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We study general features of hadron multiplicities observed in high-energy neutrino-

induced reactions. We find that when multiplicity of pairs of oppositely charged particles is

considered, the energy dependence of mean multiplicity (np„, ) and the relation between the

mean value and dispersion are very similar in vp, vn, vp, and vn interactions. We analyze

available data on forward-backward correlations and find good agreement with a simple hy-

pothesis of binomial distribution of hadrons between forward and backward hemispheres.

We compare data from vN interactions with those from e+e annihilations and nondiffrac-

tive pp collisions.

I. INTRODUCTION

In terms of the quark-parton model' of deep-
inelastic lN scattering the interaction between the in-
cident lepton and the nucleon proceeds via the ex-
change of a virtual boson, y for e +,p+-and-W+
(W ) for v (v) charged-current reactions. A quark
in the target nucleon absorbs the intermediate boson
and is separated from the spectator system of par-
tons. Similarly, e+e annihilation leads to two
colored objects, a quark and an antiquark, moving
apart. Since free quarks are not observed in the fi-
nal state, it is important to understand how color-
carrying partons convert into hadrons.

In the most widely used approach, the highly en-
ergetic partons produced in the primary interaction
are allowed to fragment" independently into jets of
hadrons. An alternative model, considering pro-
duction of showers of many partons, has recently
been developed for e+e annihilation. According
to this model, the initial quarks, having in general
high off-shell mass, radiate gluons, which may in
turn also radiate, leading to a multiparton state. In
the final stage, color-singlet subsystems are formed
and subsequently "decay" uniformly in their center-
of-mass frame, according to two-body phase space,
or turn into single hadrons. In this approach, the
distinction between the fragmentation products of
the initial quarks is less clear.

In this paper we point out some features of
charged-particle multiplicity distributions in high-
energy neutrino-induced reactions which may throw
light on the mechanism by which partons convert
into hadrons.

In Sec. II we show that the data on the mean
value and dispersion of charged-hadron multiplicity

for vs and vN interactions are very similar, once the
difference in the total charge of the hadronic state is
properly accounted for.

Correlations between multiplicity distributions in
the forward and backward hemispheres in the had-
ronic center-of-mass frame are discussed in Sec. III.
We confront available vN data with the hypothesis
that the division of hadrons between the forward
and backward hemispheres is governed by the bino-
mial distribution. We find that this assumption
gives a qualitative fit to the data.

Throughout the paper we compare vtV data with
those from e+e annihilations and nondiffractive

pp collisions.

II. AVERAGE MULTIPLICITIES
AND DISPERION

In order to compare data for processes with dif-
ferent values of the total charge of the hadronic sys-
tem Q, we introduce the number of pairs of charged
particles created in addition to the minimum num-
ber of charged hadrons in the final state, n;„, re-
quired by charge conservation:

pair (nch min)r

For reactions vp, vn, and vn, n;„=
~
Q ~, that is,

n;„=2 for vp and n;„=I for v(v)n interactions.
For reasons which we shall explain later, in the case
of vp interaction we set n;„=1, rather than
n;„= iQ/ =0.

We study the dependence of (np„, ) on the avail-
able energy defined as

E,= W —gM~„,

where 8'is the center-of-mass energy of the hadron-
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FIG. 1. Average multiplicity of pairs of oppositely

charged particles in vN and vN scattering vs available en-

ergy squared E,'. (The vp data are lowered by 0.5 as ex-

plained in the text. )
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ic system and gM;„ is the sum of masses of had-

rons in the initial state. The results for reactions vp
(Refs. 4 and 5), vn (Ref. 5), vp (Refs. 6 and 7), and
vn (Ref. 7) are shown in Fig. l. A clear similarity of
mean multiplicities for all four reactions is observed,
although the vp data lie lower than others by ap-
proximately 0.3 units.

