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On the production of the six-quark II dibaryon in the (K,K+) reaction
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We investigate several ways of producing the stable doubly strange six-quark dibaryon H predict-
ed by the MIT bag model. Various kinematical and dynamical arguments indicate that the (E,E+)
double-strangeness-exchange reaction on nuclear targets affords the best chance for observing the H.
Cross sections for the prototype reaction He(K, E+n)H are calculated, using empirical data on the
reaction E p~E+:- as input, as well as an oscillator model for the quark-fusion process

p —+H. The spectrum for the quasielastic process He(E, E+)n= p is also calculated. For
coincidence experiments involving both E+ and neutron detection at forward angles, the cross sec-
tion for H production ranges from 10—30 nb/sr for E beam momenta between 1.4 and 2.2 GeV/c.
If the H lies below the AA threshold, it can be nicely separated from the E+ quasielastic back-
ground, although ~+'s misidentified as E+'s can be a problem for certain H masses. If only the E +

is detected, the separation of the H signal (=0.5 pb/sr) from the quasielastic background can be
achieved through a careful measurement of the E+ momentum spectrum. We assess the effects on
our results of the rapid momentum dependence in the E p~E+:- reaction, as well as short-range
correlations in the He wave function.

I. INTRODUCTION

In the naive quark model, the low-lying baryons and
mesons are thought of as composites of three quarks (Q )

or a quark and an antiquark (QQ), respectively. In addi-
tion to these configurations, phenomenological quark
models (for instance, the MIT bag model') predict the ex-
istence of other, generally more massive states of structure
Q Q", with m+n &4. As examples, we mention the
Q Q2 "baryonium" configurations, the "Z' resonances"
(Q Q) of strangeness S= + 1 (see Ref. 3), and the Q6 di-
baryons. The latter case has been of intense interest: evi-
dence for dibaryon resonances in nucleon-nucleon (XX)
scattering has been reviewed in Ref. 4, and the peak (or
peaks) near 2129 MeV in the Ap invariant-mass spectrum
(as seen in K d~m Ap) may offer another candidate.
The problem in interpreting such structures as six-quark
bag states (with S=O or —1) is that each lies well above
the threshold for decay into two baryons. It has proven
difficult to disentangle quark aspects from ordinary had-
ronic mechanisms (coupling of XX to the Nh channel, for
instance) when the effects due to the latter are strong.
Treatments of the NX~XA and AX~XX problems have
been offered in Refs. 6 and 7, respectively; these do not in-
volve explicit consideration of quark degrees of freedom.

Among the spectrum of six-quark bag states, " the
5= —2 sector plays a special role. Indeed, only a six-
quark system containing two up (u), two down (d), and
two strange (s) quarks can exist in an SU(3)-flavor singlet
with spin zero, a configuration which takes maximum ad-
vantage of the attraction due to the color-magnetic in-
teractions' of quantum chromodynamics (QCD). It is
possible that such a six-quark system might be stable with
respect to strong decay into all baryon-baryon channels
(the lowest-lying of which is AA). This was first noted by
Jaffe, who predicted that the (uuddss) state with spin-
parity J =0+, isospin I=O, which he called the H parti-
cle, would have a mass m~-2150 MeV, some 80 MeV

below the AA threshold. More recently, several other cal-
culations of the H mass have appeared, which include
center-of-mass' or pionic-cloud' corrections within the
context of the MIT bag model. ' These calculations give
less binding for the H than obtained by Jaffe, but the H
remains close to or below the AA threshold. Independent
of calculational details, one expects that an object with the
quantum numbers of the H, which maximizes the color-
magnetic attraction between the quarks, ' is the most like-
ly candidate for a stable six-quark bag state.

If the H exists and is indeed stable, it will be a unique
object in multiquark spectroscopy (n & 3). In ordinary po-
tential models involving boson exchange, deeply bound
states in the AA, :-X, and XX channels, which can share
the quantum numbers of the H, are not expected. The H
is to be thought of as a genuine six-quark object, with all
the quarks in one bag, rather than a weakly bound "quasi-
molecule" such as the deuteron, where the two rather well
separated three-quark bags retain much of their identity.

The H has been searched' for the reaction
p +p~K++E++H at the Brookhaven Alternating Gra-
dient Synchrotron. The H was not seen, but the upper
limit of 40—50 nb for the cross section (mass range
2.1 & mH & 2.23 GeV) is too crude to rule out its existence.
In this paper, we argue that a more natural way to pro-
duce the 0 is to utilize an S = —1 incident beam (X or
IC ), and to transfer two units of strangeness to a nuclear
system (exit particle is EC+ or K with S= + 1), which
then recoils with S=—2. By bringing in one unit of
strangeness, one obviates the need for double associated
production, as in p +p ~E+ +X+ +H. Strangeness-
exchange reactions (both single and double) have consider-
ably larger cross sections than associated-production pro-
cesses, and are thus intrinsically more favorable for H pro-
duction.

The outline of the paper is as follows. In Sec. II, we re-
view the phenomenology of the H particle. The formal-
ism appropriate to the calculation of the (K,X) cross sec-
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tions on a He target is outlined in Sec. III. We obtain
both the H production cross section and the "quasielastic"
background due to continuum "-nucleon pairs. The cal-
culation requires a model for the elementary two-body
process EX~K:-, the He wave function, and the vertex
I for the fusion of two three-quark bags (:- and N) into
the six quark H. These ingredients are also discussed in
Sec. III.

Our numerical results for the prototype reaction
3He(K, X+)Hn are examined in Sec. IV. We focus on
two types of measurements, one in which only the E+ is
detected, and a second in which the E+ and neutron are
measured in coincidence. In the former case, H produc-
tion is characterized by a sharp peak in the E+ momen-
tum spectrum. If the H lies below the AA threshold, this
peak is clearly separated from a broader "quasielastic"
peak due to the process He(E, K +): pn-, involving a
continuum four-body final state. For the coincidence ex-
periment, a stable H shows up as an isolated peak in the
missing-mass spectrum, below the onset of the continuum
background. The calculated cross sections for H produc-
tion are at a level which may be accessible with present
kaon-beam intensities, although the existence of a "kaon
factory" would greatly enhance the prospects for such
double-strangeness-exchange experiments.

