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Abstract

A quark model of kaon coalescence is developed which involves annihilation of
the non-strange quark pair in the process of forming a ¢ particle. Comparison
is made with data on ¢ production with Si + Au collisions at the AGS.
PACS: 25.75.4r

The production of ¢ mesons from central Si + Au collisions has recently been measured
at the AGS [1] [2] [3]. In the discussion of the experimental results, it was suggested that
coalescence of K K pairs during the heavy-ion reaction might be one of the mechanisms for
the ¢ production [2]. Encouraged by the success of the phase space coalescence model of
nuclear cluster (e.g. deuteron, triton, helium) production [4] in heavy-ion reactions, we have
decided to investigate kaon coalescence as mechanism of ¢ production in some detail.

The first thing that strikes one in consideration of kaon coalescence as a mechanism
for ¢ production is that the coalescence cannot be as simple as the deuteron case, where
the proton and neutron are seen as simply joining together without changing their internal
structure. The spin one deuteron is constructed as a triplet state of the spin one half proton
and neutron. The ¢, on the other hand, is a spin one, angular momentum zero, particle
that must be constructed from two spin zero kaons in a coalescence picture. But two kaons
cannot simply stick together and even have the correct spin of a ¢. Furthermore, the ¢ is
composed of a strange, anti-strange pair in the quark model, while kaons are composed of
pairs of an anti-strange plus up or down quark (and likewise, mutatis mutandis, for anti-

kaons). It is clear that a physical model of kaon coalescence must occur at the quark level
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and must involve annihilation of non-strange quark pairs.

The “naive” quark-pair-creation model of strong-interaction vertices [5] has had a mea-
sure of success in describing widths for processes such as the decay of a ¢ into kaons [6]. (For
consistency, we follow the notation and normalizations of Ref. [6].) In this model, mesons
are described as bound quark-antiquark states in an SU(8) (4 flavors: u, d, s, ¢ X spin)
wavefunction scheme. The process of ¢ decay into kaons can be represented by the diagram
of Fig. 1. The strange, anti-strange quarks of the ¢ act as spectators while a non-strange
quark-antiquark pair is created out of the vacuum. In the model, one assumes that the
created quark-antiquark pair carries the quantum numbers of the vacuum. This means that
the created pair is in a 07+ (®F) state, that is, spin zero and orbital angular momentum
one. The transition matrix element is of the form

<K K*0l¢ >=73 < 11,15,]00 >< ®x-Bp+|@s® > I fev 0 (1)

[PEP

where < ®x-Pg+|PsP5 > is the SU(8) wave function overlap, and the integral for the

spatial overlap in momentum space
- oo p(ki-) = (k- + km)% / dkY,*(kg- — K)Wi- (—k) i+ (k) Ws(k + kg-) (2)
may be written in coordinate space, and after some angular integrations becomes
I v g(kr-) = 6(kg- + kg+)8(3/2)"/?(4m) 72 (e(L:) ki) Jo( [k -)- (3)
The model wave functions for the process are contained in Jo:

o] oo +1
J(,(k)z/0 dm/O dr2/_1 dzr? it (ra) s (r2 + 12 — 2ry732) /)

2 . kr T kriq] 1 r1 .k
<{[frsin Tt = T eos ] et + Foin G ®

where k the relative momentum of the kaons, equal in magnitude to kx- for this case of
equal mass outgoing particles.

The decay width for a vector particle into two pseudoscalars may be expressed [6]

- k?
M(¢— K K*)= f;,\,_h,+6_7m_1§, (5)



where k is the relative momentum of the outgoing pair and my is the mass of the decaying
¢. There is a factor of 1/3 (=< €(l,)-kg- >) in the right hand side of Eq. 1 to account
for the polarization of the ¢. The hadronic coupling constant, fsx-x+, may be expressed in
the quark-pair-creation model in terms of one dimensionless coefficient, v, representing the
strength of the vacuum pair creation or annihilation, and the integral, Jo(k), over the wave

functions of the diagram of Figure 1
for-k+ = 72((27)*my Eg- Exc+ )'? Jo(k). (6)

We will assume the time-reversed process, in which the non-strange 0** pair is annihilated.

as the mechanism of kaon coalescence.

