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Data are presented from a low energy pD 

experiment that show an enhancement near 

1930 MeV in the pn mass spectrum. This, 

and other enhancements observed at nearby 

masses, may be interpreted in terms of a 

double-scattering effect. 

V 

For some time there have been conflicting reports [1-6, 10-14] of possible 

resonances in the NN system near threshold. In particular, the pn spectrum 

has been studied using pD annihilations, and there is old evidence of three 

enhancements: one at 1795 MeV [1] and two more at 1897 MeV and 1932 MeV [2]. 

It is possible to interpret these enhancements as resonances and even to 

speculate on their identification with proposed quasi-nuclear bound or 

excited states [7,8D. However, more recent work [10D, including in the case 

of the 1897 MeV enhancement the data presented here, shows no evidence of 

such states. The data we present do exhibit an enhancement near 1930 MeV, 



as shown in fig. 4, and we discuss an explanation in terns of a double-

scattering process [43 that may also account for the 1897 MeV peak. 

Our experimental data come from an exposure of the Brookhaven National 

Laboratory 30" deuterium-filled bubble chamber to beams of antiprotons with 

a mean momentum of 585 MeV/c. The intrinsic momentum spread and the slowing 

of antiprotons in the chamber led to a range of beam momenta from 500 to 

600 MeV/c, peaking near 560 MeV/c [93. About 10 5 expansions were photo

graphed, and the film was scanned for 2-prong and 4-prong annihilations 

having a secondary track visually consistent with that expected from a 

proton in the final state. For such candidate proton tracks that stopped 

in the chamber the end point was measured and momentum subsequently derived 

from range, while for all other secondary tracks momentum was found from 

curvature. 

Care wis taken during the scanning stage to eliminate obvious elastic 

scatters, but a residue of break-up scattering (pD •*• ppn) and coherent 

elastic scattering (pD -+ pD) was expected in the 2-prong sample. Accordingly, 

a kinematic fit was tried to these two hypotheses for all 2-prong events, 

and all successful fits were discarded. A farther 5% of the sample was 

rejected because of poor momentum resolution, extreme values of beam 

momentum, doubt about the proton identification, or a proton momentum 

exceeding 700 MeV/c. A final sample of 6556 events was obtained satisfying 

the inclusive annihilation reaction 

pD - pX" (1) 

Further details of the experimental procedure are given in ref. [9]. 

If reaction (1) were dominated by the direct annihilation process of 

fig. 1(a) the spectator proton momentum spectrum would be that derived from 
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the deuteron wave-function, such as the Hulthen distribution. As shown in 

fig. 2 there is an excess that is well known of events above the Hulthen 

spectrum beyond 150 MeV/c, and a loss below 100 MeV/c. The latter afises 

from the fact that protons slower than about 70 MeV/c have a range of less 

than 1 mm in the chamber and are not seen; between 70 and 100 MeV/c the 

visibility of the protons rises to that obtaining at higher momenta. No 

significant difference was observed between the spectra of 2-prong and 

4-prong topologies. 

Final-state proton angular distributions are shown in fig. 3. We 

have separated the data into three regions of proton momentum which we 

have called "spectator-like" (<175 MeV/c), "intermediate" (175-300 MeV/c), 

and "fast" (>300 MeV/c). Ignoring flux-factor effects due to the Fermi 

motion of the neutron, the angular distribution of the spectator-like 

protons should be isotropic in the laboratory. The experimental distribution 

is consistent with this expectation apart from the loss of extreme backward 

events due to short proton tracks being obscured by the beam. The fast 

protons clearly do not come from a Hulthen spectrum and are not expected 

to be isotropic: in fact, they show a general forward trend. The region of 

interest is the intermediate one shown in fig. 3(c) which has a pronounced 

enhancement of events in the forward hemisphere near cos6 = 0.4 A mass plot 

corresponding to fig. 3(c) is presented in fig. 4 where an enhancement 

near 1930 MeV may be seen. 

