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ABSTRACT

We present results on inclusive particle production in
the antineutrino charged current induced hadron jets observed
in the Fermilab 15-ft. bubble chanmbe:. Practional energy
distributions, particle ratios and average multiplicities of
the hadrons in the jets are measured. Ratios between the
inclusive production rates of different mesons in the jets are
studied to seek evidence for the d-quark origin of the
observed hadrons. Good over-all agreement with the hypothesis
of d-quark fragmentation with universal’ fragmentation

functions obeying isospin systematics is established.



l.Introduction

Inclusive single-particle spectra in lepton induced
hadron jets can be used to test the quark-parton picture of
guark fragmentation as the scurce of the observed hadron
showers. Particles in the jets should appear in ratios
vhich reflect the flavor of the original fragmenting quark}®*
Antineutrino {neutrinpo)-nucleon charged current interactions
are particularly suited for these tests because of the
theoretical possibility of choosing the fragmenting quark
flavor to be "down™ ("up”).

In this article we will investigate single hadron distri-
butions in the current fragmentation region of deeply
inelastic antineutrino-nucleon charged current interactions_
We have earlier reported cur studies ¢n the jet net charge and
factorization properties ¢of the single particle cross-section
in the antineutrino induced jets.?* This analysis serves as
a direct continuation to our search for evidence of the d-
quark origin of the hadron showers produced in antineutrino-
nucleon interactions.

' we will report our detailed

In a forthcoming paper
studies on the transverse structure of the antineutrino

charged current induced jets.

2. Experimental details

The experimental data come from a wide-~band antineutrine
exposure of the Fermilab 15-{t. bubble chamber filled with a
heavy neon-hydrogen mixture. From the total of 23,000 neutral
particle induced events which have been fully measured, we

have chosen 7200 charged current antineutrino events. The



selected event sample fulfils the following criteria: (1) the
incident antineutrino energy is larger than 10 GeV; (2]} each
event contains a positively charged muon identified by the
External Muon Identifier supplemented by a kinematical method
of identification; {3} The laboratory momentum of the muon
is required to be larger than 4 GeV/c.

Multiplicity dependent weights are assigned to all events
to account for the scanning inefficiencies (35% for the two-
pronged events, 1% for the six- and higher-pronged events). A
wéighting procedure is also applied to all secondary tracks to
account for the interactions occuring close to the main intez-
action point. This momentum dependent weight has an average
value of 1.09.

In this analysis, we shall exclude all identified protons
and assign the pion mass to all remaining particles. The
uncertainties arising from this proceduré as well as the
uncertainty caused by the energy reconstruction procedure are
studied separately for each inclusive spectrum. The
fractional energy distribution of the positively charged
mesons is obtained by correcting for the unidentified protons
via the observed spectrum of lambda-hyperons. Details of this
procedure are given in the Appendix. The total coatribution
from protons in the current fragmentation region, with the
selection W>3 GeV, relative to all positively charged hadrons
is (15 + 3)%.

Energy smearing of the distributions is accounted for by

smeared

(z)unsmeared/ from a Monte

calculating the ratios D D(z)



Monte Carlo model.® This Monte Carloe model includes the
measurement systematics, nuclear Fermi motion and the initial
antineutrino energy spectrum. The net effect of the energy
smearing' varies from 5% at small z-values to 158 at the
highest values of z (z + 0.8). Further details on the
experiment and the selection procedure for the current
fragments are given in Ref. 4. Details concerning the sample
of neutral strange particles used in this analysis are given

in Ref. 7.

3.single-particle distributions

The factorization hypothesis for the differential cross
section
2
2 G ME g
d-g v h
dx az = v Lify {xg) Pj(2)

where fi(xB} are the nucleon structure functions and Dg(z) are
the fragmentation functions for parton i into hadron h, is
vell satisfied at present energies for the final state hadrons
in the current fragmentation region.® The variables iB and z
are defined in the laboratory system as xp = -qz/zuv, and
z = Eh/v, where M is the nucleon mass, Vv = Eg - Eu' -q2 is the
lepton four-momentum transfer sguared, Ege Bu and Eh are the
energies of the incident antineutrino, final state muon and
final state hadron, respectively. We define the fragmentation

function as n?{z) = (/N8 (antraCks /g2y,

Ntracks are the numbers of events and number of tracks of type

where Nev and

h, respectively.



-4-

We shall consider only particles travelling forward in
the hadronic center-of-mass system {current fragmentation
region). To ensute adequate separation between the current
and target fragmentation regions we shall select the center-
of-mass energies, W, larger than 3 GeV, and the current four-
momentum sguared, —qz, larger than 1 Gevzjcz.

