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corresponding energies may supply useful infor-
mation.

We wish to thank the staff of the Institute for
Nuclear Studies for excellent machine operation
and for various assistance in all phases of the ex-
periment. We also thank Mr. T. Kobayashi who
participated in the preparation of the detector
system. The analyses have been done with exten-
sive use of the computers at the Institute for Nu-
clear Studies (Japan) computer center and at the
National Laboratory for High Energy Physics (Ja-
pan) bubble chamber division. This experiment
was partly supported by a Grant-in-Aid of the Ja-
panese Ministry of Education, Science, and Cul-
ture.

*Now on leave of absence at CERN/NP, 1211 Geneva
23, Switzerland.

'R. Ching et al., Phys. Rev, 141, 1320 (1965).

’p. Dougan et dal., Z. Phys. A 276, 55 (1976).

’D. J. George, Phys. Rev, 167, 1357 (1968). George’s
paper contains two serious errors; one in the calcula-
tion of resonant amplitudes and the other in the polari-
zation formula, The first error was brought to our at-

tension by M. W. Wynn, Ph.D. thesis, Georgia Institute
of Technology, 1971 (unpublished). Calculations by
K. Ogawa et al. (to be published) correct for these er-
rors.

‘D. Hasselmann, DESY Report No. DESY 68/38, 1968
(unpublished).

’F, F. Liu, D. E. Lundquist, and B. H. Wiik, Phys.
Rev. 165, 1478 (1968).

SR. Kose et al., Z, Phys. 220, 305 (1969).

The polarization vector is defined to be positive if

it lies parallel to (photon direction) x (proton direction)
(Basel convention). Note that in YN — nN processes,
the positive direction is defined to be (photon direction)
X (pion direction). Combining this fact with measured
proton polarizations in YN — 7N processes, one can
conclude that small admixtures of YN — 7N events in
our data sample, even if they exist, would not have con-
tributed to bring the measured polarization to high neg-
ative values.

8V, Z. Peterson, University of California Radiation
Laboratory Report No. UCRL-10622, 1963 (unpublished).

T, Powell ¢t al., Phys. Rev, Lett. 24, 753 (1970).

Wogawa et al., Ref, 3.

'IF, J. Dyson and N.-H. Xuong, Phys. Rev. Lett. 13,
815 (1964).

27, Kamae and T. Fujita, following Letter [Phys.
Rev. Lett, 38, 471 (1977)].

Possible Existence of a Deeply Bound A-A System

T. Kamae and T. Fujita*
Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan 113
(Received 29 October 1976)

Being motivated by the observation of an anomaly in the polarization of protons in yd
—pn, we have investigated the possible existence of deeply bound dibaryon states. The
nonrelativistic one-boson-exchange potential model (7, 7, p, and w exchanges) for two
A isobars gives binding energies around 100 MeV for I =0, J=3 and I =3, J=0. Exis-
tence of this I =0 dibaryon resonance reproduces experimentally observed cross sections

in the I =0, NN —dnm and NN —NN7m channels.

A recent experimental study' on the proton po-
larization in deuteron photodisintegration reports
a resonancelike behavior at around 550 MeV in
photon energy. The observed polarization in-
creases sharply with photon energy, reaching a
maximum of (—80+7)%. Theoretical analyses by
Ogawa et al.,? by George,® and by Hasselmann*
have failed to reproduce such structure in the po-
larization., As has been noted,' this structure is
hard to understand from a composite intermediate
state, but is easily understood if there is an ap-

preciable amount of dibaryon resonant amplitudes.

That is, a resonance in the two-nucleon system
with a mass of approximately 2380 MeV will give
an imaginary amplitude of the Breit-Wigner type,
as is shown in Fig. 1, which will interfere with

almost real amplitudes (Born + NN*) and will

give a structure similar to what has been ob-
served (see Ref. 2 for further details). We looked
for nucleon-isobar combinations, which may be
deeply bound to give the total mass in this energy
range, and discuss here our calculations showing
the possible existence of a deeply bound A-A sys-
tem. We also discuss what effects this dibaryon
resonance might have on other channels, such as
NN—~dnm and NN—-NN77.

