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The °F, and the 'D, Nucleon-Nucleon Partial-Wave Amplitudes
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PACS. 13.75. — Hadron-indueed low- and intermediate-cnergy reactions and scat-
tering, energy <10 GeV.

Summary. - We discuss the energy dependence of the 8F, and the 1D, nucleon-nucleon
partial-wave amplitudes within the framework of the N/D model, using as input a
single pole for the nearby fixed left-hand singularities. Results clearly show dynamiecal
poles as being responsible for the observed structures in the afore-mentioned amplitudes.

The observation of a sharp structure in Ag, (the difference between the proton-
proton total cross-sections for parallel and antiparallel longitudinal spin states)
in 1977 (1) led to the revival of the controversial idea of the existence of dibaryons,
The observed presence of structures in the SF, and the 1D, partial-wave amplitudes
in the same energy region (~(2.0822.25) GeV centre-of-mass energy) further inten-
sified interest in their possible existence (2). Since then, the energy dependence of these
amplitudes has been subjected to a great deal of theoretical study (3°) in the hope of
resolving the controversy surrounding the dibaryons. This paper is another attempt
to understand the prominent structures present in the afore-mentioned amplitudes.
The model employed in the study is a N/D model whose main feature is the representa-
tion of the nearby left-hand singularities of the partial-wave amplitudes by a single pole.
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Tig. 1. — a) °Fs and b) 'D; nucleon-nucleon phases § and e. The phase ¢ is related to the conven-
tional clastic parameter 57 by # = cos? &. T'g, is the laboratory kinetic energy of the incident nucleon.

Figures la) and b) show the phases for the *F; and the 1D, partial waves, which
extend up to a laboratory kinetic energy T of 1100 MeV (1), Since in this energy
range the inelasticity is mainly due to pion production and furthermore originates
essentially in the .NA channel (1), we consider in our analyms only two channels,
NN and NA. If we further write the S-matrix as S(s) =1 + 2i(o(s))2 T(s){e(s))%,
where s is the Mandelstam variable, the reduced T-matrix can be expressed as

(1) T = ND1,

where ¥ and D are (2x 2)-matrices, with ¥ possessing left-hand cuts and D right-hand
cuts. It is eustomary to represent the N-function by a set of poles. In particular, in
what follows we use only one pols, i.e. we write

(2a) Im (N) = —aid(s —sg)»

where sy is real and

(2h) L= [Zu /‘»12]

ha A

is a real, symmetric (force-parameter) matrix. The dispersion relations for ¥ and D (*2)
then imply

(3a) Ny = (}*D(SR»M/(S— $g)
(3b) Dy = 6;,— = (AD(sg)) f Quls
(8’ — sg)(8'— s)

(**) R. A. ARNDT: private communication.
(1) S. MANDELSTAM: Proc. R. Soc. London, Ser. 4, 244, 491 (1958); D. V. Buvag: J. Phys. G, 5,

© 1349 (1977).

(2) See, for example, H. BURKHARDT: Dispersion Relation Dynamics (Amsterdam, 1969).
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where s; and g, denote, respectively, the threshold energy squared and the phase-
space factor for the i-th channel. For the channels N’V and JN°A considered in this
model, the phase-space factors used are, respectively,

(4a) 911 = ((3—31)/(3"‘0‘1))1”%,
V5= \»
) o (s — (M -+ M)2)l+b(I — M)A
G2 = oyt (I + o) P2 [(B — )2 + 1%/4] °

Mp=31 o+

where the parameters x and «, determine the behavior of g, and g,, away from their
respective thresholds. In addition, they provide distant left-hand singularities to the
amplitudes. Similarly, the parameter o controls the behavior in the 3 -dependence.
Such forms of phase-space factors with the correct threshold behavior have been used
successfully before (37). My and M are the nucleon and the pion masses, respectively.
The Breit-Wigner factor in eq. (4b) corresponds to the complex mass M = M, — 172 =
=(1.21—1i0.05) GeV. The relative orbital angular momentum 7, in channel N°Ais 0 or 1
according to whether the case under consideration is the 1D, ({,=2) or the 3F, (I,=3).
The clements Dy; and Dy, possess the NN (nucleon-nucleon) unitarity cut, while the
elements Dy and D,, have, in addition to the N.N= cut (logarithmic in nature), the
square-root N’A cuts on the unphysical sheets associated with the NV Nw cut. In ref. (13),
we have given the structure of the D-matrix for the general case. Also given therein
are analytic expressions from which the elements D, and D,, are calculated, and also
the defailed prescription for analytically continuing the elements D,; and Dy, into dif-
ferent sheets in the complex s-plane. The right-hand cut structure of the T-matrix is
shown in fig. 2.