These results are well described by the quark-
parton model, as depicted in Fig. 2(a): in the v(v )N
collision the primary reaction leads to the separation
of a quark from a remaining diquark system. The
colored field between the quark and the diquark is
discharged by creating qq pairs which combine to
produce mesons. The minimum number of particles
in the final state corresponds to the situation when

only one qq pair is created. This is shown in Fig. 3
for all four vN and vN reactions. We see that in the
cases vp, vn, and vn the minimum number of
charged particles observed is independent of the fla-
vor of the quark generated from the sea and equal to
n;„=2 for vp and n;„=I for v(v)n In the cas. e

FIG. 3. Diagram of hadron production in vN and vN
interactions with one qq loop. M and B denote a meson
and a baryon containing the primary quarks. n;„denotes
the minimum number of charged hadrons in the final
state corresponding to different flavors of the sea quark.

of vp interaction we have n;„=0 if q =d (or s) and
n;„=2 if q=u. Assuming that the two possibili-
ties are approximately equally probable we set
n;„=1. Figure 3 explains also why the observed
average multiplicity (n~„, ) is slightly lower in the
vp case as compared with other reactions. The
difference may be attributed to the possible decay of
the neutral isobars 8 into two charged particles in
all cases except vp.

Also shown in Fig. 1 are results of the best fit to
the data for nondiffractive pp collision~ (n;„=2),
and for e+e annihilation, for which, as in the
case of vp, we assumed n;„=1. We find the energy
dependence of the average number of pairs of
charged particles produced in all three types of in-
teractions to be similar, suggesting that similar
mechanisms lead to the formation of hadronic final
states in those processes. Small differences, howev-

er, are observed. At the same available energy, the

pp data lie lower than the vN data, which, in turn,
are below the e+e data. These differences may be
tentatively attributed to the necessity to form
baryons in the final states.

The dispersion of the distribution of multiplicity
n is defined as

((n2) (n )2)1/2

FIG. 2. Quark-parton-model diagrams for (a) v(v)X
—+p++hadrons and (b) e+e —+hadrons.

Along with the dispersion, one can use the correla-
tion parameter f2.
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As mentioned before, in the quark-parton model
of vE interaction a d quark of the target nucleon ab-
sorbs the intermediate boson 8'+ and is separated
from the remaining diquark system. One usually as-
sociates the hadrons produced in the forward and
backward hemispheres in the hadronic center-of-
mass system with the "fragmentation" of the
current quark and the spectator diquark, respective-
ly.

If the quark and the diquark indeed fragment in-
dependently, the observed forward and backward
multiplicities should be (asymptotically) indepen-
dent, i.e., the probability P(n, nF), where n =n~
+n~, should be given by

P(n, nF)=P(n~)P(ns) .

FIG. 4. Dispersion Dp„., of pair multiplicity vs average

pair multiplicity & np„, ) for vp (Refs. 4 and 5), vn (Ref. 5),
and vn (Ref. 7).

f2 =—&n(n —1)) —
& n ) =D &n ) . — (4)

The parameter f2 will be discussed in Sec. III.
The dispersion of n», r distribution as a function

of & n p„, ) for .vp (Refs. 4 and 5), vn (Ref. 5), and vn

(Ref. 7) interactions is shown in Fig. 4. It can be
seen that all the data agree with the relation

Dp„,=0.36&np„, )+0.36 . (5)

(We do not include vp data since nm;„ is not unique,
and hence Dz„, is not well defined in this case. For
the same reason, we do not make a comparison with
e+e data. )

For comparison, the result of the best fit to the
nondiffractive pp data is also shown in Fig. 3. In
the multiplicity range available, &n»ir) &3, the pp
data are displaced from vX data by about 0.25 units.
The additional fluctuation of the number of pairs of
charged particles may be due to the presence of two
"diquarks" in the pp case as opposed to only one in
lE interactions.

III. FORWARD-BACKWARD CORRELATIONS

p =cov(nz, nz )/(DzDz ), (7)

where D~ (Ds) is the dispersion of the multiplicity
distribution in the forward (backward) hemisphere.