In Sec. V, we discuss other potential sources of back-
ground, namely, ~+ mesons from reactions such as
He(X, m+)X pn. Such processes can produce copious

numbers of pions in the same momentum range as the
E+'s from H production. Experimentally, one must be
able to clearly distinguish ~+'s and E+*s around 1.4—1.5
GeV/c in order to detect the H signal.

A brief summary is provided in Sec. VI.

II. DIBARYONS IN THE QUARK MODEL: THE H

In the MIT bag model, ' the color gauge theory of
quarks and gluons (QCD) has been adapted to convention-
al meson and baryon spectroscopies. The parameters of

the model have been determined by a fit to the spectrum
of low-lying QQ mesons and Q baryons. Without addi-
tional parameters, the model may be extended to any
multiquark color singlet system Q "Q, with n +m ~ 3.
Jaffe flilst pointed out, that the MIT bag model predicts
for the Q system several relatively light S=—2 di-
baryons, one of which (the H), with J =0+, I=O could
be stable against strong decay. Later, the Nijmegen
group9 " explored the Q6 spectrum for all allowed values
of hypercharge, and again found the H as the only candi-
date for a stable dibaryon.

These earlier calculations of the H mass concentrated
on the color-magnetic interactions between the quarks,
the importance of which is illustrated by the size of the
X —6 splitting. The color-magnetic interaction term in
the MIT bag model has the form

A = —g (Fo);(Fcr)J
l (J

= —,'N(N —10)+—,
' S(S+1)+ ,'f, '+fp'—

(2.2)

for systems composed of u, d, and s quarks; f
eigenvalue of the quadratic Casimir operator" for SU(3).
Clearly, a hadron which is a color, flavor, and spin singlet
(f, =fF S=O), such——as the H, has the largest color-
magnetic attraction.

To see in more detail which parts of the H wave func-
tion contribute most to this attraction, we decompose it
into Q Q components in the shorthand notation
Q "(f,s,c):

H = — g M(m;R, mJR)(Fo);(Fcr)J,
I (J

where a, is the QCD coupling constant, R is the bag ra-
dius, and m; is the mass of quark i. I'; and 0.; are the
color and spin operators of quark i. If we ignore differ-
ences in the quark masses between nonstrange and strange
quarks for the moment, we see that H is proportional to

Q (1,0, 1)=(+o)' 'Q (6*,0,6")ISIQ (6,0, 6)+(+o)' Q (3, 1,6*)Q'(3", 1,6)

+( —,0
)'~ Q (6', 1,3)SQ (6, 1,3*)+(+,)'~2Q (3,0, 3)eQ (3*,0, 3') . (2.4)

This gives, with p =m, R (m„=md ——0),

(H
~
H~

~
H) = — [5M(0,0)+22M(O, p)4R

—3M(p, p)] .

The color-magnetic interaction is attractive when both
color and spin wave functions have the same symmetry,
and is repulsive (but half as strong) otherwise. The Pauli
principal requires the former configuration to pair up with
the antisymmetric flavor representation, which is why the
effect of the strange-quark —nonstrange-quark interactions
is so large. Note that the presence of color creates a fun-
damental difference from the nuclear-physics analog, the
a particle, where like particles are paired into spin sing-
lets, and similarly with the electromagnetic analog, the
Cooper pair. Using Eq. (2.5), one arrives at a mass
m~ ——2150 MeV.

I

In addition to the color-magnetic interaction, one
should also consider corrections to the Q spectrum due to
spurious center-of-mass motion' or the possibility of a
pion cloud around the bag. ' Calculations which include
these latter effects yield less binding for the H than the
earlier estimates ", predictions for the mass m~ of the
H dibaryon are collected in Table I. Note that the correct
method for including c.m. corrections in the bag model is
still far from established; a repulsive shift of 100 MeV for
the H mass was obtained by Liu and Wong'3 in an admit-
tedly ad hoc fashion, and should be considered only as a
rough estimate of the c.m. correction. The calculations of
Mulders and Thomas' still use a spherical and static bag,
treating the pion field as a perturbation to avoid collapse
of the bag. Inclusion of the pion field leads to substantial
changes in the bag constants and the QCD coupling con-
stant o.„in order to preserve the fit to ordinary meson and
baryon spectroscopy. The H becomes less bound with
respect to the AA threshold for two main reasons': (i) o.,
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TABLE I. Estimates of the H mass. Note that 2m~-2231
MeV is the strong decay threshold.

Reference
c.m. correction Pion

included? cloud? m~ (MeV)

Jaffe'
Nijmegen
Liu and %'ong'
Mulders and Thomas'~

No
No
Yes
No

No 2150
No 2200
No 2240
Yes 2220—2230

is reduced, leading to less color-magnetic attraction for the
H; (ii) the self-energy due to the pion cloud, which has the
form E = —C/pR, contributes about —130 MeV to the
mass of the A. The H, which is assumed' to have a ra-
dius about 20% larger than that of the A, and a coeffi-
cient C~ ——54 less than 2C~ ——72, receives only —110
MeV from its pion cloud. Clearly, these estimates are
rather qualitative, so one should not take the results in
Table I too seriously.

If the H is stable, and relatively deeply bound (say 25
MeV), it cannot be confused with a deuteronlike object
bound weakly by ordinary meson-exchange forces. To ex-
hibit the two-baryon content of the H, we write its wave
function in terms of Q SQ components'

i
H) =( —, )'

i
g, e&, )+(+))' i:-X)t o

—(+40)' '~ AA)+(+40)' '~ &&)t=o (2.6)

Note that 80% of the time, the H falls apart virtually into
two color octet (8, ) three--quark systems.