The A-matrix in eq. (2b) is determined by fitting the elastic amplitude gy T4y,
calculated from eqs. (1)-(4), to the phases shown in fig. 1. Table I summarizes the
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Fig. 2. — Right-hand cut structure of the 7T-matrix in the complex E-plane where F = +/s is the

center-of-mass energy. Each arrow leads to a different unphysical sheet. The observed *F, and D,
poles, marked 1 and 2, respectively, are located on sheet IV. The input pole at s =sy (not shown)is
a few MeV below the N\ branch point on the physical sheet (sheet I) (see table I),

(**) R, BHANDARI: Phys. Left, B, 121, 279 (1983).
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Tasie 1. — Parameters of the fit and the observed pole’s position. The sheet on which
the pole lies is also indicated. See fig. 2 for the labeling of the sheets,

Parameters EEON 1D,

ey 2.49 (GeV)? 3.04 (GeV)2

A 2.47 (GeV)? 2.04 (GeV)2

A 0.06 GeV —0.94 GeV

Ve, —A/3y 5.5 MeV 7.0 MeV

' —1.38 (GeV)2 0.31 (GeV)2

oo 16.2 (GeV)2 2.97 (GeV)?

as 4.2 (GeV)? 1.72 (GeV)?

pole’s position (2.19 —0.06) GeV (2.148 —10.049) GeV
(sheet TV) (sheet IV)

results of the fits also displayed in fig. 1. In the case of the 3F,, the paramecter A,
assumes a negative value in order to give negative phase shift to the 3F; partial-wave
amplitude. The large value, 16.2 (GeV)?, for 4, implies a strong attractive force, in
the NA channel as a result of which a resonance pole at (2.19 —40.06) GeV is observed
on sheet IV (see fig. 2). The pole is strongly coupled to the JN’A channel. TIts effect
shows up in the elastic channel through the channel-coupling force parameter 7,
(= 4.2 (GeV)?); hence the observed dip in the 3F,’s phase-shift . It is worthwhile
mentioning here that because of the weak coupling to the NN channel (1, = 4.2 (GeV)?),
there is present, in fact, another pole at ~ (2.2 —i0.03) GeV. This pole is on a sheet
which differs from sheet IV in that (s — s)? i3 positive rather than negative on this
sheet. When 4, — 0, this pole and the pole on sheet IV (which has direct influence
on the physical energy region) coincide. Since we will be considering this limit very
frequently in our discussions, we shall henceforth ignore the pole at ~ (2.2 — 10.05) GeV.
Figure 3 shows the Argand plots of the amplitudes

011 Tyt (NN — NN, Qi T19020 (NN —NA), 002 Po0 (N°A — NA}) .

The 2.19 GeV center-of-mass energy point (which is the real part of the pole’s position)
is marked on the trajectories as eircles. The upper cnds of the trajectories correspond
to a center-of-mass energy of 2.3 GeV. The clear counterclockwise looping corroborates
the resonant nature of the observed pole. The large loop for the A — N°A amplitude
indicates the highly inelastic nature of the pole. Letting 4,, — 0 (which corresponds to
the decoupling of the two channels N°.N and N’A) results in the disappearance of the
pole in the 74, amplitude, confirming its origin in the ~N°A channel. Furthermore, upon
increasing Ay, which corresponds to increasing the attractive interaction in the NA
channel, the pole travels directly towards the NN’z branch point, burrowing through
the N°A cut near the N°A branch peint on its way and appearing on sheet IIT (see fig. 2).
This is a characteristic feature of such a pole in the ¥/D formalism, and can be easily
understood in the stable-particle limit, i.e. in the limit I” — 0, where I’ is the width of
the A-isobar. In this limit, the three-body JNN= cut disappears and the T-matrix
acquires the usual 4.sheet structure with the squave-root ~N’A branch point lying on
the real-energy axis, Since the pole originates in the A channel and 75, is fairly small

