


' (1. Introductilorlly o

"One questlon of fundamental 1mportance 1n QCD 1s the hadronlsa i -
tion - mechamsm which converts quark and gluon quanta 1nto lntegrally-'_f v

charged 1 ﬁnal state hadrons. ~According, to'the ‘parton model; a high en-f o

ergy lepton 1nteracts thh a nucleon transferred a considerable amount
of the momentum ‘to one of the. -quarks of the nucleon As a result,
lepton-nucleon scatterlng allows us to study the hadronlsatlon of quark-"_
diquark jets (or strings) in vacuum. For lepton-nucleus scatterlng these
jets may 1nteract W1th spectator nucleons In other words lepton-“_
evolution of jets inside a nuclear matter Clearly, a full Monte Carlo“
study with a realistic sxmulatlon should be done to verlfy these op*
portunlty In contrast thh hadroprodactxon, 1ntranuclear cascadlngf_
can be studied thhout comphcate effects ‘of pro;ectlle rescatterlng or?‘
interactions of pro jectile constituent. ‘
The physics of such reactions [1-6] is very interesting. However at 7
the present time it is not possible to calculate accurately all peculiarities -
of such reactions according to *first principles’ of QCD. Instead of this
we apply. a simple phenomenological concept of the formation zone.
This phenomenon- was studied by Landau and Pomeranchuk [7] and .

Nikolaev [8]. The QCD analysis was performed by.- Brodsky, Bodwxn" :

and Lepage [9].

O0ReRLncunlil RECTRTYY
RPN BCCaenonAned




The aim of this work is to -examine a multiproduction process of

* charged-current  deep inelastic v,-emulsion scattering and to estimate

~ quantitatively the value of a formation length.  We also concentrate

- on the cumulative protons (i.e. the final state protons from backward
) f,angles)

2. The model

" The conceptual ideas of our model are very stralghtforward and
transparent. We assume that the interaction between incident an lepton
and a target nucleus takes place in a lepton-nucleon interaction. The

‘nucleus is excited by a series of collisions between secondaries (produced .

-in the first lepton-nucleon interaction) and the intranuclear nucleons.
At high energies the secondaries traverse the nucleus in such a short
~ time that nucleons cannot rearrange themselves until the probe has left.

In the main the target nucleons are just static spectators,so that the
7 scattering problem is in the first-approximation a sequence of two-body

- ones. This process contlnues until all secondaries escape target nucleus.
A part. of the energy is spread through the nucleus to produce a fully-

' equlhbrated nucleus which then decays statistically-[10].” The - process R

,fof generatlon of pa.rtlcles is simulated by the Monte- Carlo method.-

“The cross sections-of 1ntranuclea.r interactions and the characterls- -

“ tics of secondary partxcles (multlpllcltles rapldlty and transverse mo- ¥

- mentum dxstrlbutlons) at dlfferent energles are taken from expeuments i
' with free niicleons [1- 6] Elastic and inelastic interactions, charge ex-" -

‘ .change and’ absorptlon of slow’ plons inside the nucleus are taken’into® - - |

account Nuclear effects’ such as the Fermi’ motlon and Pauli blocklng

’are all taken into con51deratlon as'before [10]

Slnce the 1nteractlon cross’ sectlon ‘of neutrlno with a nucleon is

small we assume' that the neutrino can mteract w1th any nucleon of |

‘the nucleus with equal probablllty, i e“

a(u+A)
1—1
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- where a,(u + N ) is: the lnteractlon cross section of a neutrino: w1th a )
S sepa_.rate nucleon. Following experiments and the quark parton;model,;
~we take into account that the interaction cross section of:neutrino with::

o +' Mo

a neutron is twice that with a proton, i.e.
o(v +n)/o(v +p) ~ 2

'The Fermi' gas model of the nucleus is utilized. The nuclear den51ty
is taken from the Woods- Sa.xon expression

() ~ 1/(1 +e<f-°>/°) : 2

with the parameters a = 0. 57 fm and ¢ = 1.1943 — 1. 61A’1/3 fm.
Moreover, three-dimensional geometry is used in our calculations.