The calculation presented here is based on the
nonrelativistic one-boson-exchange (OBE) poten-
tial model, where the pion, 7 meson, p meson,
and w meson are the exchanged bosons. For sim-
plicity we consider only the S state. The coupling
constants are varied around experimentally known
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values or values predicted by the quark model. A hard-core barrier is assumed at around the range
of the lightest mesons not included in the present analysis. Then the Schrodinger equation is solved,
and the binding energy is determined for each combination of the coupling constants and the hard-core

radius.

n- and 1 -exchange potential.—For the AAr vertex function, we take formula,®

(' [Tolps D))= = (S /me)a (p’, 8 )(T) vt (D, 8),

where T is the isospin operator (I=3), and u"(p, s) is a Rarita-Schwinger spinor (s=3).

1

In the nonrela-

tivistic limit Eq. (1) reduces to a Yukawa-type potential, For 7 and  exchange in the S state, the po-

tential takes the following form:

poem () = %&Aﬁhu)-?(z)] [5(1)-5(2)] exp(=m7) 1 fany® [5(1)-5(2)] expg;mni’). (2)
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o - and w-exchange potentials,—We adopt the AAp (or AAw) coupling used by Arenhével® in the nonrel-
ativistic limit. Then the potential for p and w exchange in the S state is

V<p+w>(y)=[;(1).;(z)]{.g.%i N %éai%[&(l).a(Z)]}EEP_(:ﬁﬁ)_
m m r
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Coupling constants.—Various choices of coup-
ling constants are tried for the AA-boson coup-
lings, since they are not always well-measured
experimentally., We use experimental values

whenever they are available and make best guess-

es when they are not. We fix the AA7 coupling
constants from the experimentally determined
value for f,,, and the static quark model.> The
AAn coupling constant is related to f,,, by the
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FIG. 1. Proton polarization in yd—pn. Filled cir-
cles are data from Ref. 1, open circles are data from
Ref, 5 of Ref. 1, and triangle is datum from Ref. 6 of
Ref. 1. The curve shows the Breit-Wigner—type imagi-
nary and amplitude due to the AA bound state at Vs
=2380, Note that the unbound AA phase space opens at
Vs =2472,
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quark model:

fAAﬂz =0.005 fAAuz =3 fAAnz <W’_n>2
47 U 4 7 \m, )’

In fixing the coupling constants for vector mes-
ons, we consider the prediction from SU(3) about
the AAp to AAw coupling ratio to be reliable. We
do this since the decuplet-decuplet-octet coupling
is unique in the SU(3) scheme and leaves no am-
biguity as in the case of the octet-octet-octet
coupling, (Note also that the prediction is based
only on the isospin properties of p, w, and A,)
This ratio is

2 2
g_AéLL+iAAw_g(*.6)

47 4r 3
9 83492 AAQZ 2, . A
[ 47 f47r 3( ' )]' (4)

We use the quark model to decompose this rela-
tion into the following relations:

&an /A= ggAAp2/47T’
Fonw®/41=9f pp 2 /4,
fAAp= 3.8(M7p/6MA)gAAP. (6)

(5)

The quark model also predicts the equality of
&anp and g y,. We consider, however, this rela-
tion to be less reliable than Eqgs. (4) and (5), and
will try two different values in the computation
of the binding energy. Besides these forces, we
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TABLE I, Binding energies for the AA (I =0, J=3) and (I =3, J =0) states. Deeply bound states (binding energy
>10 MeV) cease to exist for hard-core radii larger than 0.38-0.40 fm.,

Hard core Binding energy
faar® fang ganp® fans’ grnw’ fand? radius 1=0,d=3 I=3,J=0
4w 4m 4 4m 4 4 (fm) (MeV) (MeV)
A 0,005 0.23 0.52 0.096 4.7 0.86 0.2 82 280
B 0.005 0.23 0.89 0,138 8.0 1.24 0.2 340 351
C 0.005 0.23 0.52 0.096 4.7 0.86 0.25 22 108
D 0.005 0.23 0.89 0.138 8.0 1.24 0.25 133 140
E 0.005 0.23 0.52 0.096 4.7 0.86 0.3 11 65
F 0.005 0.23 0.89 0,138 8.0 1.24 0.3 80 86

take a hard-core potential to simulate effects of
higher boson exchanges. The hard-core poten-
tial for the NN system is generally understood
to come from the vector-meson exchange. Since
we have included the vector mesons in the analy-
sis, an additional hard-core potential, if neces-
sary, will be due to higher-mass mesons such
as f and A,. Here, we guess this radius to be
0.25-0.3 fm by scaling the fitted value,® 0.4~0.53
fm, for the NN system inversely proportional to
the mass of the responsible meson. Allowing for
possible uncertainties in our experimental knowl-
edge about g ,,, and the hard-core radius, we
choose six different combinations of the coupling
constants and the hard-core radius, given by
A~F in Table I,