In the antineutrino-nucleon charged current interactions
one effectively selects the fragmenting quark flavor to be d
for xp > 0.1.* Most of the fragnentation products are pions
{90%)® and therefore, using the isospin symmetry, the relation
Dgztz) L Dgt(z) is expected to be valid.

It follows from isospin conservation that for any guark i
the relation Dz+(z) + D:-(z) =2 n‘i'ofz) holds. We test this
relation in Pig. 1 where the fragmentation function D ¥ + Dh*
is plotted together with the data for 2.D'o(z) from an
electroproduction experiment.® Good agreement between our
antineutrino interaction data and the electroproduction data
is observed. In the same figure also e'e annihilation

* electroproduction data for charged hadrons® and

results,
proton-proton data '* for charged hadrons are shown. The
agreement of the different data sets for Dh(z) csupports the

OPM expectation of the wuniversal quark fragmentation

functions. The isospin symmetry in the quark jets also
R + -
implies that D, (z) = Dy (z) and D, (2z) =By (2). (e test
u . d *

these equalities in Fig. 2 and 3 where DQ (z) and Dz {z) are
plotted for our antineutrino charged current events and for
neutrino-proton charged current events. Recent data from a vp

experiment at Fermilab is also shown in Fig. 2 and 3. The
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+ W

h {z) and D, {z) supports the quark origin

d
of the observed hadrons in the current fragmentation region.

agreemeént between D

Fig. 3 on the other hand, demonstrates the impor-tance of the

proton correction: the difference between our measurement for

- +

Dg {z} and a measurement for D:
+

proton contamination in DE (z}).

{z) is most probably due to the

Fragmentation functions for the K%-mesons, DKO(z), and
lambda-hyperons Dhtz), are shown in Fig. 4.

The experimental data are compared with the QPM
parametrizations of Field and Feynman. For these predicticons
we have used the analytical approximations given in Ref. 11
with the SU(3) symmetry violation parameter of 0.27 + 0.04
measured in this experiment.?

The fragmentation functions evalwated £for our anti-
neutrino induced charged current jets give support for the two
fundamental hypotheses of the quark-parébn model: (1)
Universality of the quark hadronization process, ana (g]

systematic isospin relations between d and u quark jets.

4 ,Particle ratios

The ratio of % to %' mesons produced in GDN charged
current interactions at the current interactions at the limit
z+ 1 'should directly measure the ratio between the initial
quark flavors d to u. Por antineutrino charged current inter-
zctions this prediction means that the ratio I-/I+ should
approach infinity as z approaches unity.!!

Since we do not generally identify charged kaons in our
sample of secondary particles we consider the ratio h-/h+

between the charged hadrons in the current fragmentation
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- +

h (z)/Dh {z} ac

region. 1In Fig. 5 we show the ratio h‘/h+ = D
a function of z.

The ratic is seen to increase with increasing z. We
compare our experimgntal data to the QOPM prediction obtained
from the Field and Feymman parametrizations for the Dgt (z)-
functions. The prediction shown in Fig. 5 is calculated
from the analytical expression given in Ref. 11 for the frag-
mentation functions Dgt(z} with the SU(3) symmetry violation
parameter of 0.27 as measured in this experiment.’ The
pseudoscalar to vector meson production rates are assumed to
be equal to each other. The prediction agrees well with the
experimental data.

To check for possible threshold behavior in the ratio w=z

2 in Fig. 6a. No

have plotted h/ht as a function of W
significant variation with “2 is observed. In Fig. 6b we have
plotted h—/h+ as a function of -qz. N> appafent dependence of
the ratio on —éz is seen. The guark fragmentation model
reguires the constancy of the h /h*- ratio vith respect to tﬁe
Bjorken-x variable. Due to the isospin symmetry'nfi(z)inht(z)
the rat16 should also be constant in the smalr xB—region
{xB<0.1), where the guark-antiguark sea dominates. In Pig. 6¢
we show the ratio h'/h+ as a function of g No significant
variation with xg is observed in accordance with the (PM
expectation. Finally, possible resonance production effects
should show up when the ratio h™/b% is plotted as a function of
the transverse momentum with respect to the jet axis, Py~

-Howevezr, no variation is observed (Fig. 6d).
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Measurement of the ratio h-/h+ = ph {z)/Dh {z) therefore
supports the QPM prediction that the d-quark "hadronization®
is the origin of the mesons observed in the current Eragmenta-

tion region in GuN charged current interactions.

