Vol. BY (1978) ACTA PHYSICA POLONICA No 6
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The multiplicity distributions of charged particles produced in %~ Ne interactions at
25 and 50 GeV/c are presented and compared with 7 nucleus and 7 nucleon data. Tt is found
that for the produced negative particles, the dependence of the dispersion on the average
multiplicity is compatible with that observed for #¥p and mtd interactions. We observe
that the average multiplicity of produced negatives, <NF™>, is correlated with the number

—/s

of observed protons, Ny, and obtain an effective target mass merr = (Np+ 1myp.

1. Introduction

In this paper we present results on the multiplicities of secondaries produced in z-Ne
interactions at 25 and 50 GeV/e. The experiment is performed in the FNAL 15-foot
bubble chamber filled with a neon-hydrogen mixture. The large volume of the 15-foot
chamber makes it possible for the secondary particles to separate which enhances the
probability of determining correctly the multiplicity of the charged secondaries. In addition,
the bubble chamber allows us to observe “slow” particles and identify the protons from
jonization. Thus, the correlations between the number of observed protons and the fast
secondary particles can be studied.

While there have been considerable data available for hadron-nucleus interactions
at high energies, much have come from emulsion experiments where either the sample
of events is small or the target is a composite of several different nuclei with significantly
different atomic weights. This latter point has made it difficult to study the dependence
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of multiplicity on the atomic number of the nucleus. High-statistics electronic experiments
have studied interactions on solid targets; however, in those experiments, it is not possible
to measure the slow protons which are produced in conjunction with the fast secondaries.
Experiments in bubble chambers with heavy mixtures have the advantage of 4n-geometry,
a unique target, and the possibility of detecting the slow protons, Moreover, the fast second-
aries can be separated according to charge and a good efficiency for detecting neutral
particles such as y’s and Vs is intrinsic to the device. Thus, corrections can be made for
neutral particles which materialize close to the interaction vertex and bias the determina-
tion of the charge multiplicity.

In Section 2 we present the experimental details and procedures. The results and
a discussion of the results are given in Section 3 and 4, respectively, and the summary and
conclusions are presented in Section 5.

2. Experimental procedure

The data were obtained from an exposure of the Fermilab 15-foot bubble chamber
filled with a heavy mixture of Ne—H, (64 °/ atomic neon) to 25 and 50 GeV/c 7~ beams.
The radiation and interaction lengths for this liquid are 39 cm and 1.4 m, respectively.

The film was scanned for all interactions within the fiducial volume. This resulted in
the 444 events at 25 GeV/c and 956 events at 50 GeV/c which are analyzed in this paper.
The number of positive (minimum ionizing), V., and negative, N_, secondary tracks were
recorded. Also the number of identifiable protons, N,, was recorded for each event.

Proton tracks can be identified visually by ionization and range in the momentum
interval 160 < p < 800 MeV/c, which corresponds to track lengths 0.15 </ < 75 cm.
Thus, protons with momenta p 2 800 MeV/c are included in the N, sample. All identified
Dalitz-pairs, close y’s (< 1 cm), §-electrons, and close secondary interactions were recorded.
These were used to correct statistically the average multiplicities. One-prong events were
detected only for laboratory scattering angles 6,,, = 2°. Since most of the coherent elastic
n~Ne interactions have 8, <2° only a very small fraction of the elastic n~Ne events
contribute to the one-prong events.

In order to study n~Ne interactions we must remove the background of n—p inter-
actions on free hydrogen. This is done statistically using the cross sections for 7~ Ne! and
np [2] collisions and the measured multiplicity distributions of charged particles in np
interactions at 25 and 50 GeV/c [3, 4]. We estimate that 37489/ of the elastic n—p events
are lost because of very short recoil protons. Thus, using inelastic cross sections o(z~Ne)
= (273 +£6) mband o(n~Ne) = (268 +6) mb for visible 7-Ne interactions at 25 and 50 GeV/c
[1], respectively, we concluded that only 8.5%42.09 of the recorded events were n~p
interactions on free protons, and this amount is subtracted from the observed multiplicity
distributions.