According to the emulsion composmon, a nucleus (of mass number
A) with which the neutrino would interact is drawn randomly. Then,
knowing the nuclear density, we can place A nucleons inside the nu-
cleus. "For each simulation of A nucleons, we fix the coordinates of
the center of intranuclear nucleons throughout the process of develop-
ing the cascade. ‘The characteristics of charged particles produced in
the first vN interaction inside the nucleus, are taken from experimental
data [1- 6]. These input data were obtained from reactions induced by
the same neutrino beam used in the present work. The multiplicities
of neutral particles (pions) are taken from the experiment [10] These
multlphcltles for vn and vp are respectively

ngo = 0.724 0.22n,~ (3)

and :
ngo = 0.14 4 0.73n,- : 4)
where n,- is the multiplicity of negatively charged particles. The angu-
lar and momentum distributions of neutral particles are assumed to be
the same as those of positively and negatlvely charged particles. The
calculations were carried out with some program and assumptions of
our previous work [10]. The space-time characteristics of lepton-nucleon
interactions inside the target nucleus were taken into consideration. Af-
ter time 7 from the intranuclear collision the cross section for the next
collision of a secondary partlcle with a nucleon inside the nucleus is

given by
| - (9)

where o5 is the experimentally determined total interaction cross sec-
tion of a hadron with a free nucleon at the corresponding energy of the

th =O'hN(1'—€—‘r/T°) N



secondary particle produced. Thus, only after a relatively long time 7

does the cross section of intranuclear 1nteractlon reach the value ofp.

Inour equatron, the parameter 7, is equal to 1 /mg and is a certain char-"

acteristic mass ‘corresponding to the formation time of the’ secondary

generated hadron in its rest frame of reference. The time 7 is equal

to L/ B~ where L is the secondary partxcle range inside the nucleus(the
distance traversed by the secondary part1cle of velocity A(=v/c) from

its generatlon pomt to. the point. of mteractlon w1th a nuclear nucleon) )
The Lorentz factor of the generated partlcle is v = (1 ,32)—1/ 2 _The:

equat1on for o‘hN can. be rewrltten in. the form

o= UhN(l

It is’ to be noted that when mg'— o0, our rnodel W1ll reduce to. the old:
* ~'fashioned cascade model in which secondary hadrons are produced:
- In:the present model; at:
a finite value of mg,secondary particles (e.g. - pions) are not .formed.
instantly but after a certain time. According to.equation (6), the cross:
‘'section of the intranuclear mteractlon is calculated. as a'function .of the-
~ mean’ free path L and the velocity: 8. From (6) it is seen” that slow:

instantly ‘in the intranuclear interactions.

" secondary particles interact inside the target nucleus more frequently

‘than the fast ones. The most rapid secondary particles produced in the

first vN interaction may fly out without interaction with the subsequent
nucleon inside the target nucleus

I

I

3. Experlment

The present data discussed below have been obtamed in the Fermilab
experiment. In this experiment, the nuclear emulsion ‘was exposed in
the wide-band neutrino beams. ‘The neutrino energy: spectrum peaks at
about 15 GeV, and extends to about 200-GeV.: :Nuclear emulsion.offers
a ‘higher effective target-mass (< A >~ 80) than other track—sens1t1ve
targets. - This allow us to study ‘different str1k1ng phenomena(the in-
- teraction of quark-gluon jets and cascadJng of soft particles in nucleus,
formatxon zone effects etc). EUREINE

The’ secondary partlcles in lugh—energy _experiments with emulsion

: has been d1v1ded lnto three classes [6] The ﬁrst mcludes relat1v1st1c -

4 ' :

_muL/{HC) " 3 ’l (6)
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particles or shower s (s-particles) of velocity 8 > 0.7. These particles are
almost all charged pions of kinetic energy > 60 MeV and fast. protons
of kinetic energy > 400 MeV. The second class consists of grey track’
particles g (g-particles) of range 0.23 < g < 0.7. They are mainly
protons in the energy range 27-400 MeV. The third class is black track
particles b (b-particles). They are low energy particles emitted mainly
due to evaporation.

4. Results and discussion

The average multiplicities of shower and grey particles, produced in
charged-current v,-emulsion interaction, compared with the correspond-
ing quantities calculated in our model at different values of my are
presented in Table 1.

Table 1. The average multiplicities of s and g particle produced in
charged-current v,-emulsion interactions obtained in the experiment
compared with the values calculated according to our model.

Experimental Calculations of the model

data[1-6] ™mp = 00 mo = 0.94 GeV | mg = 0.40 GeV
N, 5.2840.26 | 6.4540.06 5.60£0.04 5.12+0.03
N, 1.33£0.15 | 2.08+0.03 1.7110.02 1.3540.02

One can see from this table that the experimental and calculated
data at mg = 0.4 GeV are in good agreement.

Figure 1 shows the multiplicity distribution of shower partlcles for
charged-current v,-emulsion interactions. The dotted curve corresponds
to calculation according to our model with formation zone parameter
mg = 0o. The solid line is the prediction with my=0.4 GeV. The ex-
perimental data are taken from [6].

