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This paper analyzes ~ N —+m ~ m N events from Fermilab experiment E-580, using 200-GeV/c
particles on a segmented target of plastic scintillator. Starting with 48657 triggers, data-quality
cuts and a cut on missing mass squared of M'(16 GeV lead to a final sample of 7205 events. The
xz distribution of the 3m. system shows almost all events in a sharp peak at xF =1, suggesting the
presence of beam diffraction into three pions. The overall t' distribution is fit to the sum of three
exponential terms corresponding to coherent diffraction from carbon nuclei, diffraction from
individual nucleons, and background. Cross sections per nucleon and exponential slopes are report-
ed for each of the three components as a function of 3m. effective mass. The cross section for
diffraction from the nucleons in the target is 0.34+0.04 mb/nucleon. The cross section for coherent
diffraction from carbon is 1.08+0.12 mb/nucleus. The exponential slope for diffraction is observed
to decrease with increasing 3~ effective mass. The fraction of coherent carbon diffraction in the to-
tal cross section is observed to decrease with increasing 3m effective mass. In the ~ m+ effective-
mass spectrum the p (770) and f (1270) are observed and their cross sections per nucleon are calcu-
lated. In the ~ ~ ~ effective-mass spectrum the A, /A2 and A3 enhancements are observed
and a cross section for the A 3 is calculated.

The difFractive production of m m m+ has been widely
studied at a variety of energies, ' ' but rarely at the high
energy of 200 GeV (Refs. 15—17). This paper presents re-
sults on the difFractive dissociation of a 200-GeV/c m

beam into m m. m. +.
Experiment E-580 at. Fermilab was carried out in the

M6W beam line using the Fermilab multiparticle spec-
trometer (MPS) (Ref. 18). The target consisted of 13 cm
of plastic (C,H, , ) scintillator in 20 segments, providing
longitudinal vertex information. A spectrometer dipole
magnet imparted a 697-Me V/c transverse-momentum
kick. A proportional-wire-chamber (PWC) system of
10000 wires, plus 24 planes of magnetostrictive spark
chamber, provided tracking information. References 18
and 19 contain additional experimental details.

The data in this analysis are from 48 657 events in

which the segmented target registered a multiplicity in-
crease, and a majority of the PWC planes used in the fast
trigger logic registered three tracks. The ensuing quality
cuts, which include requiring two negative tracks and one
positive track, ensuring that tracks are unique, requiring
that all tracks project to within six cr of the event vertex,
and requiring the total energy of the final state be less
than 250 GeV, bring the sample down to 18933 events.
The loose cut at 250 GeV was made to eliminate a very
few events with track-reconstruction problems, for exam-
ple, elastic scatters which give reconstructed tracks of
unphysically high momenta. No attempt at particle
identification has been made; contamination from K+,
K,p, or p has been assumed to be negligibly small.

Figure 1 shows the distribution of missing-mass
squared, assuming a proton mass for the target. The dis-
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FIG. 1. Missing-mass squared in 2-GeV bins; the target is
assumed to have the mass of a proton. There are 18933 events
after quality cuts. Arrow 1 indicates the mass squared of a pro-
ton; 16 marks the data cut at 16 GeV .

tribution peaks at 1 GeV, the mass squared of a proton.
A cut is made at 16 GeV to remove unseen neutrals and
to conform with the cut in the previously published
K+K&~ and K+K&~ ~ m+ samples. ' ' After this cut,
7563 events remain. It is estimated that double diffrac-
tion is present in -20% of the events. '

A fiducial-volume cut around the veto counter placed
downstream of the spectrometer magnet at the location
of the deflected beam brings the final sample to 7205
events. All further calculations in this paper are made
with the final sample of 7205 events which remain after
the above-mentioned cuts, including the missing-mass
squared cut of 16 GeV, and the fiducial-volume cut
around the veto counter.

These 7205 events were passed through a geometrical
model of the MPS, and rotated 100 times each about the
beam axis to determine an event-by-event weight to be
used later for weighting each event. "Weighted events"
are the experimentally observed events each multiplied by
its individually calculated weight to correct it to the real
number that would have been observed in an experiment
with 100% geometrical detection efficiency. The overall
geometrical acceptance was 0.730+0.058, and did not
vary strongly with the mass of the event.

The sensitivity was calculated as follows. The effective
beam was 22.9X10 incident pions. The density thick-
ness of the target was 15.60+0.16 g/cm . The trigger
efficiency, calculated by using the measured efficiencies of
the trigger PWC's, was 0.365+0.029. Reconstruction
efficiency, calculated by passing actual events through a
model of the MPS and then duplicating the software
reconstruction, was 0.784+0.029. The efficiency of a
fiducial cut to eliminate events in the vicinity of the beam
veto counter was calculated to be 0.910+0.003.