After making the above corrections there are still some biases in our data. The 0-
and l-charged particle topologies have scanning biases which are difficult to correct. In

! Interpolated from the data of Ref. [1].
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addition, events in which there is only one “fast” negative particle include both quasi-
-elastic scattering of the incident pion with the bound (quasi-free) nucleon in the neon
nucleus and inelastic interactions. Since we wish to compare the n~Ne charged particle
multiplicity distribution with that observed in n~p inelastic interactions (i. e., to compare
production of particles on free nucleons with bound nucleons in the nuclear environ-
ment), it will be necessary to either correct our observed N_ = 1 sample or to compare
only for N_Z= 2, i.e,, when there is at least one negative particle produced in the inter-
action, N >» 1. We stress that previous experiments have not made this distinction.
A further discussion will be given in Section 3.

3. Results

The multiplicity distributions of the fast charged, N, = N,_+ N_, and negative, N_,
particles are given in Table I (a, b) and shown in Fig. 1 (a, b). In Table I we also give an
estimate of the coherent n~Ne contribution obtained by extrapolating the measured
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Fig. t. Multiplicity distributions for 7~Ne interactions at 25 GeV/c (dashed) and 50 GeV/e (solid):
(a) Positive and negative particles as defined in the text and (b) negative particles only

Ocon/A%'3 cross sections to these energies [5, 6]. The statistical isospin model [7] is used to
estimate the contribution of coherent channels with neutral pions. The total N, distribu-
tion is shown in Fig. 1a, where we observe an excess of events at odd multiplicities extending
to N; = 7. The same phenomenon was observed in n~Ne interactions at 10.5 and 205 GeV/c
[8] and was interpreted as the result of diffractive dissociation of the incident n—. If we
assume that the excess of events in N, = 3, 5 and 7 originates from diffractive dissociation
(including coherent n~Ne channels), then we obtain 2247 mb and 24+ 5 mb for n~ diffrac-
tive dissociation at 25 and 50 GeV/c, respectively. These values are comparable with the
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TABLE Ia
Multiplicity distributions — all charged particles
25 GeVe 50 GeV/c
Ni R —
Observed 7~Ne? Observed ~Ne ?
| ] |
0 ] 5 ; 48 +22 I 0.7£0.7
| | 38 . 348 +59 (4.7)° 54 490+7.0 (12.7)°
2 ; 30 , 25.7 +5.1 59 534+ 7.3
3 : 69 65.7 =8.1 (7.0 112 105.7+10.3 (19.0)
4 ‘ 57 468 +6.8 90 , 757+ 8.7
5 ~ 60 57.7 +7.6 (0.6) 120 114,24 10.7 (2.0)
6 15 380 +6.2 94 809+ 9.0
40 39.0 +6.2 l 93 89.1+ 9.4
8 36 331 +£5.8 \ 85 76.1+ 8.7
9 15 14.7 +3.8 49 473+ 6.9
10 23 223 +4.7 55 512+ 1.2
11 10 9.95+ 3.1 43 423+ 6.5
12 8 79 +2.8 ! 27 254+ 5.0
i3 3 30 +1.7 § 23 229+ 48
14 — ' - f 13 127+ 34
s 3 | 30 1.7 | 14 140+ 3.7
16 - i — | 13 13.0+ 3.6
17 — | — | 3 3.0+ 1.7
18 1 ' 1.0 +£1.0 2 20+ 1.4
19 — — 1 1.0+ 1.0
20 — 2 20+ 1.4
21 | (0 +1.0 —
22 1 1.0+ 1.0
23 — —
24 1 1.0+ 1.0
25 ! 1 10+ 1.0
— R — . e
> ‘ 444 ! 408.5 , 956 884.6

2 Corrected for a-p events. P Estimated contribution of coherent channels.

diffractive dissociation cross sections of 17.2+ 3.0 mb and 23.4+ 3.0 mb observed in 7~Ne
interactions at 10.5 and 205 GeV/c, respectively [8].

