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Summary. — The pPp scattering data at low energies are very well
reproduced with the one-boson exchange potential (OBEP) and with
the annihilation deseribed by a boundary condition at a certain radius.
Our only free parameter is the boundary radius. We show that the
elastic Pp forward peak is not a diffractive peak. Its slope as well as
the antishrinkage are explained by the OBEP alone.

1. — Introduction.

It has been shown that the one-boson exchange potential (OBEP) which fits
nucleon-nucleon scattering data, see e.g. ref. (1), predicts many nucleon-anti-
nucleon bound states and resonances (2) (quasi-nuclear-type states). Experi-
mentally, a bump is found in the pp cross-section at 1940 MeV with a width
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of about 5 MeV (35). This bump is a candidate for one of these nucleon-anti-
nucleon resonances. In the dual quark model, one also expects exotic res-
onances according to the recent argument presented by CHEW (°) and by
VENEZIANO (7).

We will discuss here two questions in the framework of the potential model
with pp annihilation described by a boundary condition. First we discuss the
size of the annihilation region needed to reproduce Pp scattering data, and sec-
ond the influence of the annihilation on the resonances predicted by the OBEP (*).
The latter question has been discussed earlier by MYHRER and GERSTEN (8).
They used the Bryan-Phillips (°) energy-dependent NN potential which de-
seribes annihilation by an imaginary potential. MYHRER and GERSTEN showed
that, when the strength of the imaginary potential was made large enough
to fit the observed elastic Pp cross-section, the NN’ resonances of the real
OBEP disappeared. The reason was that the absorptive potential became
g0 strong that it was felt even at large distances (~ 1 fm). Therefore, the ab-
sorptive potential strongly modified the scattered wave funetions from the
pure OBEP result.

Here we will describe the annihilation by a boundary condition so as fo
avoid the long tail of the absorptive potential of Bryan and Phillips. We will
ask the following question: which radius r, of the boundary is necessary to de-
scribe the observed elastic and absorptive cross-sections and their energy varia-
tion? Our model is that, at the boundary of radius »,, we have only incoming
waves, no reflected waves. This model is similar to the one used by, ¢.g., SPER-
GEL (1), for a review see ref. (1*). He assumed only incoming plane waves at
the boundary r, with the effective wave number K at the boundary as an ad-
ditional parameter. While he needed two parameters to describe annihilation,
we will need only one, the boundary radius »,. Further, we obtain a simple
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physical explanation the of other Spergel parameter. Since our NN’ potential
is much better than the one used by SPERGEL, we get a good description of
the experimental pp data.

2. — The boundary meodel for annihilation.

We describe the NN scattering by a potential model. The potential is
the OBEP taken from Bryan and Scott (1), but with the coupling constants and
the cut-off parameter as those used by BRYAN and PHILLIPS (°). This part of
our N°N° model has no free parameters. The parameters in the OBEP are
all determined from fits to the NN’ phase shifts.

The NN annihilation is described by the boundary condition of Feshbach
and Weisskopf (*2). Their idea is simply that, at the boundary r,, the scattered
wave satisfies a certain condition to be specified. As a consequence, it is not
possible to obtain any information about the interior (r << r,). The model of
Feshbach and Weisskopf assumes only incoming waves at » = r,, i.e. we have
no reflections from the boundary.

Using the WKB approximation, we can write the wave function at a
boundary r = #, in terms of incoming and outgoing radial waves as

1) w,(r) ~r(BP(Kr) + bR (K7)) ,

where K is the wave number to be defined later. Here k"(K7) and A*(Kr)
are Hankel functions describing outgoing and incoming waves, respectively.
FEsHBACH and WEISSKOPF say that b =0 in eq. (1). Further, they assume that,
at the boundary, eq. (1) with b = 0 can be described reasonably well by

(2) u,(r)y ~exp [— iKr].

This boundary condition was used by SPERGEL to describe N°N° annihilation.
He used r, and K as two free parameters to fit the data. The effective wave number
K was determined such that he had maximum absorption in each partial wave.
His condition reads ¢oy/0K = 0, where o% is his reaction cross-section for pp
partial-wave number .

