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Ab9tract 

alltipart10le production trom an experiment designed to 

search for charmed particles is described and analyzed. A nucle

ar emul.s1on stack was bombarded with the Fermi.lab 150 CeV )1+ 

beam and a system of counters, proportional chambers and drift 

chambers, and a magnetic spectrometer were used to detect and 

momentum analyze the scattered muons. 

I4u.ltiplicity distributions are given and compared with 

results of proton - and <Jr: emulsion interactiona at equivalent 

energies. A comparison of the pseudo-rapidity distributions 

is also made• 

Although there ie an over-all similarity between muon and. 

hadron "induced multiparticle production on nuclei there are 

also some clearly marked differences: e.g•• muons ore, on the 

average. less efficient than badrons in producing particles on 

nuclei. 

Knowing the angles and energies of the scattered muons we 

are able to select the processee in which particle multiplica

tion must oceur through intra-nuclear cascading. Our data 

indicate that cascading does exist as one of the effective 

mechanisms of particle multiplication in f - nucleus collisions. 

Purther experiments investigating the mechanism of this casca

ding are of considerable interest.· 

1.	 Introduction 

While multihadron production processes generated on nuclear 

targets by incident high energy hadrons have- a long history (see ,
2 
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e.g. Ref. [1J) the lepton data on multihadron production :trom . involved [3J. There may, however, exist Bome other production 
":1*'. 

high energy lepton - .nucleus interactions is rather searce. It mechanisms where short interaction regions are relevant, for 

seems therefore interesting to present all the available chara-. instance intra-nuclear cascading. By cascading we understand 

cteristics of multihadron production in deep inelastic scatte the following mechanism of production: . the .incident particle 

, .'J ring of muons in nuclear emulsion and compare them with the interacts with just one nucleon of the target and the products 
I 

I data for hadron - emulsion interactions. This is the main topic oftbis interaction, not the incident particle, collide with 
I 
I 

of this paper. the other nucleons of the target and produce more particles. 

The muon data reported here was obtained as a byprodu.ct .The nature of these intermediate products is of great importance 
,f 

from a hybrid electronic-emulsion experiment designed to search for understanding of the space- time development of production 

for charmed particles [2J and performed at Ferm1lab with 150 GeV processes. However, in hadron induced production, it is rather 

p+ beam. The availability of high energy muon beams at Perm1lab diff'icult to identify processes of cascading. On the other 

has perIni tted an extension of studies of' muonic interactions • hand, in the lepton induced processes where lepton momentum 

to higher V , y;2 and Q2 values than are accesible at electron transfers and energy losses are measured, there is a possibili:ty 

machines. We use the standard notation, where· of identifying cascading. This is because to a very good ap

is the invariant mass squared of the hadronic final state, 

(1 ) 2 Q2m -s = W
2 = 2mV + 

proximation charged leptons interact via exchange of one photon 

and by varying the mass - Q2 and energy v of the virtual 

Q2 0: 2EE' (1 - COB~)  (2) 
photon one can analyze multihadron production processes tor 

short or long ~ived,  very massive or almost real virtual photons. 
is the four momentum transfer squared, 

We take advantage of these possibilities and, as discussed in 

V= E - E' (3.) Refs [4,5, 6J , by selecting muon - nucleus interactions with 

is the energy loss of the muon, and m is the nucleon mass. small enough Bjorken scaling variable W =-~2.i we deal with 

Interactions of various high energy projectile with nuclei 
Q 

processes in which the virtual photon interacts with only one 

provide us with important information on space - time evolution nucleon of the target nucleus. Thus, although our statistics 

of the hadron final states [:3,4,5,6J. Vlhen the incident are low, our analysis nevertheless extracts some important 

particle is a hadron the main bulk of production on nuclear effects as, for example, intra nuclear cascading, which deserve 

targeta comes presumably trom e meehan:lsm in whieh large longi a mo~e  thorough investigation. 

tudinal int.erection regions of the incident particles are l' 

3 4 
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The paper is orgarlized a8 follows. In section 2 we give 

I the notation we use for the multiplicities. In section ) we 

. describe brieny the experimental «setup. In sectiOI1 4 the 

results on multiplicity distributions are collected and co~pared  

with the analogous data for incident hadrons. In section 5 

the pseudo-rapidity distributions are g1ven and compared with 

the results of multiparticle production by hadrons in emulsion 

and by muons on hydrogen. Section 6 contains discussion and _. 

conclusions. 

2. Notation 

Throughout the paper we shall use the following notation 

Nh 

,ns 

for the multiplicities and the following relations between them: 

number of relativistic (minimum ioniZing, /-J)- 0.7) 
pnrticlss observed in interactions with emulsion. 

number of slow (heavy ioniZing, f> < 0.7) partial'es 

majori ty of them are fragments of. the struck nucleus. 

n - number of relativistic charged hadrons. For hadrons 

nch 

induced interactions n .. ns; for muon induced interac

tions n .. ns - 1 (the scattered muon is Bubstracted 

frem ns) • 

- multiplicity of charged badrona in hadron - hydrogen 

and muon  hydrogen interactions. 

<n s) - l average mul tipllcity of produced cba:ged ha.drona in 

both muon  emulsion and hadron - emulsion interactions. 

Since,most of the recoil protons are slow and do not 

~ 

contribute to ns only the incident surviving particle 

(nc~- 0.5 

is subtracted from ns' One should realize, bowever, 

that in the inter.actions with small W a conside

. rable traction of the recoiling protons may be 

relativistic and included in n [7J. Althoughs
 
this correction is d1f'ficul t to compute we can
 

accept that, by taking. all'recoiling protons as
 

relativistic, one underestimates the number of
 
. ". I 
. produced hadrons. So, for small W s , we Shall 

take (ns>- 1.5 t instead of <n >- 1, for thes
number of Produced hadrons in p - nucleus inter

actions. This correction is valid for a target 

wi th equal number of protons and neutrons. For 

hadron - nucleus interactions one can neglect 

this effect because tbere one never deals ~~th  

samples which are rich in relativistic recoiling 

}U'otons. 

average multiplicity of produced charged particles 

in muon - proton and muon - neutron interactions. 

