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ABSTRACT

An analysis of the observed double-strangeness-exchange (K~, Kt)
inclusive cross sections at 1.65 GeV/c on nuclear targets is presented. The
K* momentum spectrum displays a low momentum peak centered around
600 MeV/c, which we interpret as due to the first order K~ p — ¢A |, agA
and foA processes, followed by ¢, aq, fo = K+ K~ decays. This hypothesis
is shown to be consistent with the shape of the K+ spectrum, its integrated
cross section, and the A® dependence observed for the (K~, K¥) cross
section on targets of mass number A. We predict a rapid energy dependence
for the nuclear (K~, K*) process in the momentum region 1.4-1.8 GeV/c
near the two-body thresholds for producing scalar (aq, fo) and vector (¢)
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1. Introduction and Motivation

The advent of medium energy (1-2 GeV/c) kaon (™) beams at KEK in Japan and
the Brookhaven AGS [1] has made possible the study of double strangeness exchange
(K—,K%) reactions on nuclear targets. The initial thrust of the (K~, K*) experiments has
been directed towards searches for the six quark H dibaryon [2-4] and AA hypernuclei [5,6].
More recently, small angle (K ~, K*) cross sections at py- = 1.65 GeV /c were measured [7]
on targets from C to Pb. These measurements yielded a rather surprising result: in addition
to the quasi—free peaks in the At momentum spectrum due to the elementary processes
K~p— K*=~, and K~p — K*Z*7(1535), a very substantial peak at a low momentum
Pr+ = 600 MeV/c was identified, with an integrated cross section in excess of that seen
in the =7 quasi-free region at higher momentum. The (K, K%) cross section residing in
the low momentum peak is far greater than that anticipated on the basis of second order
strong processes, for instance K~p — w%A followed by 7%p — K*A, as seen by explicit
nt)

reaction [8]. In this paper, we evaluate quantitatively the '+ momentum spectrum which

calculation or by analogy to the observed size of second order processes in the (K,

arises from the production/decay sequences

K™p— MA (la)
M- KtK~ (1d)

taking place on a proton embedded in a nuclear target. Here the meson M is a scalar
[f0(975) with quantum numbers J™C(IC) = 0++(0%) or a¢(980) with 0*+(17)] or a vector
[#(1020) with 177(07)]. The processes (1la,b) are depicted schematically in Fig. 1 for the
¢. Since the production process (la) is first order, and the branching ratio for the de-
cay (1b) is substantial (~ 50% for the ¢), the (K~, k') cross section arising from (1a,b)
is intrinsically much larger than that characteristic of second order reactions, provided
that (1a) is energetically possible. For instance, the free space two-body threshold for ¢
production in (la) is pg- = 1.76 GeV/c, and hence the nuclear Fermi motion must be
invoked in order to obtain a finite (K=, K%) nuclear cross section at the “sub-threshold”
K~ momentum of 1.65 GeV /c. [7] This implies a rapid dependence of fy, ap and ¢ produc-
tion on pg- in the region near threshold. This predicted strong momentum dependence

of the (K~, K*) cross section on nuclei serves as a decisive signature of the production



mechanism proposed here, as yet untested. The calculations reported here incorporate the
effects of Fermi motion, the rapid energy dependence of the K~p — M A cross sections near
threshold, and initial and final state absorption of the K~ and the meson M, respectively.
They quantify the rough estimates made in [8]. We also estimate the (smaller) effects of
other first order processes such as K~p — ¢X° K*Z. The sequence (1la,b) is found to

provide a quantitative explanation of the basic features of the (K, K1) spectrum:

i) the large observed magnitude of the cross section in the low momentum
region (px+ ~ 600 MeV/c)

ii) the shape of the K+ spectrum (peak position and width)

iii) the observed A dependence of the (K=, K*) cross sections (approximately

A%, with a = 0.56 £ 0.02).

This paper is organized as follows: In Section 2, we provide a brief resumé of the
experimental data on the K~™p — @A process, and develop a parametrization of the energy
and angular dependence of the differential cross section. We make some simple estimates of
the K~p — foA, apA cross sections, for which no data are available. We then describe the
procedure used to obtain the Fermi-averaged cross section used as input for the (K—, Kt)
calculations on nuclei. In Section 3, we present our estimates of the effective proton number
Zeg for the K~ p — ¢A reaction on nuclei. We obtain an approximate A® dependence for
Zg, and investigate how o depends on the ¢—nucleon cross section o4y. This enables us
to understand the empirical value of a for (K, K1) reactions on nuclei in terms of the
(small) observed cross sections o4y and g+ . Our estimates for the (K, K*) double
differential cross sections d?c/dQdpy+ on C, Al, Cu, Ag and Pb nuclei are presented in
Section 4, and compared with the data of lijima et al. [7]. We also include some qualitative
estimates of cross sections for second order processes in Section 5, and argue that perhaps
these could be seen for K~ momenta below 1.4 GeV/c, where they are no longer masked
by scalar and vector meson production. In Section 6, we summarize our results and present

some suggestions for future experiments.



2. The Elementary K~ p — MA Processes and their Fermi Averages

A K7 meson in the momentum regime 1-2 GeV/c can initiate a variety of strong
interaction processes. The thresholds for reactions leading to a K% in the final state are
given in Table 1. The =~ and Z=*7(1530) production channels are both open at 1.65 GeV/c,
and are reflected as quasifree peaks in the measured [7] (K, K*) cross sections on nuclei.
The three-body K*K~A channel opens up at a slightly higher momentum, but will be
activated with a nuclear target due to the Fermi motion of the protons. Considering KK~

pairs of different relative orbital angular momentum ¢, we obtain various quasi-two-body

reactions
{£0(975), ag (980)} +A— (KYK™),_,+A
K +p— ¢ (1020) +A— (KYK™),_ +A (2)
{f2(1525), a2(1320)} + A — (K*K~),_, + A

