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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 chamber. Fractional 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-quack fragmentation with universpl. fragmentation 

functions obeying isospin systemstics is established. 
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l.Introduction 

Inclusive single-particle spectra in lepton induced 

hadron jets can be used to test the quark-parton picture of 

quark fragmentation as the source of the observed badron 

showers. Particles in the jets should appear in ratios 

which reflect the Elavor of the original fragmenting quark? 

Antineutrino [neutrino)-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 investiga:e single hadron distri- 

butions in the current fragmentation region of deeply 

inelastic antineutrino-nucleon charged current interacti- 

We have earlier reported our studies on the jet net charge and 

factorization properties of.tbe 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 shovers’ produced in antineutrino- 

nucleon interactions. 

In a forthcoming paper ’ we will report our detailed 

studies on the transverse structure of the antineutrino 

charged current induced jets. 

2. Bxperimental details 

The experirsental data come Fran a wide-band antineutrino 

exposure of the Fermilab 15-ft. bubble chamber filled vith 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 
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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 veights are assigned to all events 

to account for the scanning inefficiencies (35% for the tvo- 

pronged events, 19 for the six- and higher-pronged events). A 

weighting procedure is also applied to all secondary tracks to 

account for the interactions occuring close to the main inter- 

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 ail remaining particles. The 

uncertainties arising from this procedure as well as the 

uncertainty caused by the energy reconstruction procedure are 

studied separately for each inclusive spectra. 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 contribution 

from protons in the current fragmentation region, with the 

selection W,3 GeV, relative to all positively charged hadrons 

is (15 t 31%. 

Energy smearing of the distributions is accounted for by 

calculating the ratios D(z)““Smeared/D(z)Smeared from a Monte 
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Monte Carlo model.’ This nonte Carlo inodelincludes 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 15% at the 

highest values of S (2 c 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 strarlge pa:ticlcs used in this analysfs are given 

in Ref. 7. 

3.Single-particle distributions 

The factorization hypothesis for the differential CrOSS 

section 

-2% G’NE - 
= -” Zifi (II,) D;(S) dxdz s 

where fi(xe) are the nucleon structure functions and D:(z) are 

the fragmentation functions for parton 1 into hadron h, is 

veil satisfied at present energies for the final state hadrons 

in the current fragmentation regio”.’ The variables SR and s 

are defined in the laboratory system as xB = -q2/;1MV, and 

z = Eh/v, where H is the nucleon mass, Y = “5 - E,,, -q 2 is the 

lepton four-momentum transfer squared, E-,, E,, and Eh are the 

energies of the incident antineutrino, final state muon and 

final state hadron, respectively. We define the fragmentation 

function as D;(z) = (l/N,,,) (dN tracks/dz), where Ney and 

Rtracks are the nmbers of events and nunbe? of tracks of type 

h, respectively. 
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We shall consider only particles travelling forward in 

the hadronic center-of-mass system (current fragnentation 

region). To ensure 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 squared, -q*, larger than 1 GeV*/c*. 

In the antineutrino-nucleon charged current interactions 

one effectively selects the fragmenting quark flavor to be d 

for XB > 0.1.’ Most of the fragmentation products are pions 

(go*? and therefore, using the isospin symmetry, the relation 

D;*(z) 5 Di’ (z) is expected to be valid. 

It follows from isospin conservation that for any quark i 

the relation D:+(r) + D:-(z) = 2 D;‘(E) holds. we test this 

relation in Pig. 1 where the fragmentation function D 
h+ - 

+ Dh 

is plotted together with the data for 2 D”‘(z) from an 

electroproduction exeeckent.’ Good agreekent between our 

antineutrino interaction data and the electroproduction data 

is observed. In the same figure also e+e- annihilation 

results, ’ electroproduction data for charged hadrons’ and 

protohproton data ” for charged hadrons are shown. The 

agreement of the different data sets for Dh(z) supports the 

Qpn expectation of the UdV.2CSSl quark frawentation 

functions. The isospin symmetry in the quark jets also 

implies that >u- (2) = Di 
+ 

(6) and D;+(r) = D; (2). ,Ve test 

these equalities in Pig. iand 3 where $*(zl and D:‘(Z) are 

plotted for OUL antineutrino charged current events and for 

neutrino-proton charged current events. Recent data from a Gp 

experiment at Permilab is also shown in Fig. 2 and 3.” The 
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agreement between D:+(z) and Dt (z) supports the quark origin 

of the observed hadrons in the current fra@nentation region. 