Using the AA, XX, and:-N meson-exchange potentials
of the Nijmegen group, ' we have found that no two-body
bound states with S=—2 are expected. These models'
incorporate SU(3) symmetry for coupling constants, and
break this symmetry by using physical values for meson
and baryon masses in recoil corrections to the static limit.
A recent approach using a quark-pairing mechanism to
arrive at a one-boson-exchange model yields a somewhat
different result. Here, lightly bound (1—2 MeV) AA('So)
and:-W ( S~) states tnay occur; the AA state shares the
quantum numbers of the H. This model, however, does
not yield as high quality a fit to NN and FN data as that
of Ref. 19. In any reasonable one-boson-exchange model,
there is no mechanism far producing a deeply bound (tens
of MeV) state with S = —2. This can occur only for six
quarks in one bag. Note that in the boson models, the AA
potential is repulsiue at short distances (co exchange) and
the long-ranged attractive pion-exchange term, which is
mostly responsible for binding the deuteron, is essentially
absent (except far charge-symmetry-breaking effects).
Some intermediate-range attraction due to scalar (e) ex-
change remains, but this is not sufficient to produce deep
AA binding.

The masses in Table I refer to six-quark "primitives, "
i.e., poles in the P matrix of Jaffe and Low. ' The cou-
pling of the primitives to the allowable baryon-baryon
channels must be included before we identify m~ with the
physically observable mass of the H (i.e., an S-matrix
pole). The S-matrix pole corresponding to the II generally
lies below the P-matrix pole; Badalyan and Simonov
have estimated a downward shift of 15—30 MeV, but in-

eluded only the coupling to the AA channel. Soldate has
also included the =N and XX channels, and finds a much
larger shift, of order 100 MeV. Taking this shift into ac-
count, all mass values in Table I will yield S-matrix poles
below the AA threshold. In our calculations, m~ refers to
the S-matrix pole. The particular P-matrix parametriza-
tion of Badalyan and Simonov predicts AA phase shifts
which differ markedly from those we have obtained using
the boson-exchange model of Ref. 19. However, the S-
matrix pole for the H lies below the P-matrix pole for a
wide class of parametrizations of the P matrix.

An important ingredient in our calculations consists of
the virtual dissociation amplitudes of the H into various
baryon-baryon channels, obtained from Eq. (2.6). For the
case of the (K,K+) reaction, we need the = p~H over-
lap vertex I . From Eq. (2.6), we see that the color-spin-
flavor recoupling part of I is

I 0
——&1/20 for " p~H (2.7)

III. FORMALISM

The cross section for the prototype reaction

K + He —+E++n +H, (3.1)

integrated over all final states, can be written in the usual
invariant way (e.g., Pilkuhn ) as

since " p has amplitude ~1/2 for the I=O state. Here
we assume that the = p pair is prepared in the spin-
singlet state. This will be the case if we consider the pro-
cess K +(pp)~K++(:- p) for gz+ ——0'; here spin flip
is absent and the diproton is automatically in the singlet
state for L=O, due to the Pauli principle. Thus, antisym-
metrization of the pp pair in the nucleus leads to an
enhancement of W2 in the amplitude for H production,
and leads to an effective value I 0

——&I/10, which we use
later. Note that I o is maximal for the sequential produc-
tion of an H on a bound diproton (L=O as well as S=O):
K +(pp)'SO~K++(~™ p) followed by = p~H. For
p+p~EC++K++H, on the other hand, one expects the
dominant process to be p~K+A dissociation (twice) fol-
lowed by AA~H recombination. Here the continuum pp
system at high relative momentum has only a 4 probabili-
ty of being in the spin-singlet state, and this factor also
prevails for the AA system. Combined with the smaller
amplitude for

~

AA) compared to ~:-X) in Eq. (2.3), we
find that H production via bound diprotons is favored
over production in pp collisions by a factor of 16 from the
spin-flavor-color factors alone. Note that H production
an deuterium (or bound np pairs with spin one and iso-
spin zero) is also unfavorable: the reaction EC d
~K (:- n)t ~ produces a =X pair of the wrong isospin
to become an H, while K d~K (:- p)s ~ with the K at
0' leads to the wrong spin. These simple considerations
indicate that a bound diproton is the optimal "target" for
making an H. The lightest bound nucleus containing a
diproton is He, so we adopt He(K, K+)Hn as our pro-
totype reaction for study. This reaction also has the ad-
vantage of having a simple three-body final state, so if one
is able to measure the K+ and neutron in coincidence, the
resulting "missing-mass" spectrum should display a sharp
peak at the H mass (the width of which is just the experi-
mental resolution, since the H decays weakly).
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o=
s f f f 5' '(P —k' —p„—pH) ~M' '~ /2A, '~ (s,mH, ,ma ) .

(2tr)' 2Ek 2E. 2EH
(3.2)

Here k'=(k ',Ek ), p„=(p„,E„), and pH (p——H, EH) are the four-moinenta of the outgoing kaon, neutron, and H di-
baryon, respectively, with Ek = Ik' +mk I

', etc. Further, s is the total invariant mass squared of the initial and final
states,

P=(kr, mH. +(kI +m~ )' ),

h(a, b, c)=a +b +c 2(ab—+bc+ca)
is the usual triangle function. Equation (3.2) corresponds to normalizing the plane waves according to

&pip'&=2«2 )'&'"(p p

Various differential cross sections are obtained by removing one or two of the three-momentum integrations in Eq. (3.2).
These cross sections are computed in the E + He laboratory frame.

The invariant matrix element I' ' corresponds to the conversion of the initial diproton pair in He into the 0 dibaryon
via the (K,K ) process. In lowest order, this process is shown in the top half of Fig. 1. The analogous conversion of
an n ppair in-to the H via (K,K ) is shown in the lower part of the figure. The first step in this conversion is = pro-
duction via the K p~K:- reaction, with amplitude f defined in Eq. (3.6), followed by = p fusion into the H through
the vertex I . For the process of Fig. 1, we find an amplitude

3

M' '=(2EH2MH, 2E„)' f 3 l(H, (k~, kq)T(kI, p ';k', k=)l (k= —k~}/(2E~2E=)'
(2~)

(3.3)

k~= —(2k~+ p„)/~2,

kg ———v'3/2p„,

p'= —k —p

(3.4)

k==k~ —kp .