For the energies considered here, only the scalar S = {fy,a¢} and vector {¢} mesons need

be considered. From the decay branching ratios
BR(¢ - K*K~) =049, BR(fo— K*K~)=0.11 (3)

we see that ¢ production is likely to be the most prominent source of K+ mesons in
the (K, K™) reaction, assuming that the K~™p — ¢A and K~p — SA cross sections
are comparable. There is no available data on fy and ay production with K~ beams for
momenta of the order of 2 GeV/c, but one can make a rough estimate of the fo/¢ and
ag/¢ cross section ratios as follows. We first determine the intrinsic coupling strengths
9K+K-§f, and gg+ -4 from the observed partial decay widths I'(fo - KTK~) ~ 5.2 MeV
and I'(¢ —» KTK~) ~ 2.2 MeV by removing the phase space factors (PS)s 1

G- =T (6 = K¥YK7) /(PS)s, gke-g, =T (fo —» KYK™) /(PS), (4)

We assume (PS)g, = (q)g, and (PS)s = q4p;, where p; = 2%/(1 4 2?) is a Blatt-Weisskopf
penetrability for £ = 1, z = ¢yR, R = 1 fm, appropriate to the s and p-wave decay
character of the fo and ¢, respectively. We have g4 = 127 MeV/c and we obtain (q)s by
averaging over a Breit-Wigner shape for the fo, using a non—relativisti;: approximation,

for which no integration cutoff is necessary. This procedure yields

oe= (i) (rear-amfars) o



where A = 2mg — mg, and (mg,T') are the mass and width of fy or ag. We find

_ | 58 MeV/c for fg - KtK~
(a)s = { 77 MeV/c forag —» KK~ (6)

The ratios of coupling constants are then

1.51 for fo

2 2 Kt -
I+ Kk-5/9K+ K ¢ {1-38 11331122((‘}2—*2+2-)) for ag (7)

A crude estimate for the ratio Rg/y4 of K’s arising via {fo, a0} and ¢ production in

the (K~, K%) reaction on nuclei is then

_ 9k+k-5 BR(S - K¥K™)

Rsyq Gh+j- BR(6 = K+K-) ®)
Using Eq. (7), we obtain
0.34 for fy
R TEIEE = ®

The value of BR(ag — K*K™) is not given by the Particle Data Group [9]; for the
calculations reported here, we have simply assumed that BR(ag — KTK~) = BR(fo —
K*+K~). This estimate indicates that fo and ag production could be a significant source
of K* mesons, comparable in magnitude to the ¢. This qualitative result is borne out by

the more detailed calculations reported later.

From the values of (¢) 5, we compute effective masses m¥ for the scalars, now considered

as zero width particles:

my =2 (mk +(@3)" = {33‘;;3 Moy ol (10)

These values of m§ correspond to effective K~ threshold momenta of {1.703, 1.715} GeV/c
for { fo,ao} production in the K~p — SA reactions. The {fo,ag} thresholds are a bit lower
than that for ¢ production, which enhances somewhat the importance of scalar production
for pr- = 1.65 GeV/c. In our subsequent cross section computations, we include scalar
meson production, using the sharp effective masses m¥ and the corresponding thresholds.
We now focus on the K~ p — ¢A reaction. Cross sections for this process have been

measured at 2.24 GeV/c by London et al. [10], in the 2.1-2.7 GeV/c region by Lindsey



and Smith [11] and at higher momenta by Ayres et al. [12], Hoogland et al. [13], Haque et
al. [14] and Aguilar-Benitez et al. [15]. The available information on total cross sections in
the region below 2.8 GeV /c is displayed in Fig. 2, while the K ~p — ¢A angular distribution
at 2.24 GeV/c '[10] is shown in Fig. 3. The cross section is observed to be strongly peaked
in the forward direction (i.e., the ¢ is produced at small angles with respect to the K~
beam direction). This is consistent with a dominant t—channel meson exchange (K*, K**)
mechanism. The backward peak which usually accompanies u~channel baryon exchange is
absent in this case, because the coupling constant g4y is small. In contrast, the reaction
K~ p — wA displays a healthy backward peak, since g, n n is large. The lowest momentum
for which K™p — ¢A angular distributions have been measured is py- = 2.24 GeV/c.
From Fig. 3, we read off a c.m. forward cross section of about 30 ub/sr. In the lab system,
the K~p — ¢A angular distribution is much more strongly peaked at 0° than in the c.m.

system, as we see from the relation

(do/dS); go / (do/dQ) e g0 = (PsL/Pgscm)” (11)

For py- = 2.24 GeV/c, we have py; = 1.724 GeV/c, py cm = 0.465 GeV/c, so that

(do/dQ) [ go [ (do/dQ) g0 =~ 13.7, (12)

leading to a lab forward cross section
(do/dQ) [ go ~ 410ub/sr (13)

for K~p — ¢A at 2.24 GeV/c. This is a rather substantial cross section. As we approach

threshold, the ¢’s become increasingly focused in a forward cone (in the lab frame) with
L

maximum production angle 67 .

For a general two-body reaction (1_5 11,m1)+(0,mz) —

(kz3,m3) + (kp4,m4), we have
0052 eL,ma.x = [mg (kil + mZ) - P%] /mgkil (14)

with p1 = Epyma + (m? + m2 —m% —m?)/2, Efy = (m? + k%l)l/z. The dependence of
Oi,max on pg- is shown in Table 2. For instance, for py- < 1.9 GeV/c, the ¢’s produced
in the K~ p — ¢A reactions are narrowly focused in a forward cone with G‘z’max < 16°.