In Fig. 2 we present the multiplicity distribution of the negative particles in 7 Ne
interactions at 25 and 50 GeV/c using the KNO scaling variables [9]. (Note that we include
N_ =0, 1in {(N_>.) We have also included in Fig. 2 data for »=~Ne interactions at 10.5
[10], n~C interactions from 4 to 40 GeV/c [11], and = p interactions at 50 GeV/c (solid
line) [4]. The scaled multiplicity distributions are in reasonable agreement with each other
and consistent with KNO scaling for x—-nucleus interactions. The average multiplicity and
dispersion, D_ = [(N2) — (N_)?]"'2, of oy_ are given in Table II.
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TABLE Ib
Multiplicity distributions — negatives only
25 GeV/c 50 GeV/e
N o -
Observed nNe? Observed 7-Ne?
0 7 6.8+ 2.6 11 10.7+ 3.3
| 84 76.5+ 8.7 4.7)° 122 110.4+10.5 (12.7)®
2 112 98.5+10.0 (7.0) 201 180.4+13.4 (19.0)
3 123 113.7+10.7 (0.6) 230 2121+ 14.6 2.0
4 65 6l.1+£ 7.8 164 151.2+12.3
5 37 36.1+ 6.0 11 105.5+10.3
6 14 13.8+ 3.7 61 58.7x 7.7
7 2 20+ 14 37 36.6+ 6.0
8 9 9.0+ 3.0
9 7 7.0+ 2.6
10 2 20+ 1.4
11 — —
12 1 1.0+ 1.0
Y 444 408.5 956 884.6

* Corrected for 7—p events. ® Estimated contribution of coherent channels.
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Fig. 2. Distribution of KNO scaling variables. z-p and other =~ Nucleus data are plotted for comparison

Figure 3 presents the dispersion of the multiplicity distributions of negative particles
as a function of the average multiplicity of n~Ne interactions for incident momenta from
10.5 to 50 GeV/c. We have also plotted similar data for n~C collisions [11]. At fit of these
data to D_ = A_+B_{N_) yields A_ = —0.0540.03 and B_ = 0.53+0.02. The fitted
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TABLE II
Average multiplicities and dispersions
| 25 GeVie 50 GeV/e
N> | 2.91+0.07 3.5140.07
D | 1.46+0.11 1.74+0.08
(NP l 2.27+0.06 2.85+0.07
DPr i 1.19+0.09 1.63+0.08

SONP = N (N—Don/ Y on

slope B_ is similar to that obtained in 7 p interactions [12]. Tt is clear from Fig. 3 that
{N_>/D_ for 7~ nucleus interactions is systematically lower than that obtained for =—p
interactions. However, as discussed in Section 2, the events with N_ = 1 in n~ nucleus
interactions can .result from quasi-elastic (incoherent) interactions with no production of
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Fig. 3. Comparison of dispersion versus N- for zzp and 7 nucleus data. Solid lineisa fitto D_ = 4 _+B{N_>

with 4 = —0.054+0.03 and B = 0.53£0.02

new particles but only, perhaps, nuclear fragments. Since there is no unique way to estimate
the contribution of such processes, we consider only events with N** > 1 (N_ > 2). Thus
calculated (N>, D®* values are given in Table 1I. In Fig. 4 we give the D™ vs (N>
dependence for these data. For comparison, we also give n~p and n~d values [12]. These
data all fall on the same curve, consistent with the universality of the dependence of
dispersion on average multiplicity of produced negative particles for hadron-nucleus and
hadron-nucleon interactions. We stress that the difference between n—p and n-nucleus
data shown in Fig. 3 results from having included the N_ = 1 channel which contains,
for the n—nucleus interactions, the quasi elastic =~p scattering, while the n—p data with
which we compare contains only inelastic interactions.
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Fig. 4. Comparison of dispersion versus number of produced negative particles for -7~ Ne (this experiment
and Ref. [10]), zd and a*p (Ref. {12])

The multiplicity distributions of the identified protons, N, observed at 25 and 50 GeV/c
are shown in Fig. 5 where i* can be seen that, within the statistical errors, there is no energy
dependence. Thus, the multiplicity distributions of protons with momenta 160 < p
< 800 MeV/c exhibits a “‘scaling”-like behavior which also has been observed for
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Fig. 5. Fraction of events with identified protons

7~ Carbon interactions [11, 13] and for collisions of pions and protons with emulsion
nuclei [14}. This can be understood qualitatively as a consequence of an approximate
energy independence of the distribution of the number of inelastic collisions in the nucleus.

The average multiplicities of identified protons at 25 and 50 GeV are (N> = 1.32+0.07
and (N,> = 1.37+0.05, respectively. Inn~C interactions between 4 and 40 GeV/c
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(N> =097+0.02 and is independent of energy [13]. Taking (N,) to be energy independent
and assuming (N> ~ A* we obtain from the Ne/C comparison x = 0.63+0.09. This
suggests that (N> has an 4?'* rather than the 4'"® dependence expected by some models
of hadron-nucleus interactions (see, e. g. Refs [15, 16]), which may indicate some rescatter-
ing contributions.