:Note the t in accordance li'i th Ref. [aJ we remove 

the recoiling proton by SUbtracting 0.5 (not 1) 

from (nCh> . This is because the exchange 

interactions are important for 2.5 GeV ~ 11 ~ 4.25 

GeV and we assume this to hold also for larger w. 
To compute the relative multiplicitie~,  R, which 

measure the influence of the target nucleus on 

production, we need to know the average mu1tiplici 

ty on one "effective nucleon". This multiplicity 

5 
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for a target composed of Z protons and A-Z neu

trons is 

) 
Z G- (n >+ {A-Z)a'n (~>

<~uCl  • P Zep + tI-Z) 5 n ' where subsoripts 

refer to proton or neutron. In the case of muon 

emulsion interactions we therefore take <~ci>.  (n )ch
- 0.5. 

,<nch>- 2 ~	 average multipllcit:r of produced charged hadrons in 

hadron - proton and hadron - neutron interactions 

equal to the average mul tipl1ci t:r of charged hadrons 

in hadron - "effective nucleon ft collision in emulsion. 

). Description of the experiment 

A hybrid electronic - emulsi~n  experiment was performed 

wi th the Fermilab 150 GeV .,.+ beam, in which a system of counters, 

proportional and drift chambers aDd a magnetic spectrometer were 

used to detect and momentum anal~e muons scattered in nuclear 

emulsion targets. A total of 5.6 11 ters of emulsion, diVided 

into 26 emulsion stacks, was exposed, yielding a' sample of 91 

deep inelastic events. Each stack was composed of 80 - 100 

3nford K5 pellicles of dimensions 7.5 x 5 x 0~06 cm (5 em in 

the beam direction). 

The experimental arrangement is shown in Pig. 1. The 

trigger used was C·S-BV·n, C • C1~C2'C3-C4'C5'  BV • BV,. BV2, 
S =SA-SE.Se, etc.; i.e., a single in - geometr:r incoming track, 

f 

and: scattered muon detected in the IIBgnetic spectrometer un

7 

accompanied by undeflscted penetrating particles. The muon 

beam had a hadron contamination ot less than one p,art in '0-6• 

Triggers were selected as candidates tor emulsion scanning 

according to the following criteria: 1):projected angles of the 

beam track 11'1thin 3 mrad of the surveyed beam direction, 

2) scattered muon IIIOmentum greater than 1'0 GeV, 3) no tracks 

wi. thin J mm of the proj ected beam track location in the down

stream drift chambers. Event vertexes were found b:r area 

B~a.nn1ng  along the beam track trajectory defined by the upstream 

proportional and drift chambers. For each event search, a 
3minimum emulsion'valume of 90 mm (1 mm x 50 mm on each of 3 

adjacent plates) was scanned, With the volume increased if' no 

candidates were found on the first pass. Scanning was perform.ed 

under 225-fold magnification. When an event candidate was found, 

tagging was verified by comparing the angle of the scattered 

muon measured by the muon speotrometer With the track angles 

ee~  in the emulsion plate. From a list of' 262 scanning candi
v, 

dat~e., 91 interaction vertexes were found. Details of the ap

paratus and event locating technique are given elsewhere [2J. 

The muon spectrometer had momentum resolution _~E_  =15%, 

whereas aDgles Q of scattered muons were measured with an p 
accuracy of about 2 mrad. That implies the following typical 

2 
uncertainties of variables charaoterizing an event:~  ~ )0%, 

Q4 ~ 60% at W c '0 GaV and im\roviDg to ,.., 6% at w >10 GeV, 

~ ~ '50% at small wls (w <. 10) and. falling to AI 40% at 

W >50. In calculating averages of different parameters and 

8 
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their errors individual event unoertainties were 'taken into 
, 

:lccount." 
4. ~mltir1icities 

For each tagged event the number of heavily-ionizing tracks 

Nh was recorded and angles of minimum-ionizing tracks n were s 
measured and calculated. relative to the direction of the virtual 

photon. 

Fig. 2 shows the integral distribution on Rh • Due to the 

area scanning technique used to locate events, bia:ses against 

events Vii th low I~h are exp ec ted. One of the fundamental re

sults :rom emulsion studies of hadronic interactions is the 

invnriance of the Nh distribution over a wide ene~gy  range 

·03,10,11,12J. In Fig. 2 ~ co~parison  is made with the N
h 

distribution obtained from a pooled unbiased sample of about 

GOOO proton - emulsion interactions at 67, 200 and 300 GeV, 

found in along-track scanning [13,14,15J. Both distributions 

lave, ~ithin  the errors, the same slope for Nh ~ J. The appa

rent deviation of the *h distribut~on :or rnuon induced interac

tions with Nh less than about 3 reflects scanning bias, there

fore all other data presented here is based on the sample of 88 

ev enta with Uh :) 3. 

Pig. 3 shows the distribution of Q2 and W for the final. 
sample of 88 events. The kinematical range covered in this 

experiment is the following: 0.6 (Q2~21  Gey2, 2.5 <W -"6 GeV. 