For the carbon coherent diffraction cross section our
experiment has a sensitivity of 4.27+0.38 weighted events
per microbarn of carbon-nucleus cross section. This sen-
sitivity number incorporates the exact target composition
which was comprised of small quantities of aluminum foil

where Pb is total beam momentum, P3„ is the total
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FIG. 2. Feynman x of the 3m system for the fina sample of
7205 events.

and polyethelene tape besides the plastic scintillator.
This number includes a 4.3% correction for the contribu-
tion from the coherent diffraction of the aluminum foil in
the target.

For calculations involving noncarbon diffraction we
calculate a sensitivity number of 31.5+4.0 weighted
events per microbarn cross section for each nucleon in
the target. For this calculation we have used an effective
number of nucleons per nucleus' of A where A is the
atomic weight and u we determine experimentally to be
0.74+0.04. These sensitivities have been calculated
directly from the measured parameters of the experiment
and have not been normalized in any way. The method
of calculating the geometrical weight for each observed
event is described above.

The overall ~+~ ~ cross section for the 7205 events
is thus 342+43 pb/nucleon. We compare this cross sec-
tion with the diffractive cross section in the E-580
K&K&m reaction of 3.4+1.1 pb/nucleon, ' and the
K&K&m ~ m+ reaction of 1.6+0.7 pb/nucleon. These
numbers are consistent with expectations that heavy
flavor (in this case strangeness) production leads to a
large drop in cross section (by 2 orders of magnitude).

In order to determine the quality of the sample, the
distribution of x~ (where x~=2PI'™/&s,Pl'™is the
component of the momentum of the 3m system parallel to
the beam, and &s is the center-of-mass energy) of the 3m.

system is shown in Fig. 2. It is seen that the sample con-
sists almost totally of events in the peak at xF = + 1, indi-
cating the predominance of events in which the incident

dissociates into 3m. with minimal loss of forward
momentum. This is evidence that, aside from double
diffraction, this is a very clean sample.

Figure 3 shows the t' distribution for the entire sample,
using weighted events, where

t'=2P„P3 (l —cos8),
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FIG. 3. Momentum transfer t' for the full final sample, with

each event weighted for acceptance. The bins are 0.01 (GeV/c)
wide. The curves are explained in the text. The vertical scale is
logarithmic.

momentum of the 3m system, and L9 is the angle between
the incident beam and the outgoing 3m system. A fit to
the distribution in the form

X(t') = A, exp( —b, t')+ A, exp( b, t')+ —A, exp( b,t')—
was done, where the first exponential represents coherent
diffraction from carbon nuclei, the second represents
diffraction from individual nucleons, and the third
signifies the background. A fit to this distribution gives
b, =67.8+4.4 (GeV/c), b2 =11.8+3.4 (GeV/c), and

b3 =2.4+0.9 (CJeV/c) with a g of 12 for 21 degrees of
freedom. The fact that the t' distribution fits such a func-
tional form is additional evidence that this is indeed a
diffractive sample.

The 7205 events were subdivided according to 3~
effective mass, and the t distribution in each region fit
separately. The regions were (in units of GeV/c ): (1)
0.00&M(3m. ) & 1.10 (low-mass region), (2) 1.10 &M(3~)
& 1.40 ( A i /A 2 region), (3) 1.40 & M (3m ) & 1.55 (inter-
mediate nonresonance region), (4) 1.55 &M(3') & 1.80
(A3 region), and (5) 1.80&M(3~) (high-mass region).
The number of events, the fit parameters, and the cross

FIG. 4. Effective mass of m ~ combinations for the final

sample, with each event weighted for acceptance. The bins are
30 MeV wide. The curve is a fit to the data as explained in the
text.

sections are given in Table I by region and type of event.
The last two columns are in units of microbarns per nu-
cleon for all the data for purposes of comparison with hy-
drogen data.

It may be noted that the single-nucleon slope b2 shows
a general decreasing trend with rising 3m. mass, which has
been observed elsewhere. ' ' ' The coherent carbon
slope b

&
displays ragged behavior, and shows rough

agreement with Ref. 16.
Also of note is the ratio of 0.(carbon)/0. (nucleon),

which decreases with rising 3m. mass. At low mass this
ratio is 14 which decreases to 5 at high mass. This indi-
cates that coherent diffraction tends to favor low-mass
states, and decreases in proportion to single-nucleon
diffraction as the mass rises. This has been observed pre-
viously. "

Of particular note is the overall cross section per nu-
cleus in coherent carbon diffraction of 1.09+0.13
mb/nucleus. This is to be compared with a value of
1.80+0.32 mb/nucleus obtained at 200 GeV/c by Zielin-
ski et al. in Ref. 16 for a mass range from 0.80 to 1.50
GeV/c . Assuming an A dependence of the cross sec-
tion, we find 0, to be 0.74+0.04. This value is consistent
with the value of 0.75 0 &4 quoted in Ref. 15.

TABLE I. For several regions of 3m effective mass, exponential slopes b, (carbon), b~ (nucleon), and b3 (background) are listed.

The cross sections are given for carbon diffraction (per carbon nucleus), nucleon diffraction (per nucleon), and the total of the three

separate contributions (per nucleon). The y and the number of degrees of freedom for each fit are also given. The all M(3~) row

was obtained from a separate fit to all the data.