In our model we use the fact that K is the effective wave number at a dis-
tance ». We determine K from the value of the OBEP at this point:

3) E=VME—V(),

where M is the nucleon mass, F is the scattering centre-of-mass energy and

(1*) H. FesupacH and V. ¥. WEisskopr: Phys. Rev., 76, 1550 (1949).
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V(r) is the one-boson exchange potential at distance r. Since V(r) differs for
each partial wave, K will also depend upon the pp angular-momentum channel
(in eq. (3) we only include the diagonal parts of V(r) for ecoupled channels).
Generally speaking, V{r) < 0 for r, < 1{fm. In some angular-momentum chan-
nels for too small r., our energy-dependent V(r) becomes positive. These small
values of , will not be needed in our numerical caleculations (with our choice
of OBEP). However, we will discuss this point in the conclusions.

We have our free parameter in our calculation, r,, which we determine
by requiring that our model describes the data. We will discuss two boundary
conditions: model I with u,(r) given by eq. (2) and model IT with «,(r) given
by eq. (1) and b = 0. The only relevant input of this wave function is the
logarithmic derivative of #, at r = r,. From eq. (2) we have

uy (r) |

Po=—13K.
ul (7') }r=r¢

(4)

From eq. (1) we find eq. (4), but with a constant depending on ! multiplying
the right-hand side of eq. (4). Because Kr, is fairly large (about 2 =4), this
does not change the right-hand side of eq. (4) very much for {<3. Moreover,
since K does not change very rapidly with r,, i¢.e. the OBEP does not vary
drastically for our values of 7., we can assume that the WKB approximation
of u,, egs. (1) or (2), is good. With the real nucleon-antinucleon OBEP from
ref. () and with K determined by eq. (3) we solve the coupled-channel Schro-
dinger equation to obtain the cross-sections.

3. — Results.

We will first discuss the results obtained with model I. We fitted o,,, o,
and ¢, (ex = Pp —> On) vs. energy rather well. The best value of 7. is dependent
on the particular ¢ or energy range, but it is not a strong function of them.
This model did not fit ¢ vs. energy as well as, e.g., the Bryan-Phillips potential
model. When we looked at Pp elastic and charge exchange differential cross-sec-
tions, a value of 7, equal to 0.5 fm gave the best results at backward angles.
On the other hand, this model did not have a pronounced dip and a second
maximum in do/dQ(Pp — fin) as does Bryan and Phillips’ (°).

In model IT we do not find very great differences from model I. In this
case, however, all the cross-sections, vs. energy, are well described by a single
boundary radius r, = 0.5 fm (see fig. 1 and 2) (). In addition, a more pro-

(*) The proton-neutron mass difference is neglected in these calculations.
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nounced dip bump develops in de/dQ for Pp — Tin at forward angles. How-
ever, we cannot reproduce the data of Bogdanski et al. (*), who find the ex-
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Fig. 1. - Total (a)) and elastic (b)) Pp cross-sections as functions of laboratory
momentum are plotted. The theoretical curves are all from our model II, the fully
drawn ones calculated with boundary radius r,=0.5fm and OBEP cut-off 4=980 MeV;
the dashed curve is for 7,= 0.5fm and A= 1100 MeV and the dash-dotted one for
7.=0.6 fm and A =980 MeV. The experimental points are taken from ref. (3*). The
highest-energy points are taken from ref. (14).

(1) M. Boepaxskl, T. EMURA, 8. N. GancuLi, A. GurTu, S. Hamapa, R. HaMATST,
E. JeanneT, 1. KIiTs, 8. KITAMURA, J. Kisuino, H. Kouno, M. Komarsu, P. K.
MarLHOTRA, S. MATSUMOTO, U. MEETANI, L. MONTANET, R. RAGHAVAN, A. SUBRAMA-
NIAN, H. Taxanasar and T. YaMAGATA: Phys. Leti., 62 B, 117 (1976).

(1*) PARTICLE DaTA GROUP: NN compilation, LBL-58 (May 1972).
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perimental do/dL2 at the dip too high compared to the Bryan-Phillips potential.
Since the Pp — fin cross-section in this experiment is higher than that in other
experiments (see BOGDANSKI et al., fig. 1), we suspect that a reduction in their
value of this cross-section will improve the agreement with theory considerably,
Our dg/df2 does not differ much from the results of the Bryan-Phillips model.
as shown in BOGDANSKT et al. (3) fig. 2 (see our fig. 3).
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Tig. 2. — The cross-section for pp—1Iin as a function of laboratory momentum is
plotted. See fig. 1 for details. The experimental points are taken from ref. (1%).