The mean value of W for our data is (w) = 10.2 GeV. Since the 
.. energy available for hadron production is approximately equi

(
 
valent to that in 60 GeV pion - emulsion interactions (~:  10.7 

Gev) lUld 67 GeV proton - emulaion interactions (VS" '" 11.3 ceV) • 

we use these two sets ot data in making various comparisons 

throughout this paper ['2,13, 14J • 

Fer multiparticle production on nuclei by incident hadrons 

many authors have shown that the number of produced particles 

is correlated with Nh which is a measure of the nuclear exc~ta

tion of the target nucleus [9~10.13.16,'7J.  In Fig. 4 we show 

the <n) vs Nh dependence for muon. pion and proten induced 

interactions. All three sets of data show a linear correl~tion.  

but the Nh dependence of muon interactions is clearly weaker 

than in hadron interactions. In Table 1, the multiplici t:,' 

distribution parameters (Nh>, <n) , D = (n2>- <n>::' and 

f 2 =(n (n - 1» - <n)2 are shown for th~s  experiment, and for 

the, equivalent-energy hadron interactions. Table 1 also gives 

the average normalized multiplici ties <R) calcu1:lhd for 

produced hadrons in f - emulsion, 1[-- emulsio~  and p - emulsion 

interactions. R measures the influence of the tarbet nucleus 

on multiplicity and is defined as fellows: 

multiplicity of produced hadrons in f 0~adron)  - e~ul
sion interaction 

Rf~)  = ;;;;;~;-;~ti;ii~it;-~f-;;~d~~;d-h;d~~;-i~~(h;;;~;):
"effective nucleon" interactions 

Thus for muon and hadron interactions vie 

n - 1 )<R >= --)"~----,----- = f ~ ,nnucl/ 

have: 

< 
' n -1)'
-<:n~h}-:-n;5-. 

1;, 
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<n,) - 1 <ns>- 1 
.(Rh') = <ii~~~i}---- = -<:ii~hY:-~- (4) 

Since data on multiparticle production by electrons and· 

muons on proton targets is not available.at all energies we need, 

we.used <nch>calculated from the formula similar to the "uni

versal" fit of Ref. [18J : 

<nch>= 2.3 + 0.28 11'1 Eab + 0.53 In2 Eab (5) 

\'ihere Eab = VS' - m + ~ is the eM energy available' for particlea
 
production and m , ~  are the masses of the initial state par. a 0 

ticles (Eab = ~ - m for muon - proton interactions). Eq. (5) 
gives a good representation of the average charged hadron multi 

~licity  in muon - proton interactions in· the energy range of W 

from 2.5 GeV up to 4.25 GeV [8,19J '. The only difference with 

Ref. [18] is the constant term which we adjusted to fit the 

data of Ref. [8,19]·. ~e  also use (~)  for still higher energie~  

where there ic no data for muon - proton interactions, and 

assume that <nCh>' for a given V:, does Dot depend on Q2 y • 

-1,r~::-::::~:::-=-::::=-:::~:on_ hydrogen interactions 

this is well established for Q2 ~ 8 GeV2 [8,19,20]. Vie accept 

here the independence of <nch>on Q2 for all values of Q2 of 

Jur experiment. One should also stress that in neutr~no  _ hydro

gen interactions [21J the independence of <n >on ,i is
Ch

established up to about 35 Gev2, completely covering the range 

relevant in our experiment. 

( 

Since muon events have different eM energies ~  of the 

hadronic final state, the values R were calculated for eachp 
event separately and then the average <'R p>taken. Thus unlike 

the (Rh>of multiparticle production by hadrons, which is mono

energetic, <R > represents an average over energy as well as p 
multiplicity. The values of <R), given in Table 1 for both 

muon and hadron interactions; are larger' than unity which means 

that in all cases we have multiplications of particles, but the 

mUltiplication is weaker in muon induced interactions. 

In order to get more information about the physical nature 

of the particle multiplication process we grouped the muon 

interactions according to the Bjorken scaling variable uJ • 

As discussed in Ref. [6J this variable is related to the lifetime 

7;' of the virtual photon by c..J ~ m1:' • Thus W determines a 

distance over which the virtual photon can interact coherently. 

In fermis this distance is r = wIs. When w~ 5 the virtual 

photon interacts with just one nucleon. In Table 2 the average 

multiplicity <n> and (R)'s, for 5 bins of ~  as well as some 

other relevant parameters are given. The average multiplicities 

(n) vs<~>  presented in Table 2 are also shown in Fig. 5 toge

ther with dependence of <,nnuel> = <nct>- 0.5 on W calcula

ted from eq, (5) using mean values of W in a given W-bin. 

One can see from Table 2 (Cf. values of (R») and Fig. 5 that 

the mUltiplication of particles takes ~lace  (<,n> ><nnucl» in 

every W bin. The interpretation of the mechanism of multipli 

cation at small W ".'111 be discussed in Sec. 6 (see also Ref. 

[22J). 

12 11 
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5.' Angular dependences and distributions 

In emulsion experiments, where only the angles of indivi

dual tracks are measured, the pseudo-rapidity variable 

"?. = - ln tan _~!~2  (6) 
2 

is a useful approximation to the true rapidity 

l In _~_!._£JL_;j -
(7)

~ J:t PI' 

2 
for tracks vii th ~::!« 1 For muon events Qlab is calculated 

p.J.

relative to the virtual photon direction, as deterrr"ned ,from
 

th~  muon scattering angle and momentum. 

Fig. 6 shows the pseudo-rapidity distributio~  rt ~~  of 

the relativistic hadrons (scattered muon are excluded) for all 

events with Nh) 3, compared with equivalent-energy pion and 

proton data. N is the number of events, hence the distribution 

is normalized to one event. 

The muon and hadron-induced distributions coincide in the 

extreme forward direction. In the backward direction the muon 

and pion data are also compatible, while the proto~  data appear 

to be somewhat higher. The majority of additional tracks in 

hadron interactions (reflecting the higher (n») appears in the 

central and near~forward  regions. 