M3m. & 1.10
1.10 &M3~ & 1.40
1.40&M3~& 1.55
1.55 &M3m &1.80
1.80 & M3~

All M3m

b]
[(GeV/c) ]

69+9
64+6
71+10
83+16
51+4
68+4

b2
[(GeV/c) ]

13+5
11+6
9+3

12+7
4.3+0.4
12+3

b3
[(GeV/c) ']

0.9+3
3.0+2. 1

0.5+2.9
2.2+2.0
0.1+0.3
2.4+0.9

X /&DF

6/21
15/23
17/21
8/21
9/21

12/21

o.(carbon)
(pb/nucleus)

244+80
473+63
117+17
119+26
192+104

1084+ 123

o.(nucleon)
(pb/nucleon)

17+4
31+16
14+4
14+8
39+6
98+10

o(tot)
(pb/nucleon)

56+7
121+15
35+4
50+6
79+10

342+43
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Figure 4 shows the effective-mass distribution using
weighted events for all ~ ~ combinations; it is feature-
less. A fit to the form
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N =(M M—T) exp( PM——yM ),
where MT=2M~, gives a g /1VDF of 56.2/49; a 23%
probability.

The effective mass of all ~ ~+ combinations, using
weighted events, is shown in Fig. 5. The most evident
feature is the large peak around 0.77 GeV/c, corre-
sponding to the p (770). A second enhancement is seen
around 1.27 GeV/c, corresponding to the f (1270). A
fit to the distribution, using the same functional form
used above for the ~ ~ as background, plus two Breit-
Wigner resonance forms, gives M(p )=773+1 MeV/c,
I (p )=169+49 MeV/c, M(f )=1268+9 MeV/c,
I (f ) =178+27 MeV/c, with a g /NDF of 57.1/43.
These values are consistent with established average
values.

It is observed that the percentages of p comprise
(81.3+6.4)%, and f comprise (10.4+1.1)% of the total
sample, consistent with those found in Ref. 25. The cross
sections per nucleon of these resonances are calculated to
be

cr(p ~m n+ ) =270+40 pb/nucleon,

cr (fo~w sr+ ) =35+6 p,b /nucleon .

Figure 6 shows the ~ ~ m+ effective mass spectrum.
Enhancements corresponding to the A

&
/A z and 3 3

are clearly seen. Because of the small size of the sample a
partial-wave analysis was not performed and we were un-
able to obtain the relative sizes of the 3, and 3 2 con-
tributions. However, a cut in the ~ ~+ effective mass
corresponding to the f (1270), 1.14(M(vr sr+)(1.36
GeV/c, has been made, and the results are shown in Fig.
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FIG. 6. Effective mass of the m ~ ~+ system for the final
sample, with each event weighted for acceptance. The bins are
50 MeV wide.
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7. A fit was performed to the same background form as
was used for M(7t n+), with MT allowed to vary, plus a
Breit-Wigner resonance - form. The results give
M(Az )=1688+17MeV/c, I ( A

&
)=293+39 MeV/c,

with a g /ND„of 24/25. The numbers are consistent
with established values.

The cross section per nucleon of the A 3 has been cal-
culated, adding a 20% systematic error to the number of
c4 3 events observed due to the fact that the A 3 is not in
reality a pure Breit-Wigner resonance. ' ' The cross sec-
tion is

0(Aq ~f m ~m+rr rt ).
= 15.9+2.4+3.7 pb/nucleon

where the first error is statistical and the second is sys-
tematic.

In summary, the diffractive dissociation of m into
m+ is observed at 200 GeV/c, with a total cross

section for events with missing-mass squared M &16
(GeV) of 342+43 pb/nucleon. The t' distribution of the
events is fit by a sum of three exponentials representing
both coherent carbon diffraction and single-nucleon
diffraction and the background. The exponential slope of

FIG. 5. Effective mass of ~ ~+ combinations for the final

sample, with each event weighted for acceptance. The bins are
30 MeV wide. There are two entries per event. The curves
shown are explained in the text.

FIG. 7. The distribution of n ~ m+ e6'ective mass, with one
combination having effective mass 1.14 & M ( m m. )

& 1.36 GeV, and each event weighted for acceptance. The bins
are 50 MeV wide. The curves shown are explained in the text.
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the Gt to the t' distribution is observed to decrease with
rising 3m. mass. The proportion of coherent carbon to
single-nucleon events is observed to decrease with rising
3~ mass. An 3 dependence of the cross section is found
to have a =0.74+0.04. The p (770) and f (1270) are seen
in the ~ m+ effective mass spectrum, with cross sections
of 270+40 pb/nucleon and 35+6 pb/nucleon, respective-
ly. The A, /A 2 and A 3 enhancements are observed in
the effective mass spectrum, and the coherent cross sec-
tion for producing the A3 which decays to this final

state is found to be

0 ( A 3 ) =15.9+2.4(stat)+3. 7(syst) pb/nucleon .
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