K

where gH, is the internal wave function of the He target
and T is the dimensionless amplitude corresponding to the
K p~K+:- reaction [see Eq. (3.6)j. The relevant mo-
menta are defined by

00

In Fig. 2, we display several higher-order processes
which could contribute to H production on a diproton
pair. These processes lead to the 0 via AA or XX fusion,
and are expected to be much less important than the lead-
ing graph of Fig. 1. Following the method of Dover, " a
very crude estimate can be obtained for the contribution of
the graph in Fig. 2 involving an intermediate m. and di-A
production. The differential cross section (K+ at 0 } for
quasielastic AA production, summed over all final states
f, is given by

00

der

dQL
00

8tr g 1 do do.

K h. Z

n

K- -K+

FIG. 1. Lowest-order processes for H production on a dipro-
ton pair via the (E,X+) reaction (upper part) or on a neutron-
proton pair in the (X gC ) reaction (lower part). The amplitude
for the two-body transitions K p~K+:" or X:- is denoted
by f, or equivalently T as per Eq. (3.6). The spectator nucleon in
the (A ~) reaction on an 2=3 target is not shown. The
baryon-baryon-fusion vertex for H formation is called I .

h, Z

(r
P h, Z

FICi. 2. Higher-order processes for H production on a di-
proton in the (E,X+) reaction.
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dQL

1/2

2
=66 1—

kL

'2
kL —kp

(3.5)

in pb/sr, where k,h,
——1.046 GeV/c is the laboratory

threshold momentum, and kp ——1.7S GeV/c, Ak =0.6

where /=0. 019 mb ' is a constant characteristic of the
angular shape of the two-body angular distributions,
(1/r ) =0.028 mb ' is the mean inverse-square radial
separation of the diproton, and p is the laboratory pion
momentum (assumed on-shell). For kI -1.8 GeV/c, we
estimate that ado. /dQL is about 0.2 mb/sr and 0.1 mb/sr
for the K p~m A and m p —+K+A reactions, respective-
ly. This yields the estimate

T 00

=0.3 pb/sr .do

f L

Based on our calculations of:- p~H recombination re-
ported in Sec. IV, we expect that the fusion probability for
H formation in AA collisions does not exceed 10, so 0.3
nb/sr is an estimate of the H cross section from the
second-order process under consideration. This is much
smaller than the value 0.3—0.5 pb/sr we obtain in Sec. IV
for the lowest-order H-production process in Fig. 1. We
do not expect much larger cross sections from other
higher-order processes, and we neglect them in the subse-
quent discussion.

The evaluation of M' ' requires three important in-
gredients: T, g~„and I . The first is the amplitude T for
the process E p~K+:" . In general, we need an off-
shell T-matrix element. Here, we always replace T by an
on-shell amplitude at energy

E —(m +k }' +(m +p' )'~

We restrict our attention to K+ production in the forward
direction ( k 'I

I kL, }, in order to keep the momentum
transfer to the He target as small as possible. Thus, T is
a laboratory amplitude at OL ——0 for the E+. The data on
the forward laboratory cross section (do /d QL ) z+K p ~K+:-
have been collected in Ref. 24 as a function of E labora-

tory momentum kL. In this work, we use a simple
parametrization of this data in the form

0

K p~K

40—

30
Ilj

O

20

IO-

I.8

kL{( ev/c)

FIG. 3. Differential laboratory cross section for the
E p —+E+:- reaction in the forward direction as a function of
K laboratory momentum kL, . The experimental points are due
to Dauber et al. (Ref. 25) (squares), Berge et al. (Ref. 26) (cir-
cles), and Burgun et al. (Ref'. 27) {triangles). The data have been
averaged over the small-angle region as discussed in Ref. 24.
The solid curve is the parametrization of Eq. (3.5) used in the
calculations reported here.

2.6I.4I.O

K p —+K+:-

which treat the region near threshold more precisely. For
instance, one can use the relation between do. /dQL and
the invariant two-body amplitude T:

GeV/c. The available experimental data on the
K p~K+:- forward cross section, together with their
parametrization via Eq. (3.5), are shown in Fig. 3. One
can also obtain more sophisticated parametrizations of

00

pO

K p —+K+:-

I

=
I f I

=
I

T
I /[A(sz, mz, mz )A(s2, m~, m= )]'

16m.
(3.6)

where s2 is the invariant mass-squared of the E p system
and k2 is the E+ momentum in the two-body laboratory
system. One could then parametrize

I
T

I
directly rather

than
I f I

. Since the kinematical factors relating these
two quantities vary only rather slowly, this choice is not
crucial. For producing the H we are most interested in the
region near kL -1.8 GeV/c, where = production is larg-
est. Our results are thus not very sensitive to the thresh-
old behavior of do. /dQL. Note that the data displayed in
Fig. 3 are rather scattered, even after angular smoothing,
so there is perhaps a 30% normalization uncertainty in

(3.7)

t

our results in any case.
Equation (3.5) gives do /dAL in the two-body laborato-

ry (2L) frame, where the proton is at rest. However, we
need this cross section in the many-body laboratory (ML)
frame, where the He nucleus is at rest, but where the
struck proton in general has a finite momentum. For for-
ward angles, the relation between these two cross sections
is easily deduced from Eq. (3.6) to be

po . 0'
da k do

dQL ML k2 dQL 2L
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where k' (kq) is the three-momentum of the E+ in the
many- (two-) body laboratory frame. In Eq. (3.7), we as-
sume that all particles are on. the mass shell.

The second ingredient in the evaluation of M' ' is the
specification of the initial state. The K wave function is
taken to be a plane wave. For a light target like He, dis-
tortion effects are noi expected to be large. The He nu-
cleus is represented by an internal wave function t)'JH,

which depends only on the two relative coordinates, for
which we use a simple Gaussian form. In coordinate
space, the total He space wave function l(H, then becotnes

Io-I

CT

10
LL

ING)

with

(» Q 3
—3/4( 62)—3/2e —(P +A. )/2s

IO

m terms of p=(r& —rz)/t/2 and k=(rt+rz —2r3)/t/6y
and b=1.70 fm, which allows one to reproduce the He
rms radius /r )/'/ =1.88 fm.