The muon data shown in Fig. 6 ' co~ers a broad range of W, 

and a completely satisfactory estimate of the distortions intro

duced by such averaging cannot be made, because there is insuf~  

ficient data on hadron - emulsion interactions in the appro

priate energy range to construct an equivalently averaged sample. 

Nor do adequately reliable models exist to compute corrections. 

Nevertheless, our data shows that these distortions are relati 

vely unimportant; in Fig. 7 we compare a sample of 43 muon 

events with 9<' W<.. 14 GeV, «VI) = 11.2 GeV, with the p-emulsion 

data at 67 GeV ( ys = 11.3) •. r;ithin errore, the situation seen 

in Fig. 6 also holds for this equivalent energy comparison. 

Thus the differences between muon-emulsion snd hadron-emulsion 

rapidity distributions and ~ultiplicity  parameters shown in 

Fig. 6 and Table 1 are not introduced by the fact that the muon 

data covers a broad energy range. On the other hand, it is 

important to note that hadron multiplicities in interactions 

induced by electrons, ~uons  and hadrons on hydrogen at lower 

~'s  show no significant differences when compared at equi7alent 

mrl energy of the produced hadronic system [19,20J • 

In order to compare qualitatively the energy dependence of 

hadron - and muon - induced pseudo-rapidity distributions we 

have divided our events into two energy b~ns,  ~'>10  and ~~10 

GeV, and plotted their pseudo-rapidity distributions in Fig. 8. 

The mUltiplicity parameters for these energy bins arc gi7en in 

Table 3. In Fig. 8 one observes that the right hand side of 

the distribution shifts with an increase of energy, while the 

left hand side remains stationary. 

Comparison ofjU-emulsion production withjU-hydrogen produc

tion at the same incident energy can be made only for the region 

13 14 
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of pseudo-rapidities limited to the extreme ~orward  direction. 

This region was covered'in the recent experiment [23Jon multi 

iH 1r i;:i. cl e production in f1-hYdroge~  interactions at 150 GeV 2). 

In Figs 10a, b 

interactions with Nh 
11 and 12 the ratio: 

pseudo-rapidity distribQ1ions of;u-emulaion 

,. 3 f 8 and Nh) 8 are shown, and in Figs 

" 

... 

Fig. 9, shows the same sample ofjU-emulsion and hadron-emulsion 

events as in Fig. 6 and the, data from Ref. [23]. The distri 

butions are presented in the S~  (or J~')  ="l (orH)~ Ymax 

variable, where Y is the maximum possible rapidity for amax 
produced pion. As \nth hadron-hydrogen and hadron-nucleus 

interactions, the muon-hydrogen distribution in the forward di 

rection coincides with muon-emulsion di~tribution.  

To study wher~  in the pseudo-rapidity distribution nuclear 

effects show up we recall the dependence, well kno~n  from hadron

en~lsion  interactions, of nuclear effects on the number of heavy 

ionizing tracks Nh • Average multiplicities and angular distri-, 

butiona of interactions haVing small N ere close to'those in
h
 

hadron-hydrogen reactions, whe:o. interactions with high N,
1ea3 

1'1 

.(e.g.Nh)6) deviate in their characteristics from collisions 

~~th  hydrogen target. The most pronounced differences which 

increase with increasing Nh appear in the small rapidity regions 
[24,25] • 

---------...._----------------------
2) ,

The data taken for comparison from Ref. [23] cover the fol
loWing kinematical range: Q2> 0.3 G~V2,  w> 10 GeV, W> 40 • 

...LcL7l'\. I
 
N diY? Nb. >8S(~])  - I (8)-L. d.'TI. 
N d.tJ1. ~h= 378 

and the difference: 

I d.iY'. _ I cL1t 

Ll(1) =N oltrz INft'>8 N olt1( INh=3+8 (9) 

are plotted and compared ~~th  hadron induced reactions. Both 

PI fY)) and L}.(r) reveal similar behavi'our for different projec-
J l. '

tiles. The increase of multiplicity due to nuclear effects is 

localized in the range of SI:Jall values of ~  (below 2.5) • 
These effects are s~11er  in muon induced interactions, but 

nevertheless significat and clearly seen. 

Anether way of looking for nuclear effects, "'~  thout being 

limited to the small angle region covered by jU-hydrogen data 

[23J t is to study the (n) vs N correlation in differenth 
intervals. In Fig. 13 <n) va Nh dependence in four l' bins 

is presented, together with data for pion and proton projectiles. 

For ~  <2.1 (backward hemisphere in the CM) <:n)depends line

arly on Nh for both muon and hadron produced events. On the 

other hand, the muon data becomes N independent above '2 ';:I:i 2.1,
h 

16 15 
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while the hadron data remains Nh dependent up to ~  ~.  ;.2. ~J 

vely different: all ('R)'s are larger than unity whicll means 

• Table 4 gives the parameters of the fitted curves. Once again that in all cases we have multiplication of particles in nuclei 

a qualitative similarity between lep~on  and hadrogen production but all <R>' s are significantly different from each other 
on nuclei is seen. and can be ordered as follows: 

G. Discussion and ConclusionG 
cR)l> <<R> <<' Rp >· (10 ) 

There is an over-all similarity between muon ·and hadron 
The pseudo-rapidity distributions for all three projectilesinduced mUltiparticle production on nuclei, but there arc also
 
coincide in the ext~eme  forward direction and are compatible
Some clearly ffiarked differences.
 
in the backward direction, but in the central and near-for~ard 
First let us discuss the similarities. There are tv,o: 
regions there are significant differences (see Fig. 6). AlSO,-The first is that the distributions of N for incident hadronsh 
there is a qualitative similarity of the correlation of (n>over a \tide energy range and for the muons of this experiment
 

'On::' th N but quantitatively these correlations are weaker- in'
 are compatible (sec Fig. 2) . The observed deviations for U h,
h muon induced production.less than about 3 are clue to biases' introduced by area scanning.
 

