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Strong tensor forces and the possibility of high-spin states in the nucleon-antinucleon system
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The antinucleon-nucleon (NN) potential, in isospin I = 0 states, contains a strong tensor component
which is a coherent sum of contributions from different meson exchanges. The large mixing of L = J —1

and L = /+1 orbital momenta induced by the tensor potential can produce I = 0 high-spin states

(3,4+,S ).relatively near to the NN threshold.

I. INTRODUCTION

There has been renewed interest recently in the
theoretical study of low-energy antinucleon-nu-
cleon (NN) interactions, in particular in the spec-
trum of bound states and resonances close to
threshold. ' ' The principal motivation for this ac-
tivity. is the recent experimental evidence for
structure in the low-energy NN cross section. ' '
It is possible that certain heavy mesons near the
NN threshold could, in a bootstrap or quark-
model scheme, contain a sizable proportion of the
NN configuration. Other alternatives have also
been recently advanced. ' "

Independent of these considerations, the NN in-
teraction near threshold is doubly interesting from
the theoretical point of view, since the potential
of long and medium range also enters into the
study of nuclear forces (NN), while the under-
standing of the mechanisms of annihilation is in-
timately connected to the study of hadronic reac-
tions at high energy.

Several authors have included absorptive effects
in the NN scattering or bound-state problem. "'"
They use an absorptive local potential W(r) or a,

boundary condition model. In this picture, most
of the bound states and resonances of the real po-
tential acquire a large width. The problem of
widths has also been considered in a recent paper
by Shapiro, "who argues that such states will not
be greatly shifted or broadened by annihilation
processes. In this work, we provisionally adopt
this viewpoint" and limit ourselves to a study of
the real part of the interaction.

In this context, the purpose of this article is to-
examine in more detail the role of tensor forces in
the isospin I = 0 states. This' component was in-
cluded in most of the previous estimates of NN

cross sections via potential models, but was
omitted completely' or partially in some pre-
vious work on the NN bound-state spectrum. In

other recent work, ' where both the diagonal and
nondiagonal tensor potentials were included, the
high-spin states (J & 2} were not studied. We show,
here that the correct i.nclusion of the tensor. com-
ponent clarifies the nature of the NN spectrum in
natural-parity states. We see that a strong ten-
sor potential can cause I = o high-spin states to
lie at relatively low energies, but no correspond-
ing I=1 high-spin (J & 3) states are expected in the
NN model.

II. SOME PROPERTIES OF THE MEDIUM- AND LONG-RANGE

PART OF THE NN POTENTIAL

In this article, we describe the NN interaction
by a nonrelativistic potential. Of course, for
deeply bound states, relativistic corrections
could be important, but here we are less interest-
ed in the precise absolute value of binding ener-
gies than in the relative Ordering. of levels and the
change in binding obtained for a given level when

the spin-dependent parts of the force (tensor for-
ces in particular) are included. The SchrMdinger-
equation framework seems sufficient for these
purposes.

The part of the NN potential of medium and' long
range is mediated by the exchange of mesons and

ca.n be deduced from the corresponding NN poten-
tial by the G-parity rule, which states that con-
tributions of mesons of odd G parity change sign.
This induces important qualitative modifications
of the interaction. For example, the ~ exchange,
which is repulsive for NN systems, becomes at-
tractive for NN and adds coherently to the attract-
ive potential due- to the exchange of two pions in an
I =0 S state (e exchange in one boson models}. The
central potential V~(r) is thus deeper for NN than
for NN.

Important changes appear also in the spin-de-
pendent part of the potentiaL In the NN case, the
most clear coherence appears in the I = 1. spin-
orbit potential (see Table I and Fig. l). This co-
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see that the ZÃ I= 0 tensor potential is by far the
most important.

III. EFFECT OF THE TENSOR FORCES IN THE NN SYSTEM

For natural-parity states (L=J+1), the tensor
potential leads to coupled radial equations. In the

(LSD representation, they are governed by the
potentials

V»(r) = Vo(r)+ V~~(r)+(J —1)v»(r) —. Vr(r)
2(J-1)

+ (J —1)' V~ „(r)+ J(J —1)

V„(r)= V (r)+ V (r) —(J+2)V (r) — V (r)
2(J +2)

(3.1)
+(J+2)' V„,(r)+-h2 (J+1)(J+2)

V„(r)=6[J(J+1)]' ' Vr(r)/(2J+1),

in terms of the usual centra. l (Vo), spin-spin
(V~), spin-orbit (V~&), tensor (Vr), and quadratic
spin-orbit (V», ) components.