To discuss correlations between the number of
particles emitted forward, nF, and backward, nq, in
the hadronic center-of-mass system we shall use the
quantity called covariance of nz and nF defined' as

cov(np, ns ) = &nuns ) —&nF ) (ns )

and the coefficient of correlation, given by

P(n, nz) =P(n)(„")f b (10)

where f (b) is the probability that in a given event a
given particle is emitted forward (backward). As-
suming the hypothesis (10) and using empirical in-

formation on the distribution P (n) we may calculate
distributions P(n~) and P(nz) and their moments,
as well as the covariance and the coefficient of
correlation defined in Eqs. (6) and (7). Some simple
relations following from Eq. (10) are given in the
Appendix. In particular, if the probability f in Eq.
(10) remains constant with increasing (n) the co-
variance (6) is expected to vary with &n ) in direct
proportion to f2 [see Eq. (A4)].

We have studied the implications of the assump-
tion (10) for the forward-backward correlations for
negative particles produced in vp (Refs. 4 and 5) and

vn (Ref. 5) interactions. By considering negative

particles only we avoid spurious correlations due to
the conservation of the total charge, which may be
important at low energies. We used the relation
D (&n )) given in Eq. (4) (here, n =np„, ), and

we took an empirical value of f=&n )F/&n ).

Since at finite energies there is some overlap between
the quark and the target fragmentation regions one
can expect a linear dependence of the mean multipli-
city in one hemisphere on the multiplicity in the op-
posite hemisphere:

& n )F B = tx +Pns, p

with the slope P positive and decreasing as energy W
increases. In that case the covariance of ns and nF,
Eq. (6), and the coefficient of correlation p, Eq. (7),
should be positive, and p should decrease with (n ).

Another extreme assumption one can make is that
of a random distribution of particles between the
forward and backward hemispheres. In this case,
the probability P(n, nz) is given by the binomial dis-
tribution
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FIG. 5. Correlation parameter f2 vs average multi-

plicities of negative particles: (a) in vp (Refs. 4 and 5) and
vn (Ref. 5) interactions and (b) in vp (Refs. 4 and 5) and
vn (Ref. 5) interactions, for forward and backward c.m.
hemispheres. The curve in (a) follows from the form
D =0.36(n )+0.36. The curves in (b) follow the
above fit of D ((n ) ) and the assumption of the binomi-

al distribution.
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In the vp and vn interactions, the value of f is found
to be approximately constant with (n ) and equal
to f=0.6. '

The dependence of the correlation parameter (7)
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FIG. 6. Covariance of the multiplicity of negative par-
ticles in the forward and backward hemispheres vs (n )
in vp (Refs. 4 and 5) and vn (Ref. 5) scattering. The
dashed curve follows from the fit D =0 36(n )+0..36
and the assumption of the binomial distribution.
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FIG. 7. Covariance of the multiplicity of charged par-
ticles in the forward and backward hemispheres as a func-
tion of (n,s ), calculated for lN interactions under the as-
sumption of the binomial distribution, and the relation (5).
The solid line applies to the case Q =2, as in vp scattering
the dashed line to the

~ Q ~

= 1 case, as in vn and I —+p.

for negative particles, ft, on (n ) is given in
Fig. 5(a). The solid curve follows from the relation

fz D—— (n—) and from Eq. (4). This curve is
then used as an input to calculate (f2 )z and
(f2 )s under the assumption of the binomial dis-
tribution, from Eqs. (A2). The results are presented
in Fig. 5(b) as a solid and a broken curve, respective-
ly. The calculated curves and the experimental data
show a similar trend, although the observed differ-
ence between (fq )F and (fz )z is more pro-
nounced Th. e covariance cov((n )z, (n )s) which
is related to the correlation parameters by Eq. (A3),
is shown as a function of (n ) in Fig. 6. The cal-
culated curve closely follows the data.

We conclude that the available data for vN in-
teraction at (n ) & 3 are in a qualitative agreement
with the assumption of the binomial distribution. It
will be interesting to confront this assumption with
data from vN scattering and other deep-inelastic
processes, such as pp scattering, at higher average
multiplicities.