In order to study the effect of short-range correlations
in the He wave function on the cross sections for H pro-
duction, we have also used the following simple generali-
zation of the wave function of Eq. (3.8):

2+F2)/2y 2 ~ 1
—( &.

— &) /

l ~J

(3.9)

Here X assures proper normalization. We have tried two
distinct sets of parameters [b',c,aI in Eq. (3.9). For the
first set we took, in the spirit of Ref. 29, a=0.315 fm,
b'=1.688 fm, and c=1.0. We refer to this choice as
model I. These parameters reproduce the value
(r~) '/ =1.88 fm, and also the position of the first dip in
the He charge form factor

I
F,h(q) I

at q =11.6 fm
The fit of model I to

I
F,q(q)

I

is shown as a solid line in
Fig. 4, along with the data of Ref. 28. Another choice of
parameters which we call model II is due to Fearing
a=0.601 fm, b'=1.283 fm, and c=0.925. Model II,
shown as a dashed line in Fig. 4, does a better job of repro-
ducing

I
F,q I

for larger values of q, but yields an rms ra-
dius (r ) '/ = 1.37 fm which is too small.

Another ingredient of our calculation is the description
of the particles in the final state. The wave functions of
the X+, H; and the neutron are taken to be plane waves.
The H dibaryon is treated as a single particle of sharp

I

, IO
0

q
2

(flirt-2)

FIG. 4. Charge form factor IF,„(q) I
as a function of

squared momentum transfer q for He. The data are taken
from McCarthy et al. {Ref.29). The curves labeled model I and
model II, defined in the text, correspond to two ways of
parametrizing the short-range correlations in the 'He wave func-
tion, as per Eq. (3.9).

mass mH for purposes of imposing energy-momentum
conservation, but its six-quark composite structure must
be considered in deriving the form of the = p~H fusion
vertex I in Eq. (3.3). The internal wave function of the H
is taken to be the six-particle version of Eq. (3.8), with the
coordinates now referring to quark rather than nucleon
positions. This microscopic description of the H has the
consequence that the internal structure of the = and the
remaining proton in He (see Fig. 1) now is important.
We assume that the internal wave function for these parti-
cles are also given by the Gaussian approximation of Eq.
(3.8). The formation of the H is thought of in terms of
the fusion of two three-quark bags (:" and p) into a six-
quark bag. The amplitude I (kp, k=) for this fusion is ap-
proximated by the following wave-function overlap:

d kr(k, k=)=
)18 f

3k6 ~ +

(k) k6)lt - (k), kp, k3)f - (k4, k„k6) .
2E6 H' k p, k , k-„

(3.10)

Using Gaussian wave functions, we find

r(k~, k=) =(2')'(2EH2E~2E=)'/ 5 (kH —k~ —k=)l (k~ —k=),
where

(3.11)

2RpRHI (kp —k=)=I 0
R~ +Rp

3 2R =R~

RH +R-

3/4
Sn.RH

(3.12)

is the vertex appearing in Eq. (3.3). The factor I o is due
to color-flavor-spin recoupling, as per Eq. (2.6). Note that
Eq. (2.6) refers to the wave-function decomposition at

short distances ("r=0"),where the six quarks of the H are
confined within one bag. For a pair of three-quark bags
separated by a large distance r, the color confined com-
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ponent ~8,8, ), which dominates for r=O, must go to
zero. In writing Eq. (3.12), we neglect dynamical distor-
tions of the wave functions as the bags approach each oth-
er. We use static oscillator wave functions, and thus
neglect a possible time dependence of I . These approxi-
mations seem adequate for these first rough estimates.

The salient feature of I is its strong dependence on the
relative momentum k~ ——kz —k= of the = p pair. Small
values of k~ are preferred for H production in a baryon-
baryon-fusion process. In the case of a nuclear target, the
Fermi motion of the nucleons provides a region of phase
space where kR is small.

In Eq. (3.12), R~, R=, and Rz are the oscillator parame-
ters for the H, :", and p, respectively. The value

Rz ——0.83 fm chosen to reproduce the rms radius of the
proton. In assigning values to R= and RH, we would like
to take account of the fact that strange quarks have a
larger mass parameter than nonstrange quarks, and there-
fore have a more localized space wave function. This
would lead to small values for the rms radii of hadrons
containing strange quarks, when compared to their non-
strange counterparts. No measured value for the rms radii
of the = exists. Using the MIT bag model relation be-
tween the proton bag radius and that of the = we would
arrive at R==0.73 fm. However, since R= appears only
in the geometric factor

2R =R~

RH +R=

taking R= less than R& would only result in a reduction of
a few percent in overall normalization. We will rather
take R==Rz here. The choice of RH is more critical,
since it appears in the Gaussian factor in Eq. (3.12). We
use the relations of the rms radius (r )' to the oscillator
parameter RH ( ( r )H = ,' RH ) and —to the bag radius
RH(bag) [(r )H ——0.41RH (bag)], and similarly for the
proton: (r )z ——Rz and (r )z ——O.S3R&2(bag) to arrive at
RH =R~ if RH(bag)=2' R~(bag). We thus adopt the
value RH=-0. 83 fm, which then sets a scale for the range

K K

K

of k~ values which offer a non-negligible contribution to
the cross section for H production, namely, kz (0.6
GeV/c.

In addition to H production, X+ mesons in the final
state may also be associated with the "quasielastic" pro-
cess (see Fig. S)

E + He~K++n +p +" (3.13)

The total cross section o.&E corresponding to this reaction
may be written as

FIG. 5. Processes involving the (EC ++) reaction on a dipro-
ton pair which do not involve H formation. These contribute to
the "quasielastic background. " If the H is bound with respect to
the AA threshold, the H signal can be distinguished from these
backgrounds by a careful measurement of the E+ momentum
spectrum or the "missing-mass" spectrum involving the detec-
tion of the K+ and neutron in coincidence in the He{E gC+n)
reaction.

