PHYSICAL REVIEW D

VOLUME 29, NUMBER 3

1 FEBRUARY 1984

Total inelastic pion multiplicity distribution in 250-GeV/c 7=~ p interactions

R. N. Diamond,* P. J. Hays,T S. Hagopian, and J. E. Lannutti
Florida State University, Tallahassee, Florida 32306
(Received 6 December 1982)

0

Semi-inclusive 7° multiplicity distributions for 2—14 charged prongs are obtained using a
generating-function approach based on an expansion in terms of Mueller moments. The four-prong
data require the explicit assumption of a two-component model. Under this assumption and the
further assumption of no three-neutral-particle correlations, the total pion multiplicity is obtained.
The total multiplicity shows peaking at even prongs, indicative of G-parity-conserving diffractive
processes which dominate at lower multiplicities. The cross section for these processes is ~4 mb.

I. INTRODUCTION

One of the first quantities reported by bubble-chamber
experiments is the multiplicity distribution of the recorded
events. These distributions for the most part pertain only
to the charged-particle multiplicities.! Some information
on neutral-particle production, such as the mean number
f ’{0 and two-particle correlations f ’2’0, has been presented
but, because of limited statistics, the semi-inclusive neu-
tral and hence the total pion multiplicity distributions
have not been reported. A number of models have ap-
peared in the literature’ which purport to describe the
multiplicity distributions of the produced particles. Many
of these models make similar predictions for charged-
particle production, but differ on their neutral-particle
predictions. In order to distinguish between many of
these models and to further test the notion that two com-
ponents>* are needed to describe particle production, the
neutral multiplicity distributions provide valuable new in-
formation.

II. EXPERIMENTAL DETAILS

The experiment (E-234) was carried out in the Fermilab
15-ft bubble chamber filled with liquid hydrogen, and in-
volved a 46000-picture exposure to a 250-GeV/c 7w~

beam. A kicker magnet in the beam line was used to limit
the flux to an average of four beam tracks per exposure.
The large fiducial volume gave the chamber a high detec-
tion efficiency for neutral strange particles and for y rays
which result primarily from 7° decay. We have previous-
ly published results on strange particles’ and inclusive 7°
production based on a measured subsample of the film.6
The results presented here are based primarily on the
scan information, although certain parameters such as the
momentum-dependent ¥ -ray-conversion probability are
based on the measurements. In all that follows we neglect
the presence of charged strange particles, treating them as
pions also. The scan results are summarized in Tables
I-III. From Table I we see that of the 40337 frames
deemed usable for doing y-ray physics, 8567 were rejected
because they had more than 15 beam tracks. The neutral
secondaries were put into one of three categories by the
scanners: G for secondaries with essentially O° opening an-
gles and with at least one track showing the characteristic
spiraling of an electron, ¥V for secondaries with nonzero
opening angles or with heavily ionizing or interacting
tracks, and 4 for secondaries with ~0° opening angles
which were ambiguous between G and V. Subsequent
measurements and kinematic fitting of the A4 secondaries
revealed that ~90% were actually y-ray conversions.
Table II shows the GA multiplicities from the scan for

TABLE 1. Scan results.

First Conflict
Category scan Rescan scan
Total frames 40337 6659 5957
Good frames 31770 5035 4444
Bad frames 8567 1624 1513
No. of beam tracks 109 884 19 669 17575
No. of events 22330 3904 3656
No. of G’s 12565 2180 2139
No. of A4’s 12 545 2234 2319
No. of Vs 2505 402 440
No. of GA’s 25110 4414 4458
Events with G4 =0 9617 1635 1441
Events with G4 =1 5936 1071 1003
Events with G4 =2 6777 1198 1212
29 368 ©1984 The American Physical Society



29 TOTAL INELASTIC PION MULTIPLICITY DISTRIBUTION IN . . .

369

TABLE II. Distribution of GA’s for corrected primary charged-particle multiplicity. The elastic two-prong events have been re-