In Fig. 7 we present the covariance of forward
and backward multiplicities for all charged particles.
A similar pattern of the covariance changing sign
from negative to positive is expected under the as-
sumption of binomial distribution, but the detailed
form of the relation of c vo{(n d)~, (n, )sz) vs (n,s )
depends on the total charge of the hadronic state.
The two curves in Fig. 7 are given for Q =2, as in
vp scattering and for

~ Q ~

= I, as in vp, vn, and I+-p

interactions. In the case of vp scattering, the rela-
tion D =0.36(n,z ), which is equivalent to Eq. (5),
and Eqs. (A2) and (A5) imply that the change of
sign should occur near (n,s) =7. The dependence
of the mean multiplicity of charged particles in one
hemisphere on the multiplicity in the opposite hemi-
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FIG. 8. Coefficient of forward-backward correlation p,
for e+e annihilation, calculated under the assumption of
the binomial distribution and the relation D =0.36(n,s ).

In the case of nondiffractive pp interaction we
used the relation D =0.416(n,s ) +0.063 which
gives the best linear fit to the data for (nct, ) be-

tween 4 and 10. Assuming that the same relation
holds for higher multiplicities and inserting it in Eq.
(11), we obtain the dependence p((n, t, )) which is
presented as a solid line in Fig. 9, along with experi-
mental data from Fermilab, ' from CERN ISR,'

and from a recent study of pp collisions at the
CERN SPS collider. ' It can be seen that in the case
of pp interactions the hypothesis of binomial distri-
bution correctly reproduces the observed data on
forward-backward multiplicity correlations over a
wide energy region.

IV. CONCLUSIONS

sphere has been studied by Allen et al. ,
" for three

bins of energy W. Indeed, it has been found that
(n )F is decreasing with ne (the same for F~B) for
small 8', and it starts rising with nz at 8'=8 GeV,
where (n,t, ) =6.

The hypothesis of binomial distribution may also
be tested in other types of interactions. In the case

1

of e+e and pp interactions f=b = —, and we ob-

tain a simple relation between the coefficient of
correlation, Eq. (7), and dispersion and mean value
of n,„:

D' (n,„)—
D'+(...)

For e+e annihilation we assume the relation
D =0.36(n,s ) which gives a good fit to the data up
to (ncaa, ) =11. The resulting dependence p((n, s ) ) is
given in Fig. 8. No data on the forward-backward
multiplicity correlations are available at present.
(Preliminary results obtained by PLUTO collabora-
tion' show a trend similar to that presented in Fig.
8.)

Data on the average values and dispersion of the
multiplicity of charged particle pairs in the hadronic
final state show a clear similarity for vn and vX
charged-current interactions. Comparison of the
behavior of (n~„,) as a function of the available en-

ergy E, for vE, e+e annihilation, and nondiffrac-
tive pp interactions indicates that hadron-production
processes in all those types of reactions are similar.

Correlations between the number of particles pro-
duced in the forward and backward hemispheres in
vN interactions at c.m. energies below 15 GeV have
been found in qualitative agreement with a simple
hypothesis of binomial distribution. Study of
forward-backward correlations in deep-inelastic lN
scattering at higher energies, as well as in e+e an-
nihilation, should determine the nature of this corre-
lation. In particular, it is interesting to see whether
the covariance continues to rise in direct proportion
to the correlation parameter f2, or whether the
correlation observed at modest values of energy is a
consequence of energy-momentum conservation and
disappears when this restriction becomes less impor-
tant.

In the case of pp and pp collisions, where the
forward-backward correlation data up to Vs =540
GeV are available, the hypothesis of binomial distri-
bution gives a qualitative fit over a wide range of en-

ergy.

~ Ref. 12
o Rpf. I3

}pp,Ret l4
~ Iql & I

I I I I I I

0 IO 20 30 40 50 60 70
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FIG. 9. Coefficient of forward-backward correlation p
for nondiffractive pp interactions. The solid curve was
calculated under the assumption of the binomial distribu-
tion and the relation (Ref. 8) D =0 416(n,s ) +0.063. .
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the corresponding parameters for the forward- and
backward-going particles:

APPENDIX F2 F f f——2, f2 tt b ——f~ . (A2)

Below we give some relations between moments of
forward-backward and overall multiplicity distribu-
tions which follow from the assumption of the bino-
mial distribution (10).

