are essential to observe the A-excitation

17

only in the £° production channel. In Figs. 6-8, the cross sections in various

angles for the yp — K*X° process are shown, demonstrating clear evidence of the

spin 1/2 A-excitations.

p(y.K)L°
0.35 T T T T T T T

c.m. cross section

Qn.a.l mun

0.2

E, (GeV)

Figure 6: Energy dependence of the £° photoproduction cross section at 8., ~
93°. The solid, dashed and dashed-dotted lines represent crossing consistent mod-
els (a), (b) and (c) respectively, with parameters listed in Table II (sce section V).
The three lower curves were calculated neglecting the A resonances.
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IV.2 Parity

Now, let’s compare the two processes, yp — K*A and vp — K+A(1405),
which have opposite parity in the final state;

¥y p = Kt A _ ¥y p — K% A(1405)

- 1% - 1+ - 1+ e
Jr 1- 1 0- 1 1~ 1 0~ 1

Tintrinsic -1 -1 -1 +1

Since both the electromagnetic and strong interactions conserve parity, an am-
plitude decomposition in terms of eigenstates of angular momentum and parity
reveals that partial waves are selected in the initial and final states to conserve
total angular momentum and parity. For the dominant low energy Ey multi-
pole transition (i.e. even parity proton graph), we can easily conlude that the
initial state should have predominantly P-wave contributions whereas the final
states of K*A and K*A(1405) are P-wave and S-wave, respectively. Thus, we
expect a relatively flat angular distribution in K+A(1405) production compared
to K+ A production. This is shown in m,wm.:o. Also, due to the S-wave dominance in
K*A(1405) production, we expect [17] a small A(1405) polarization (near thresh-
old) compared to the polarization of A and £° production. The prediction is

shown in Fig.10.

V  Extension to Kaon Electroproduction

The considerations in the previous sections are now extended to kaon elec-

troproduction [18] which is mediated by virtual photons. This means that the

21

+
POV KA 405

O.m T T T
c.m. cross section
0.4 F .
do/d0 E,=1.6 GeV
0.3
(ub/sr)

0.2

0.1

| ©

OOmmo.a

Figure 9: A(1405) photoproduction cross section angular distribution at E, =
1.6 GeV showing the sensitivity to the unconstrained parameters of our model
(solid line for 9KNA(1a05) = 1.5; dashed-dotted line for gxnaqa0s) = 3.0). The
dotted line demonstrates sensitivity to N* resonances (with 9K NA(140s) = 1.5 and
N* coupling constants equal to zero).
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and the transverse polarization parameter € is given by

¢ = — (V-4)

A useful expression for the virtual photoproduction cross section involves a de-

compostion into factors where the ¢ dependence is explicit:

do, doy dop . , doy,
= V-
0 o + € o sin®fcos2¢ + € 0 (V-5)
d
+ [2ep(e+ 1)]? <L sinfcos ¢ |
dQk
where €, specifies the longitudinal polarization
2
o = -Le, (V-6)
90

and the U, P, L, I subscripts label the unpolarized, transversely polarized, longitu-
dinally polarized and interference cross sections respectively. These cross sections
are calculated by including the diagrams shown in Fig.12. The effective coupling
constants for electromagnetic A, £° and A(1405) hyperon production are summa-
rized in Table II. Note that sets (a) and (c) include t-channel /{* resonances, while
set (b) excludes them. As demonstrated in Figs.13-17, the ' contributions are
very important. Invoking duality [20], the K~ graphs are effectively equivalent to
the excited baryon resonances in the s- and u-channel (neglected in our model},
which are obviously important at higher (intermediate) energy. In particular these
vector mesons carry additional angular momentum which in turn introduces more

partial waves which are necessary at higher energies.

Another important point of extending the calculation to electroproduction
processes is to provide crossing predictions for e*e™ pair production in kaon cap-

ture reactions (X ~p — ete~Y). Since the threshold mass of the virtual photon to
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Table II. Effective coupling constants for Y = A, £° and A(1405) electromagnetic

hyperon production.