If one assumes harmonic oscillator wave functions for the bound quark-antiquark pairs

of the ¢ and the kaons

|

: 1 2
¥(r) = (WR—?)a/zeXP(—;F), (7)

then the integral Jo(k) may be carried out analytically [5] [6] to obtain

Jo(k)

91/2 [ (kQ,_)Ri(RQ,_ + R2,+)]
= — e —
16775/4 S(Ri + R%’- + R%.;,)
« ( 2R¢RK—RK+ >3/2 (QRi + R(;)(_ + R3\+)
R+ Ry + Riey) (Ro+ Ry + R

()

For more realistic charmonium potential wave functions Chaichian and Kégerler [6] find that
if they take v = 3.85, they calculate fyx-x+ = —4.325, in agreement with with ¢ decay and
close in magnitude to .

We may now state our ansatz for kaon coalescence. We will construct an appropriate
phase space density function (Wigner function) for kaons to form the ¢. Such a Wigne
function approach has previously been used for deuteron coalescence at lower energies
and in consideration of the coalescence of hypothetical “pineuts” at the AGS [8]. To o
serve total angular momentum, it is necessary for the Wigner function of the kaons h.
orbital angular momentum one. We have previously presented the expression for the angn..

momentum one harmonic oscillator Wigner function [8]
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_ 16 r? 16 r?
L=1 _ = 21.2 21.2
ff e = 15 g 8+—3bk]exp(———b2 —~ b%k?) (9)

where b is the harmonic oscillator wave function size parameter, i.e. R in Eq.(7). The deriva-
tion of Eq.(9) is presented in the Appendix. Figure 2 shows the dependence of fL=1(p,r) on
r and k. The contribution of the negative density small r and k region is relatively unim-
portant due to the r? and k? radial scaling. Integration of this function over coordinate or
momentum space provides the appropriate (everywhere positive) momentum or coordinate
density [9].

We use the Wigner function as the phase space density for kaons to form the ¢ in a
heavy ion reaction. The phase space of kaons in a heavy-ion reaction is simulated using the
cascade code ARC [10] [11]. The spatial and momentum differences of all possible candidate
kaon pairs are evaluated at the later of their last interaction times and then used as the
values of k and r in Eq.(9) to evaluate the probability of making a ¢.

In practice we make use of the 0¥+ 3Py annihilation explored above in only two aspects
of our calculations: (1) determining the size parameter of the Wigner function, b; and (2)
considering possible enhancement to the normalization of the Wigner function from the
vertex of Fig. (1) by a factor of v?/3.

Let us consider size. For our Wigner function the relevant spatial and momentum co-
ordinates are those of the kaons relative to each other. To investigate this point we can
express Eq.(4) in an alternate set of spatial coordinates. Instead of the coordinate, rq, of
the strange quark-antiquark pair we will use the relative coordinate, r, of the two kaons. If
we utilize harmonic oscillator wave functions, but only perform the intgrals over z and r;

we obtain a form

(L ma/ma)?r?) 1 (14 ma/ms)’r?
]ex [ (10)

[e o] 9 _
Jo(ky /(; rédr exp[ 2R R+ Ry

The sizes of the ¢, Ry, and and of the kaons, Rk -, Rx+ come in through their wave functions
in the matrix element. Although there is no direct experimental data on the size of the o,

the mean square charge radius of the kaon has been measured by scattering of negative
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kaons with electrons [12]. We use this information to determine Rx- and Rg+, and assume
a similar value for Ry.