If the overall dependence of dispersion on the
mean multiplicity is given by a function D((n))
then for the forward hemisphere we have

DF f D ——+fb(n ) (Al)

(for Dtt replace f by b) f(b). is the probability for
a given particle to be emitted forward (backward),

f+b = 1. A particularly simple relation holds
between the correlation parameter fz, Eq. (4), and

we obtain

cov(nit, nF) = , (1 f—' b—')f2—fbf2 (A4)

Hence, the sign of covariance is the same as the sign
of the function f2. In particular, for distributions
which are narrower (broader) than the Poisson dis-
tribution (for which f2—=0) cov(ns, n~) is negative
(positive).

For the covariance cov(ns, nz), defined in Eq. (6),
which can be expressed in terms of the correlation
parameters as

(A3)

*On leave from the University of Warsaw, Poland.
R. P. Feynman, Photon-Hadron Interactions (Benjamin,

New York, 1972)~

R. D. Field and R. P. Feynman, Nucl. Phys. B136, 1

(1978); B. Anderson, G. Gustafson, and C. Peterson,
ibid. B135, 273 (1978); Z. Phys. C 1, 105 (1979); U.
Sukhatme, ibid. 2, 321 (1979).

3S. Wolfram, in Proceedings of the XVth Rencontre de
Moriond, edited by J. Tran Thanh Van (Editions Fron-
tieres, Dreux, France, 1980); and Caltech Report No.
CALT-68-778, 1980 (unpublished); R. D. Field, in Per-
turbative Quantum Chromodynamics, proceedings of
the Conference, Tallahassee, 1981, edited by D. W.
Duke and J. F. Owens (AIP, New York, 1981); G. C.
Fax and S. Wolfram, Nucl. Phys. B168, 285 (1980).

4P. Allen et al. , Nucl. Phys. B181,385 (1981).
5D. Zieminska et al. , Phys. Rev. D 26, 47 (1983).
6M. Derrick et al. , Phys. Rev. D 25, 624 (1982).
7S. Barlag et al. , Z. Phys. C 11, 283 (1982).
A. Wroblewski, in Multiparticle Dynamics 1981, proceed-

ings of the XII International Symposium, Notre Dame,
Indiana, edited by W. D. Shephard and V. P. Kenney
(World Scientific, Singapore, 1982); and private com-

munication.
PLUTO Collaboration, Ch. Berger et al. , Phys. Lett.

78B, 176 (1978); 95B, 313 (1980); ADONE, C. Bacci
et al., ibid. 86B, 234 (1979); SLAC, J. L. Siegrist,
Ph.D. thesis, Report No. SLAC-225 VC-34d, 1980 (un-

published); J. L. Siegrist et al. , Phys. Rev. D 26, 969
(1982); TASSO Collaboration, W. Brandelik et al. ,
Phys. Lett. 89B, 418 (1980); JADE Collaboration, W.
Bartel et al., ibid. 88B, 171 (1979).

toS. Brandt, Statistical and Computational Methods in
Data Analysis (North-Holland, Amsterdam, 1970).

&&N. Schmitz, in Proceedings of the 1981 International

Symposium on Lepton and Photon Interact!'ons at High

Energies, edited by W. Pfeil (Physikalisches Institut,
Universitat Bonn, Bonn, 1981).
S. Brandt and F. Barriero (private communication).
S. A. Azimov et al. , Z. Phys. C 10, 1 (1981).

~ S. Uhlig et al. , Nucl. Phys. B132, 15 (1978).
~5UAS Collaboration, R. B. Meinke et al. , in Proton-

Antiproton Collider Physics —1981, proceedings of the
Workshop on Forward Collider Physics, Madison,
Wisconsin, edited by V. Barger, D. Cline, and F. Hal-

zen (AIP, New York, 1982).