In some of the previous work' on the NN system,
tensor forces were completely neglected. This
approximation is not at all justified. ' In some
later work, 4 only the diagonal relatrix elements of
the tensor potential were included. This approxi-
mation is adequate for I =1 states but qualitatively
wr. ong for I =. 0 states, wher. e it leads to a moder-
ate amount of attraction in both the ~+'' "L~
="(J—1)~ and '~(J+1)~ channels. In fact, the or-
bital part of the J =0 eigenfunctions are close to
one of the configurations (n~) or ~Pz) which diag-
onalize the tensor-force operator:

)n, ) =[(J+1)"iL=J- 1)

+J~I2
~
L =J+»]/(2Jp 1)'I

(3.2)

Ie,&=[-J'"IL=J-».
'+(J +1)' ' ~L =J+1)]/(2J+1)' ' .

In this basis, the potential has the form

V„„(r)= Vo (r) + V~~ (r) —V» (r) + 2vr(r)

+(J'+J +1)V,(r)+
h' J(J+1)

r'

Vsa(r) = Vo (r) + V~&(r) —2V~~ (r) —4vr(r) (3.3)

k J +J+2+(J +J+4)V», (r)+

V a(r) =[J(J+1)]'I'[ —V»(r)+3V», (r)

+ 25 /Mr 2] .

One sees from Eq. (3.3) that the effective tensor
force is rePulsive in channel a for I =0 and
strongly attractive in channel P in this new repre
sentation.

For NN bound states, one can utilize Eq. (3.3)
without difficulty to calculate the spectrum. We
will also employ a new approximation, which con-
sists of neglecting the coupling V 8, in this case,
the corresponding states are the eigenfunctions of
the tensor operator Q~. The validity of this ap-
proximation is a measure of the dominance of ten-
sor forces over spin-orbit and centrifugal effects
which tend to mix eigenstates of Q~.

IV. RESULTS

For the numerical calculations, we have con-
sidered two different models: (a) the one-boson-
exchange model of Bryan and Phillips, '" and (b)
the Paris potential of Ref. 5, which contains pion
and v exchange, supplemented by a two-pion ex-
change contribution evaluated from dispersion re-
lations.

The spectra of unnatural-parity states arising
from these potentials can be found in Refs. 4 and
5. For the Bryan and Phillips potential, Ref. 4
includes only diagonal tensor forces in the natural-
parity I, =J+1 states. For the Paris potential,
the full tensor component was included in Ref. 5,
but the results for I =0 were given only for J(2.

For I =0 natural-parity bound states (calcula-
ted here without any absorptive potential), we have
compared the results obtained with different pre-
scriptions for handling the spin-dependent forces:

(i) without the tensor potential (Vr =0),
(ii) including only the diagonal part of the po-

tential in the (L, S, J] representation (V»=0),
(iii) neglecting the off-diagonal coupling terms

in Eq. (3.3), i.e., V 3=0,
(iv) including all diagonal and off-diagonal com-

ponents of the potential.
For the calculation of the energies of I =0 re-
sonances, we are limited to cases (i), (ii), and
(iv). The I =1 states are obtained with prescrip-
tion (iv); i.e., with the complete potential. The
G-parity transformation is only used to generate
the NN potential &or r )r,. For the Bryan-Ph'il-
lips potential, we set V(r) =0 for r r„(usi gtnhe
same value rp:0.6 fm as for the NN problem. "
For the Paris potential, ' we set V(r) = V(r, ) for
r ~r„ i.e. , we assume a square well at short
distances. A value r, =0.75 fm was chosen in
order to position the low-spin J =0 bound states
(0', 1, 2') above the corresponding physical
mesons (e, v, f ),. which are presumably composed
mostly of qq configurations in the quark model.
Of course, our choice of short-range cutoff is
necessarily rather arbitrary. It was shown pre-
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FIG. 3. Effect of nondiagonal tensor forces on the
I=O, J =3 states. The potentials Vis( ) and V22( )
Eq. (3.1) for the 'F3 and '3G'.

3 channels are plotted as
da'shed and dot-dashed curves, respectively; these in-
clude only the diagonal part of the tensor potential.
V22(r) produces a wide resonance, at an energy indi- .

cated by the wavy line. The potentials V ~(r) and

V& & (r), corresponding to the representation of Eq.
(3.2) are shown as solid curves; V&&(r) produces a
bound state shown as,a solid line. The downward energy
shift due to the off-diagonal tensor coupling is about 600
MeV. Calculations were done with the potential of Ref.
5.