_ _ _ Y = A Y = 5V Y = A(1405)
Diagram EJ Jective Coupling (a) ) [69) (D) (<) (a) (b) <)
p, Kt IKNY 8.427 | 4127 -0.968 | .0.329 | .0.329 2.598 2.651 1.851
A By h>.2> -5.166 -2.530 13.592 6.657 6.657 1.161 0.709 -1.241
£0 Bys IKNT -1.561 | -0.531 |[ .0.784 | -0.266 | -0.2¢6 0.813 0.281 + 0611
A*(1405) Byae Spe NS 0.358 | .0.451 || -2.181 | -2.237 | 2.014 -1.143 | 1166 3.987
ZnA:wmcv 12-«» NMAZQV\ 0.213 0.453 -0.437 -0.426 0.514 28.062 15.489 3.579
N*(1710) Brep SNy 0.323 | 0.875 2,329 | .2.143 | 1.235 -2.037 | -1.91% 0.423
A*(1620) Basp Ixasy 0.161 0.161 -0.175 -
.
A*(1900) Basp Ixcasy 0.315 0.315 | 0.235
.
A*(1910) Baep Ixary 2.757 2.158 1.523
oo v .
K*(892) Igrk ey 2.032 0 1.375 0 o 0.299 0 1.277
9 oT 0.984 0 1.774 0 0 5
K*K Ixe Ny -0. . -0.218 0 0.251
Ky(1270 . v .
1( ) 9K K 0321 0.236 (1] 1.684 0 [ 0.581 0 -0.517
g oL .2.17% 0 .0.862 0 0 2.164 o 0.248
K1K 9K, Ny . . . .
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p(y.K")E®

O.U T T T T U T T T T 1 T
oy = doy/dt + e do /dt
0.4 boy ~ 28°
€ = 0.72
do/d0 2
2k v +p > KP4+ s = 5.0176 GeV i
0.3~ oy t = -0.15 GeV?
(ub/sr) (ub/Gev?)
0.2}
1F i
0.1+ .
O I i 1 1 O 1 1 1 I 1 1
1 125 1.5 1.75 2.25 5 0 -0.1 -02 -03 -04 -05 -06
E, (GeV) q? (Gev?)

Figure 15: Unpolarized virtual photoproduction cross section (our) for A produc-

Figure 14: p(y, K*)Z° photoproduction cross section at f,,, ~ 28° with curves
tion as a function of ¢2.

labeled (and hereafter unless otherwise specified) as in Fig. 13.
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p(K™ 7)Y
A_Oﬂ E T T T T T 3
m m
1081 € = ~05 oy = doy/dt + ¢ aqr\aﬁm
[ s = 7.0 GeV? ]
10°5L  t=-1.00GeV? i
u A ]
10 E
(ub/GeV®)  t ]
1 ]
1000 | 3
m m
i ]
100 3 lm
v‘\.\.\. /./ o’ SN 4
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1 i 1 Il ._ 1 ]
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Figure 18: Two body virtual photon radiative capture cross section as a function
of ¢% in the time-like region.
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‘produce a e*e” pair in this process is only 4M?, i.e. ¢ > 4M2, time-like form fac-
tors can be measured in the small ¢* region. The conventional measurement using
hadron pair production in e*e~ annihilation requires g2 > 4M} making the very
important low-¢* time-like region inaccessible. Thus, meson capture processes are
potentially very important for investigating time-like form factors in the (almost)
entire ¢> > 0 region. Our recent predictions for the capture cross section using

extended vector meson form factors are shown in Fig.18.

VI Conclusions

Even though QHD models have multiple parameters, the requirement of
fundamental principles such as crossing can provide a stringent test of these pa-
rameters, which can lead to more sophisticate and realistic models. In this talk,
we have shown that the symmetry considerations in weak, electromagnetic and
strong interactions are also vital to build realistic models. As we discussed in
the introduction, it is very important to construct such models to understand the
history of the universe more accurately. The CEBAF laboratory is important for
testing hadron models which can be used to describe the early universe at 107 %s.
The connection of these hadron models to QCD is still missing, however, and
linking the two is one of the most important future works.
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