moved.
GA’s Total
Prongs 0 1 2 3 4 5 6 7 8 9 (G4) events
0 14 3 4 0 0 0 0 0 0 0 0.53 21
2 641 439 202 79 30 8 2 0 0 0 0.90 1402
4 1796 837 401 178 76 28 8 3 1 0 0.81 3328
6 1615 1161 662 282 132 48 20 10 1 1 1.10 3931
8 1462 1225 750 390 175 74 40 5 3 2 1.28 4127
10 1013 1037 693 348 159 74 34 7 4 2 1.42 3371
12 674 648 467 271 141 60 25 11 4 0 1.53 2310
14 355 411 304 175 98 47 21 5 4 2 1.67 1422
16 192 226 145 117 51 22 13 4 4 1 1.71 774
18 80 124 75 47 31 17 7 2 1 1 1.82 386
20 36 42 48 29 14 9 4 3 1 0 2.04 185
22 14 23 14 10 8 3 5 1 0 0 2.09 78
24 9 10 7 7 5 5 1 1 1 0 2.38 47
26 1 1 4 0 1 0 1 0 0 0 2.48 8
28 1 1 1 1 1 0 1 0 0 0 3.09 5
30 0 0 0 0 0 0 1 0 0 0 6.00 1

Total

events 7903 6198 3775 1932 921 395 183 52 25 10 1.26 21395

each charged multiplicity. An average of 1.26 G or A4
secondaries was found for each event.

Table I indicates that three scans took place. Approxi-
mately 15% of the film was rescanned for purposes of ob-
taining the scanning efficiency. 90% of the rescanned
frames were subject to a conflict scan in order to resolve
any differences between the first two scans.

The charged-particle multiplicity distribution shown in
Table II has been corrected for a number of effects includ-
ing (1) unresolved secondary interactions, (2) unobserved
recoil protons, (3) hidden G or A4 vertices near the primary
vertex, (4) hidden ¥’s, (5) Dalitz pairs, (6) hidden neutral
strong interactions, and (7) missed two-prong events. The
details of these corrections can be found in Ref. 4.

The scanning efficiencies for this film are presented in
Table III. The two-prong events clearly have a lower scan
efficiency (“finding” efficiency €;) than other topologies.
However, if neutral secondary vertices such as y-ray con-

versions are visible, the two-prong events have a better
chance of being noted. This situation has another conse-
quence, namely that the two-prong sample, being relative-
ly enriched with respect to GA vertices because of the
lower scan efficiency for two-prong events without GA4’s,
has a greater potential length and therefore a higher con-
version probability for the ¥ rays. The identification effi-
ciency €; has several components, primarily the probabili-
ty (~95%) that a GA is actually a y ray and the probabil-
ity (~72%) that the y ray is associated with the primary
vertex, i.e., gives a three-constraint kinematic fit.

III. RESULTS

A. Method of parametrizing the data

The charged-particle multiplicity distribution is easily
obtained from the scan information once the corrections

TABLE III. Scan efficiencies. The identification efficiency is the probability that a G4 is in reality a y-ray conversion associated

with the primary vertex.

Prongs 0 GA 1G4 2G4 >3 GA
Primary vertices
Finding efficiency 2 0.69+0.02 0.85+0.04 0.74+0.08 0.72+0.12
12 0.91+0.03 0.91+0.03 0.99+0.01 0.97+0.01
All others 0.919+0.005 0.919+0.005 0.919+0.005 0.919+0.005
GA’s
Finding efficiency 2 0.76+0.05 0.67+0.07 0.90+0.05
All others 0.767+0.005 0.767+0.005 0.767+0.005
Identification efficiency 2 0.48+0.05 0.48+0.05 0.48+0.05
4 0.58+0.05 0.58+0.05 0.58+0.05
>6 0.63+0.02 0.63+0.02 0.63+0.05
Conversion efficiency 2 0.160+0.004 0.160+0.004 0.160+0.004
>4 0.139+0.003 0.139+0.003 0.139+0.003
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mentioned in Sec. II are determined. The neutral pion
multiplicity distributions, however, must be inferred from
the observed GA distributions. Because of the relatively
low detection efficiency, the 7 distribution at high multi-
plicity is largely determined by events with high numbers
of GA vertices, a statistically meager sample. We there-
fore restrict ourselves to events with 2—14 charged prongs
where the GA sample is usable.

We use a generating-function technique applied to mo-
ments analyses”? to evaluate the #° multiplicity distribu-
tion. This technique is described in the Appendix.

To compute the 7° moments (and o,,’s) we visualize the
production of GA4’s as shown in Fig. 1. The first step is
the production of 7%s according to an as-yet-unknown
multiplicity distribution. Let & o(g) be the frequency-
generating function (FGF) for the 7s and P, (h,) be the
FGF for the y’s comlng from the 2y decay of the o
The argument &, is the generator for y’s. These FGF’
are related by

D, (1)) =P _o(h)°) . (1)

Conceptually we regard the y’s as “decaying” into ¥’s
which convert with probability €, in the bubble chamber,
Y, OF into 9’s which do not convert and are consequently
lost, ;. We can substitute

h7=607c+(1_‘6c)7/1 . ()

In a similar fashion we consider the converted y’s, ., as
decaying into y’s which are either found by the scanners,
¥, or else missed by them, y,,. If the probability of a
scanner finding a converted y ray is €, we can set

’}/CZEf’)/f—l—(l—Gf)‘}/m . 3)
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FIG. 1. Decay chain used in generating-function approach to
#° multiplicity distribution.

