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Difference Spectra: Dominance of Two-Body Cascades
in Antiproton-Neutron Annihilations at Rest
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A novel method of analysis which eliminates the combinatorial background in searches for states
produced in pn annihilations and in association with a recoil m is presented. The difference
between m and m

+ spectra in pn annihilations is the spectrum of the recoiling vr or difference
spectrum. %e applied this analysis to the exclusive channels pn 2n sr+, 2n Tr+m, 3' 2m+.
A new prominent state of mass and width = 1480 and 100 MeV/c' is present in the first and dom-
inates the third channel. These three channels are interpreted in terms of two-body intermediate
states only. The suppression or absence of "direct" annihilation is consistent with theoretical
models which view the annihilation as a short-range (0.1 fm) phenomenon.

PACS numbers: 13,75.Cs, 14.40.Cs, 13.25, +m

The study of the antiproton annihilation process has
been a topic of continuous interest since its discovery.
The first observations showed an average pion multi-
plicity of 5 while the Fermi statistical model predicted
less than 3. The discovery of p, t0, and q in the 1960's
and their abundance in annihilations reduced the
number of produced mesons to about three. Naive
quark-model considerations suggest dominance of
three-body intermediate states. In recent years the
emphasis has been on the search for bound NX states,
four-quark states, etc. The study of pion spectra pro-
duced in annihilations at rest is a favored way to look
for them. If these states are produced they will be re-
vealed as peaks in such spectra. However, because of
the large combinatorial background and the limited
phase space available, these searches have been un-
fruitful and limited to narrow states. '

In the preceding Letter, evidence was presented for
a broad (200 MeV/c') state with mass 1485 MeV/c2
found by study of inclusive n+ and n spectra from
pd annihilations at rest. These studies led to the
discovery of the difference spectrum (described
herein) in pn annihilations at rest in which the com-
binatorial background is reduced or, for certain chan-
nels, eliminated, and searches for broad states become
possible.

Difference spectrum Assume tha.—t the pn annihila-
tion proceeds through intermediate states of isospin 0
or 1 (no exotics):

pfl &) + Lo,

Pn ——,
'

(vr t + Xto ) + —,
'

(m 0+ X, ),

pions. In general, the Xl decays into sr+sr pairs plus
neutrals. Charge conjuga-tion invariance applied to Xo

(7r+m ) pairs plus neutrals implies identical n+ and
m spectra. Consequently in the difference spectrum
(subtracting the 7r+ from the 7r spectrum) the n. +

and 7r produced from X decays statistically cancel
out. Thus the difference spectrum is the recoil-pion
(n t ) spectrum. The n tXt contributes to channels
involving at least one 7r . Thus if the pn annihilation
proceeds through intermediate states of I = 0, 1 the in-

clusive difference spectrum contains the mt spectrum
and "background" from mtXt . However, final states
vvith only charged pions have no such background if the

annihilation proceeds entirely according to (I) and/or t2).
C invariance is exact in the absence of interference

effects between m~ and the other charged pions. This
interference is expected to decrease with (a) decreas-
ing Xo width, (b) increasing X mass [because it

depends, for example, on terms of the form
p(art ) p(7r )], and (c) increasing pion multiplicity.
Therefore, channels with all or many charged pions are
best suited for this analysis.

Rittenberg and Rubenstein2 made some time ago an
interesting observation on inclusive pn m, m+

spectra. They assumed a cascade fireball model for the
annihilation and constrained intermediate states to to-
tal charge 0 and +1 which is analogous to (1),(2).
They assumed masses for intermediate states lying on
the Pomeron and normal (p) trajectories and obtained
the inclusive spectra

where Xt represents a hadronic "blob" of definite
charge and isospin, and n-I and mI are the recoiling
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FIG. 1. (a) 'fhe ~+~ mass distributions recoiling
against the m+ and m in 2m m+ and phase space normal-
ized to the rr+ spectrum. (b) The difference spectrum. The
fit is made above 0.5 GeV~/c with ~ p, m f, rr f2 inter-
mediate states.