I

0.5

viously' that while the absolute values of binding
energies are very sensitive to a change of the cut-
off radius, the level order is very stable,

'/he results of calculations using approximations
(i)-(iv) are shown in Tables III-VI. An examina-
tion of these results leads to the following ob-
servations: For I = o states, the complete
neglect of tensor forces (i) is a very bad approxi-
mation; it leads to qualitative changes-in the spec-
trum. Neglecting the off-diagonal coupling V» in

Eq. (3.1) [approximation (ii)] is also poor for I =0
natural-parity states. On the other hand, the
neglect of the off-diagonal coupling V & in repre-
sentation (3.2) is a very good approximation (iii)
for the same states.

For small J( ~ 2), it appears that the approxima-
tion V„=O in Eq. (3.1) generally leads to two
bound states "(J—1)~ and "(J,+1)z having the
same external quantum numbers. On the contrary,
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TABLE IV. Wave-function admixtures for NN bound states in the {ISJ) and {az,Pz) repre-
sentations. These wave functions correspond to the exact values (iv) of Table III, using the
Bryan-Phillips potential with r0 = 0 ~ 6 fm.

State % of I =J'-1 '/o of L=J+1 %of G~ % of pJ.

"$,-"D, (n=o)

13$ 13D ( 1)

13p 13~
2 2

13D 13'
3 3

13 13E4- H4

13$33D
1 1

32

38

40 60

0.2

0.3

0.5

0.8

81

99.8

99.7

99.5

99.2

the complete calculation yields only one deeply
bound state (in some cases with a bound radial ex-
citation) corresponding to the fully coherent mix-
ture

~ p~) of the two different L values. The other
configuration

~
o.~) of Eq. (3.2) does not generally

correspond to abound state, since the effective ten-
sor potential is repulsive. The complete calculation
thus yields a spectrum which is considerably
simplified.

For larger values of J' (&2), the effect of tensor
forces has also been underestimated in previous
work. '' For example, for the coupled states
"F,—"Il„we have ('F, ~Qr('Fg ==', and ('P,

~

Qr ~'Hg =-4. However, we find that the wave
function for the 4' resonance is very close to ~P,),
for which (P, IQz)P4) =-4. This strong mixing of
I values will occur for any model with strong
tensor forces. The coherence of tensor forces in
the main dynamical mechanism which can allow
certain selected NN configurations up to high spin
(I=O J =0, 1,2, 3, 4, 5 )tobe
bound or resonate at low energies.

The wave-function admixtures for NN states are
shown in Tables IV and VI for the iLSP and

(n~, PJ$ representations of Eqs. (3.1) and (3.2),
respectively. The results for the Bryan-Phillips
potential (Table IV) and the Paris potential (Table
VI) are very similar. . For each n = 0 state of the
natural-parity band (1,2', 3, etc. ), the wave
functions are close to the fully coherent admixture

~ P~ & of L = J+ 1 components given by Eq. (3.2).
In the (n~), ~P~) basis, the wave functions are
found to consist of almost 10(P/~ of configuration
~P~), with only small admixtures of )a~). Ap-
proximation (iii), which neglects this admixture,
is thus a very good approximation both for the en-
ergies and wave functions of the I =0 natural-
parity band. The coherent tensbr coupling for I
=0 completely dominates the centrifugal and spin-
orbit contributions, which tend to mix ~n~) and

~P~). For I =0 radial excitations (n = 1) and natur-
al-parity I = 1 states, on the other hand, the situ-
ation is more reminiscent of the deuteron, with
only a small 'D, admixture to a dominant '9, con-
figuration. In this case, the usual ILLSJ'f basis is
more appropriate than )n~) and ~P~). For I =1
states, there is no overall coherence of tensor
forces, and the net tensor strength is of the same

TABLE V. Binding energies (in MeV) of natural-parity NN bound states and resonances for the Paris potential with
a cutoff of 0.75 fm. For I=-1 states, only the complete calculation is given; only bound states are listed for approxima-
tion (iii).

State

13p
0

13$ 13Z)
1 1

13p 13p
2 2

13D 13Q3 3

13J, 13~
4 4

13@ -"I
5 5

33$33D
1

Approx. (i) (V~ ——0)

37 (13$,)

+565 (13Z )

Appl ox ~ (ll) (V12 ——. 0)

sss (&=0); 31 {~=1)

37 ("$,); -175 ("D,)
13O ('3@2)

+46O ("g3)

Approx. (iii) (V~&
——0)

same as (ii)
~ 711 (P, )

443 (P2)

126 (P, )

Exact (iv)

same as (ii)

751(n=O); -3 (n=1)

-477

—159

+ 162

-137
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TABLE VI. Wave-function admixtures for NÃ bound states in the (I.Sj}and {o.'z, Pz} repre-
sentations. These wave functions correspond to the exact results (iv) of Table V, using the
Paris: potential with r~ = 0.75 fm.