Fig. 3 on the other hand, demonstrates the importance of the 

proton correction: the difference between our measurement for 

Di (z) and a measurement for DE 
+ 

(e) is most probably due to the 

proton contamination in D:+(z). 

Fragmentation functions for the K”-mesons, DKo(zL and 

lambda-hyperons D*(Z), are shown in Fig. 4. 

The experimental data are compared with the 9% 

parametrization6 of Field and Feynman. For these predictions 

we have used the analytical approximations given in Ref. 11 

vith the W(3) symmetry violation parameter of 0.27 ? 0.04 

measured in this experiment.’ 

The fragmentation functions evaluated for our anti- 

neutrino induced charged current jets give support for the two 

fundamental hypotheses of the quark-parGoon model: (11 

Universality of the quark hadronization process, and (2) 

systematic isospin relations between d and u quark jets. 

4.Particle ratios 

The ratio of w- to =+ mesons produced in G,,N 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. For antineutrino charged current inter- 

tctions this prediction means that the ratio r-/n* should 

approach infinity as z approaches unity. I’ 

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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region. In Fig. 5 we show the ratio h-/h+ = Dh 

a function of f. 

The ratio is seen to increase with increasing z. We 

compare our experimental data to the QPM prediction obtained 

from’ the Field and Feyman parvcetrizations for the Di- (z)- 
* 

functions. The prediction shown in Fig. 5 is calculated 

from the analytical expression given in Ref. 11 for the frag- 

h* mentation functions Dd (2) 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 ve 

have plotted h-/h+ as a functiqn of Wz in Fig. 6a. No 

significant variation with W ’ is observed. In Fig. 6b ve have 

plotted h-/h+ as a function of -q*- No appaient dependence of 

the tatio on -q ‘* is seen. The quark framentation model 

requires the constancy of the h /h+- ratio with respect to the 

hi Bjorken-x variable. Due to the isospin symmetryD- (z)cD hi (z) 
U d 

the ratio should also be constant in the small rB-region 

(~~~0.1). where the quark-antiquark sea dominates. In Fig. 6c 

ye show the ratio h-/h* as a function of xg. No significant 

variation vith xB is observed in accordance with the QPM 

expectation. Finally, possible resonance production effects 

should show up when the ratio h-/h* is plotted as a function of 

the transverse momentw with respect to the jet axis, pt. 

Bowever, no variation is observed (Fig. 6d). 
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Measurement of the ratio h-/h+ = Dh+(z)/Dh (5) therefore 

supports the QPM prediction that the d-quark ‘hadronization. 

is the origin of the mesons observed in the current Lragmenta- 

tion region in j,,N charged current interactions. 

5.Jet Multiplicities 

Charged particle multiplicities in the current induced 

jets provide a powerful tool 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 

e+e- -annihilation above 10 GeV c.m.s energieg shows, hoveker, 

a rapid increase of the jet multiplicities.’ The increase can 

be fitted well with a power law <II>. 
.3=t 

s WY2 or with a Cc& 

based parametrization cmjet = l xp(2/nc/vb(ln( W2 /A’), 

where b=[ll-2nf/3)/4v, fi is the scale paremeter 

(A< 0.5 GeV), nf is the number of quark flavors and nc is 

the nwnber of colors (nc = 31.” 

In Pig. 7; we show the average charged particle 

multiplicity fn the antineutrino charged current induced jets 

as e function of. the c.1.6 energy squared. The data can be 

fitted well with all the expressions discussed above. The 

parameterirations obtained follow, 
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cN'jet I A + BlnW* + C(lnW*)* 

with A * -(2.04t1.06), B = (1.75+0.67), and C = -(0.13~0.10); 

for a power-law 

gn'jet 
I A + B W"* 

A = -(I.35 * 0.29). B = (1.55 f 0.14), and for the QCD 

expression 

<tojet = A + B exp(b’(ln( W21/A2)lv2) 

where b' = 2 
“C 

II- YE* 
A=1.66*0.05. and B = (O.fSiO.09) x iOm2. 