(3.14)

The differential momentum spectrum d o&E/dQ~+dk'
of the K+ and the "missing-mass" spectrum

0QE/dQz+d Q„ds for a K+-neutron coincidence experi-
ment may be obtained by appropriate differentiations of
Eq. (3.14). The matrix element M' ' is given by

1/2

T( kL, , p ', k ', k=)l(H, ( k~, ki ),
P

(3.15}

where p ', kz, and ki„are defined in Eq. (3.4). In estimat-
ing the J + "background" from Eqs. (3.14) and (3.1S), we
neglect distortions of the K+ spectrum due to final-state
interactions, namely, = p elastic scattering or charge ex-
change and:" p~AA conversion.

Since the integrated quasielastic cross section for K+

production is several orders of magnitude larger than that
associated with H production, it is not possible to find the
H by a measurement of o. or do. /dQ + alone. A careful
study of the E+ momentum spectrum or a E+-neutron
coincidence experiment is required. This is treated in the
next section.

In addition to the A+ quasielastic production, a back-
ground can also arise from m+'s in the final state which
are misidentified as K+'s. Production of m+'s is possible
via a number of reactions; these are discussed in Sec. V.

IV. RESULTS

In this section, we discuss our numerical results for the
reaction He(K, K+)Hn Some preliminary 'r.esults at a
K laboratory momentum of kJ ——1.9 CxeV/c were
presented in Ref. 31. In this paper, we consider in detail
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FIG. 6. Differential cross section do/dfl + at 0 + ——0 for

H production in the 3He(K ++)nH reaction at laboratory
momentum kL ——1.8 GeV/c, as a function of the mass m~ of the
H. The dashed curve corresponds to a calculation in which
short-range correlations in the He wave function are neglected.
The solid and dash-dot curves correspond to models I and II,
respectively, for the 'He short-range correlations, as described in
Sec. III.
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FIG. 7. Momentum dependence of the 3He(X ++)nH dif-
ferential cross section at 8 + ——O'. The curves are labeled by the

H mass; 'He short-range correlations (model I) are included for
the curve labeled "correlations. "

the kL dependence of the cross sections, the influence of
short-range correlations in the He wave function, and the
problem of separating the H signal from the continuum
background of:- p or AA pairs.

First consider the single-differential cross section
do. /dQ +, involving only K direction. In Fig. 6, we

display this cross section as a function of the rest mass of
the H, for a fixed value of kI . The curves show a mono-
tonic decrease with mH as we approach the AA threshold
from below, reflecting the diminished phase space. The
calculation would quickly lose its meaning above
m~-2m&, since we assume a stable bound-state Gaussian
wave function for the H. The three curves in Fig. 6
demonstrate the effect of short-range correlations in the
He wave function. The dashed curve assumes no correla-

tions, i.e., gH, is just a product of Gaussians in the relative
variables p and A, [see Eq. (3.7)]. The solid curve ( model
I} incorporates a product of Gaussian correlation func-
tions, as per Eq. (3.8), with parameters chosen to repro-
duce the rms radius of He, as well as the position of the
first dip in the He charge form factor. The dot-dashed
curve in Fig. 6, gives the result of using a correlation func-
tion due to Fearing (model II). We see from Fig. 6 that
the two models for short-range correlations bracket the re-
sult which obtains in the limit of no correlations. The un-
certainty in our results due to correlations is seen to be
only +10%. One might naively expect tha, t short-range
correlations in He must substantially lower the H-
production cross section. This is not true, since the
EC p~K+:- process involves high momentum transfer
(=400 MeV/c), and hence a small relative separation (in
momentum space) for the = p pair (which is required for

H formation) does not necessarily imply a small separa-
tion for the initial pp pair. For high q processes, short-
range correlations can even produce some increase in the
cross section (the dot-dashed curve in Fig. 6}, since they
can supply needed higher momentum components for the
second proton which fuses with the generally high
momentum "

The momentum dependence of the He(K, E+}nH
cross section do. /dQz+ is shown in Fig. 7. The results

mirror the strong momentum dependence of the two-body
cross section for EC p~K:-, shown in Fig. 3, with a
slight broadening due to the Fermi motion of the protons
in He. This is true because the Fermi momentum is
small compared to kL, and the two-body momentum
transfer decreases only rather slowly above kL —1.4
GeV/c. Figure 7 also demonstrates that the effect of
correlations is rather similar for all values of kL. If one
compares the values of do. /dQz+ for H production with

the total 0 cross section for = p continuum pair produc-
tion [=2(do/dfl)z z+, neglecting any absorptive

effects], one gets a rough estimate for the probability
I' of H production in " p collisions, namely,

I =4~10 ' (4.1)

for m~-2200 MeV. This small probability reAects the
fact that H production occurs only when the " p relative
momentum is small, and this condition is satisfied only in
a very restricted region of the phase space supplied by the
He wave function.

We now turn to a discussion of the EC+ momentum
spectrum. In Fig. 8, we display the E + double-
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tion d o./dQ +dQ„ds for fixed E+ and neutron angles,
as a function of the invariant mass v s of the recoiling

p pair, one should see a sharp peak at the H mass, if'

the H is a bound state. Such a plot is shown in Fig. 12.
The cross-hatched bars correspond to H production, as-
suming two different values for m~. An experimental
mass resolution of +10 MeV was arbitrarily assumed (the
intrinsic width of the H peak is essentially zero}. The
background due to the formation of:- p continuum pairs
is shown as a solid curve in Fig. 12. If the H is bound, it
should be clearly separable from the continuum back-
ground in such a missing mass" plot. However, if the H
lies above threshold, it will be very difficult to disentangle
from the much larger background cross section.

All of our results correspond to forward E+ produc-
tion, which is the optimal case. Since the momentum
transfer in the (K ++}reaction is quite large even for
0 +

——0', the cross section for H production is expected to
drop off smoothly as 0 + increases. Our calculations
have also assumed the plane-wave approximation for theE,E+, H, and n wave functions. There is some absorp-
tion of the E in the initial state, which will diminish the
H-production cross section somewhat. However, since the
He target is so light, this is not expected to lead to a

dramatic effect. The EC+ in the final state has a rather
small cross section for interaction with the neutron, and
the H and neutron are anticorrelated in angle for larger kL
so their interaction will not be significant. Thus the
plane-wave approximation is expected to be adequate for
the present estimates.

TABLE III. Values of (k')~» for K + He~K+ + X reac-
tions.