Another interesting fact concerns the forward slope of the pp elastic do/d:.
At low energies, model II gives de/dt varying as exp[— blt]] for angles up to 60°,
and the value of » can be explained by the OBEP alone. This means that the
forward peak in do/dt is not a diffractive peak, but rather the result of a de-
licate interference between different pp partial waves. At these energies, the

(%) M. Arstox-Garnyost, R. KENNEY, D. Porrarp, R. Ross, R. Tripp and
H. NicHOLSON: Phys. Rev. Lett., 35, 1685 (1975).



158 0. D. DALKAROV and F. MYHRER

8, P, D and some F waves are the ones that contribute. One does not need
higher partial waves to eplain the exp [— b|t]. To be precise, we find that, for
7. between 0.3 and 0.8 fm, the value of b = 24 (GeV/c)~? equals the one from the

do/d 2 (mb)
N
I

0 {
1 0 -1
cos @

Fig. 3. — The differential cross-section de/d2 for pp—1n with p laboratory energy
of 250 MeV is plotted. The curve is calculated with model II and 7,= 0.5 fm.

OBEP alone to within 5% at p,, = 536 MeV/c. PHILLIPS (*!) finds that a
pure absorptive potential can describe the forward elastic peak. With our
results it is clear that one cannot relate the slope b to the range of the anni-
hilation forces at these energies.

TapLe I. — The slope b of the elastic Pp forward peak (do/dt) o« exp [—blt]] as a
function of laboratory momentum is given. The slope b is calculated with our model II,
re=0.5fm and OBEP cut-off A =980 MeV. To find b, we only used values of do/dQ
between 1.0<cos 0*<0.5.

b (GeV/e)2 42.7 32.6 23 19
Prap (GeV/e) 0.218 0.310 0.536 0.73
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In the table we show the energy behaviour of b calculated from model 11
with 7, = 0.5 fm including only points up to 60° em. From these results it
is clear that we have an antishrinkage of the elastic pp forward peak (**).
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Pig. 4. — The elastic differential cross-section do/d2 with model II and »,= 0.5 fm
is caleulated. The fully drawn line is for p,,,= 0.73 GeV/e and the dashed line for
Pp= 0.66 GeV/e. The experimental data points are from ref. (*?) and their
Prp = 0.69 GeV/c.

Figure 4 shows the calculated elastic differential cross-section at two energies
from model II compared with the experimental data from EISENHANDLER
et al. (*").

(¢) V. BArGER and D. CLiNE: Nucl. Phys., 23 B, 227 (1970).

(*") E. EIsSENHANDLER, W. R. GiBsoN, C. Hojvar, P. L. P. Karmus, L. C. Y. LLEE,
T. W. PritcaarD, E. C. UsHer, D. T. WiLLiams, H. Harrison, W. H. RANGE,
M. A. R. Kemp, A. D. Rusn, J. N. Wourps, G. T. J. ARNISON, A. AsTBURY, D. P.
Jones and A. 8. L. Parsons: Nuel. Phys., 113 B, 1 (1976).
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Finally in fig. 5 we have plotted the elastic differential cross-section at
180° as a function of incoming momentum. A clear peak around p,, ~
~ 0.5 GeV/c is seen.
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Tig. 5. — The elastic differential cross-section at backward angle de/d2(180°) is plotted
as a function of laboratory momentum for model IT with r,= 0.5 fm.

4, — Discussion and coneclusions,

We have reproduced the Pp experimental data at low energies with a real
one-boson exchange potential plus a boundary (model II) at r, = 0.5 fm to
describe annihilation. The radius », is the only free parameter in our calculation.