Although these expressions did not turn out to
describe the spectra accurately, 3 the same assumptions
have been used by Orfanidis and Rittenberg4 and
resulted in the best description so far of observed
channel frequencies. Notice that the difference spec-
trum from (3) and (4) does not contain the term
AM~2. The cancellation of the AiMj terms underlies C
invariance and perhaps sho~s more explicitly how
background gets reduced in the difference spectrum.

Applications. We hav—e found bubble-chamber
data on the reactions

pd 2n m++(p, ),
—2m m+mo+ (p, ),
—3m 2m+ + (p, ),

(5)

which are shown in Figs. 1(a), 2(a), and 3(a), respec-
tively. These events are associated ~ith invisible
( ( 100 MeV/c) spectator protons. The n. + spectra
were fitted smoothly with polynomials and the fit was
subtracted from the corresponding m spectrum yield-
ing the difference spectra presented in Figs. 1(b),
2(b), and 3(b).

The 2m ~+ [Fig. 1(b)] is dominated by f, p, and
f2. [The f2 has the same mass and width as the
f'(1525) but does not decay into EK.] This channel
exhibits large interference effects, most notably a m-+

enhancement at high energies. The negative values in
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FIG. 2. (a) The mass of the three pions recoiling against
the m+ and m in 2' m+ n~ and phase space normalized to
the m+ spectrum. (b) Their difference spectrum. The fit is
made with the rr ru, m A2 ( pm), m X (1480),
rr X(1600) and "background" from p p, moA2 .
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FIG. 3. (a) The mass of the 4rr recoiling against the rr+
and m in 3rr 2m+ and (b) their difference spectrum. Thc
fit is made with the rr X (14g0).

the difference spectrum at low mass reflect this in-
terference. Apart from this interference, the differ-
ence spectrum fits reasonably well to a simple superpo-
sition of n p, n f, n. f2. Addition of a phase-
space distribution does not improve the X of the fit.
Table I shows the results of the fits. The masses and
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TABLE I. Results of fits made to difference spectra for exclusive channels.

Final
state

Mx
(MeV/c )

r,
(MGV/c )

Channel 8
(%)

po( vr+m )
n fo( a+m )
m f2 ( w+m )

806+6
1258+3
1522 + 7

140+12
262+8

59 J12

20+1
75+2
5+1

m co(~ 7r+m n)'
m A$(- n -+p +)
m X ( n+m mo)

n X'( n+n no)
n'A, (-p'm-)
P P

784+ 3
1342+4
1468 + 6
1594+9

1477+5

43 J9
81+10
88 +18
81 +12

116 +9

5+0.3
18+1
25 +2
9+1
9+1

34+3
100 +4

82+5

widths of p and f are in reasonable agreement with ac-
cepted values in spite of the simplicity of the fit and
the large interference effects present in this channel. 9

The 2m m+mo [Fig. 2(b)] difference spectrum has
been fitted with m co, n i 220 ( pn ), m i X (1480),
xi X ( —1600), and the n/A2 ( 7r po), p p
"backgrounds. " Phase space and noX ( pox )
backgrounds ~ere introduced but do not improve the
fit. The results of the fits are presented in Table I.
Again, this channel is consistent with dominance of
two-body intermediate states.

The most striking result of the difference technique
is the 3m 2m+ final state, a channel difficult to inter-
pret by standard analysis because of the combinatorial
problem and the limited phase space. As discussed
above, the m iXi states do not contribute and interfer-
ence effects are expected to be smaller than those with
smaller numbers of pions as, for example, 2m m+.
This difference spectrum can almost entirely be ac-
counted for by the Xo(1480) with possible contribu-
tions from higher-mass states. The impressive com-
plete cancellation of the n, n + spectra up to —1400
MeV/c~ is the result of (a) dominance of mi Xo

state(s), (b) absence of miX contributions, (c) ab-
sence of interference effects, and (d) small decay
branching ratios of low-mass mesons (e.g. , the f) to
2m 27r+.