State % of L=J- 1 % of L=J+1 % of GJ %of P~

Sg- Dg (n=0)
f3g f3D ( y)

13~ 13~
2 2

D- G3 3

33/33 D1

58

87

98

order as the centrifugal and spin-orbit contribu-
tions.

The total potentials V(r) for the uncoupled "D,
and "G, configurations [V» and V„of Eq. (3.1)]
are shown in Fig. 3, along with the diagonal po-
tentials Vss(r) and V „(r) for the coupled "D,-"G,
system in Eg. (3.3). The effect of the off-diagonal
tensor coupling is seen to be an appreciable deep-
ening of the attractive well in channel [P); the
potential is strongly repulsive in channel [a). The

I.O

effect of the off-diagonal coupling is to produce a
large shift in the binding energy; the shi, ft is-'600
MeV for the 3 state shown in Fig. 3, .and com-
parable amounts for other spins.

The diagonal (and dominant) potential Vss(r) is
shown in Fig. 4 for the 3 member of the I =o.
natural-parity band. The square of the radial wave
function b~(r) is also shown. The wave function is
sharply localized in the attractive pocket of the
potential around 0.75 fm. For each state of the
natural-parity band, the rms radius'exceeds 0.75
fm and increases somewhat with J for these. mod-. .

els.

0.5—
vip (r) '

NN

15
D 15G

3

0

C9

b (r)
0.8

1.2

1.6

-1.0— 2,0

I

0.5
I I

1.0
f (fm)

I

1.5

FIG. 4. The diagonal potential V&&(r) of Eq. (3.3) is
plotted as a solid curve for the 3 member of the I= 0
natural-parity NN band. The model of Ref. 5'was used.
The square of the corresponding radial wave function
b(r) is plotted as a dashed line. The, meson-exchange
produce a deep pocket of attraction at intermediate
di.stances r, while the centrifugal term produces a re-
pulsive barrier for both small and large r. The wave
function is sharply localized in the region of strong
attraction.

V. DISCUSSION

Since the early work of Fermi and Yang" on the
pion as an NN composite, several qualitative
comparisons between NN bound states and sorge
part of the observed meson spectrum have been
made. ' ' Several years ago, the bootstrap hy-
pothesis" rekindled interest in this type of specu-
lation.

Recently, new motivations for studying the NN,
spectrum have emerged, since several models
predict the existence of heavy mesons (for in-
stance, multiquark states, "notably qqqq). As
pointed out earlier on the basis of duality argu-
ments, "some of these mesons are predominantly
coupled to baryon-antibaryon configurations. How-
ever, from the quantitative viewpoint, the relation
between the quark-model or 8-matrix approach to
the mesonic spectrum and potential calculations
remains imprecise. For example, while the
quark model takes account of the isospin degen-
eracy of Regge trajectories, "this property does
not emerge automatically in the' baryon-antibaryon
spectrum. It is thus of particular interest to
study the behavior of the NN system in this re-
gard.

In the case of spin-singlet (S= 0) states, the NN
spectrum in some models consists of roughly de-
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I I
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I = I I I I I I I I

(d (7
I

0
4

MAss (Gev )

FIG. 5. Begge plot of the I= 0 natural-parity meson
trajectory. The experimentally observed J = 1
2'', 3, 4" mesons (Ref. 24) are shown as black
dots. The corresponding trajectory in theppf potential
model (~ $&- 3g)g, etc.) is displayed as a series of
crosses. The model of Ref. 5 was used, with a cutoff
radius of 0.75 fm. Note that the NÃ trajectory grazes
the experimental one in the region of high spin (3,4')
near the NN- threshold. A wide spin-5 resonance is
predicted near 2.4 GeV.

generate doublets of I =0 and 1 states, because
the isovector exchange potential V is relatively
weak compared to the isoscalar potential V'. An

application of this idea has recently been proposed
in Ref. 22 as a possible explanation of the be-
havior of PP cross sections in the vicinity of the
structure' ' at 1932 MeV. This calculation is
based on the model of Bryan and Phillips, " and
contains a contribution from p exchange with a
smaller coupling constant than obtained from
more recent evaluations. " Also, in most of the
more recent models of nuclear forces, ' "the
contributions of u and e exchange are smaller
than in the model of Bryan and Phillips. " This
tends to diminish somewhat the preponderance of
is oscalar exchange forces, in S = 0 states.

