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The ratio (Pd-n n P,)/(Pd —r n+n) at rest, with spectator moments ( 300 Mev/c, has
been measured and found to be 0.68+ 0.07. This implies that (75 + 8)% of the annihilations
in deuterium into two pions come from odd NW orbital angular momenta, in disagree-
ment with the &-state-dominance hypothesis. It has also been observed that the Pd
-n n. p, production rate depends on the spectator momentum, which suggests energy-
sensitive NN phenomena near threshold.

A fraction of our Pd film, obtained using the 30-
in. Brookhaven National Laboratory deuterium
bubble chamber exposed to a stopping antiproton
beam, has been analyzed to study the reactions

Pd- s'n n, ,

pd 77 Tf p~ ~

(1)

(2)

One part of the film, containing 2.5x10' annihila-
tions, has been double scanned for these reac-
tions concurrently, using the following accep-
tance criteria: (a) events with a single negative
track having a projected length &15 cm and a pro-
jected momentum & 500 MeV/c in all three views
(one-prong); (b) events with two tracks, the nega-
tive one satisfying the criteria as in (a) and the
positive being a stopping proton (duo-Prong);
(c) events with two tracks, both of them satisfy-
ing the criteria as in (a) and, in addition, hav-
ing a projected opening angle &164' (co/linear).
These criteria have been chosen so that the effi-
ciencies for detecting Reactions (1) and (2) are
independent of the spectator momenta up to -300
MeV/c, while they reduce substantially the mea-
suring effort. In addition, another part of the
film was scanned and measured for one- and two-
prong events without the momentum cut. These

events are included in the analysis and are also
used to normalize the high-momentum spectra
obtained with the criteria (a) and (b) to the total
number of one- and two-prong events. Reactions
(1) and (2) have been identified on the basis of the
measured momenta as follows.

Iteaction (1).—In Fig. 1(a) the invariant mass
squared (Ma) of the collinear tracks assumed to
be pions is displayed versus the missing momen-
tump„= Ip, +p I. The signal for Reaction (1),
centered at high M and low (spectator) missing
momentum, is well separated. The background
is negligible for M' & 2.95 GeV' [Fig. 1(b)] and
these events (305) are considered to belong to
Reaction (1).

The p' momentum distribution of the m+m n
events is shown in Fig. 1(d) and is fitted well
by a Gaussian. The center of the peak (919 MeV/
c) is in good agreement with the expected posi-
tion for Reaction (1) at rest. The width (+53
MeV/c) is the combination of the measurement
error and the uncertainty introduced by the un-
seen neutron. This uncertainty is +17 MeV/c
for a spectatorlike distribution and consequently
the width is essentially due to the measurement
errors. The missing momentum of the v'm (neu-
tron momentum) is shown in Fig. 1(c). It fits
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FIG. l. {a) Co11inear events. {b) Projectionof {a).
(c) Projection of (a) with M2(7r+m )&2.95 GeV2. Curves
+ RI1d Q are Hu1theQ Ilke predictioD8 iDcludlHg mea
surement errors for at-rest {A) and 8 0-0Mev /cin-
Qight (B) annihilations, (d) m momentum spectra for
the «events P~ &2.95 GeV2).
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FIG. 2„Dashed lilies, ojl-prong, and solid lines,
two-prong events. (a) Missing-mass-squared spectra.
Curves are fits to muItipIe m'0 reactions (see text) . The
Gaussian curves represent the amount of Reactions {1)
and (2) found by the fit.

reasonably well a spectator distribution below
200 MeV/c lf B18Rsul'8Illellt 81'I'01's Rl'8 'tRkeI1 into
Recount RQd assuming Rt-x'est Rlmlhllatlons,
angular dlstrlbutlon of the ~ with respect to the
beam ls symmetric Rx'ound 90 Rs expected for
at-rest Rnnihilations. Therefore these 305 *17
events belong to Reaction (I) at rest.

Reaction (2).—In Fig. 2(a) the (Mlf)'= Qf, +M»

(de) (pz +pe) dlstrlbutlons fol' tile 0118
and two-prong events ax'6 shown below 1.2 GeV,
where ~„cu, are the 7I and p energy and p„p,
their momenta. We found by comparing the spec-
tra with Rnd without the pro)ected momentum cut
that the spectrum below 1.2 GeV2 i.s not affected
by Our criteria. In the case of the one-prong
event the momentum of the unseen proton (p, ) is
set equal to zero. This approximation 1Qcx'eases
AQSf) 111lt, Rs foulld 011 the bRsis of R spectRt01'
like distribution, its contribution is negligible in
coxnparison to the measureIQent ex 1 ox' on the
negative track. The signal at m„o' is clear ln the
one-prong, but its presence is uncertain in the
tzoo-prong events.