In the quark model the mean square charge radius of the kaon may be expressed in terms
of the mean square charge radii of the strange quark and the anti-up quark relative to the
center of mass,

€

3

2e

e<r§\«» >= 3

<r>+=<ri>. (11)

But the relevant quark wave function coordinate is the distance between the quarks, r

My

ry=———r
mS + mu
M,
ry= —— (12)
ms + my

and we can express the kaon quark wave function mean square radius in terms of the mean

square charge radius of the kaon

2 2
2 m- + 2m} 2

<ré.>= —x =5 > . 13
K 3(ms + m,)? <T (13)

For a harmonic oscillator quark wave function the mean square radius is related to the

oscillator parameter
2 3.2
<r>= ~2—b , (14)

and we obtain

(1+ mu/m3)2

b =
1 4+ m2/2m?

<ri>. (15)

In the K~ K% coordinate (with b = Ry = Rg) the relevant size parameter, b', is seen to be
given by

B = o ___<Ttk> (16)
(1 4+ my/m,)? (14 mi/2m3)

if we consider only the effect of the ¢ wave function in Eq.(10), and by

2b* _2<rg >
3(1 + mu/m,)?  3(1 + m2/2m?)

b2 — (17)
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if we also include the effect of the kaon wave functions. For the masses we assume constituent
quarks and set m,, to 300 MeV and m, to 500 MeV. The measured mean square charge radius
of the kaon < r¥ > is .34 fm? [12]. Thus we have ¥’ = 0.44-0.54 fm for the Wigner function
fF=1(p, ).

Figure 3 shows how the production of ¢ particles depends on the Wigner function size
parameter &'. Note the excellent agreement of the kaon rapididy distributions from ARC
with the E859 preliminary Si + Au data [3]. This is a measure of the reliability of the main
imput to the coalescence calculations, the ARC phase space distribution of kaons. The ¢
data were taken over a narrower angular range than the kaons, and the difference is reflected
in our acceptance of kaons and ¢’s seen in the plot.

In Table I we present the number of ¢’s produced in the calculations as a function ¥’
integrated over rapidity. The calculations include coalescence from both K~ K™ and K°K®
pairs but reflect the fact that the experiment only detects the K~ K* decay channel. The
additional possible enhancement from the vertex was not included in the tabulated numbers.
For our preferred values of & = 0.44-0.54 fm, we find .0025-.0051 ¢’s per central event. In
contrast, the E859 Collaboration measures 0.09 + 0.04¢’s per central event [3]. Thus the
coalescence calculation underpredicts ¢ production by a factor of 18-36. Maximizing the
coalescence predictions by the inclusion of the enhancemant factor ~%/3 we find coalescence
underpredicts the cross section by a factor of 4-8.

If we were to make the physically unjustified assumption that the ¢ is an L = L. A/
molecule of relatively larger size, then the production of ¢’s certainly goes up. At the larges
values of b’ the coalescence calculation produces about 1/2 of the observed rate.

In summary, for the small value of 5'=0.44-0.54 fm consistent with the required iath
model, we find a relatively small rate of ¢ production. The coalescence that does occur 1niax
be thought of as having a small cross section with comparatively high relative momentu:.
pairs contributing. Of course the very small size of the production cross section, related
the small size of the ¢ itself, makes a model of coalescence at last interaction necessarily i --

complete than in the deuteron case. Large size deuterons produced before a final interac:
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have a large probability of being broken up; small size ¢'s produced before effective freeze
out have a higher probability of escaping unscathed. Inclusion of such earlier coalesced ¢’s
might possibly increase the predicted rate.