In the NN states of natural parity (S=1, I.w J),
the breaking of I =0, 1 degeneracy is much more
important. This is due to the coherence of ten-
sor forces which occurs only for I =0. This ef-
fect appears already in the previously published
NN spectra, ' but is accentuated by the inclusion
of off-diagonal tensor forces, as one can see
from an inspection of Tables III and V. Thus it is
clear that one could only achieve isospin degen-
eracy in such potential models by including a
much larger configuration space of baryon-anti-
baryon and meson-meson configurations.

We have seen how the presence of strong tensor
forces favors the formation of a band of NN

sta, tes with I =0, and J =0~, 1, 2++, 3, 4+

5, etc. A Regge plot of J vs M' is shown in
Fig. 5 for this band, in the ease of the Paris po-
tential with a cutoff r, =0.75 fm, along with the
corresponding experimentally observed mesons
with the same quantum numbers. The experi-
mental trajectory is approximately linear in M',
while the potential model yields roughly J-M
[the relationM~ =766+317J. (MeV) describes the
theoretical results for J~ 1]. It is noteworthy
that the NN band passes near the experimental
states in the region of the NN threshold; one
might thus expect that the 3 [e(1675)] and 4'
[h(2040)] members might contain some admix-
ture of the NN configuration. An additional high-
spin meson (5 ) is predicted to lie around 2430
MeV; this is the coupled "G,-"I, NN configura-
tion. This energy is close to the U region, '4

where structure in the PP total cross section is
seen." A recent analysis" of the Pp- v'w reac-
tion in this energy region suggests wide 4' and 5
resonances near 2400 and 2360 MeV, respective-
ly. The 5 resonance, "however, has isospin one
rather than zero. It would be interesting to an-
alyze data on channels which select I =0, such as
j5P - q'q', with the assumption of a wide J~ (1~)
=5 (0 ) resonance as predicted here. This
structure should of course be absent in PP -v'rf, .

which selects I =1 states.
For the deeply bound low-spin members of the

band shown in Fig. 5, radial excitations with n.=1
are also predicted to be bound ("P, and "S,-"D,
states in Table V). While it is premature to at-
tempt any detailed comparison with experiment,
the n =1 "S,-"D, state could constitute some com-
ponent of the 1 meson recently discovered at the
1821 MeV. 2' In the usual quark model (qq), this
meson is also thought to be a radial excitation. "
The n=0 "S,-"D, state of Table V could have
some overlap with the p'(1600) meson of the same
quantum numbers.

We emphasize that the dynamical mechanism for
producing high-spin (4' and 5 ) states in the NN
model is the attractive coherence of tensor forces
for I =0. The off-diagonal tensor force produces
virtually complete mixing of orbital states with
I, =J+1, and is particularly important in bringing
the high-spin states down to energies not far from
the NN threshold in some models. In the NN po-
tential model, there is no coherence of the forces
in I =1 states, so the "P, (5), "S,+"D, (p), "P,
+"P, (3,}, etc., configurations lie much higher in
energy than the I =0 band. This gives a large
breaking of isospin degeneracy for S = 1 states. -

The importance of tensor forces is familiar from
the case of the deuteron. In most .models, the
diagonal part of the 'S, potential is shallomex than
the 'S, potential. , However, the tensor coupling of
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'S, and 'D, gives an additional attraction which is '

strong enough to bind the deuteron by a few MeV,
although the D-state admixture in the wave function
remains small. For the I =0 NN system, the ef-
fect of tensor forces is qualitatively similar, but
much more dramatic; the tensor coupling can pro-
duce hundreds of MeV of additional binding (see
Fig. 3 and Tables III and V) and gives large mix-
ing of orbital states I see Eq. (3.2)].

It would be interesting to extend this work in
several ways. Firstly, one must estimate the ef-
fects of annihilation on the NN states near thres-
hold. It may be possible to descri. be the observed
"background" XE scatterihg (ratio and energy de-
pendence of total elastic and reaction cross sec-
tions) without washing out all narrow structures
near threshold (which occurs if we use the imagi-
nary potential of Ref. 12). It is also important to

estimate the degree of mixing of other baryon-an-
tibaryon configurations into the ÃN states calcu1a-
ted here. This may provide a clue as to whether
isospin degeneracy can be attained in this picture.
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