Since the lab momentum of the ¢ is rather substantial (pyr > 0.84 GeV/c), even close to



threshold, the subsequent decay ¢ — K+ K~ also produces K*’s in a forward cone, with
Gi"+ < Of;mx, measured with respect to the direction of the ¢ (see Fig. 1). We obtain
01{‘:;“ from Eq. (14) by setting m; = my, mg = 0, m3 = my = my. The values of 0}/{;“
as a function of pg- are indicated in Table 2, both for ¢ production at 0° and at Gf‘max
(the latter in parentheses). Thus for py- < 1.9 GeV/c, for instance, all K+’s resulting
from ¢ production and decay emerge at lab angles less than 35°, and most of these occupy
the angular region 1.7°-13.6° measured by Iijima et al. [7].

Consider now a Kt emerging at 0° from the decay ¢ — K*K~. Imposing energy

conservation

1/2
)

o 1/2
By = (mf +pj+) " + (mi' + (poL — Pr+) ) : (15)

where E4p = (mi + pi L)l/ ?, we find two solutions for the K+ lab momentum pg+. We

obtain

0.25, 0.59 GeV/c at threshold
pPr+ = § 0.42,0.82 GeV/c for pj- = 1.9 GeV/c (16)
0.61, 1.11 GeV/c for py- = 2.21 GeV/c

The larger momenta correspond to a Kt produced at 0° in the c.m. system, while the
smaller values are for 180° c.m. production. The value pg- = 2.21 GeV/c, for a proton
target at rest, corresponds to the same c.m. energy s!/2 = 2.32 GeV as for an encounter
of a 1.65 GeV/c K~ with a proton moving opposite to the beam direction at the Fermi
momentum pp = 270 MeV/c. Thus Fermi motion at 1.65 GeV/c leads to an effective
momentum interval 1.76 < pp- < 2.21 GeV/c. In this regime, the decay K1’s at 0°
populate the region 0.25 < pp+ < 1.1 GeV/c, from Eq. (16), with a peak expected around
pr+ = 0.6 GeV/c. This corresponds to the position of the “low momentum” bump seen
by lijima et al [7] in the (K~, KT) reaction on nuclei, and lends qualitative support to
our interpretation of this structure as due to meson production and decay. The width of
this structure reflects Fermi broadening.

At higher momenta, the ¥ and &™(892) production channels open up (see Table 1),

and additional contributions to the 't spectrum are expected from ¢ and K* decay, for

which we have

BR(K** - K*2%) ~1/3, BR(K**— K*x7) ~2/3 (17)



At 2.1 GeV/c, Ayres et al. [12] give a total cross section ratio
o (K™p— ¢%%) /o (K™p— ¢A) =~ 0.1 (18)

Noting that ¥ production can occur on neutrons as well as protons, and using the isospin

relation

o (K™n — ¢S7) =20 (K~ p — ¢%%), (19)

we estimate a ratio of approximately 0.3 for decays I\ *’s arising from /A production at
2.1 GeV/c. Thus as the K~ momentum rises above about 1.8-1.9 GeV/c, ¥ production
will start to become significant as a source of K*’s.

The K* production cross sections have been measured near threshold by London et
al. [10], Dauber et al. [16] and DeBellefon et al. [17]. For example, at 2.1 GeV/c, Dauber
et al. [16] give

o(K~p— K**=7) ~ o0 (K~p — K*°=%) ~ 25 ub, (20)

whereas London et al. [10] obtained a K*®/K** ratio of ~ 1/2 at 2.24 GeV/c, with
a(K*t) ~ 34 ub. Thus at 2.1 GeV/c, we have

c(K~p—= K*E7) /o (Kp— ¢A) = 1/3 (21)

As for T’s, the production of I{*t’s will start to become an important source of K1’s
above pp- = 1.8 -1.9 GeV/c.
For our purposes, we require a smooth parametrization of the ' "p — @A cross section

down to threshold. We represent the total cross section data shown in Fig. 2 as
OKk-p—opnr = Bg e~ Pe (22)

where (B, 3) are constants and ¢ is the c.m. momentum of the ¢ in the final state. This
form exhibits the correct behavior ¢ ~ ¢ near threshold and drops smoothly to zero at
high ¢. The fit is performed by fitting an assumed value gmax at which the cross section
peaks at a value o‘}\li"p_‘ SA- Because of the rather large error bars of the data, gmax 1s not
well determined, so we assume a range of possibilities. The constants are then determined
by

B =1/gmax, B =eo > _ ;1/qmax (23)



The resulting parameters (3, B) for Models 1, 2 and 3 are listed in Table 3, along with the
lab momentum pP** corresponding to the peak cross section 0?,"1’;“ sA- The cross sections
resulting from Models 1, 2 and 3 are shown in Fig. 2 as solid, dashed and short-dashed

lines, respectively.
Now consider the c.m. angular distribution for the K~ p — @A reaction. We start with

a standard parametrization

do \ HTr—eA
(__) — Aea(t‘tmin) — Ae?pqa(coso—l) (24)
df cm

where ¢ is the four- momentum transfer, ¢y, is its value at 8.y = 0°, and (p, ¢) are the c.m.

momenta in the initial and final states, respectively. We approximate (24) by a simpler

K~ p—¢A
(dU) ~ Aed(cosﬂ—l) (25)

form

Q) .
where the energy dependence of the cross section is carried by A, and & is taken to be

energy independent. We determine & from the data of London et al. [10] at 2.24 GeV/c

do 90° do 0°
()1 (E)] v1E 29

where we have estimated the 0° and 90° c.m. cross sections from Fig. 3 as 30 pub/sr and 5

as

a=-1ln

pb/sr, respectively. In Eq. (25), the parameter A is obtained from the value of & and the

total cross section o via the relation

= i — —2a1)7! ~ &—0 ~
A= 27r0(1 exp (—2a)) 5 = 0.30 (27)

The form (25) is shown as a solid line in Fig. 3, and is seen to provide an acceptable fit to
the rather uncertain data of London et al. [10]. Transforming Eq. (25) to the lab frame, we
display our predicted lab differential K~p — @A cross section in Fig. 4, for lab momenta
in the range py- = 1.8 — 2.2 GeV/c. The lab cross sections are seen to evolve smoothly
as a function of py-.