The kinematic features of reaction (1) are such that each event is 

completely described kinematically by a measurement of the laboratory 

three-momentum of the beam (p.) and final-state proton (p). Further, the 

invariant mass of the annihilating system, X, is given by 

n^ 2 » M 2 • 2m 2 • 2M(Eb - E) - 2(EbE - pfep cose) (2) 
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where M and B are the Basses of the deuteron and proton respectively. In 

this experiment, and in any low-energy experiment with small beam-momentum 

spread, p . , E. , and E vary only slightly from event to event, and the 

binomial expansion of E yields the approximation 

• j 2 = A • Bp2 • C p cose (3) 

where A, B, and C are constants. 

Equation (3) demonstrates explicit ly that the calculated mass of X 

varies directly with the scattering angle of the f inal-state proton. In 

particular, any enhancement in the proton angular distribution i s reflected 

directly in the distribution of m~. Moreover, i f the position of such an 

enhancement were a function of beam momentum the mass of the "resonance" 

observed would depend on the beam-momentum profile of the experiment. For 

experiments having a wide range of beam momenta we would expect such peaks 

to be smeared out, and we note that our experiment and that of ref. 123 

have much narrower beam-momentum spectra than the data of ref. [10] in 

which no enhancement i s seen. We consider below the possibi l i ty that i n i t i a l -

state scattering between proton and antiproton provides a mechanism for 

such ar. effect, but f irs t we examine two other possible explanations of the 

observed enhancements. 

Our data are quite consistent with and very similar to the earlier 

work of refs. [23 and I33 in which a resonance-state interpretation was 

favoured. Indeed, the observation of a peak for just those events having 

a proton momentum within a certain range has been used [33 as evidence for 

spin 2 for the 1897 MeV and 1932 MeV states. Our mass spectrum can also 

be fitted satisfactori ly with a flat background term and a Breit-Wigner 

resonance centred at 1930 MeV. There i s evidence from pp data [6 , 11-143 

both for and against a narrow resonance, the S(1935) at this mass. Our 
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sass resolution is better than 10 MeV, and given the <9 MeV reported width 

of the S(1935) the enhancement of fig. 4 appears slightly too broad and 

low in Bass to be identified as the I- = -1 component of such a state, 

although such a resonance interpretation cannot be ruled out. However, 

we consider it unlikely in the light of later discussion in this paper. 

We see no evidence of a resonance at 1897 MeV. 

The suggestion has been made [43 that a final-state secondary 

scattering occurs, corresponding to a modified fig. 1 (a) in which the 

spectator proton scatters elastically from one of the annihilation 

products in X. This process has been analysed in some detail [4,5,15] 

and while it*accounts satisfactorily for at least part of the high momentum 

excess seen in fig. 2, it does not produce peaks in the angular distribution 

of the final-state proton or in the mass spectrum of X. Thus although 

final-state scattering is almost certainly present, we shall not consider 

it further in regard to such enhancements. 

It has also been suggested [43 that initial-state scattering occurs. 

This process is illustrated in fig. 1 (c) and involves the elastic 

scattering of the incident antiproton from the proton in the deuteron, 

and an additional pn annihilation. Knowing that such elastic scattering 

would be dominated by a narrow forward diffractive peak in the pp system, 

it might be expected that in the pD system, which differs only through 

the Fermi motion of the proton, a corresponding peak would appear, albeit 

shifted in position and broadened. We have tested this expectation using 

essentially the method of ref. [33. A Monte-Carlo generated sample of 

pseudo-protons with a Hulthen momentum spectrum was allowed to scatter 

elastically with a similarly generated anitproton beam having a momentum 

profile matched to that of our real data. Elastic scattering parameters 

for an exponential forward peak were taken from ref. [163. The three-

momenta of the scattered protons were then evaluated in the laboratory 

frame. The result is shown in fig. 2 and fig. 3 (c) where it is seen that 
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such a process would indeed populate the angular distribution near 

cose * 0.4. It was found that the position of the calculated peak was 

fairly insensitive to whether the proton or neutron was placed on the 

•ass shell. No account was taken of possible interference effects which 

are discussed below. Fig. 4 shows the corresponding enhancement in the 

•ass spectrum. 