A comparison of these results with the e+e- data' 

(Pig. 7 ) 8hovs agreement when the .A+=- data are 

multiplied by a factor of two to account for the two jets 

observed in the e+e- final states. 

In ?ig. 8. the average jet multiplicity is plotted as a 

function of -q2 for fixed W-intervals. No significant -q2- 

dependence is observed in accordance with Bjorken 

correspondence principle." Similarly, Fig.9a shows the xB 

dependence of <tOjet and Fig. 9b the rB-dependence with fixed 

1. Iio apparent zig-dependence is seen. 
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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 

f2 = <*(n-l)> - -3-1’ 2 = D2 - cn> 

where D is the dispersion of the multiplicity distribution, 

-zn2> 2 -- 
D’; - <n> , and f:+, f2 , 2 f+- are defined for the 

positively charged, for the negatively charged and for all 

charged final state particles in the jets, respectively. A 

linear decrease of the f;- -parameter as a function of <n-z is 

seen. This behavior is expected in models which are based on 

the mu1 tiperipheral type of particle production, where short 

range correlations dominate amongst the final state particles. 

The correlation parameter f:+ seems to stay constant as a 

function of -a-b+>. 

A way to combine the above observations is to use ihe 

Koba-Nielsen-Olesen (KNO-I scaling representation.” In this 

representation the partial cross section is multiplied by a> 

and plotted as a function of the scaled multiplicity n/<n> . 

Pig. 11 shows the first KRO-scaling results for the lepte 

produced jets. The multiplicity distributions are evaluated 

in different W-intervals and plotted in the same figure. 

Resulting scaling distributions for our antineutrino-nucleon 

interactions and for two hadron-hadron experiments” are s?lovn 

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 narrower distribution than purely 

statistical particle correlations would indicate (for Poisson 

distribution f2 E 01. This behavior was already observed with 

the two-particle correlation parameters, f2, and it is typical 

for short range correlations amongst the final state hadrons. 

C.Conclusions 

We have measured the quark fragmentation functions 

D 
h+ 

(21, Dh (21, DKofs) and D*(z) in the s,,N charged current 

interactions. Universal fragmentation functions are seen 

to result from deeply inelastic lepton-nucleon interactions, 

fron e+e--annihilations and from recent protohproton data 

f corn the ISA-experiments. 

The isospin systematic6 implied by the simple QPM are 

found to be valid for the fragmentation functions measured in 

our experiment. 

The ratio. h-/h+ supports the cascade picture of quark 

frawentation and provides evidence for the d-quark origin of 

the observed hadron jets. 

Charged hadron multiplicities are evaluated in the <,,N 

charged current jets and useful pacaxetrizations for the jet 

multiplicities are provided. The antineutrino produced jets 

are found to resemble those produced in e+e- annihilation to 

hadrons. 

Acknowledgements 

We thank Kenneth Lassila for discussions. 



-11- 

APPENDIX 

CORRECTION PROCEDURE FOR PROTON BACKGROUNDS 

IN POSITIVE MESON DISTRIBUTIONS. 



-12- 

QUARK JETS II -. 

APPENDIX A 

Correction Procedure for Proton Dackqround 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 

unidentified protons, vhen assigned the pion mass and 

Lorents - transformed into the hadronic center-of-mass system 

(C.rn.Sl, are shifted towards the forvard c.m.6. hemisphere. 

We have indirectly calculated the contribution of the 

unidentified protons by utilizing the dis&ibutions of the 

lambda-hyperons observed in this experiment. The 

Quark Parton Model of hadron production in deep inelastic 

scattering relates 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 straightforvard 

extension of this picture holds for the production rates of 

* trange 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 SLI(3) symmetry violation 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. ’ 

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 

weighted to correct for escape pro5abilitie.s. unseen decay 

modes and smearing of the distribution due to the energy 

reconstruction procedure. A detailed discussion of the lambda 

selection and weighting procedure can be found in Ref. 7. 

When assigned the pion mass, the Lorcntz-transformation of all 

lambdas to the hadronic c.m.s. results in a 4irable contamina- 

tion of target fragments in the current fragmentation region. 