For the K=p — SA cross sections, no data are available, so we have to rely on some
guesswork. We assume that scalar meson as well as ¢ production is dominated by K+
exchange. Thié is essentially the peripheral model, which assumes the dominance of the

t-channel exchange of longest range. We then expect a total cross section ratio

o 2 2
OK-p—SA TK-paA = Gict [~ 5/ TR+ K- (28)
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where the ratio of coupling constants is taken from Eq. (7). For the fy and ag, we adopt
the same parametrization of ¢ in terms of ¢ and cos as for the ¢, assuming the same
values for # and &, and appropriately modifying A and B, which are proportional to o.
Experimental measurements of the K=p — KtK™A cross sections are required in the
threshold region, in order to isolate the {fy,ap} and ¢ components, and test our simple
hypothesis. There could be interesting interference effects between the 07 and 1~ mesons
in the differential cross sections, which may shed some light on the structure of the fo and
ap. Such measurements should be pursued at the Brookhaven AGS, where the highest
intensity K~ beams are available in the key momentum range of 1.7-2 GeV/c.

For the evaluation of the K~ p — ¢A,SA processes on a nuclear target, it is crucial
to perform an average over the Fermi motion of the nucleons in the nucleus. Following
Dalitz and Gal [18], we split the nucleon lab momentum py into a component p, along
the K~ beam axis and a transverse component pr in the (z,y) plane. We can then write

the square of the c.m. energy for a K~ p collision as

s=(Eg- + Ex)* — (Px + pn)’

Ex- + En (p:) 2 4 PE
~ S0 + ( —_ -1 P = 8o + EEA’— 2mN (29)

where sg = (Eg- + En(p.))? — (pg- +p.)* and Ex(p;) = (m} + p2)1/2. Using the Fermi
momentum pp = 270 MeV /c and py- = 1.65 GeV/c, we find that the fractional correction
(%EK-Z—%)/so(pz = 0) ~ 0.0126 to s, due to the transverse components of the nucleon
Fermi motion, is very small. We neglect g1 in the following, and perform a Fermi average
of the K~p — ¢A and SA lab differential cross sections over a distribution ¢(p;) of the =

component of nucleon momentum. We assume the Fermi gas form

3 2
¢(p:) = P (1-p3/pF) for —pr<p. < +pr (30)

The Fermi-averaged cross sections are then

o *PF o
G @)= [ et o) - s0.0), (31)

where we use the form (25), transformed to the lab frame, and a parametrization of the

decay ¢ — K+*K~ described in more detail in Section 5, to evaluate do/d2;(so,8). To
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compare with the results of lijima et al., we need to carry out a further averaging over the

angular integral §; < 6 < 62, with 8, = 1.7°, §; = 13.6°. Thus we have

o 82 o
(d‘;—L> - /9 d0<jTL(e)>/<ez _6) (32)

In fact, the average done is somewhat more sophisticated in that the actual 8 grid has
to be chosen such that, after accounting for the K+ opening angle with respect to the ¢
direction, the overall 't angle with respect to the '~ beam direction is limited as above.
This procedure is described in Section 4. The resulting Fermi and angle-averaged cross
sections (do /d§p)1,2,3 for Models 1, 2 and 3 (see Table 3) are given in Table 4 as a function
of pg-. One notes a rapid growth of (do/df;) as py- increases, and a leakage of cross

section to the “sub-threshold” region py- < 1.76 GeV/c, due to Fermi motion.

3. The Effective Proton Number Z.g4

Let us first consider ¢ production. In the plane wave approximation, the (K~, )
nuclear cross section will be proportional to the number of target protons Z. Due to the
fact that the K~ and ¢ can be absorbed in the nuclear medium, only an effective number

of protons Z.g < Z are operative. We estimate Z.g in the Glauber approximation, for
which

Zeoff = % /dsr"p (r)exp [—O'K—N /_; p(z,y,2')dz' —ogn /ZOO p(z,y,2") dz'] (33)
where oy~ § and o4y are averaged W~ N and #N total cross sections and p(r) is the
nuclear density normalized according to [ d%rp(r) = A. We assume op- ~ 29 mb, as in
lijima et al. [7]. The ¢ cross section is not well determined, but values o4y = (8.3 £ 0.5)
mb and (8.8 £2.2) mb have been quoted by Behrend et al. [19] and Bailey et al. [20], from
studies of photoproduction and the A dependence of inclusive ¢ production, respectively.
For our considerations, we have considered a range of values 6 < o4y < 10 mb. Equation
(33) does not include the possibility that the decay ¢ — K+ K~ may occur in the nucleus,
and hence oy is replaced by o+ y for part of the meson trajectory through the nucleus.

However, in the low momentum region pj+ ~ 0.6 GeV/c of most relevance here, we have
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Ox+N = 04N, and hence our results will change very little. Since the scalar mesons are
much broader than the ¢ (', = 47 MeV, Ty, = 57 MeV, I'y = 4.4 MeV), they have an
increased probability of decaying in the nucleus, and again o+ y enters in Eq. (33). In
our calculations, we have simply made the assumption that Zeg is the same for ag, fo and

¢ production.

For the nuclear densities p(r), we have assumed a three parameter Fermi form
p(r) = po (1+wr®/R?) (1 +exp((r - R) [a))”’ (34)

The parameters (w, R, a), obtained from Refs. [21,22], are given in Table 5. We assume
that the neutron and proton densities have the same radial shape. To test the sensitivity of

Z.g to the assumed shape of p(r), we have also considered an harmonic oscillator density

for 12C:
p(r) = po (1 + ak®y?) exp (—k*y*) (35)

with k = [3(2 + 5a)/2(3 + 3a)]'/?, y = /R, a = 4/3, R = 2.47 fm.