The Monte-Carlo generated curves in figs. 3 and 4 are quite consistent 

with similar ones calculated in ref. [33, the only difference being the 

kinematical one that for the incident momentum profile of refs. [23 and 

[33 the sane effect occurs near cos6 = 0.65, a? shown in fig. 3 (d), and 

at 1897 MeV. To see how the aass of this double-scattering peak aoves with energy 

note that Eq. (2) aay be written 

m, 2 - M 2 + 2M (Ej, - E) + u (4) 

or in terns of mean values 

<Bx2> - M 2 + 2M (<Eb> - <E>) + 4* 2 - <s> - <t> (5) 

where s, t, u are the usual Mandelstam variables for elastic scattering of the 

incident antiproton and the proton in the deuteron. If the latter has a mean 

laboratory energy <Ep>, then <s> * 2m 2 -I- 2<Eb Ep>, which is readily evaluated, 

and <t> = - r where b is the slope of the roughly exponential elastic scattering 

peak and is typically - 20GeV2 at our energies. Taking 175<p<300MeV/c we thus 

find <r.x> - 1930 MeV for <Pb> - 550 MeV/c, while <mx> s 1897 MeV for <Pb> " 400 MeV/c 

corresponding to refs. [2,3]. Although not having been presented as a mass plot, 

the data of refs. [4,5] at a higher momentum than ours would also be expected to 

exhibit a broad peak near 2150 MeV, corresponding to the observed enhancement in 

the angular distribution near cos8 * 0.3 shown in fig. 3 (e). 

That these generated spectra have essentially the correct form is 

borne out by experimental proton distributions from break-up scattering, 

which is kinematically equivalent in the case of a neutron spectator. 

Indeed, in the original report of the 1897 MeV effect [2] break-up 

scattering data were presented and shown to imitate the annihilation 

enhancement very closely. The rescattering effect was discounted there, 
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however, on the grounds that the enhancement in the angular distribution 

of the annihilation data was present only for non-spectator-like protons, 

whereas break-up scattering data showed an enhancement for a l l proton 

momenta. We point out that the annihilation data can be compared directly 

with the break-up data only with regard to the position of the peak: the 

magnitude of the effect i s dependent upon the dynamics of the reseattering 

process. Break-up events having high proton momenta are due predominantly 

to the single scattering process of f ig . 1 (b), that i s with a spectator 

neutron, whereas the annihilation events having high proton momenta must 

come from a different process having an additional interaction, such as 

that of fig. 1 (c ) . It would appear that when an in i t ia l - s tate scattering 

gives the proton a low momentum, there is l i t t l e probability of an 

additional pn annihilation, and that such events might preferentially 

populate the break-up sample, with or without an additional pn e las t ic 

scatter, or some other non-annihilation channel. Possible contamination 

of our data by true break-up scattering can be ruled out by the precautionary 

measures discussed above and by the fact that almost identical distributions 

are found for the 4-prong sample alone. 

The interpretation of these enhancements as a rescattering phenomenon 

has to be qualified on theoretical grounds. It i s l ikely that there i s 

strong interference between ini t ia l -s tate scattering and direct annihilation 

processes, and we have made a direct calculation of such interference based 

on the Feynman diagram technique. Our results are consistent with those 

of ref. [15]; that i s , the dominant effect i s one of destructive interference 

over most of the mass range of the X system. To reduce the significance of 

the interference term i t would be necessary to increase the pp e las t i c 

scattering amplitude to at least twice i t s measured value. However, i t i s 

pertinent that the reaction pD -* AX, which cannot proceed via a single-

scattering process at our low energies, has a A production rate much larger 
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than i s expected from the Measured strange-particle production processes 

that could contribute to double-scattering mechanisms topologically 

similar to f ig . 1 ( c ) . It i s possible that a similar enhancement of 

the rescattering process occurs in the non-strange channel discussed here. 

In any case, as can be seen from f ig . 2, in the "intermediate" region of 

proton momenta only 20% of the cross section would appear to come from a 

Hulthen spectrum, and thus the major effect would seem to be that of 

final-state scattering. This conclusion i s consistent with the work of 

refs. [4] and [15]. Consequently, the dominant interference term here 

may be that between in i t ia l - s ta te scattering and the many final-state 

scattering processes for which the effective relative phase i s unknown. 

I t is then quite possible that the destructive interference discussed 

above is a relatively minor contribution in the region of the observed 

enhancements. 