" relative to Z,,, in what follows, we further set A;, equal to zero, This decouples the NN’
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tig. 3. — Trajectories 1), 2) and 3) are the Argand plots of the amplitudes NN — NN(04 Th)
NN > NAloh T1205) and NA — N°A(py:T2), resyectively, for the ®F, case. Circles correspond to
the energy point E =2.19 GeV, while the upper end of each tracjectory corresponds to E = 2.30 GeV,

channel from the JN°A channel. Figure 4 shows, therefore, only the N°A cut and the
positions of the 3F, and the 1D, poles obtained in this limit. With increasing valueg
of A, thie 37, pole moves towards the J°A branch point, goes around it from the righ
and travels to the left along the real-energy axis. On the real-energy axis, the pole i’
considered a bound-state of the N°A system, in much the same way as a pole below th®
NV threshold in the 38, NN partial-wave amplitude represents the deuteron. In the
limit Agy — oo, the pole coincides with the fixed-input pole at s = sz. It is importan®
to mention here that the complex conjugate counterpart of the 3Fy pole in fig. 4 remainst
on sheet II and appears on the real-energy axis with increasing values of Ay, while
on the real energy axis it is classified as an antibound state of the N’A system. See
ref. (12) for further details of this one-channel case discussion.
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Fig. 4. — The two-sheet cut structure after the N\’ channel is decoupled (Aa=0) and the width
of the A-isobar I is reduced to zero. The pole positions are also indicated as 1 and 2 for the °¥F; and
the 1D, cases, respectively.

The observed 1D, pole by virtue of its position (see fig. 2 and table I) is classified
as an antibound state. It also originates in the A channel. When 7, is increased,
the pole goes round the ~A branch point to appear on sheet 11T and moves to the left
thereafter. When lying to the left of the N°A branch point in sheet III it is considered
a bound state of N’A system. These features of the 1D, pole reminiscent of the behavior
of the dynamical pole in the one-channel case corresponding to I; = 0 (s-wave) are
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verified in the limit I' — 0 and 2;, — 0. In this limit, the observed 1D, pole lies on the
real-energy axis below the NA branch point as shown in fig. 4 (see also ref. (12)).

The afore-mentioned discussion regarding the nature of the poles was reduced to
one within the framework of the one-channel stable-particle case in the limits I' — 0
and A, — 0. Consideration of the latter limit was justified on the grounds that the
origin of the poles in each of the two partial-wave amplitudes was in the N°A channel
and ;, was small compared to A,,. Furthermore, in this limit, there were 2 dynamical
poles in the case of 3F; (I, = 1) and one dynamical pole (on the real-energy axis) in
the case of 1D, (I, = 0). In fact, a careful study of the analytic expressions for the
D-function given in ref. (!3) reveals that, for a partial-wave amplitude corresponding
to orbital angular momentum 7, there are I; + 1 dynamical poles in the vicinity of the
threshold. One of these always originates from s = sp on the unphysical sheet. Fur-
thermore, when I, is even as in the 1D, case (I; = 0), it always remains on the real-energy
axis and changes from the antibound-state type to the bound-state type with increasing
values of the force-parameter .

In conclusion, if the nearby left-hand singularities of the T-matrix for NN and N’A
channels can be represented by a single pole (below the NN’ threshold) in the N-matrix,
calculations within the framework of the N/D formalism indicate that the structures
in the 3F, and the 1D, partial-wave amplitudes are due to nearby dynamical poles which
are highly inelastic. While the pole in the case of the 3F; amplitude is of the conven-
tional resonance type consistent with the previous analyses (3-%), the results for the
1D, partial-wave amplitude show the pole to be of the antibound type, lying very close
to the N’A branch point. This close proximity of the D, pole to the NA branch point
has been observed earlier also (3568), However, its interpretation, for example, in
ref, (3) was different, 4.e. it was described therein as a channel-coupling pole. Further-
more, the author of ref. (), employing the N/D formalism with a large number of input
poles, found no dynamical pole in the 1D, partial-wave amplitude. The conflicting results
regarding the 1D, partial-wave amplitude suggest the need for a more thorough examina-
tion of this amplitude, which was also pointed out in (5).