Now let us discuss those results which cannot be directly
The second is the coincidence of the pseudo-rapidity distribu
compar ed with any hadron-indue ed production; these are contained
tions for the extreme forward directions for hydrogen and nuc

in Table 2 and Fig. 5. As we have already pointed out, hy ere»
lear targets (see Fig. 9). Vithin experimental errore these 
Lua t Lng <R>' s for various b.i.na of (.i) Vie ordered thee. accordingdistributions whether muon or hadron induced, coincide. There 
to the distances over which the virtual photon can interact cois also sirrdlarity between the energy dependence of cr~cn- and
 
herently. The Lowes t W bin correaponds therefore to interact
hadron-induced pseudo-rapidity distributions: the right hand
 
ions of the zauon '.·'.... th just one nucleon, because the distance
side of the distribution shifts \tith an increase of energy to
 
(r> = 1fm. As one can see from Fig. 5 <n> is alwa:;iB larger
the right. While the left hand side remains stationary [24,25J 
than <n - 0.5, which means that(R»1 and multiplicationsee Fig. 8. There is not enough data for a quantitative ch) 

comparison. of particles takes place for all W' s. 

For small W' St where the virtual photon interacts Vii thThen, there are many features of. muon and hadron induced 
only one nucleon, the observed multiplication means that the , production Which, though qualitatively similar, are quantitati 
product of the first collision, on their way out of the nucleus, 

.. 
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interact with the other nucleons and produce the excess of par


ticles. :i'hus the inequality <n»<nnucl> for<w>= 4.3 is
 

a.n evidence for intra-nuclear cascading. What 1s the natlU'e of 

t heae interroediat'e pr-oductts only futlU'e experiments mny tell. 

:.i thin experimental uncertainties we do not see any difference 

in the relative multiplication at omall and large GO's. This 

i3 aomewha't surprisinG becauc e, for large ca r a, virtual photons 

interact diffractively while for small CD' l3 we deal with 

incoherent interactions and some models predict a reduction of 

the relative multiplicities [5,7]. Clearly, one needs better 

experiments. 

Our neasurementa of <,R) for(W>= 4.3 indicate 'that the 

otuff which is being knocked out of a nucleon is able to interact 

i~~ediately  vnth nuclear matter surrounding the hit nucleon. 

In accordance with the commonly accepted picture a quark or 

a group of quarks start the process [4]. From our data we 

c~nnot  ~ay whether this quark fragments directly into hadrons 

(as in the case of deep inelastic production on a free nUCleon) 

which then interact, or whether the nuclear matter surrounding 

the hit nucleon helps the ejected quark to fragment,into hudrons. 

An experiment which could cast some light on these questions 

could be to measure relative multiplicities for fixed ~  <5 

for increasing (E - E'). If, indeed, quarks have to fragwent 

before interacting. the relative mUltiplicity shou,ld approach 

unity as (E - E') increase~ becauscof time dilation effect 

which would make the quar~  fragment outside of the target nucleus. 
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~.Relative hadron ".ultiplici ty <a> in muon - ewulsion interactions 

wi th N 3 for five W int erv-alsh). 

no <w> ·c,) <Ii> <uh> <n> (R> 
os interval of events GeV Gey2 . 

W (10 18 4.3 
:!: 1.3 

7.0 
:!; 1.0 

8.8 
:!:1.8 

10.1 
:!: 1.1 

7.3 
:!:O.S 

1.92 
:!:0.41 

10 ~w <25 
, 

20 14.5 
:!: 2.1 

- 9.4 
:.t 0.6 

5.) 
:!:0.7 

9.7 
:!; 1.7 

7.0 
:!:0.8 

1.56 
:!:0.20 

25 ~W (50 17 34.1 
;!; 4.1 

10.8 
+ . 
- 0.4 

3.2 
:!:o.) 

10.5 
:!: 1.6 

7.0 
:!:0.9 

1.43 
:!:O.20 i 

50 ~W <150 

W:>150 
, 

17 

16 

82 
:!: 10 

227 
:!: 42 

12.9 
:!: 0.5 

14.6 
:!: D.} 

1.9 
:!::.0.2 

0.9 
:.to.1 

11.2 
:!: 1.9 

9.4 
:t 1.3 

9.1 
:tl.J 

8.9 
:!:1.0 

1.68 
:!:O.24 

1.52 
:to.17 

I\) 
V1 

TAB L E 3 

Multiplicity parameters of muon 

Nh ~ J • 'for two energy bins. 

- emulsion interactions vdth 

Vi 

interval _. o~ 

No 
events 

- _...•.

(\; > 
GeV 

.... -.-...... ,~_ ... 

<,Nh> <n) 
- . -- _. 

D 

--  .-- .' 

:f2 <R) <Q2) 
GeV2 
-

(W) 

---

2 (W <10 41 
+ 

8.0 
0.5 

10.2 
:!: 0.9 

6.9 
:!:O.6 

3.8 
:!:0.3 :!: 

6.3 
2.) 

1.66 
:!:0.21 

5.4 
:':0.9 

12.4 
:': 3.3 

10~i': <16.5 47 1).2 
+ 0.)-

10.2 
:!: 1.0 

8.G 
:to.7 

4.5 
:to.5 

10.4 
:!: 4.1 

1.56 
:!:O.12 

2.7 
:!:O.5 

100 
:!: 20 

.'