5.Jet Multiplicities

Charged particle multiplicities in the current {nduced
jets provide a powerful tcol for testing various theoretical
models. Parametrization of the jet multiplicities is also
essential for reliable predictions needed for more energetic
quark jets produced with forthcoming accelerators,

The average charged particle multiplicity is observed to
grow logarithmically as a function of the jet energy up to
W = 10 GeV in all hard scattering processes. Recent data on
ete -annihilation above 10 GeV c.m.s energieé shows, hovever,
a rapid increase of the jet multiplicities.! The increase can

be fitted well with a2 power law <n>, « Wlfz or with a ¢CD-

Jet
« exp(Zch/!b(ln( w2 / 2%y,

based parametrization <n>

jet
vhere h=(11-2nf/3)/4t. A is the scale parameter
(A+ 0.5 GevV), ne is the number of quark flavors and . is

the numbez of colors {(n, = 3).03

In Pig. 7a we show the average charged particle
multiplicity in the antineutrino charged current induced jets
as a function of the ¢.m.s energy squared. The data can be
fitted well with all the expressions discussed above. The

parameterizations obtained follow,



2

<N> = A+ Blnw® + C{1nw2)?

jet
vith A = -{2,0421.06), B = {1.7520.67), and € = -{0.13+0.10);
for a power-law

. 1/2

‘“’jet A+BW
A ==-(1.35 + 0.29), B = (1.55 2 0.14), and for the OCD
expression

<n> = A + B exp{b'(1In{ ﬂzllnz)ll/zl

jet

n
vhere b’ = 2\/;§ ,A=1.66£0.05, and B = (0.7810.09) x 10 .

*e~ gata’

A <comparison of these results with the e
(Pig. 7 ) shows agreement when  the ete” data arte
multiplied by a factor of two to account for the two jets
observed in the ete” tinal states.

In Prig. 8. the average jet multiplicity is plotted as a
function of -qz for fixed W-intervals. No significant -qz-
dependence is observed in accordance with Bjorken
correspondence principle.!® similarly, Pig.9a shows the xg

dependence of ‘“"jet and Fig. 9b the xgp-dependence with fixed

W. No apparent xn-dependence is seen.



To study possible two-particle correlations in the anti-
neutrino charged current induced jets we plot in Fig. 10 the

integrated two-particle correlation parameter

52 = <pn{n-1)> - <n':»2 = l:)2 - <n>

where D is the dispersion of the multiplicity distribution,

P f;‘ are defined for the

positively charged, for the negatively charged and for all

D =wf<n2> - <n>2, and f;+p £

charged final state particles in the jets, respectively. A
linear decrease of the E;’ -parameter as a function of <n> is
seen. This behavior is expected in models which are based on
the multiperipheral type of particle production, where short
range correlations dominate amongst the £inal state particles.
The correlation parameter f;"' seems to stay constant as a -
function of <n >.

A way to combine the above observations is to u§e the
Koba-Nielsen-Olesen (KNO-) scaling representation. 1% Jn this
representation the partial cross section is multiplied by <n>
and plotted as a function of the scaled multiplicity n/<-n>.
Fig. 11 shows the first KNO-scaling resuvlts for the lepto-
produced jets, The multiplicity distributions are evaluated
in different W-intervals and plotted in the same figure.
Resulting scaling distributions for our antineutrino-nucleon

'3 are shown

interactions and for twe hadron-hadron experiments
in this same figure. The antineutrino charged current induced
jets give rise to a scaling distribution which is signifi-

cantly narrower than that for the hadron-hadron forward

multiplicities. The antineutrino data give, on the other
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hand, significantly nartower distribution than purely
statistical particle correlations would indicate (for Poisson
distribution £,% 0}. This behavior was already observed with
the two-particle correlation parameters, f,, and it is typical

for short range correlations amongst the final state hadrons.

6.Conclusions

We have measured the quark fragmentation functions

ht h™ K° A : -

p" (z), D' (z), D" (z) and D"(2) in the vun charged current
interactions. Universal fragunentation functions are seen
to result from deeply inelastic lepton-nucleon interactions,
from e'e -annihilations and frém recent proton-proton data
from the ISR~experiments.

The isospin systematics implied by the simple QPM are
found to be valid for the f:agmeﬁtation functions measured in
our experiment. .

The ratio-h’/h+ supports the cascade picture of gquark
fragmentation and provides evidence for the d-quark origin of
the observed hadron jets.