In Egs. (2) and (3) ¥, ¥, ¥, and v, are, respectively, the
generators for y’s converted, lost, found, or missed. The
FGF for y’s which convert in the bubble chamber and are
found by the scanners is obtained by substituting Eqgs. (2)
and (3) into Eq. (1) to give

D,y )= o€t +e(l—elym+(1—)y ). @

v’s which failed to convert or were not found are neglect-
ed by setting y,, =y;=1in Eq. (4). Then

q>y(7’f)=

We are actually interested in the FGF for GA4’s and
given the generator g for GA’s we have

=o,(g), (6)

(D"o((ECGf’}/f—Fl—GCEf)Z) . (5)

Dgylger+1—€p)

where €; is the probability that a GA is indeed a y ray as-
sociated with the primary event. Using Eqgs. (5) and (6) we
have

Dgu(g)= o([ ecef/el)g +1—(6c6f/€1)] ) (7
or equivalently
D _o(r)=DgywVr +1—w), ®

where w =¢€;/€.€5. The second Mueller moment® for the
GA’s is obtained from the GA’s FGF (see Appendix) by

94— (3/3r)In®g4(r + 1], o - )
By taking the appropriate derivatives of Eq. (8) we obtain
ST =W/ —w/aret . (10)

Equation (10) relates the desired moment f 12’0 to the mea-
sured moment f gA.

If a single-7° production mechanism is present, and if
three-particle and higher-order correlations are small, then
f;’o can be neglected for n >3. From a knowledge of f }’0
and f7 we can derive the #° multiplicity using Eq. (A2)
in the Appendix and the GA moments computed from
Table II. The weights w in Eq. (8) are obtained from
Table III. If two production mechanisms, say, diffractive
and nondiffractive, are present the first two Mueller mo-
ments become

[T =afp+1—a)f Ty, (11
P —af +(l—a)f Iy +a(l—a)(fTo—FI9), (12)

where the subscripts D and N refer to diffractive and non-
diffractive components and a represents the relative
amount of the diffractive component. The presence of
two production mechanisms, even though each mecha-
nism has f, vanishing for n > 3, will lead to nonvanishing
f» if one assumes only a single production mechanism.
B. #° multiplicity distributions

The inclusive 7° multiplicity distribution obtained from
this moments analysis is shown in Fig. 2. The Mueller
moments for the distribution are f ’1’0=3.52i0.39,
2 =3.3+1.0, and fT° =3.5+2.0. Also plotted in Fig. 2
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FIG. 2. Normalized inclusive #° and produced-charged-
particle multiplicity distributions. The curves serve only to
guide the eye.

is %N ch— 1 which represents the number n, of produced
7~ or w+. The mean value of n, is 3.17+0.02 and the
full width at half maximum (FWHM) is 4.86+0.05 com-
pared to 3.52%+0.39 and 6.1+1.0, respectively, for the
7”s. We see that within errors the two distributions are
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FIG. 3. Normalized 7° multiplicity distribution for 2, 4, 6, or
8 charged prongs.
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FIG. 4. Normalized 7° multiplicity distribution for 10, 12, or
14 charged prongs.

consistent with each other. From this we can conclude
that the production of 7%s is statistically the same as the

production of charged #’s. A nonzero f §'° is attributed to
the presence of two components in the production process.

A similar type of analysis has been carried out in order
to obtain the semi-inclusive #° multiplicity distributions.
For each charged multiplicity we assume that a single
production process is dominant and that for each com-
ponent we can take f,’,’o to be zero for n >3. As evidenced
by Figs. 3 and 4 these assumptions lead to reasonable-
looking #° distributions for all charge multiplicities except
for four prongs.

We believe that two components, a low-multiplicity dif-
fractive component and a higher-multiplicity nondiffrac-
tive component, contribute about equally to the four
prongs, but that the two prongs are dominated by the dif-
fractive component and that the six- and higher-charged-
prong events are dominated by the nondiffractive com-
ponent. This notion is supported by Figs. 5 and 6 where

I O M T T T T T T T
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Primary Charged Multiplicity
8 .