Our results for Z.5 are shown in Table 6. For 12C, we see that the value of Zg for
the two choices (34) and (35) for p(r) are practically identical. The variations of Z.g with
osn are more significant, of order 10% for 12C and 30% for 2°8Pb. The A dependence of

Z.g may be approximated as

Zog = C A® (36)

A fit to the Z.g values in Table 6 gives a ~ 0.47 for o4y = 8.5 mb, but the quality of the

fit is not very good. As o4y is decreased, a increases. In the limits of strong/weak cross

sections, we expect
1 fOI‘O'A'_N=0'¢N_—_O
a=<{ 2/3 forlarge of-p,04n8 =0 (37)
1/3 for large o - N, 04N
We note that the (I\=, Kt) cross sections of Iijima et al. [7], which are proportional to
Z.f, are described by an A dependence of the form (36), with a = 0.38 & 0.03 for the
upper peak in the K% spectrum and a = 0.56 + 0.02 for the lower bump. Since the
upper peak corresponds to K~p — R 1=~ quasi—free production, and the cross sections

ox-N = 29 mb, oi+y = 18.4 mb [7] are both relatively large, one expects a close to

1/3, characteristic of a first order process with strong absorption Eq. (37). This is what
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is observed. The fact that the lower momentum bump is characterized by an a closer to
2/3 was advanced by Iijima et al. [7] as an argument for the dominance of second order
processes. As we see later, the magnitude of such processes falls far short of the data, so
this suggestion'is untenable. Alternatively, we can interpret the lower bump as the result
of the first order K~p — @A, fyA, agA reactions, and the larger a as the signature of the
small value of oyn, as in Eq. (37). For o4y =~ 4 mb, we obtain a ~ 0.56, the value given

by lijima et al. [7] for the lower bump.

4. The (K~,K%) Cross Section on Nuclei

We have now assembled the ingredients for an evaluation of the (K, K*) differential
cross section and the K+ momentum spectrum. The (K~, Kt) double differential cross

section assumes the form

__de Zeg Y <ﬂ_> BR(M — K*K~) Sy (pg+,05+)  (38)
dQp+dpy+ ¢ = \dQ/ K-p—MA K+

where Sy (pg+,0x+) is the shape function, normalized to unity when integrated over
Pk+, characterizing the K momentum spectrum arising from the production and decay
of meson M. Note that we are discussing processes involving quasifree production of a
A. Thus the additional kinematical factor a, which accompanies a formula analogous to
Eq. (38) for A’s in bound states [23], is absent here.

The cross sections have been evaluated by a Monte Carlo procedure, using a randomly
selected nucleon momentum within a Fermi sphere, ¢ production angle, and K+ decay
angles. We first pick a value of p, according to the weight function ¢(p,) of Eq. (30).
We then compute an effective X~ lab momentum jy- corresponding to a collision with a

nucleon at rest:
Pr- = (EN (p:)Px- — Eg-p;) /my - (39)
where Ex(p;) is the same as in Eq. (29). If p5- > 1.76 GeV/c, the threshold for the

K™p — #A reaction (and similarly for fy and ag), we continue the procedure and pick a

random value of cosf for the ¢ in the c.m. system, using a weight function proportional
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to the ¢ production cross section of Eq. (25). We transform 6 to the lab frame using the

relation
tan 9% = P emsin8/7 (pgemcos 8 + BE4 cm) , (40)
where 8 = py-/(Eg- +my) and v = (1 — %)71/%.

We now consider the decay ¢ — K+tK~, as shown in Fig. 1. The decay angular
distribution for the ¢, in its rest frame, will be of the form Y P(m)|Yim(6, ¢)|?, where
P(m) is the m-state probability distribution, subject to ) mP(m) = 0. In the analogous
p meson production process 7 ~p — p’n, the p° is known to be created mostly in an m =0
state, as a consequence of the dominance of long range pseudoscalar pion exchange in the t-
channel [24]. For such a “peripheral” mechanism, the p may be viewed as an intermediate
state in a reaction m + T — p — 7 + 7. In this case, there is no z—component of angular
momentum in the initial state and hence m = 0, leading to a p decay angular distribution
proportional to |Y19(8, ¢)|?. In analogy to p production, we expect the K ~p — ¢A reaction
to be driven mostly by pseudoscalar kaon exchange, and hence the m = 0 polarization state
would also dominate for the ¢. Hence, we assume that the ¢ decay amplitude varies as
Y10 ~ cos 9({}:. Note that vector meson exchange (w in p°, I'* in ¢ production) leads
mostly to m = %1 states [24]. For the scalar mesons fy and ap, the decay amplitudes are
isotropic in the meson rest frame, since the K+ '~ pair must be in a relative s-wave.

We thus choose a random value of cos 95‘: in the range [—1, +1}, with a weight propor-
tional to cos® 05‘: for the ¢ and 1 for the fy and ag. We then transform to the lab frame
where the ¢ has a momentum py; and the K7 is emitted with an angle Of * with respect

to a z—axis defined by the ¢ direction. We have

o+ . Kt o+
tan0F " = P+ sin 05" /s (p}ﬁ cos@h’ 4 ﬂ¢E;\»+) (41)
where pl., = %(mi - 4171%\,-)1/2 is the 't momentum in the rest frame of the ¢, Ef., =
(m%ey + Pl )%, By = por/Egr, and 74 = (1 — B3)H2.
To test if the K lies in the angular region measured by lijima et al. [7],
gular reg -
1.7°< (KN~ ,KT) <13.6°,

we note that

cosd (K™, K*) = cos 0‘2 cos Gf+ — sin 9‘2 sin 91{"+ sin ¢i"+ (42)
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where ¢£"+ is the azimuthal angle of the K'+. We pick a random value of ¢£"+ in the interval
[0,27] and, using the angles 01{"+ and 9? chosen above, we check whether ( K—, K¥) is in
the desired range. If it is, we compute the K+ lab momentum pj+ from the relation

sin 05‘:

: K+
sin 8 i

P+ = p;\"+ (43)

and enter a count of weight W = W1W,Ws3 in the appropriate 50 MeV/c bin of [ijima
et al. [7). The W, are the weights associated with the random choices of p,, cos6 and
{cos 6K ¢£"+ }, respectively.