Missing mass X

Hn
AAn

pn
pn

& pn

(k') .„(aeVt~)
1.426 (m~ ——2200 MeV)
1.393
1.358
1.185
1.151

E + He~E++X . (5.2)

According to Table III, we have (k'),„"=1.393 QeV/c
for the E + He~E++ AAn process. If the H is un-
bound with respect to the AA threshold, we have
(k'),"„&(k'),„";in this regime the H will merge into the
AA quasielastic background, and will be difficult if not
impossible to detect. If we assume that the H is stable,
then (k') ,"„&(k'),„". In this regime, reactions of type
(5.1) with (k'),„&(k'),„" are of no consequence, since
they produce only m. +'s of lower momentum than the
E+'s associated with H production. For this reason, open
channels of the type K @~a+A(nn } or @+X(n''m)with'
n & 3 and n'& 2 have been omitted from Table II. These

attainable value (k ),„ for the m+ momentum. In Table
III, we provide the corresponding values of (k'),„for It+
production channels

V. BACKGROUNDS FROM m+ PRODUCTION

As seen in Fig. 9, H production in the (K ++) reac-
tion on He is characterized by a sharp peak in the E+
momentum spectrum, corresponding to a momentum
transfer of about 400 MeV/c. For example, at kL -1.8
GeV/c, the maximum of the H-production cross section,
the E+ spectrum is peaked at k'=1.42 GeV/c, for a
choice mH ——2200 MeV. Since the E+ at this momentum
is relativistic (P=U/c=0. 9445), a m+ at the same momen-
tum (P=0.9952) may occasionally be misidentified as a
E+, providing another background for H production.
Thus we have considered reactions of the type

E + He~m++X

as potential backgrounds. In Table II, we give the two-
body total cross sections for w+ production in the E p
reaction at kL ——1.8 GeV/c, together with the maximum

K

K

~" (~see)

A P~m' x'
( b)A ~m'+X'

TABLE II. Values of (k'),„and two-body total cross sec-
tion for E + He~a+ +X reactions.

Missing mass X (k') „(CxeV/c)
K

X pn
Am. pn

(m. X +moX )pn
A~ ~pn
K npn

(nK'+pK —)~-pn
X m pp

1.586
1.523
1.437
1.371
1.322

(1.188, 1.157)
1.43

0.23
1.7
1.5
2.3
2.8
1.4
0 6(K n)

FIG. 13. Processes which generate a m. + background.
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channels tend to have small cross sections (o;„&0.2 mb).
An inspection of Table II then discloses that only the reac-
tions

=0.244+ 1.062/kL, (5.4)
dQ r-p ~+x—

K p~m+X (5.3a} in mb/sr, where kl is given in GeV/c. At 1.8 and 1.95
GeV/c, Dauber et al. have determined Legendre coeffi-
cients for the K p ~++X angular distribution. Using
their values, we find

(5.3b)

(5.3c)

do' 1.39 mb/sr at 1.8 GeV/c,
0.58 mb/sr at 1.95 GeV/c,

,
sc-p ~+x-

K n ~m+m. X (5.3d)

can produce a m.+ background in the K+ momentum re-
gion corresponding to H production. The production of
nnXfina. l states [reactions (5.3c} and (5.3d)] is mostly
nonresonant in the region of interest and is similar to that
of the ~mA nonresonant contribution. The +AX channels
only play a role when the H lies close to the AA threshold
(2200&mH &2230 MeV); we have omitted them here.
The dominant processes of Eq. (5.3) are illustrated in Fig.
13.

Consider first reaction (5.3a), which provides the most
important source of background for larger values of k'.
Partial wave amplitudes for momenta up to k~-1.4
GeV/c have been obtained by Gopal et al. In the region
from 1.2 to 1.4 GeV/c, the forward laboratory cross sec-
tion is approximately described by the simple form

(5.5)

indicating a rapid energy dependence of the cross section
near the region kl -1.8 GeV of interest to us. This ener-

gy variation is interpreted in terms of resonance formation
by Dauber et al. Rather than assuming some resonance
form for do/dQL, , we simply use the smooth form (5.4),
which produces about 0.8 mb/sr around kL -1.8—1.9
GeV/c, not far from the average of the two values in Eq.
(5.5). Using Eqs. (5.4) and (3.6), we can construct the in-
variant two-body amplitude T. This is then inserted in
Eqs. (3.14) and (3.15}to evaluate the quasielastic cross sec-
tion for ~+ production.

The m+ momentum spectrum arising from the
K p~m+X reaction is shown as a dashed line in Fig.
14. At kL ——1.8 GeV/c, the forward two-body momentu~
transfer for this process is q(0') =0.22 GeV/c, so we expect
the peak in the ~+ spectrum to occur near
k'=kl —q(0)=1.S8 GeV/c. Since this value of k' is very
close to the kinematical limit (k'),„=1.586 GeV/c deter-
mined by many-body kinematics, the peak in fact occurs
at slightly lower momentum k'= 1.56 GeV/c in Fig. 14.

In Fig. 14, we also show the cross sections d o/dQdk'
for H production, assuming various mass values for the H.
As the H mass decreases, the H peak moves to higher
values of k' according to
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where all quantities are in GeV/c. If mH &2.05 GeV, an
unlikely possibility, the value of (k')~z H becomes larger
than (k'),„ for any possible m+ or K+ production pro-
cess, and no background can mask the H peak. For
m0-2.08 GeV, the m+ peak from K p~~+X and the
H peak coincide; in this mass region, one would be re-
quired to discriminate m+'s from K+'s to about 1 part in
10.

A more likely case corresponds to an H which lies not
far from the AA threshold (2.2 & mH & 2.23 GeV). In this
region, the most important m+ background arises from the

p —+~+~ A reaction of Eq. (5.3b). This reaction has
been studied in detail in the region 1.2&kL (1.7 GeV/c
by Huwe. For kL (1.6 GeV/c, the quasi-two-body pro-
cesses K p ~n. + I'~+(1389) and K p ~m+
+ Y j (1389) dominate the cross section, while for

kL, & 1.6 GeV/c, the nonresonant K p~m+m A contri-
bution increases rapidly.