The fact that we calculate a relatively small rate of ¢ production via coalescence is not
inconsistent with recent analysis [3] of the data. It is pointed out that although data on
direct production of ¢’s in p + p reactions is only available at higher energies, the ¢/ K~
ratio is basically independent of /s in p+ p. Since the p + p ratio ¢/ K~ ~ 10% agrees well
with the central Si + Au value of 9 + 4%, the authors state that “This comparison indicates

that there is no significant increase in the ¢ yield in Si-Au collisions beyond that already

seen in the K~ yields.” 3]

We would like to thank Yang Pang for providing us with the ARC program from which
events for kaon densities were generated. We would also like to acknowledge useful dis-
cussions with C. Chasman, Y. Wang, P. D. Bond, and A. Gal. This manuscript has been
authored under Contract No. DE-AC0276-CH00016 with the U. S. Department of Energy

APPENDIX: Wigner Function for the L =1 harmonic oscillator
Define the ground state and first excited state density matrix components in one dimen-

sion,
po(z,z') = do(z)95(z")
pi(z,z') = o (x)oj(2’).

for the appropriate ground and first excited harmonic oscillator states

$o =

where b% = i/(mw). The Wigner function is given by the expression [9]

filperz) = /pi(r + g T — g)exp{ikzn]dn
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where k., = p./h.
We will construct the three dimensional L = 1 harmonic oscillator Wigner function in
Cartesian coordinates from one dimensional Wigner functions fo and f;. First construct

fo(pz, ) (problem, p.59, Feynman [9])

folpz,x) = / po(z + g,l‘ - %)exp[ikxn]dn

exp ]/ exp[— ] cos kyndn

fo(pz, ) = 2exp[—b—2 — b%k2].
Next construct fi(pz,)

fi(pz, ) = / p(z+ g,x - %)exp[ikxn]d

1
exp[——(:v + n —)] cos k;n dn

b2 4

b3\/_/
fi(pe, ) = (4[)—2 -2+ 4b2lc2)exp[—b—22 — b%k3

We immediately obtain the well known expression for the L=0 Wigner function

pP=(r,x') = Go(2)doly)0ol(2)05(x") 653 ) 85( )
=2(p,r) = [ ##=°(x, 1) explikenldn

= 8exp[———— — b%K2).
For L. = 1 we may construct the M state wave functions in Cartesian coordinates

frea(r) = \/—W’l( z)do(y) — ido(z)d1(y)]¢a(2)
}I(4==1-1(r) = J[(/[_=11(r)*

Ohao(r) = do(z)do(y)d1(2).

Let us define the density matrix for L = 1 averaged over M states

PP (r, 1) = S [SKEL (1) 85 () + o (D)2 ()" + @A Zo(r) R (r')']

W —



= L [61(2)61(2)d0(v)b0(3 ) b0(2)d0( =)

3
+ ¢o(z)do(z")P1(y)1(y ) do(2)do(2")

+ do(x)do(z")do(y)do(y")d1(2) b1 (2)].

We finally obtain the M-averaged L = 1 harmonic oscillator Wigner function,

= pyr) = [ 7, x) expliken]dn
= (P2 folpur ¥ folpe, )+ folpes ) i (P ) ol )

+ fO(Prvx)fO(pyay)fl(pZaZ)]
=t por) = (87 g W) e iy
P =g 3 P '
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FIGURES

FIG. 1. Quark lines for the decay of a vector meson ¢ into two pseudoscalar meson kaons.

FIG. 2. Harmonic oscillator Wigner function averaged over magnetic quantum numbers for

angular momentum one.

FIG. 3. Multiplicity of kaons and ¢’s produced in 14.6 A-GeV/c Si + Au central collisions as a
function of rapidity. Preliminary data for Kt (triangles), K~ (squares), and ¢ (circles) are from

Ref. [3].
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TABLES

TABLE I. Number of ¢’s produced per central event in Si + Au from coalescence of K-K*

and K°K® pairs as a function of the Wigner function size parameters ’.

b (fm) 1/b (GeV/c) No of ¢’s
0.2 0.99 0.000065
0.3 0.66 0.00049
0.44 0.45 0.0025
0.54 0.37 0.0051
0.7 0.28 0.012
1.0 0.197 0.028
1.5 0.132 0.048
2.3 0.086 0.051
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