Our Model 2 results for the (K ~, K't) cross sections d?0/dQdpg+ at 1.65 GeV/c on
targets of 12C, ?7Al, 83Cu, 19Ag and 2°®Pb are shown in Fig. 5, together with the data of
lijima et al. [7]. The first order K ~p — MA processes are seen to deliver K1’s at a rate
even larger than that for the K=p — K*+=~ K+Z*~(1530) reactions, but peaked at low
momentum. The magnitude and shape of the Kt spectrum is seen to be in reasonable
agreement with the data, although the peak occurs at somewhat too small a momentum.
We note that about 1/2 of the predicted (KX ~, K%) cross section is made up by the K~ p —
fo(975)A, ag(980)A processes. We emphasize that this is only a rough guess, since no two—
body data on fp and ap production exist. The separate contribution of the ¢ is shown in
Fig. 6 as the lowest solid curve. The two hump structure of the ¢ curve reflects the fact
that a Kt from ¢ decay can have two distinct lab momenta, as shown in Eq. (16). When
the scalars are added, the extended opening angle of the Kt tends to wipe out such a
distinction, and the two hump structure is largely washed out.

The model dependence of our predictions is shown in Fig. 6 for the (K~, K1) reaction
on a 97Ag target. The differences between Models 1, 2 and 3 (see Table 3) are only of
order 20%. In Fig. 6, the =~ and =*~(1530) quasifree cross sections estimated by Iijima et
al. [7] are subtracted from the data. The agreement with the data is reasonable. We expect
that some of the discrepancy above pj+ = 700 MeV/c would disappear if we included the
K~p — ¢X° process (see Egs. (18) and (19)), which tends to produce higher momentum
K+,

In Table 7, we display the angle-averaged differential cross sections {(do/dQg+) at 1.65
GeV/c for Models 1,2 and 3, obtained by integrating the solid curves in Fig. 5 over the
momentum range 0.35 < py+ < 0.95 GeV/c. The data (7] are shown as (do/dQx+)exp in
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the right-hand column. The contribution of =~ and Z*7(1530) production in the same
region of pg+, shown in parentheses, should be subtracted before the experimental and
theoretical results are compared. The agreement is seen to be good. The growth of
(do /dQUg+) with A follows that of Zeg ~ A%, as in Eq. (36). The results in Figs. 5,6 and
Table 7 correspond to a choice of o4y = 8.5 mb, which yields a = 0.47, not far from the
experimental value a = 0.56 £ 0.02. This discrepancy is not serious, since we could obtain
the observed a value by reducing o4y somewhat, as remarked in Section 3.

The Fermi-averaged K “p — @A cross section depends very strongly on pg -, as shown
in Table 4. This will also be true for fy and agp production. The value of (do/dSdp)
becomes negligible (< 1 ub/sr) below 1.34 GeV/c, which serves as an effective threshold
for the onset of ¢ production in nuclei. This rapid momentum dependence is reflected in
the (K—, K¥) cross sections on nuclei, which are predicted to be augmented by a factor
of about 20 as py- varies from 1.4 to 2 GeV/c. This striking increase is illustrated in
Fig. 7 for the (K~, Kt) reaction on !2C and ?°®Pb targets. For 12C, these predictions
could be compared with data recently taken at 1.4 and 1.8 GeV/c in an experiment at the
Brookhaven AGS [25]. The strong dependence on pjy- is a characteristic signature of the

first order K ~p — @A, foA, apA processes and represents a key point in our interpretation

of the (K~,Kt) data.

5. Second Order Processes

lijima et al. [7] have suggested that the low momentum peak in the K spectrum may

be due to second order processes. These are of the type
K~N - MY, MN - K%Y’ (44)

where M = {r,7, p,w} is a pseudoscalar or vector meson and {Y,Y"'} = {A, X, £(1385), A(1405)}
is a hyperon or hyperon resonance. We now argue that this possibility does not offer a
consistent interpretation of either the magnitude of the (K=, K't) cross section in the low
momentum region or the shape of the Kt spectrum.

For pg- = 1.65 GeV/c, the first stage reactions K~ N — MY of Eq. (44) are all
energetically allowed except for K™ N — (p,w) + (A(1405),£(1385)). For instance, the
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K= p — 7%A, 7°2% 5A and wA reactions at 1.65 GeV/c lead to meson lab momenta at
6 = 0° of 1.53, 1.26, 1.42 and 1.25 GeV /c, respectively. If we also consider the second stage
reaction MN — K1Y’ at 0°, we obtain the A" momenta shown in Table 8. We note that
the value of pg+ at 0° is essentially independent of M, for a given choice of Y and Y.
We further observe that the processes with the largest cross section, as obtained from the
tabulation of Flaminio et al. [26], correspond to M = =% {Y,Y'} = {A,A}, {A, X%} or
{£% A}. For these, the K+ emerges with a high momentum P+ > 0.93 GeV/c, and these
processes will be masked by the Fermi-broadened first order quasi-free K~p — K+=-
reaction. As seen from Table 8, the only processes which would contribute to the K+ peak
around 500-700 MeV/c involve {Y,Y'} = {E, T}, {A, £(1385)}, or {A, A(1405)}. Some of
the cross sections for the K™N — #X, #N — K1 sequence on a single NN pair were

estimated by lijima et al. [7] from the formula (8,27}

00

[da]°° _2majasf 1 [da

00
s ~ (= do_
Qg r2’ 1dQyg [

dQdy

(45)

=
(K- ,K+) Py K-N=MY MNoEK+Y!

where (;15) is the inverse square radial separation of the NN pair, a;; are kinematical

factors, and £ arises from an integral over the angular distribution of the two processes.
We have [7]

do 1°° 0.12 ub/sr for Kp - 77X~ ,ntp - K+tT+
E—] ~ < 0.02ub/sr for KTp—a~ XY, n7p - KtE~ (46)
LIK-+NN—K+4EE 0.04 ub/sr for K™p — ntE~,7tn —» K*t%0