Consider first the K p ~++ + F~ (1389) reaction.
Using the Legendre expansions given by Huwe, we ob-
tain for a forward m.+:

l02

IO-

mH=2200 MeV

I

l, 2 i.4 l.6
k' (GeV/c)

FIG. 14. Momentum spectra d cr/dQdk' for m+ and K+
production in the K + He reaction at kL ——1.8 CxeV/c. The
dashed curves correspond to quasielastic m+ production in reac-
tions (5.3a) and (5.3b). The curve labeled "K p —+m+m A" cor-
responds to nonresonant production in (5.3b) and that labeled
"K p —+m+ Y~ (1389)"corresponds to resonance formation. The
summed m. + cross section is labeled "total m+." For comparison,
the X+ momentum spectrum for H production is also shown for
three values of the II mass.
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. 0'
do

d+I K p ~m+ F& (1389)

r0.5+0.14 mb/sr for 1.15&kI &1.3 GeV/c,
0.45+0.27 mb/sr for 1.3 & k, &1.45 Gev/c,
0.31+0.17 mb/sr for 1.45&kI &1.6 GeV/e,
0.41+0.05 mb/sr for 1.6 ~ ki & 1.75 GeV/c .

(5.7)

A least-squares fit to these data with the form
0

=a(1+p/kL )
~+ r+& ( rase)

(5.8)

yields a=0.206 mb/sr, P=1.6 GeV/c, with kL in GeV/c.
For K p~m Fi+(1389), we can also obtain a forward
m+ from 7 ~+ decay; we expect a contribution comparable
to Eq. (5.8), which we omit here.

The approximation (5.8) has been used to obtain the m+

spectrum in the reaction K + He~ir+1'i (1389)pn at
kL ——1.8 GeV/e. The results are shown as a dashed line in
Fig. 14. Note that if we use a sharp mass of 1389 MeV
for the F~, we obtain (k'),„=1.372 GeV/c, which lies in
the region below the H peaks in Fig. 14. To obtain the tail
of the ~+ spectrum extending beyond k'= l.4 GeV/c, we
take account of the width 1 =40 MeV of the F*, (1389).
To do this, we perform calculations for a number of dif-
ferent mass values E for the F&, and add these contribu-
tions with the appropriate Breit-signer weight.

To obtain the contribution of the nonresonant reaction
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FICx. 15. Missing-mass spectra for m.+ and E+ production in
the E + He~(m+ or E+) +X reactions at kL, ——1.8 GeV/c.
The dashed curves correspond to quasielastic m.+ production in
coincidence with a recoiling spectator neutron. The cross-
hatched boxes represent H production, for two values of the H
IIlass.

E p —+m+m A to the m+ spectrum, we have simply used
a constant value for

~

T ~, adjusted to reproduce the aver-
age total cross section given by Huwe. This gives the
dashed curve labeled E p —+m. +m A in Fig. 14. Due to
the broader range of values for the effective mass of the
recoiling m A system in a nonresonant process, the result-
ing m. + spectrum is more spread out in k' than that for
F" production.

In Fig. 14, we plot as a solid line the summed contribu-
tions of the E @~AD+X, ir.+Xi (1389), and m. +ir A
(nonresonant) processes to the m+ spectrum. The sum
displays a minimum around k'=1.42—1.43 GeV/c, corre-
sponding to the EC+ peak for H production with mH ——2.2
GeV. The combined m+ spectrum is roughly 50 times as
large as the H signal in this domain, so even here a very
good m+/E+ discrimination is required.

The cross sections for m+-neutron or E+-neutron coin-
cidences are shown in Fig. 15. If m~ &2.2 GeV, only the
K p~m+X channel offers a serious ~+ background.
For m& &2.2 GeV, the E p~m+~ A reaction rapidly
increases in importance as a source of background.
Measuring the neutron in coincidence does not free one of
the problem of background; good m+/E+ discrimination
is still required, as in the study of the E+ momentum
spectrum. As a means of suppressing m. + background, a
trigger could be considered which vetoes events in which a
X is produced.

The conclusion of this section is that a study of H pro-
duction in the E + He~E++H+n reaction is feasi-
ble, if careful consideration is given to the suppression of
backgrounds due to misidentified m+'s. Discrimination of
m+'s from E+'s at the level of 1:100is indicated in order
to achieve an observable H signal.

VI. SUMMARY

%e have estimated cross sections for the production of
the doubly strange 0 dibaryon (J =0+, I=O) in the reac-
tion He(IC ++ )nH. It is argued that the ES=2
strangeness-exchange reaction offers an optimum channel
for manufacturing the H, preferable to reactions in which
no strangeness is present in the initial state. Further, the
prototype reaction IC + (pp) &IC+ + (:- p) on —a bound
diproton, followed by " p~H fusion, offers the most
favorable combination of spin and isospin quantum num-
bers.

The H may be seen either as a sharp peak in the X+
momentum spectrum, or as a peak in a "missing-mass"
plot in which the E+ and neutron are detected in coin-
cidence. In both cases, the H signal may be separated
from the background spectrum due to " p or AA contin-
uum states. The suppression of backgrounds due to m. +

production in a variety of reactions requires good m+/E+
discrimination. If the K+-neutron coincidence mode is
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selected, He is the best target, since the "missing mass" is
the H alone. If only the K+ momentum spectrum is mea-
sured, a He target may serve as well as He.

The K+-neutron coincidence cross sections for H pro-
duction are found to be rather small, some 25—30 nb/sr
for Hz+ ——0' and kL,

——1.8 GeV/c and a neutron in the for-
ward hemisphere. These cross sections follow the K
momentum dependence of the elementary K @~K+:"
process, which has a maximum around kL-1.8 GeV/c.
An intense K beam in the momentum range of 1.6—2
GeV/c is thus required. Such an experiment may be feasi-
ble with currently available K beam intensities, but

would be much easier at a future "kaon factory. " The
search for the H dibaryon deserves very high priority.
The H plays a unique role in multiquark physics, since it
is the only dibaryon which could lie well below all relevant
strong-decay thresholds.
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