- -.-� ---- ""-._- _. ---_..-� I
~ro� .J' .:"'\ [. . .... 0 ~ 

'd =l't: w '0 =l't: 
~ 

"J =1"1:: 
r,) 

.-- =I- e;) '0 .e;) ;=1 ~ '"l::. I'A. /A m 0,•, • , : -:. -~	 j t:l I, "~I I\) I I 1� ,-cr� <: <~ I w I ;.J--:::J -� I I " 
~/" r-; r-; ~ l'~ t-l - t" - p <+

~§l~ ~~~ , :OJ =:; . .(" ~~fJ'~ -,,:,-� -;:i~ ~ ; .. p
w l\) 0.) :l~ 

l-' 

r-J -V ~ l-' 
~ 

. .� '" I 
~ 

\.J t"!''.....� ,.-....: : Q 

1---------

I\)l\)~· . . wen\»
en-" \Jl 

1+1+1+ 

000· . . 
-"-"~ 
oo~ 

I I 1 
000· . . 
000 
-" ... -" 
HI+t+ 

000

oob 
-".-.~ 

------

1\)1\)1\) · . . 
~@~ 
1+1+1+ 

000· . . 
~""""".p. 

wwo 

-----

1 
000· . . 
000 
'-O\D\Jl 

1+1+1+ 

000· . . 
000 
~~w 

~ -" -" · · · \J I\) I\) 
~V1-" 

1+1+1+ 

000· · ·-" -" '-'J 
W-i"'-'J 

---

000 · · · ~.~g 

1+1+1+ 

000· . . 
000 
-" IUW 

000· . . 
VI \.r,\J1v, CD\Jl 

1+1+1+ 

000· . . 
-). -' I') 
r,) I\) --1 

- ---

000· . . 
-.). -J. _ ... 

~IUIU 

1+1+1+ 

000· . . 
000 
-" -" W 

0' · co' 
'" 
11

(") ·C.).. 

0·W 
\D 

1+ 

0 

a 
f.> 

(J>·\Jl 
-" 

1+ 

a ·IU 
v: 

a ·'-'J 
-" 

1+ 

0·0 
W 

C\ ·-" 
a 
1+ 

() ·-'l 
W 

a·-" 
G\ 

1+ 

a·a 
-.l 

P 

0" 

-

-

I:: 
I-' 

<Q 

0..., 
..., .... 
<+ 
m 
ri
o 

"9
V 
II 

cu
+ 
0" 
Z 

P"' 

>-3 

> 
td 

!::of 

t<J 

.;.. 

\ 

~oo· . . .;.. 0\.11 

'-'00· ..eno-f>. 
000· · ·-.:lWW 

.... 00· . . 
CO-.l'" 

a ·-.:l 
- . 

a· \J1 

I 

0·en 
.«...,
t;j 
." 

I\) 

CD 
PC1t'12 

I 
PC B-lO 

I 
91 lIB 
L 61 m --l 
C1 C2 

HV DC 7 DC,- 3 

ocr' 5 I PC(4 

MUON IDENTIFIER 

Mit Ml3 

I I 
SC1 SC2 

SC3 SC4 M1 M2 

MUON 

SC5 M 3 

SPECTROMETER 

M4 M5 SC6 M6 M7 M8 SC7 SCa SC9 

BEAM DIRECTION .. 
SA 

1m 
r~~-~~';;:~;:I CON RETE ~ MA.GNETIZED 
~ :"':---~-"\.__ C ~ IRON 

S8 BV1 

~ IL:'LLL:LJ 

SC 

DEMAGNETIZED 
IRON 

Fig. 1� Experimental arrange~ent of ~rAL exp~ri~cnt 362. PC1-PC12 _ proportional 

chambers, DC1-DC12 - drift chambers, JG1-::;C9 - spp.rk chambers, C1-C5 - beam 

count er-o , II'! - halo veto counter, If'll, CW2 •• b earn veto count er-s , r~I1-::Ilt _ 

muon identifier counters, r;;1-i,:S - :::LH~::trcr.et('r ::;ilGnets. 



__ .. _

( (� (� 

1'01 p (~Nh)  
0.9 o o p - EMULSION� 1 

fO� 
25 

OS o }J+ - EMULSION 
1 1 

• 1:~	 t! f 
05' o T 

N 
...... 1 

15 i;t l,!) 1
OA 0 6 1 

1
I

0 T 
03� I 

I!l 0 
i 

1 T
cb 0 

0.2 
o T1 

I� 
~ °� 

1 ~  1_0 
. II0.1 . 

° 4 8 12.. 16 Nh ..ig. 3� Scatter plot of Q2 versus Vi for 88 muon - emulaion 

events wi th N ~ 3 • n 

Fib . · 2� I~tegral  Nh.distribution, P~Nh)'  Proton data comes 

from a pooled unbias~d  sample of 5696 proton interactions 

at 67, 200 and 300 GeV. R~fa [1J,14.'5,2~. Muon data. 

(91 events) i~  normalized to give PpC>;- 4) .. :P (~4)~p� • 

29 

.~ 

~_"" '. f� ... jwh+e-... ~  

30 



• ..~."IIl"  _... po..... _ -eazmnw."""3iR 

(( f 

(11)� 

14� 

12� 

10� 

8� 

6� 

4� 

Fig. 4� 

~./  

+
--0-- 150 GeV u , ./_''f 
- - -~ - - - 60 GeV gr /' 1"", ..... 

-0- 67 GeV p ", .... I�
- 0 0 

. /0/ .......... ",�
0' ...........� ..... ",) 

I", , ",� 

1/ ' .... "'"1'� 
,/" 0 "'±' ", .........� 

»: f-.",-r . 
", .... ~ 

I I j _. I • • • • I • •�• 

5 10 15 . 20 Nh� 

<n) versus Nb dependence for muon.induced reac
~-

tiona compared with 60 GeV /I and 61 GeV p data, 

Refe [12,13,14]. All data is for Nb~3  

:wpzm=n 

" 10� 
-g8�

..UU ••• Uh •••••:......�tV 6 1:::.. :l ...... .1 I I I� 

-_.---_.---_.----_.{; 
,,4 .-...-
c 
V� 

2� 
-2 5 10 20 50 100 200 <CJ>� 

Pig. 5 Mean multiplicities of produced hadrons (n) in muon 

emulsion interactions (SO~id  line) plotted versus <W>, 
together with mean multiplicities <nnucl> of produced 

hadrons in muon - nucleon interactions (dots connected 

by a dashed line) calculated from (5) for the value of 

<it> in a given W bin. The two values for <n) at the 

lowest ~  bin (SOlid and dotted lin~s)  show the estimates 

of the upper and the lower boUnds of' <n> . 