An upper limit for the contribution of these processes to the (K ~, K*) reaction on nuclei

is obtained in plane wave approximation if we multiply by the number of pp or np pairs

Z(Z —1) or ZN, respectively:

do 1%
[—f—J ~0.14Z (Z — 1) + 0.04N Z = 5.6ub/sr (47)
ddy R2C(K-,Kt)

This is much smaller than the observed 12C cross section [7] of 289 & 12 ub/sr, integrated
over the region 0.35 < py+ < 0.95 GeV/c. Even if we sum over all KN — 7Y, =N —
K*Y processes (Y = A, L), as estimated in Ref. [7], we obtain only 0.3Z(Z ~1)+0.2NZ ~
16 pb/sr in place of Eq. (47), still more than an order of magnitude smaller than the

observed cross section. Due to absorptive effects, we might expect a considerably smaller
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second order cross section of order 0.3Zcg(Zeg — 1)+ 0.2Neft Zet =~ 3.3 ub/sr. Thus a rough

estimate of the ratio of second to first order (K=, A1) reactions is
0.3Zcft (Zeff — 1) + 0.2Neg Zeg

‘ T5Z e
where 75 ub/st represents the sum of K~p — K1=Z~, K+tZ*7(1530) differential cross

sections at 1.65 GeV/c.

~15x107% for !*C (48)

A similar ratio has been seen in the (K~,7%) reaction on a 3He target [8]. Here,
the second order pp(IKX~, 7 )AA cross section at 20°, due to the K~ p — 7OA, 7% — 7tn
sequence, is about 7 ub/sr [8]. The first order K ~p — nt £~ cross section is about 1 mb/sr,
yielding a ratio of order 7 x 1073.

Our qualitative conclusion is that second order (K~, K'*) reactions occur on nuclei,
but only at the level of 1% of the first order processes at 1.65 GeV/c. Since the strength
of the low momentum bump in the (A~, K't) reaction is observed [7] to exceed that of the

quasi-free K~p — K+Z~ peak, we conclude that it must arise from a first order rather

than a second order reaction.

6. Conclusions

The measured forward angle (K~, K1) cross sections on nuclei at 1.65 GeV /c display
a striking low momentum peak in the Kt spectrum {7]. We interpret this peak as due
primarily to first order K ~p — M A reactions, followed by the decay M — K +*K~. Here
M is a scalar (fp,aq) or vector (¢) meson. We are able to explain the peak position and
width of the K+ spectrum with this mechanism, as well as the approximate magnitude
and A dependence of the observed cross section. The production of the ap and fp mesons
is estimated to contribute about one half of the K+ peak at low momentum. We predict a
rapid energy dependence of the low momentum component of the (K ~, KT) cross section
in the region pp- = 1.4 — 2 GeV/c, as we pass through the free space thresholds for
the K~p — MA reactions. Nuclear Fermi motion lowers the effective threshold for ¢
production to about 1.35-1.4 GeV/c. The rapid pj- dependence of the (K~, K't) cross
section in the region of low 't momentum is a principal signature of the K™p — MA

mechanism. This merits an experimental test.
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On the basis of the data in Ref. [7], Imai [5] reported that the number of single A
hyperfragments observed in coincidence with events in the two K+ peaks corresponds to
a 1% sticking probability for the upper peak and about 4% for the lower peak. This pre-
ponderance of A hypernuclear formation in conjunction with low momentum K7*’s follows
naturally from our K~™p — MA hypothesis, since the M — K~ K7* decay, if it occurs
in the nucleus, produces R ~’s centered around 600 MeV/c, which can readily produce
hypernuclei via the K™ N — 7 A process. The experimental search for the formation of AA

and = hypernuclear states in (I'~, ') reactions on nuclei should be vigorously pursued.
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Table Captions

Thresholds for X "-induced reactions on a proton target.

Maximum lab angles Giymax, Gi‘::ﬂax and ¢ lab momentum py at 9‘; =0° as
a function of K~ momentum pg-. The numbers in parentheses refer to a ¢
produced at an angle § = Gf,max. Of the two solutions for pyr(0°), we list
the one with largest momentum, with the corresponding value of 9{";“.
Parameters of Models 1, 2 and 3 for the ' ”p — ¢A total cross section.
Fermi-averaged lab differential cross sections for the ' ”"p — ¢A reaction as
a function of K~ lab momentum for Models 1, 2 and 3. The cross sections
are averaged over the angular interval 1.7° < §; < 13.6°, as measured by
Lijima et al. [7] at 1.65 GeV/c, according to the discussion at the end of
Section 2.

Parameters of Fermi density distributions for various nuclei.

Effective proton number Z.g for the N~ p — ¢A reaction on nuclei for
several values of the ¢N total cross section oyzy. The values of Zg in
parentheses refer to a harmonic oscillator density for 12C; the other values
correspond to the three parameter Fermi distributions of Table 5.

Lab differential cross sections for the (I~, K1) reaction at 1.65 GeV/c
on nuclear targets, based on the sequences K~p — MA, M — KtK~—,
with M = {fo,a0,4}, compared with the data of lijima et al. [7].
The theoretical cross sections are averaged over the angular interval
1.7° < i+ < 13.6°, as in Iijima et al., and integrated over the Kt
momentum range 0.35 < pp+ < 0.95 GeV/c. The data are tabulated for the
same Kt angular and momentum range. Predictions for models 1,2 and 3
of the K ~p — ¢A reaction are shown. The numbers in parentheses next to
(do [dS g+ )P refer to the integrated =~ and =*~(1530) quasifree lab cross
sections, in the same region of py+, as calculated by Iijimaet al.

Momenta p;-+ arising from second order processes at 0°, for pgp- = 1.65

GeV/ec.