We have performed fits on these distributions
assuming that they are generated by II n~' (n
= 1, 2, 3, 4). The n = 1 contribution [Reaction (2)j
has been found using a Gaussian centex'ed at m„02
and a width of ~0.20 66V~ which has been deter-
mined from the known F DlomentuID 61"x'ox'. The
contributions for m = 2, 3, 4 have been found using
phase-space distributions in which the g -momen-
tum measuxement errors have been taken into ac-
count. In the interval -0.4 & (MM) «.2 «V, the
results of these fits give 34V +19 (18%), 738*38
(39%), 58& +80 (31%), and 22V + 27 (12%) events
fox' oQ6 px'ong RQd 6 = l~ 2» 3» 4~ 1 espectlvely, The
corresponding numbers fox' two-prong events ax'6
78+19 (10%), 407+71 (51%), 191+124 (24%), and
119+83 (15%). Other fits have been performed
as well with variable width, different (MM) inter-
vals, and second-order polynomials as back-
ground. All these fits Rl 6 consistent with the 16-
suits presented above pRrtlculax'ly regarding
the number of p p. events and the width. Further-
IHore the ratios 7T 2p .'p 3p:p 4'{7 = 1:2:2,7 ax'6
reasonable as compared with the statistical-mod-
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f (v' m n) = ' f (w 7) p)
—+ 2f (2w n). (3)

Statistics of the pions and parity conservation
imply that I(XX) =- 0 corresponds to I, (ÃN) = odd
and I =1 to L =even. Since the 2m come from I
= 0 (I = odd), Eq. (3) implies f (w v p)lf (~'m n)
= 2 for S-capture dominance. From our data,
after correcting for relative ()T+m /m zo) scanning
(1.10+0.03) and processing (1.08) efficiencies
for Reactions (1) and (2), we find 245 + 25 n 7)op

and 362+25 7T+p n events corresponding to the
same number of pd annihilations (the observed
)T )T'p have been scaled down to the first sample).
Therefore

f(~ m p)/f (w' m ri) = 0.68 & 0.07. (4)

This is clearly in contradiction to the decade-
long 8-capture-dominance hypothesis. 2 Notice
from Figs. 1(c) and 2(d) that the ratio (4) has
been determined for annihilations with spectator
momenta &300 MeV/c. The same conclusion
has been reached also by Devons et al.3 from the
ratio (pp —2v )/(pp —m'm ). The difficulties in-
herent in the study of 2v, as well as the use of
branching ratios for determining 2z a,nd p+g

independently, may generate some skepticism of
this result which has been expressed as follows:

[(pp), ,(~, ,dd)"- »]/[(pp)" - 2w J,))

= 0.40(~ 20%%uo) (5)

Using (3) and the observed number of w'm,
events, we find 120+15 2m events and, following

el predictions of 1:1.7:1.
The fitted width to the m v' events is +0.20

+0.02 GeV', in agreement with the calculated
one from the collinear events at rest. The width
would become ~0.38 and ~ 0.55 GeV' if annihila-
tions in flight —200 and 300 MeV jc, respectively—were treated as being at rest. The angular dis-
tributions of the m with respect to the beam for
the one- and two-prong events with (MM) &0.3
GeV are displayed in Fig. 2(b). The one-prong
events are symmetric about 90' while we observe
an asymmetry 0.32+0.16 for the two-prong re-
sulting from an enhancement at cosL9~„- &0.6.
The (MVI) for events with cose~, & 0.6 and cos6;,
&0.6 are displayed in Fig. 2(c). It is obvious that
the w m p, two-prong events are not connected to
the observed asymmetry. %e thus conclude that
the m m events are coming from annihilations at
rest.

Charge independence relates~ the pd -2'
branching ratios via

Ref. 3,

[(pp)I=a(5=odd) 2~]j[(pp) 2~] ll

= 0.75 ~ 0.08 (6)

which not only confirms the conclusions reached
in Ref. 3 but shows that the majority of the 2m in
deuterium come from odd hfX angular momenta.