(]
T
1

< m°> / Event
D
T
1

O n 1 " 1 . 1 n 1
0 4 8 12 16
Number of Charged Prongs

FIG. 5. The mean number of 7%s, f ’{0, plotted as a function
of the primary charged multiplicity. The curve is a linear fit us-
ing 6—18 prongs.
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FIG. 6. The second Mueller moment f 3’0 plotted as a function
of the primary charged multiplicity. The curve is a linear fit us-
ing 6—18 prongs.

we plot f YD and f ’{O as functions of the charged multiplici-
ty. Linear fits to these data over the range of 6—18
prongs give

FP(Np)=AN o+ B (13)
with

A4 =0.191+0.015 and B =2.14+0.15
and

SP(Ng)=CNey+D (14)
with

C =0.11740.024 and D =1.93+0.23 .

0 .
We note that f7 (2) is consistent with zero. We can apply

Eq. (14) to the two- and four-prong data by assuming f7p
is zero for both the two- and four-prong events and using
Egs. (11) and (12). The results are

a(2 prongs)=0.93+0.10,
a(4 prongs)=0.50+0.13 ,
f75(2 prongs)=2.10+0.29 ,
fTp(4 prongs)=0.92+0.46 .

The diffractive fractions a are similar to those obtained in
a 205-GeV/c 7w~ p experiment.'® The four-prong #° distri-
butions for the diffractive and nondiffractive components,
as well as for the total 7° multiplicity, are shown in Fig. 7.

The semi-inclusive 7° multiplicity cross sections for
2—14 charged prongs are presented in the Table IV. We

4 Prong 7 ° Multiplicity Distribution
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FIG. 7. The normalized diffractive, nondiffractive, and com-
bined four-prong 7° multiplicity distribution. The relative
amounts of the diffractive and nondiffractive component are ap-
proximately equal for the four-prong events as explained in the
text.

can combine these results to give the total inelastic multi-
plicity which is displayed in Fig. 8. The oscillatory nature
of the multiplicity distribution, which peaks at even mul-
tiplicities, is at first surprising. However, this is the
behavior one would expect if there were a sizable pion dif-
fractive or other G-parity-conserving process involved.
The nondiffractive component should lead to a smooth
pion multiplicity distribution while the diffractive process
should contribute to even multiplicities. Furthermore, the
effect appears to diminish at the higher multiplicities
where the diffractive component should be negligible.
This oscillatory behavior of the total multiplicity distribu-
tion is also the behavior which would be expected if pions
were produced in I =0 pairs. We have previously pub-
lished* results based on the charged multiplicity distribu-
tions which are compatible with this production scheme.
Recent results of Band et al.!! also support the production
of I =0 pion pairs at 200 GeV/c.

A caveat must be attached to Fig. 8. The error bars are
purely statistical. The systematic errors which result from
the assumptions previously described are undoubtedly
large and difficult to estimate. Nevertheless, by drawing a
smooth curve through the troughs in the distribution, we
find that the total even-multiplicity excess amounts to ~4
mb. This compares with reported total diffractive cross
sections for 7 p at 200 GeV/c of 3.4+0.2 mb (~1.9 mb
for pion diffraction alone'), and 3.8+0.3 mb (2.8+0.3
mb for pion diffraction'?). At 147 GeV/c the total dif-
fractive cross section is 4.3 mb.'?
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APPENDIX

Let P, be the probability that n particles are produced
in an interaction. The frequency-generating function
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O(rs)= 3 Pyrisi, (A8)

ij=0
where r and s are now the generators for the two types of
particles; the generalization of Eq. (A1) through (A6) for
many types of particles being produced is straightforward.
If ®(r,s) is a two-type FGF then one of the particle
types (e.g., the one with generator s) can be ignored by set-
ting its generator to one (e.g., s =1). For example, if r is
the generator for charged pions and s the generator for
neutral pions then

D, (r)=D(r,1), (A9)
where ®,(r) is the charged-pion FGF and ®(7,s) is the

FGF for both neutral and charged pions.

Similarly, to ignore the difference between two types we
set their corresponding generators to be equal. Thus, the
FGF for pions (irrespective of charge) is given by

D, (r)=D(r,r) . (A10)
If a particle type with generator r decays, then
r—y biraisﬁi ceeg™ ) (A11)
i

where b; is the probability (branching fraction) of the ith
decay mode, where the ith decay mode consists of a; par-
ticles of type r, B; particles of type s, etc.
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