Charged hadron multiplicities are evaluated in the ;uN
charged current jets and useful parametrizations for the jet
multiplicities are provided. The antineutrino produced jets
are found to resemble thcse produced in e*e™ annihilation to
hadrons.
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APPENDIX

CORRECTION PROCEDURE FOR PROTON BACKGRCUNDS

IN POSITIVE MESON DISTRIBUTIONS.
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QUARK_JETS II

APPENDIX A

Correction Frocedure for Proton Background in Positive Meson

Inclusive Distributions.

In order to study the inclusive particle distributions of
positively charged mesons one must be able to subtract the
contribution of protons. The difficulty in high energy bubble
chamber experiments is that only protons with laboratory
momenta less than +« 1 GeV/c can be distinguished from
positively charged mesons. All positive tracks of momenta
> 1 GeV/c are included and assigned a pion mass. The
gnidentified protons, when assigned the pion mass and
Lorentz - transformed into the hadronic center-of-mass system
{c.n.s), are shifted towards the forward c.m.s. hemisphere.

We bave indirectly calculated the contribution of the
unidentified protons by utilizing the diséributions of the
lagbda-hyperons observed in this experiment. The
Quark Parton Model of hadron production in deep inelastic
scattering relstes the production rates of strange and non-
strange mesons by the amount of SU(3) symmetry violation in
the quark jet cascade. We assume that a stralghtforward
extension of this picture holds for the production rates of
strange and non-strange baryons above the kinematic
thresholds. Since a lambda differs from a proton only in the
replacement of an s-quark in the lambda by a u-quark, the only
difference between‘the distributions of lambdas and protons in

the model is the normalization, which is given by the amount
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of SU(3) symmetry viclation in the quark jets. This procedure
for the calculation of the inclusive distribution of protons
is experimentally supported by the observation that the
fractional energy distribution of the lambdas in our anti-
neutrino charged current interactions and that of the protons
reported in an electroproduction experiment have the same
shape. 7

The fractional energy distribution of all lambdas
traveling forward in the hadronic c.m.s. is shown by the solid
points in Fig. Al. The lambdas in this distribution have been
veighted to correct for escape probabilities, unseen decay
modes and smearing of the distribution due to the energy
reconstruction procedure. A detailed discussion of the lambda
selectign and weighting procedure can be found in Ref. 7.
When assigned the pion mass, the Lorentz-transformation of all
lambdas to the hadronic c.m.s. results in a sizable contamina-
tion of target fragments in the current fragmentation fegion.
To study the effect of unidentified protons, the fractioﬁal
energy distribution of forward traveling lambdas with momenta
> 1 GeV/c is plotted (open circles) in Fig. Al, where we have
used the pion mass rather than the lambda mass. This sample of
lambdas, which has been chosen to simulzte the unidentified
protons, dominates the low z region (z < 0.3). In the higher =z
region {(z > 0.3) the contribution of this "unidentified
proton® sample of lambdas is found to be about the same as the
true sample of lambdas.

The uncorrected fractional energy distribution in the
current fragmentation region shown in Fig. 2 is for all
positively charged hadrons to which the pioﬁ mass was assigned

with only identified protons (P;., < 1 GeV/c) excluded. Also
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shown in Fig. 2 is the corrected distribution obtained by
subtracting the distribution of the unidentified protons, as
given by the distribution of the “"unidentified proton" lambda
sample in Fig. Al. The normalization for the unidentified
proton distribution was calculated from the ®"unidentified
proton® lambda sample by using the SU(3) violating parameter
Ps/p = 0.27 ¢ 0.04 measured in the experiment®, where Pe ané p
are the relative probabilities of finding a strange or a non-
strange qu;rk in a quark jet. We calculate that the contribu-
tion of protons in the current fragﬁentation region is
(15 2 3)t of the positively charged hadrons. This background
consists primarily of protons which belong to the target
fragmentation region, but due to their being assigned a
pion mass are shifted into the current fragmentation regicn.
The relative contribution of protons which truly belong to the
current fragmentation regicn is (4 = 1)%:. In the region
z > 0.3 (where .the mass of the particle has less importance)
(20 *+ 6}% of the positively charged hadrons are found to be
protons. This value is in good agreement with an electro-
production experiment which directly measured the proton z-
distribution,

For comparison, we have plotted in Fig. 2 the fractional.
energy distribution for positive hadrons from antineutrino-
Rydrogen intgractions and for negative hadrons from
neutrino-Hydrogen interactions. We observe that our
uncorrected distribution is in good agreement with the
positive hadron fractional energy distribution measured in

antineutrino-Hydrogen reactions and that these distributions



~15-

lie above the negative hadron fractional energy distribution.
However, our corrected positive meson distribution is in good
agreement with the negative hadron fractional energy distribu-
tion from vp interactions (where protons cannot contribute)
and are also in good agreement with the QPM parameterization