Me conclude that, with the above reservation that the detailed 

dynamics i s not understood, in i t i a l - s ta t e scattering, almost certainly 

involving interference with one or more final-state scattering processes, 

i s a likely explanation of the 1930 NeV enhancement observed here, and 

the one at 1897 MeV of ref. [ 2 ] . 3 

-Certainly, the computed effects occur at the right positions 

in angle and mass; we attribute small discvepancies to the approximations 

involved in the Monte-Carlo calculation, off-mass-shell effects , flux 

factors, etc. Incoherent in i t i a l - s ta te scattering does not account for 

the high-momentum excess of f ig . 2, while final-state scattering may [4 ,15] . 

It seems clear that a combination of direct annihilation, in i t ia l - s tate 

scattering, and final-state scattering i s required to explain both the 

proton momentum spectrum and the observed enhancements. 

Init ial-state scattering does not explain the observation of a 

narrow peak at 1932 NeV in ref. [23. However, the interpretation of that 
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effect as a resonance nust be nade with caution: it is possible that it 

is an artefact of snail statistics and the way in which the direct 

annihilation contribution was divided out at the steeply falling edge of 

a computed phase space [9]. There is no evidence in our data of a 

resonance at 1897 MeV. In short, this work suggests that the interpretation 

of these pn enhancenents as resonant states is in doubt. It follows that 

an isospin singlet assignaent is favoured for the S(1935) state observed in 

pp interactions [6, 11-133. An isospin singlet state is consistent with 

diquark-antidiquark colour nodels of baryoniun [173, but this state is 

itself in doubt following a recent experiment [143. 



References 

[l3 L. Gray, P. Hagerty, and T. Kaloferopoulos, 

Phys. Rev. Lett. 26 (1971) 1491 

[2] T.E. Kalogeropoulos and G.S. Tzanakos, 

Phys. Rev. Lett. 34 (1975) 1047 

[3] G.S. Tzanakos, Ph.D. Thesis, Syracuse University, 1976 

[43 P.D. Zeaany, Z. Ming Ma, and J.M. Mountz, 

Phys. Rev. Lett. 38 (1977) 1443 

[S] P.D. Zeaany, Proc. of the Fourth International Syaposiua 

on NN interactions, Syracuse, May 197S 

[63 A.S. Carroll et al., Phys. Rev. Lett. 32 (1974) 247 

[73 O.D. Dalkarov, V.B. Mandelzveig, and I.S. Shapiro, 

Nucl. Phys. 21B (1970) 88 

[83 L.N. Bogdanova, O.D. Dalkarov, and I.S. Shapiro, 

Phys. Rev. Lett. 28 (1972) 1418 

[93 L.J. Martin, Ph.D. Thesis, University of Melbourne, 1980 

[10J G. Alberi et al., Phys. Lett. 83B (1979) 247 

111] V. Chaloupka et al., Phys. Lett. 61D (1976) 487 

L123 P. BenVheiri et al., Phys. Lett. 68B (1977) 483 

[153 V. Bruckner et al., Phys. Lett 67B (1977) 222 

L14l M. Alston-Garnjost et al., Phys. Rev. Lett. 43 (1979) 1901 

[153 G. Alberi et al., ICTP preprint IC/78/119 (1978) 

[16] E. Bracci et al, CERN compilation CERN/HERA 73-1 (1973) 

[17] Chan Hong-Mo, Proc. IV European Antiproton Symposium, 

Strasbourg (1978) Vol. 2, 477 



Fig. 1 (a) Direct annihilation, (b) break-up scattering, (c) initial-state 

scattering. 
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Fif. 2 tbnentua spectrin of the final-state proton. The saooth solid 

line is the Hulthen distribution normalised between 100 and 

ISO HeV/c. The broken line shows the shape expected (arbitrary 

scale) for events resulting fro* incoherent initial-state 

scattering. 
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Fig. 3 Event distributions in terns of the laborator)' angle 6 between 

the beam and final-state proton. In (c), (d) and (e) the 

smooth curves indicate the expected position and shape (arbitrary 

scale) of the ini t ia l -s ta te scattering contribution. 
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Fig. 4 Mass spectrum of X for proton momenta in the range 175 - 300 MeV/c. 

The sol id curve i s the distribution expected from direct 

annihilation and is normalised to the data outside the range 

1920 - 1940 Me'.. The broken line shows the position and shape 

expected (arbitrary scale) from in i t ia l - s ta te scattering events. 