4. Discussion

To compare our data with theoretical models, we begin with the most basic measure-
ment, the average multiplicity. For reasons explained above, we consider only N
Assuming that the ratio of N*7 to the total multiplicity (including neutrals) is the same for
neon and hydrogen, we divide (N”') by the equivalent value for 7p scattering as a measure
of the quantity R, = (N}, /<N, For 25 and 50 GeV we obtain1.19+0.03 and 1.20+0.03,
respectively.

Comparing our experimental values for R, with theoretical predictions is complicated
by the fact that three of the models, the energy flux cascade model of Gottfried [15], the
two-phase model of Fishbane and Trefil [16], and the parton model approach of Brodsky,
Gunion and Kithn (BGK) [17], require specification of (v}, the average number of colli-
sions in the nucleus, which cannot be unambiguously determined. For these models, we calcu-
late two values for R, based on two reasonable parametrization of {v>: (1) v, = Aoun/o44
[19], where o,y and o,, are hadron-nucleon and -nucleus inelastic cross sections. Using
measured cross sections [1, 2] we find 1.52 and 1.55 for v, at 25 and 50 GeV, respectively;
(2) v = Y va(v)/Y o(v) in which the cross section for v collisions, o(v), is obtained using the

v ¥

Glauber formalism [20] with o,y = 20 mb and a Gaussian nuclear density. This gives
v, = 1.67 for zNe. To apply the model of BGK, the fraction of particles produced in the
fragmentation regions also must be specified. We have chosen 100 %, appropriate for low
energies where no plateau exists®>. In this case, the prediction coincides with that of

TABLE HI
R for m~Ne — experiment and theory

25 GeV/c | 50 GeV/e
Experiment, using N¥* 1.19+0.03 i 1.20+0.03
Gottfried {15} 1.7, 1.22* 1.18, 1.22
Fishbane and Trefil [16]
BGK [17] } 1.26, 1.33 1.28, 1.33
Nikolaev [18] 1.23 1.27
CTM [22] 1.14 1.14

2 Values for », and »,, respectively.

2 At 200 GeV/c lab momentum, the authors choose 20%; if we had used this value, we would have
obtained R4 = 1.30 and 1.41 for », and »,, respectively.
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Fishbane and Trefil. Predictions of the above models for R, at 25 and 50 GeV, and for
v, and v,, are shown in Table IIIL

Also in Table III are predictions of the intranuclear cascading parton model of Nikolaev
[18] and the Collective Tube Model (CTM) of Dar et al. [22]. Values for the former were
obtained by interpolation from a figure in Ref. [18] and we calculated the latter using the
o(v) partial cross sections employed to calculate v,.

Considering uncertainties in applying the models, including the ambiguity in determin-
ing (v, it appears that none of the models disagrees enough with the data to be ruled out.

In this experiment, protons with momenta > 800 MeV/c are not identified during the
scanning and are included among the N, particles. Evidence for these protons comes from
the net charge Q = N.— N_ of the fast particles. In Fig. 6a, b we plot the average value of
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Fig. 6. Comparison of the dependence of the net charge on the number of charged tracks (N3): (a) Nt
even; (b) N+ odd

Q, for each multiplicity N, . The scaled multiplicity N, /(N .) is used in order to compare
these data with two other experiments {10, 21]. It may be concluded from Fig. 6 that the
dependence of (Q) versus N./{N.> is similar for all three experiments. The total number
of protons emitted in 7 Ne interactions at 10.5 GeV/c was determined by employing charge
symmetry to be 1.3 times larger than the number of visually identified protons [10]. The
similarity of the (0> vs N./{N.) distributions (Fig. 6) suggests a similar proportion of
fast protons in this experiment.

Multiple proton production is characteristic of hadron-nucleus scattering and sug-
gests that several nucleons were involved in the interaction. Since all models that describe
the behavior of a hadron within the nucleus predict that the multiplicity increases with
the number of struck nucleons, we show the dependence of (N°"> on the number of
observed protons in Fig. 7a. Similar results have been obtained by Yeager et al. [10] at
10 GeV/e.