Figure 2 compares for mo = 0.4 GeV the ratio, R, of average mul-

" tiplicity of shower particles in ¥ — Em collisions over that in v — N~ -

collisions, versus pseudorapidity.

. In figure 3, the pseudorapidity distribution of .s~part1cles is com-
pared with expectations [6). Once again, the calculated distribution for
mo = 0.4 GeV adequatly explains the major features of v, - emulsion
interactions.
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Figure 1: The multiplicity distribution of shower part1c1es produced in

neutrlno emulsion collisions
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| Flgure 2: The ratio, R, of average produced mu1t1p11c1ty in neutrino

- emulsion collisions over that in neutrino - nucleon, as a functlon of = .t

~pseudorap1d1ty n
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" accompared by a different number k of cp with data [11].
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Figure 3: Pseudorapidity distribution of shower particles

"> The model predicts also the angular distributions. As an example of
the results obtained, angular distributions of g-particles are displayed

- in‘figure 4. The agreement between all the measured and calculated
. values is impressive. ‘

It is important to note that in our approach the evolution of quark-

f‘gluon jets in nuclei is accompaned by a nucleon emission at back-
- ward angles and momentum > 300 MeV/c.

In our model the un-
derlying mechanism responsible for energetic particles production was

' quasideuteron intranuclear absorption process. Such cumulative pro-
tons(cp) were observed in deep inelastic charged - current neutrino -

emulsion interactions[5]. The experimental multillicity of ¢p 0.33+0.07
are in good agreement with the calculated one equal to 0.29.

“In Table 2 we compare calculated maltiplicities of g and b particles
Figure 5
displays the spectrum of protons at backward angles.' The solid curve
indicate our calculation. The parameter is mo = 0.4 GeV. We see that
the nucleon emission process at backward angles can be divided into two-
parts with a different slope parameter of the spectra. In our approach
the evaporation mechanism is responsible for production of protons
with momentum < 300 MeV/c. However, highly energetic nucleons are
emltted in a direct process of neutrino - nucleus collision.



100 Table 2. The average multiplicity of N, and Nb partlcles assomated

with a different number ¥=0,1 and > 2 of final state cumulatlve o
protons produced in charged-current v, —emulsmn interactions.. The
experimental data [11] are given in parentheses.

T T 1Pl

s 1041 | - ,‘ F [ _N,0<n) | N,(x/2<9<7) | Ny
E 1 0 | 1.1 (1.4£0.1) 11.(14£01) | 3.9 (4.4%£09).
- ‘ 1 2.8 (3.0+£0.3) 1.8 (2.0403) - | 5.2 (5.440.6)
I >2]| 5.6 (5.6%0,5) 3.0 (3.1£0.6) 9.0 (10.£1.0)
In this way we can also introduce in our simple model some exotic
10--21 - - (; 5 — (‘) 5 : 012 : Dl 5 ' 0 states (for example intranuclear multiquarks bags) to produce more en-

COS 8 ergetic cumulative protons. Any discussion of this possibility and a -
more detailed investigation of the formation zone effect are, however,
beyond the scope of the present analysis. Work along these lines is in
progress. Our calculations roughly agrees with the previous estimates
[12] while providing a lot of additional information concerning produc-
tion of cumulative nucleons. We have shown that our model could be
very useful not only to reveal the main physxcal effects of deep inelastic

Figure 4: Angular distribution of gray protons

2 scattering, but also to perform accurate quanhtatlve analyses and large
105 E systematics.
5 F
5 102 1
Z ; References ‘
N B .
0. 2 } ’
o 100 b [1] Derrick M et al 1981 Phys.Rev.D24 1071
[2) Deden H et al 1982 Nucl.Phys.B198 365
1002 - [3] Barlag S ct al 1982 Z. Phys. C11 283
. 0.2 - 0.4 - ‘
0.0 Pz, (GeV /c)2 ST [4] Baranov D et al 1984 Z.Phys. C21 189

Figure 5: Momentum distribution of cumulative protons il [5] Baker N et al 1986 Phys.Rev. D34 1251

. [6] E-Naghy et al 1990 J.Phys.G:Nucl.Part.Phys. 16 39
[7] Landau | et al- 1953 Dok. Akad.Nauk SSSR 92 535




[8] Nikolaev N 1981 Sov.J.Part. 12 63 ‘

[9] Brodsky S et al ‘in the Proc. of the Banff Sum. Ins.,1981
[10] Eliseev S et al 1984 Sov.J.Nu\cl.Ph.ys. 40 601
(11] Ammar R et al 1989 ZhETF Let. 49 189
[12] Iga Y et al 1988 Z.Phys. C38 557

Received by Publishing Department
on March 19, 1992

10