'. 

.. 31 32� 



( (� (� 

150 GeV l (9<W< 14, <W> =112>'
150 GeV/ 

~ ~  . 0 67 GeV p o 67 GeV p (.[5 = 11.3) 

l!1 60� GeV gr3� ~ ~ ~ 4 t� ~ 

t 
3 ~' ~ 

~ 
cl~ 2
'0'0 cl~_  24� '0-0 ~ ...-Iz ,....;Iz

.~ 
1� 

o�t 

'-~ ~	 o 

o 2 4 6� 71. o l jO,T: I I , I ! IPd~oj  

. -2 o 2 4� 6 "l. 

Fig. 7 ? distribution tor 43 muon - emulsion events with 

Fig. 6 ? distribution for muon .. emu~ion  events with 9 <Vi <14 GeV. <to') = 11.2 compared with 67 GeV 

Nh ~.3 	 compared vii.th 60 GeV'JT and 67 GeV p data proton - emulsion data, T.. 11.3, Refs [13,14] • 
Refs [12,13,14J • 

33� 34� 



_____c,...._..."",,,.~~"  ft' 57.' "&PDf hW....;pW •� - , 

( (� ( 

1 dn� Emu Ision target data : 1'··1··,2NdT\.� ~ ! 
:.. : 

r" ......• ~ 150 GeV J.l+ 
1 I 60 GeVm15� l f' L........ 
:• r" :I 67 GeV pr--'.": I I !: .J 1..._; 

1 r- I Proton target· dataW"> 10 GeV� : I I 
! I I + ..I 1:.:."-':';'------ W <, 10 GeV� I - I }J+ P - h- + x 

I " I3 
. I rI� o h+;-_... T I
I • I10 •
I 
I 

cl~	 r··..··1 
"0'0 2 

..../z 
I� 
I� 

I 
f1 r-� •

I 
I�

I 
• ....., I� ·

I•
I,,--""

l __......•� i o L' 

-2 o� 2 4 6 11. 

-7 -6 -5 -4 -3 -2 -1 Tl-YMAX 
Fig. 8 If'/. distr:l.butions for two W bins, W" 10 GeV and 

'I'l >10 GeV� l<'ig. 9 Distributions of pseudorapidit.y (raPidity), relative 

to the maximum possible rapidity. In the forward 

direction the emulsion data are compared with muon 

proton data of Ref.. [2J). 

36 

(,i'/ 

35 



•••V+Wi¥.....·M7357 - zrrs __ 

( ( ( 

c::! ~ 

"0"0 

~Iz  

3 l

2 L
. I 

3 <: Nh <: 8 

150 GeV}J+ 

0 67 GeV P 
t:. 60 GeV9T

0 
t:. 0 

rhirt+-k 
0 m 

'4 

3 

c:1~ r·"0-0 

....Iz 2, 

0 
0 

0. 
~ 

O~ 

~ 0 

t:. 
1 

JJ r 11 
I I I ~ 

-

0 

t:. 

t:. 
0 

~t:. 

Nh >8 

150 GeVJJ+ 

67 GeV p 

60 GeVST 

'1 r 

o I., rOtI° 

-2 

rfl 

g! .. 
! 

0 

, 
2 

I 

141 

, 
4 

.!0 
em 

6 
n I 

'Jl 

_. 
1 

. I 

Ol. 
-2 

. 
0 

o A 

0 2 '4 6 'tt 

Fig. 10 a ~ distributions for incident muons, protons [13,11} 

and pions [12] for events wi th 3 ~ li
h 
.( 8 

Fig. 10 b 7 distributions forincide~t  muons, 

. and pions [12J for events wi th Nh 

protons 03,1~  

>8 

37 38 



~rlii'Ill'1""'~liIil'W"  

( 
.~,  ,~,!:",'~:''''~';' ~"''':''''.''''~:~:''''~~.~~\''~~_'_'' ~~," .-""~:"::_:,·_-;_t  L<" ;'.1":'" ·;cV """'oJo ~',,,,.'  

( 
i.P'--' ';~"".iI\. .. :.. '~'Jl,~... +", ....'!. _·~i~' ''''".c:,' ",.~~,~·;·,t  ·-+- __'·.J~·tt "".• " ","'Il!:''',,' ~\  

( 
" .• -i;'t' ~.~,  

-~-<Y"' 

3 
I 

2 l

~ 

1 l

o'
-2 

, 

)110 
o 150, GeV }J+ 

0 67 'GeV p 

!J. 60 GeV m-
A 

f
. ! 

T 0 

T 
A 

fi 

~ 

I I I I, , 
0 2 4 

t 
'tl 

• 

-f="...., 
<] 

2 

1 

0 

-2 

0 
A 

ifJ 

0 

0 

f 
-~  

0 150 GeV}J + 

~ 

0 67 GeV p 

A 60 GeV 91 

t 

f 0 
t:. 