ICinemati ca/ reflections. —It is appropriate at this
point to raise the question whether the copious pro-
duction of p and other known mesons can account for
the 1480-MeV peak in the difference spectra. First,
kinematical effects are channel dependent and it will
therefore be difficult to produce identical peaks in the
inclusive difference spectrum of the previous paper
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FIG. 4. The pn —37' 2m+ difference spectrum in com-
parison to distributions based on possible intermediate
states. Distributions are normalized to the data.

and the exclusive channels discussed here. Second,
we tried as part of a global analysis'0 and spin and pari-

ty determination of the X(1480) 2n 2m+ to get
fits assuming the following intermediate states: phase
space (5n), 3np, 2nA2( pm), happ, and

mX( pp). Distributions based on these intermedi-
ate states were calculated by a Monte Carlo program
and are presented in Fig. 4 together vrith the data.
Smooth Monte Carlo distributions were generated.
(Measurement error and Doppler smearing are not in-

cluded in the Monte Carlo program because they are
on the average comparable to the binning of the data. )
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Clearly, the X(1480) effect is not a kinematical reflec-
tion of p and/or A2 production. It fits best if we as-
sume a new resonance of mass 1480 and width —110
MeV decaying into 2po.

The 2m m+ is the only other final state besides the
3m 2vr+ with a difference spectrum expected to be
free of background if the annihilation proceeds entire-
ly via two-body intermediate states. The f2 is the new
resonance, besides the p and f, enhanced by the
reduction of background. In Ref. 6 possible kinematic
reflections due to the complex 3m dynamics have been
discussed. The latest and most extensive analysis of
Kasper et al (see. Ref. 8) and earlier ones (see Ref. 5
for references) do not reproduce the fz peak. This is
additional evidence that peaks in difference spectra are
probably due to states and not to kinematical reflec-
tions. Mass and width of the f2 suggest that it is the
2m decay of the X(1480) 4n.

Two-body dominance. —%e estimate the total
branching ratio for pn annihilations mediated by two-
body intermediate states using the channel branching
ratios given in Table I and the 2m m+, 2m n+no,
3m 2'+ branching ratios of (3.4 + 0.2)%,' (17
+2)% 6 (4.2+0.2)%" respectively, and the m n
(0.8%), n p (1.4%), n p (1.4'/0), n to (0.8'/o),
n tb (0.1%) branching ratios. These observed chan-
nels amount to 32'/0. With the reasonable assumptions
(a) I =1 for Xo( n+n no) (b) X ( p p ) '

and (c) 8(pn p to ) =8(pn p p ), a total two-
body branching ratio of more than 50'/0 is thus ob-
tained. The copious srX(1480) channels must have
other (e.g. , 2'„2g, got, and pg) decay modes besides
those that have been observed which will further in-
crease it. This result and the absence of evidence for
other than two-body contributions to the exclusive
channels studied here imply dominance ( » 50'/0) of
two-body cascading processes as the main mechanism
of the pn annihilation in liquid deuterium.

Shapiro' has argued that direct NN annihilation into
multiple pions is a short-range ( —I/2mtv ——0.1 fm)
phenomenon. Because the predicted mesonic and
quasinuclear states extend to —1 fm, the probability
of direct annihilation is expected to be suppressed by
the ratio (0.1 fm)3/(1. 0 fm)3=10 3. Our observa-
tions support this view.

Conclusions The differenc. e—spectra in pn annihila-
tions form a powerful tool to look for pn m X
states. By use of bubble-chamber data the copious
production of X(1480) presented in the previous pa-
per is confirmed. The X (1480) decaying into
n+m m badly needs more data and confirmation

from other channels. On the basis of mass and width
the fz can be the 2n decay of the X(1480) 4m. Ad-
ditional states of higher mass ( —1600 MeV/c ) are
suggested by the difference spectra. Finally, it is ob-
served that most ( » 50'/o) of the pn annihilations
proceed through two-body intermediate states, an
unexpected result and in agreement with theories that
view the annihilation as a short-range phenomenon.
This picture supports the existence of quasinuclear N%
states.
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