Our real nucleon-antinucleon OBEP (without annihilation) predicts many
Pp resonances. With an . = 0.1fm we still have OBEP resonances, but
they disappear very quickly for increasing r,. With our large value for
r, none survives the annihilation process. The reason is that our boundary
condition acts in all partial waves at the same r,. While this assumption has
the advantage of simplicity and economy with parameters, it is certainly not
a necessary one. In our boundary condition model we can easily see that,
e.g., if the OBEP for some angular momenta becomes repulsive for r>r,, then
the scattered wave might not reach the annihilation boundary and OBEP
resonance(s) will remain. (The OBEP plus the centrifugal barrier is repulsive
for several pp D-waves below r~ 0.4 fm). At this point, we should caution
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that the OBEP from nuecleon-nucleon seattering is not known at 0.5 fm.
We should stress that our r, is the overall annihilation radius necessary to
fit the data which is a rather crude picture of the annihilation. In this
work, we have made no speculations about a possible r, channel dependence
and a possible fit to the Pp 1940 MeV resonance.

From our calculations we understand Spergel’s boundary condition (°).
His effective momentum can be explained by eq. (3) and our K is not too dif-
ferent from his parameter. On the other hand, we do not find that K increases
with increasing spin J as his parameter does. We ascribe this difference as
well as our much better fit to the Pp data to our better N°N’ potential. Spergel’s
NN potential did not have any explicit «» exchange which produces a strongly
attractive pp potential. In fact, our fit to the Pp data is easily comparable
in quality to that from the Bryan-Phillips potential (°). Unlike, the Bryan-
Phillips optical potential, our final numbers only depend weakly on the value
of the OBEP cut-off parameter A (]). A variation of 109, in this parameter
influences our final cross-section very little (see fig. 1 and 2).

There is, however, one problem that has to be faced in a potential approach
to the pp scattering. The value of the OBEP for < 0.5 fm is typically — 1 GeV
or deeper. For such a depth, relativistic effects must be considered. Further,
we know from the work of, e.g., Gross () that relativistic effects, terms of
order v?/¢?, can introduce short-range repulsion in the NN’ interaction (and,
therefore, also in the NN interaction). Bub to what extent is it still an open
question (19:20),

We show that the forward Pp elastic peak is not a diffractive peak and we
explain the antishrinkage of this peak by means of the OBEP alone. Because
several partial waves (8, P, D) contribute to the scattering even at very low
energies, one does not expect a 1/v behaviour for, e.4., 6, .iimtion-

This model has been developed in order to reproduce pp scattering data
at low energies. A characteristic feature of this specific model is that our
annihilation boundary is at relatively large distances compared to the Compton
wave-length of the nucleon. Our crude annihilation model with only one
free parameter is able to give a surprisingly good reproduction of the bulk
of the low-energy proton-antiproton data.
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® RIASSUNTO (%

I dati dello scattering Pp a basse energie sono molto ben riprodotti con il potenziale di
scambio a un bosone (OBEP) e con ’annichilazione descritta da una condizione limite
ad un certo raggio. L’unico nostro parametro libero & il raggio di confine. Si mostra
che il picco elastico in avanti di Pp non & un picco difrattivo. La sua pendenza cosi
come il suo antiaccorciamento sono spiegati dal solo OBEP.

(*) Traduzione a cura della Redazione.

Hpocrau MOJeIb AA" NPOTOH-AHTHNPOTOHHOI'0 PACCESHHNI NMPH HHIKHX IJHEPrusix.

Pe3iome (*). — JaHHBIe IO MPOTOH-AHTANPOTOHHOMY PACCESHUIO IPH HU3KHX JHEPTHSIX
OYEHb XOPOIIO BOCIPOU3BOAATCSA C MOMOINBIO MOTEHIMAIa ¢ OQHOOO030HHEIM OOMEHOM
¥ C OOMOLIBI0O AHHWTHIISALUHA, OIMCHIBAEMON MOCPEACTBOM TPAHUYHOTO YCIIOBMSA IIpH
OHNpPENEIeHHOM panuyce. EOWHCTBeHHBUA CBOOOIHBIL IapaMeTp IPEACTABIsNET TPaHH-
4B paguyc. MBbI mOXa3biBaeM, YTO YOpyru¥ MUK PP paccesHus BIEpE[ HE SBISETCS
JupaknaOHAEIM mHKOM. Ero HakKJIOH, a TakKXe aHTH-COKpAIlEHMe OOBACHAIOTCS C
NOMOLIBIO IOTEHIHAA C OAHOOO030HHBIM OOMEHOM.

(*) IMepesedeno pedaryueii.