---l--~ f! 
2 4 7l, 

Fig. 11 Rati0.3 ot the distributions shown in Figs 10a. b 

as a function ot ~.  See text tor the definition 

of S · 

Fig. 12 Difference A between the distributions shown in 

Figs 10a, b as a function' of '2. See text for 

the definition of A. • 

39 40 



tz-- Al.,,~:~~;';··i:~""~'Ji'm=swex=r"6m:'tiP''''.8'''''·  _Trw agp;..~'OC?i!'iF'SUSt-X·&&%*H  ....� ..~a.,.4 -iii;· ~&lKIw;:w;:w~

( (� (� 

+ 
~  150 GeV p 
--6-- 60 GeV 01'

". _.-0-'- 67. GeV p11. ,?3.24 
__-A. .-6. -- - -- ....~-e " •-_;-~t:'_. _ • -:.-. -- • - • -- • -I· .......,.....�v 2 

o 5 10 15 20 Nh 

2.1 ~7l < 3.24 ._. <b~.-.-'-'-'~
1\� ----~--------.-~-
C 

v 2 

o 
Nh 

..".,...,.-" ....
1.2 ~'l1'<  ~.14 --.--.'1�." ~  

1\ 
C _ ......-:.~-_:-- -- -- - z"

..,'" --.
v 2� 

~ "

0 5 10 15 20 Nh 

4 rrt<1.2 

" c 
':J 2 

0' . , I I I I I • I , I I I I I , I I , 

.-� -- . N
h 

Pig. 13� ( n> versus Nh for four 11 bins compared vd th 
60 GeV 17-and.67 GeV p data. Refs [12,13,14]. 

41 

Produkcja� hadron6~  w glfboko rrieclastycznych zderzeluach mion6w 

o energii� 150 GeV z jqdrani emulsji 

Wpracy zbadano wielorodnq produkej~'  cz~stek  w oddzia~yw,_ 

Diach ~on6w  0 energii 1;0 GeV z jqdrami, emulsji fotograt.Lozne~.  

Eksperyment pierwotnie zaplanowany w celu pOBzukiwania cz~stek 

t 

z "charmem" zosta~ przeprowadzony w Fermilab przy uzyciu spara-' 

tury zlozonej z kornor proporcjonalnych i dryfowych oraz spektro

metru magnetycznego. •� 
Przedstawiono krotnosci i rozk~ady kqtowe cz~stek produko

wanych w oddzia~ywaniach  mionow i porownano Z odpowiednimi 

danymi w oddzia~ywaniach proton6w i pion6w 0 tej samej energii. 

Chociaz oddzialywania mion6w i hadronow wykazujq szereg 

podobienstw, to jednak iatniejq wyraine roznice jak naprzyklad 

mniejsz8 krotnosc produkowanych cz~stek W oddzialywaniach mionow 

z j/ldrami. 

Znajomosc k~t6w  emiaji oraz p~d6w  rozproszonych mionoW 

~~zli~a Y~b6r oddzialywan w kt6rY~h cZqstki produkowane s~ 

w procesie kaskady wewn~trzj~drowej.  Nasze dane eksperymentalne 

wskazuj~  na istnienie kaakadowania bvd~cego  zarazem jednym z 

istotnych procesow produkcji cZqstek w zderzeniach mion - jqdro. 
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UBo~eo~~eBHoe.J~!!eR!& aJP0HO~ ~ r;rCSOKO a'lR!Jr!% OOtlap.RRXX 

KDOBO~ 0 8HeprKeII50r8~  c ftXPaMI mo~08M1XlOHB' 

B pa60fl 060~eHO  KBOZOOfBeRBO. po~elHe ,aCTB~ BO ~8a

BKoxeftcTDftX KDOHOB c sacpracl ISO fBI C fiXPaKI ~fOSK7XiCKH. 

ncpmmlol IlCDD 3B:CIICPBKeB:Ta 6WI nOHOI UpKOllla: ,aC9~. SRone

pHKeR! npo!8XCHO ~ ~cpYDna6 nOXisYfic1 annapa!1Pol cocTo~el B8 

nponOpnHOHaxiHWX I ~H~BWX KaMCp B KarRHTaO~O  cncxfpoMctpa. 
B pa60TI npe~OtaBnlHO  yrnollwe pacnpexeneBHB B KBOZCCT~eB

BOC~  reBeJapoBaBXKX ,aCTH~ 110 lIsaKMoxelcTBBftX KDOB01l B npoBO

xeHO CpsBBcBHe c, OOOTBCTCTBeHBHUH XaHHHKH nOny1cHKWKI ~o 1I88BKO

XO!CTBHKX npOfOBOll B aROBOll Tal so CaKol 8seprBH. 

XOTJI 1188BKOxe!CTUJI JlDOBOll • 8JtPOHOll nOXOD. O,ItlIaKO Ba6JlD

xaCTCfi eCfCCTBeBKHc pa8RB~t BanpBKep KeHimym KBoseCTllCBHOCf1 

renCpHpOllaBHHX qaCfB~ ~ coyxapeHBfiX KnOBOJ C'JlXPaMB. 

aBaBKC yrnoll SYDCH.,. KOKeSfOll' pacc.ftDBKX KDOBOJ n08BO

nzno noxo6paTi llSaBMOxeloTUJI B KOTOpHX ,aCT7I~ reBepePJDfCJl 

11 npo~ecoe ~R1TpBJlXepBOBO KaCKaaa. HamH 3Kcnep.KCBTaxiBHe 

xaaawe C!KX8tan&OT~1Df  0 c~eCfBO!aBBB  KaCR~oro  npo~ecoa  

),� X01'OpJd JrnJIfiUClI 01nlBJl Z8' s~enBBlIHX  JleXamt8Jl0J3 P0I:XOHB& 

qaCTB~ :B coyxapoDfiX KOOK - flXPQ. 

NiKLADEM INSTYTUTU FIZYKl J4DROWEJ W KRAKOWIE. 
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Kopie kserograficznq, druk i oprawe wykonano w IFJ Krakow 

------~---------------------------------------
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