Results of computations.—Schrodinger equa-
tions for the A-A system under the influence of
the m, n, p, and w exchange potentials, Egs. (2)
and (3), have been solved for all allowed spin-
isospin combinations. From the expectation val-
ues for the 7(1)- 7(2) and G(1):5(2) terms (see Ta-
ble II), one can make guesses that deeply bound
states, if they exist, would have /=0, J=3 or
I=3, J=0. Infact, the 7 and p exchange poten-
tials are potentially an order of magnitude more

attractive for the A-A system than for the N-N
system due to the isospin-spin dependence of
these potentials in the low-energy region. Numer-
ical computations” verify this conjecture (see Ta-
ble I) and give bound states for /=0, J=3 and [
=3, J=0. The binding energies thus calculated
are an order of magnitude larger than those for
the NN system, The exact values, however, de-
pend critically upon the hard-core radius, and to
a lesser extent, upon the pAA coupling. We con-
sider that a hard-core radius of 0.2 fm repre-
sents a case where f and A, do not give highly re-
pulsive potentials and 0.3 fm represents a case
where f or A, gives a repulsive potential as high
as w or p in the NN system. We conclude that the
I=0, J=3 state has a good chance to be deeply
bound by about 100 MeV and produces the ob-
served anomaly at around Vs =2380 MeV in yd
—pn. The other dibaryon resonance may also ex-
ist around Vs = 2380 MeV as the OBE potential
model indicates.?

Possible relation with the ABC effect.—A se-
ries of experiments by the Saclay deuteron group
and by the Heidelberg-Tel-Aviv group'® studied
the so-called ABC effect'' in n+p—~d+M° where
M is missing mass and I(M°=0,1. They ob-

9

TABLE II. Expectation values of (7+7)+ (0+ 0) for various total spin-iso-

spin combinations.

Total isospin Total spin T - 72) G -a@2n F-D o0
0 1 - 15 -11 +165
0 3 - 15 9 - 135
1 0 -11 -15 +165
1 2 -11 -3 +33
2 1 -3 -11 +33
2 3 -3 9 - 27
3 0 9 -15 - 135
3 2 9 -3 - 27
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served a strong enhancement in the /=0 two-pion
channel at a missing mass of ~300 to 350 MeV.
One interesting feature of this effect is that the
production cross section is highly dependent on
the total c.m. energy, Vs. Inthe np collision,®
the effect takes place at around V's ~ 2450 MeV
with a full width at half-maximum (FWHM) of
about 240 MeV. Because of this dependence on
the c.m. energy, it is generally understood that
the ABC effect is not a manifestation of a boson
resonance but rather of final-state interactions.!?
In the light of our model, it may be just a decay
mode of the deeply bound /=0 AA system. In fact
the width and the position of the observed cross
section are in good agreement with a Breit-Wig-
ner -type dibaryon resonance at V's = 2380 with
FWHM of 160 MeV multiplied by the dnm phase
space'® (see Fig. 2).

Possible relation with the NN—-NNn7 (I=0) re-
action.—Double-pion production in the NN colli-
sion at low energies has not been very well stud-
ied. However, the /=0 and I=1 total cross sec-
tions in the c.m. energy range ~ 2300 to 2700 MeV
show a clear difference in magnitude, as well as
in the energy dependence.'* The difference be-
tween o(pn—~prrtnr”) and o(pp ~pp7w*71") measured
experimentally has been plotted in Fig. 2. The
pn—pnn*n” cross section is known to be dominat-
ed by the /=0 amplitude in this energy range.*
This excess of the /=0 contribution is easily ex-
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FIG. 2. o(np—dnn,[=0) and o(np ~nprtn™, [ =0) vs
total c.m. energy of the two nucleons. Curve « is the
Breit-Wigner curve for the AA bound state; curve b is
the expected reflection of the dibaryon resonance to the
dar*n” (I =0) final state; curve c is that to the npnt 7"
(I =0) final state. Experimental points for curves b
and ¢ are taken from Fig. 2(d) of Ref, 10 and from Fig.
9 of Ref. 12, respectively.
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plained by our model as another decay mode of
the deeply bound AA system. In fact the shape of
the 7=0 cross section is in perfect agreement
with a Breit-Wigner-type dibaryon resonance at
V's = 2380 with FWHM of 160 MeV multiplied by
the NN77 phase space’® (see Fig. 2).