The result (6) is larger than (5) and this may
be a reflection of instrumental uncertainties in
the result (5), or the increase may be real, due

to either the dependence of the capture probabil-
ity on spectator momentum' or to resonances
(bound states) near threshold. ' We have exam-
ined the following aspects of our data in search
of effects on spectator momentum or equivalent-
ly on l)iX energy[see scales in Fig. 1(c) and 2(d)].
(a) We have estimated that (pd- ~')T n, )/(pd- all
yn, ) = (42 ~12)x10 ', which compares well within
the statistical errors to (pp - rr+~ )/(pp - all)
= (32 ~3)x10 ~. (b) The neutron spectrum of (1),
Fig. 1(c), fits reasonably well to a spectatorlike
distribution, including measurement errors, but

the resolution is comparable to the width of the
distribution. (c) When the spectrum of the two-

prong events is extrapolated below & 80 MeV/c
using a Hulth6n-like distribution the number of
one-prong events observed is underestimated
by 28/o after taking into account scanning and

processing efficiencies. This result indicates
a preference for low (& 80 MeV/c) spectator mo
menta. (d) The production ratios of (2) among
one- and two-prong events with (MM) & 1.2 GeV'

a,re 0.18 +0.01 and 0.10+0.02, respectively.
These ratios differ by -40, indicating that the
production of (2) decreases saith increasing spec
tato~ momentum ox equivalently decreasing AA'

energy. In view of the uncertainties regarding
the "observation" of (2) this effect is more strik-
ing than these numbers suggest and similar to
the one discussed in (c).

These effects are so sensitive to spectator mo-
mentum that they might be difficult to understand
in terms of kinematical effects in deuterium. ~

On the other hand, they can easily be understood
in terms of narrow resonances or bound states. 7

We find, on the basis of the branching ratios
given in (d) and following Bogdanova, Dal'karov,
and Shapiro, that I' &10 MeV and 8 ~7 MeV and
only solutions with I (171V)= 0 are possible, im-
plying a narrowXN bound state in 'S, (I=1).
however, the number of the two-prong m m'p

events is overestimated, then higher L values
and smaller upper limits on the width and binding
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energy are possible.
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intercept of the Pomeranchuk Singularity*

N N Khul l
Rockefeller Vnioersity, Neu York, Peto York 10021

(Becelved 26 MRx'ch 1973)

Fox' Rny Unitary theory in which the Rvex"Rge Dlultiplicity gl ows slower than Rny sIDRII
positive power of sg Rnd iIl which the Begge type RsyDlptotlc behaviors Og~g(8) 8
and o'~~(s) s "P' ' 2 hold, modulo powers of ln(s) for both, I derive a simple, necessary
and sufficient condition vrhich guarantees that o.p(0) = 1. The condition is max„o„~go~&8
for arbitrarily small & &0 and large enough s, where a„ is the actual cross section for
producing n hadrons in the final state, 0~~ is the total integrated elastic cross section,
and C is independent of &.

The reason why the Pomeranchuk singularity
has an intercept close to unity is one of the cen-
txal problems of strong interaction dynamics.
Recently, there have been several interesting
papers that propose answers to this question in
the context of certain specific models. ' '

The total cross section is given by the txivial
relation

o...(g) =Z„o„(g),

where a„ is the cross section for producing n

hadxons in the final state. As stressed by Ha-
rar1~ experimentally the val ious o'„s vary in a
dramatic way over the same range of energy in
which cr„,(g) is roughly constant [modulo powers
of ln(g)j. The problem then is to understand how

a sum of highly variable 0„'8 produces a v„, that
is enex gy independent and leads to the condition
o.p(0) = 1.

This paper looks at this problem from a gen-
eral point of view and not in the context of a spe-
cific model. General and simple conditions on

O„are sought in addition to unitarity, which
guarantee that o.p{0)= 1. The conditions found

are two: The first states that no matter how the
o„'s vary with g, no o„(g) should equal or exceed
const xo,'i(g)g', where o„(g) is the integrated
total elastic cross section for ab -ab. The sec-
ond condition demands that the average multiplic-
ity (B) increase slower than any positive power
of 8. More specifically, for large enough 8 the
conditions are given by the following two simple
inequalities:

o„(g) ( g,i(g) exp[(ing) '] ~ o 2 (la)

2 «{n)~exp[(ing)' 'j,

where 0«&I, and C is independent of n. I shall
show that (la), (11), and unitarity do indeed imply
that u,{0)-=1.

At the end of this note I shall also discuss (la)
and (11) in the context of the specific models of
Refs. I-3 and shower that both inequalities are in-
deed trivially a feature of these models. I shall
also point out examples of models where (1a) is
not satisfied and hence np(0) g 1. In making the
comparison with the models a problem arises
because none of the models make any statements