Table 1

Reaction

Threshold K~ momentum (lab)

_K"+p—>I\'++E"
K~ +p— K% +Z*7(1530)
K- +p—=K*+K +A

K-+p—-fo+A

K- +p—oas+A

K-+p—-¢+A

K-+p—oo¢+Xx°

K~ +p— K**(892) + =~

1.05 GeV/c
1.52
1.69
1.70
1.72
1.76
1.95

1.95
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Table 2
pr- (GeV/e) | per(0°) (GeV/e) | 6% . | 65T (¢at0°)
1.76 0.84 (0.84) 0° 18.3° (18.3°)
1.8 1.03 (0.835) 8.8° 14.8° (18.3°)
1.9 1.24 (0.825) 16.4° 12.2° (18.6°)
2.0 1.40 (0.81) 21.1° 10.8° (18.9°)
2.1 1.54 (0.80) 24.6° 9.8° (19.2°)
Table 3
Model B (GeV/c)™} B(ub/GeV/c) pi** (GeV/c) o sa(pb)
1 2.017 411.21 2.3 75
2 1.450 315.31 2.8 80
3 1.615 395.04 2.6 90




Table 4

pk- (GeV/e) | (da/dQp)y (ub/st) | (do/dQ)s (do/dp)s
1.3 0.00 0.00 0.00
1.32 0.19 0.15 0.19
1.34 2.92 2.34 2.90
1.4 17.08 14.10 17.28
1.5 57.25 48.22 58.76
1.6 90.96 78.65 95.13
1.65 118.58 102.73 124.17
1.7 126.89 111.75 134.43
1.8 161.51 144.05 172.62
1.9 186.33 169.15 201.63
2.0 206.10 190.06 225.49
Table 5
Nucleus R (fm) a (fm) w
12¢ 2.355 0.5224 -0.149
27Al 3.07 0.52 0
63Cu 4.20 0.55 0
07T Ag 5.12 0.52 0
208py, 6.40 0.54 0.32
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Table 6
Nucleus Zeg(ogn = 6 mb) Zeg(ogn = 8.5 mb) Zeg(0pny = 10 mb)
12C 3.06 (3.10) 2.90 (2.94) 2.82 (2.85)
2TAl 5.24 4.86 4.66
63Cu 8.44 7.59 7.15
107Ag 10.41 9.10 8.44
208py 13.47 11.05 10.41
Table 7
Nucleus (do/dQg+)1 (pb/sr) (do/dp+ )2 (do/dQp+)3 (do/dQg+) exp
12¢ 242.7 (246.1) 210.3 (213.2) 254.2 (257.7) 289 + 12 (65)
2TA) 406.8 352.4 425.9 472 + 35 (107)
63Cu 635.2 550.3 665.2 719 £ 50 (166)
W07Ag 761.6 659.8 797.5 1032 + 53 (193)
208py 954.1 826.6 999.1 1357 + 99 (219)
Table 8
Processes Pi+ (GeV/c)
K= p— n'A;n% — K+tA, K110 1.238, 1.106
K p—nAinp— KTA, K+%° 1.234, 1.130
K p - wAjwp - KTA K20 1.225, 1.108
K p—n'%%7% - KA, K+%0 0.929, 0.773
K=p— n%A; 7% — K*+£%(1385), K A(1405) 0.714, 0.656




Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:
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Figure Captions

A contribution to the (K~,K*) reaction on nuclear targets, via the
production-decay sequence K~p — ¢A, ¢ — K+K~ initiated on a target
proton in the nucleus.

Total cross section for the K'~p — @A reaction as a function of K~ lab
momentum pg-~. The experimental data are taken from Lindsey and Smith
[11]. The solid, dashed and short-dashed lines correspond to Models 1, 2
and 3, respectively, as defined by Egs. (22) and (23) and Table 3.
Differential cross section in the c.m. system as a function of cosf.,,. for
the {7p — ¢A reaction at 2.24 GeV/c. The data are taken from London
et al. [10], and the theoretical curve corresponds to the parametrization of
Eq. (25).

Predicted lab differential cross section for the process K~p — ¢A as a
function of the ¢ lab angle 6;, for K~ lab momenta of 1.8, 1.9, 2.0, 2.1 and
2.2 GeV/c. The parametrization of Eq. (25) is used, transformed to the lab

system. For each momentum, the curve terminates at the maximum allowed
¢

L,max-

lab angle 6
The double differential cross section d’c/dQdpy+ for the (K~ K+)

reaction at 1.65 GeV/c on various nuclear targets, as a function of K+ lab
momentum. The open squares represent the data of Iijima et al. [7], in
momentum bins of 50 MeV/c. The dashed and dotted curves represent
the contributions of the K~p — K*=~ and K~p — K+Z*7(1535) quasifree
processes (7). The solid curves represent our predicted Kt momentum
spectra, using Model 2 for the K~p — ¢A cross section, and including
the contribution of f; and ay production. The data and the theoretical
predictions are averaged over the angular interval 1.7 < 6 _S 13.6°.

The (K~,K*) double differential cross section on a !©7Ag target at 1.65
GeV/c. The open squares correspond to the data of Lijima et al. [7],
after subtraction of their predicted =~ and Z*~(1535) quasifree components.

The upper three theoretical curves represent the predictions for Model 1



Fig. 7:
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(dashed), Model 2 (solid) and Model 3 (dotted) of the K~™p — @A cross
section, with the contribution of fy and a¢ production included as described
in the text. The lower solid curve displays the ¢ contribution alone for
Model 2.

Predicted dependence of the double differential cross section d?c/dQ2; dpj+
for the (IN~, K1) reaction on !?C and 2°Pb on the incident K~ momentum.
Curves for pg- = 1.4, 1.6 and 1.8 GeV/c are shown. Model 2 was used, and
the cross sections were averaged over the angular interval 1.7 < §; < 13.6°.

The curves represent the summed contributions of ¢, fo and a¢ production.
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