In an attempt to quantitatively understand the apparent correlation, we have used the
basic assumption of the CTM [22], which is that multiplicity is a function only of the
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center-of-mass energy of the beam and a ‘““‘coherent tube” of nucleons forming a target of
N, nucleons. Thus we use the known dependence of (N**) in n—p collisions on the center-
-of-mass energy to obtain an effective target mass®, m.y, from s = m2+mic+2mE.
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z ¢
Vo af ¢ .
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3 i 3 3. i }.
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L 1 ] ! 1 i
¢} { 2 3 4 5
N

Fig. 7. Dependence of (a) <NF for NP7 > 1 and (b) the effective target mass on the number of visually
identified protons, Np. The solid line represents mese = (Np+ Dy

TABLE 1V
Effective target masses inferred from multiplicity
mess (GeV/c?)
Np ......
25 GeV/e 50 GeV/c
+0.19 +0.15
0® 129 47 118 )14
+0.33 +0.19
1 1.89_ 029 144 _0.17
5 44080 , 7058
274 _o.64 297_0.49
+0.92 +0.97
3 291_ o7 3.84_ 0o
+1.09 +2.03
>4 3.01 —0.70 6.73 _ 161
+0.15 +0.14
All events 1.84_ 445 193_412

2 Coherent events removed.

3 We assume that <NPr> has the same dependence on s.ss as is observed for (N> versus 5 in 7-p

collisions, i.e., <NP™> = 4+ BlIns4Cln?s, where A = 0.28:+£0.07, B = 0.53520.065 and C = 0.025+
+0.010. We also have used another parametrization for (NET), that is (NP'> = 44 Blogprap and
obtained essentially the same results for mesr.
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The values obtained for each N, are given in Table TV and shown in Fig. 7b, where it can
be seen that the data are consistent with m ¢ = N m,, wheré Ny = N +1. The CTM
in fact predicts such a linear dependence.

In order to make a more detailed check of this prediction, we have selected the statisti-
cally largest sample of events at 50 GeV/c with N, = 2 (corresponding to Ny = 3.16+ 25}
and N > | and compared the multiplicity distribution, o(N™) = oy /(3 oy ), With that
observed for n—p collisions at 100 GeV/c [23] (corresponding to N =~ 2) and 147 GeV/c

T T Ty T T . T
2 (a) .
—~ I
a
i:, 1"‘?—%—&— «? + -
&zl i , &
< f
3 (b)+
T l
a, i
&gt f ]
1 | 1 ] 1 ! i

NP

Fig. 8. The ratio of the multiplicity distributions of negative particles for @ Ne interactions with
Np = 2 at 50 GeVjc to p interactions at (a) 147 GeV [24) and (b) 100 GeV/jc [23]

[24] (corresponding to N, =~ 3). The results are shown in Figs. 8a, b. It is seen that,
consistent with the CTM predictions, the o(N*") distribution for events with N = 2 is in
good agreement with the 147 GeV/c data (Fig. 8a); however, it is not compatible with the
100 GeV/c data (Fig. 8b).

5. Conclusions

We have presented data on the multiplicity of particles in n~Ne collisions at 25 and
50 GeV/c. The multiplicity distribution of negative particles was found to obey nuclear
KNO scaling. Because of the contamination of quasi-elastic scattering, the dependence of
D_ on {N.) in n—-nucleus collisions differs from that in np collisions. However, if we
consider produced negative particles, N*', then the r—-nucleus and n-p data have the same
D¥ vs (N®> dependence. We have examined the predictions of several models for R,
and found none in serious disagreement with the experimental values. Comparing the
average number of protons with momentum 160 < p < 800 MeV/c produced in n~C
and mNe collisions we conclude that {(N,> oc 4%/,
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We also have observed that the average multiplicity of produced negative particles,
(N, increases with the number of observed protons, Np‘. By using the observed (N>
dependence on center-of-mass energy squared, s, we obtained an effective target mass for
each value of N,. Within errors, this was found to be consistent with m. = (N,+1)m,
and in agreement with the expectations of the coherent tube model.

We would like to thank the staff of the neutrino laboratory, particularly the 15-foot
bubble chamber crew for their efforts. We are also grateful for the assistance of the Berk-
eley-Hawaii-Seattle Collaboration (E-172) in taking these data which were used to
calibrate total hadronic energy measurements in the 15-foot bubble chamber.
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