The AA system is shown theoretically to have
a good chance to form deeply bound states with
I=0, J=3 and /=3, J=0. The critical point in
the computation of the binding energies is the
coupling strength of the AAp and the hard-core
radius. The anomaly observed in yd-pn is inter-
preted to be due to this (I=0, J=3) dibaryon reso-
nance. Then the excess of the /=0 amplitudes in
the dibaryon cross sections, NN-dn7 and NN
- NN77m, is most naturally explained. If this in-
terpretation is right, the two A isobars are prov-
en to be bound by about 100 MeV, deeper than the
half-width of the isobar, forming a genuine di-
baryon resonance. This fact, together with ex-
perimental studies on the /=3, J=0 resonance,
in future will have a very important bearing in
understanding the quark dynamics, in particular,
in the six-quark system. '

Based on these interpretations, one can estimate
the decay branching ratio of this /=0 dibaryon
resonance. In doing so, we assume for simplici-
ty that the resonance occurs in the L =3 partial
wave for the NN system and that the branching
ratio is appreciable only for the NNw7, drm, and
NN channels. The partial widths calculated de-
pend on the ratio T, /T'y,,, and they are (in
MeV) for T yy;n/Tym=5, Tpypr =118, T, =23.6,
and Ty =18, and for T /T 4r=3, T pypr =111,
Ty =37, and T' =12,

We should like to acknowledge valuable discus-
sions with Dr. K. Yazaki, Dr. K. Kubodera, Dr,
M. Fukugita, Dr. J. Arafune, Dr. Y. Shimizu,

Dr. N. Hoshi, Dr. S. Yazaki, Dr. H. Sugawara,
Dr. K. Ogawa, and Dr. T. Fujii. We should also
like to thank Mr. Y. Takada for an assistance in
computation and Dr. B. R. Barrett for correcting
mistakes in English.

*Present address: Max-Planck Institut fiir Kernphys-
ic, 69 Heidelberg 1, W. Germany.

'T. Kamae et al., preceding Letter [Phys. Rev. Lett,
38, 468 (1977)].

K. Ogawa et al., to be published.

’D. George, Phys. Rev. 167, 1357 (1968).

D. Hasselmann, DESY Report No. DESY 68-38,
1968 (unpublished).

°H. Arenhdvel, Nucl. Phys. A247, 473 (1975),

fSee, for example, M. M. Nagels et al., Ann. Phys.



VoLuME 38, NUMBER 9

PHYSICAL REVIEW LETTERS

28 FEBRUARY 1977

(N.Y.) 79, 338 (1973).

"Computer program BOUND, coded by H. Yoshida, has
been used.

8A group theoretical calculation has already predicted
such deeply bound AA states. F. J. Dyson and H.-H.
Xuong, Phys. Rev. Lett, 13, 815 (1964).

C. Le Brun, in Proceedings of the Fifth Internation-
al Conference on High-Enevgy Physics and Nuclear
Structuve, Uppsala, Sweden, 1973, edited by G. Tibell
(American Elsevier, New York, 1973), p. 315,

11, Bar-Nir ¢ al., Nucl. Phys. B54, 17 (1973).

"'A, Abashian et al., Phys. Rev. 132, 2296 (1963).

21, Bar-Nir et al., Nucl. Phys. B87, 109 (1975).

"3Since the resonance lies close to the NN 7w and drr
thresholds, the simple Breit-Wigner formula is not cor-
rect. Also the phase-space factors mentioned in the
text are calculated for J=0, not for J=3. However
these approximations are believed to be good enough
for the present argument.

“p, C. Brunt et al., Phys. Rev. 187, 1856 (1969).

475