1 These comparisons add further

of Field and Peynman.
confirmation that our correction procedure for subtracting
protons from the distributions of positively charged hadrans

is reliable.
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Fiqure Captions

*
Fragmentation function p" (z) = (1/¥,) {dN+/dz) for

charged hadrons traveling forward in the hadronic c¢.m.s
in this experiment, in an ep-experiment, in a proton-
proton experiment at 1ISR,!Y and the fragmentation
function Dho(z) = (liﬂev){d:qo/ciz) for neutral pions in
the ep-experiment.? The solid 1line represents a
parametrization by Field and Feynman'!! with the size of
SuU(3) symﬁetry violation equal to 0.27 (See the text).

Pragmentation functions Dh+(z) = {l/Nev)(dN+/dz} ﬁor
positively charged hadrons traveling forward in the
hadronic c.m.s in this experiment without correction for
the proton contamination (crosses) and with the
correction described in the Appendix (solid circles).
The fragmentation functign Dh+(z) for an Vp experiment is
not corrected for the . protons;'® the fragmentation
function Dh-{z) = (J./Nev){dN-/dz) measured in a vp
experiment!? is also shown.~ The solid line is a
parametrization by Field and Feynman!! with the size of
SU(3) symmetry violation egqual to 0.27 (see the text).

Pragmentation functions Dh-(z) = {llnev)(dn"/dz) for
negatively charged hadrons traveling forward in the
hadronic c.m.s in this experiment, in an Vp experiment,'®
and Dh+(z) = (I/Nev)(dﬂf/dz) for positively charged
hadrons in a vp-experiment.'!” The solid 1line is a
pafametrization by Field and Feynman!! with the size of

the SU(3) symmetry violation equal to 0.27 (see the

text).
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o o
Fragmentation functions DK (z) = (l/Nev)(dNK /dz) and

Dﬁ(z) = (l/Nev){dNA/dz} measured in this experiment. The
solid line represents a Field and Feynman parametriza-
tion'! for the fragmentation function Dgo(z) with the
size of SU{3) symmetry violation eqgual to 0.27. (See the
text}).

Ratio h'/h+ = Dh-(z)/Dh+(z) as a functionof z = Eh/v for
the charged hadrons traveling forward in the hadronic
¢.m.s in this experiment. The sclid line is a parametri-
zation of Field and Feynman'!! with the size of SU({2)
symmetry violation egual to 0.27 (See the text).

Ratio <h /h*> = (IDh-(z)dz)/(th+(z)dz) as a function of
(a) c.m.s energy sguared, Wz, {b) lepton four-momentum

transfer sgquared, Qz, {c) x_ = QZ/va, and (d) hadron

B
transverse momentum, squared; pi.

Average charged particle multiplicity, <n_;>, of the
hadrons traveling forward in the hadronic c.m.s as a
function of (a) c.&.s energy sguared, wz and (b} lepton
four-momentcn transfer squared, Qz. The solid line
represents a power-law parametrization of the average
multiplicity and the dashed line a logarithmic parametri-
zation of the average multiplicity as a function of wz.
The dash-dotted line represents a fit to the e*e” data’
with the vertical lines-indicating typical uncertainties
irn the measurements.

Average charged multiplicity, <Dep>r of the hadrons
traveling forward in the hadronic c.m.s as a function of

02 with fixed K-intervals.
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Average charged multiplicity, <n .- of the hadrons
traveling forward in the hadronic c.m.s as a function of
(a) Y {b) Xg with fixed W-intervals.

Integrated two-particle correlation parameter for

hadrons traveling forward in the hadronic c.s.m (a)

+ = 2

£ = <“ch‘nch - 1)> - <n_>" as 2 function of <hp>e and

(b} fztt = <nt(n= - 1)> - <n_t>2 as functions of <n+>and
<n_>, respectively.

KNO-scaling representation of the charged multiplicities
for hadrons traveling forward in the hadronic c.m.s:
<n.p>P, is plotted against Nop/<hgp”: where P = 00/ Teorr
for this experiment. The solid line represents a fit to

the t+p -data at B~1l6 GeV/c incident n+ momenta and to

the pp -data at 22.7 GeV/c incicdent p momentum. !®

Pig. Al: Fractional energy distribution (;/Nev)(dn/dz)_foz

the lambda hyperons observed in -this experiment
{£full circles}. Open c¢ircles represent the
fractional energy distribution of the observed
lambda-hyperons with the selection P >1 GeV/c in
their laboratory momenta, and with their masses

replaced by the pion mass.
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