To study the effect of unidentified protons, the fractional 

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 sksrple of 

lambdas, which has been chosen to simulate the unidentified 

protons, dominates the low a region it < 0.3). In the higher a 

region (2 > 0.31 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 pion mass was assigned 

with only identified ProtonS (plab < 1 GeV/c] l xcluded. 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 SUC3) violating parameter 

p/p = 0.27 t 0.04 measured in the experiment’, where p, and p 

are the relative probabilities of finding a strange or a non- 

strange quark in a quark jet. We calculate that the contribu- 

tion of protons in the current fragmentation region is 

(15 t 3)\ 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 region. 

The relative contribution of protons which truly belong to the 

current fragmentation region is (4 * I)%. In the region 

s s 0.3 (where .the mass of the particle has less importance) 

(20 2 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- 

Iiydrogen interactions 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 



-IS- 

lie above the negative hadron fractional energy distribution. 

Rowever, 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 

of Field and Feynman. ” These comparisons add further 

confirmation that our correction procedure for subtracting 

protons from the distributions of positively charged hadrons 

ia reliable. 
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Figure Captions 

1. Fragmentation function Dh’W = (l/N,,) (dN+/ds) for 

charged hadrons traveling forward in the hadronic c.m.s 

in this experiment, in an ep-experiment,’ in a proton- 

proton experiinent at ISR,” and the fragmentation 

function Dho(s) = (l/Nev)(dNo/dz) for neutral pions in 

the ep-experiment.’ The solid line represents a 

parametrization by Field and Feynman” with the size of 

BU(3) symmetry violation equal to 0.27 (See the text). 

2. Fragmentation functions h+ 
D (21 = (l/Nev) WN+/dzl for 

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 function Dh+(z) for an Dp experiment is 

not corrected for the .protons:rc the fragmentation 

function Dh (2) = (l/N,,,)(dN-/dsl measured in a vp 

experiment” is also shown.’ The solid line is a 

parametrization by Field and Feynman I* with the size of 

BU(3) symmetry violation equal to 0.27 (see the text). 

3. Fragmentation functions Dh (a) = (l/N,,) (dN-/ds) for 

negatively charged hadrons traveling forward in the 

hadronic c.m.s in this experiment, in an~pexperiment,‘r 
+ 

and Dh (21 - (l/Nevl (dN+/dzl for positively charged 

hadrans in a vp-experiment. r’ The solid line is a 

parametrization by Field and Feynman” with the size of 

the SJ(31 symmetry violation equal to 0.27 (see the 

text). 
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4. Fragmentation fu”CtiO”S 0%) = (l/N,“) tdNKo,dz) and 

D*(Z) D (l/Nev)(dNA/dz) measured in this experiment. The 

solid line represents a Field and Feynman parametriza- 
K0 

tion” for the frapentation function Dd (2) with the 

size of SD(~) symmetry violation eqal to 0.27. (See the 

text). 

5. Ratio h-/h+ = Dh (z)/Dh+(z) as a function of z = Eh/V for 

the charged hadrons traveling forvard in the hadronic 

c.m.s in this experiment. The solid line is a parametri- 

zation of Field and Feynman" with the size of SU(3) 

symmetry vioiatio” equal to 0.27 (See the text). 
+ 

6. Ratio <h-/h+> = (& (z)dz)/(lDh (z)dz) as a function of 

(a) c.m.s energy squared, W2, (b) lepton four-momentum 

transfer squared, Q2, (Cl XB = Q2/2mu, and (dl hadro” 

2 
transverse momen:um, squared, pt. 

7. Average charged. particle multiplicitj, <“ch>, of the 

hadrons traveling forward in the hadronic c.m.s as a 

function of (a) c.a.s energy squared, W2 and (b) lepton 

2 
four-momentiro transfer squared, Q . The solid line 

represents a paver-law parametrization of the average 

multiplicity and the dashed line a logarithmic parametri- 

ration of the average multiplicity as a function of W2. 

The dash-dotted line represents a fit to the e+e- data’ 

with the vertical lines-indicating typical uncertainties 

in the measurements. 

a. Average charged multiplicity, <nch>, of the hadrons 

traveling forward in the hadronic c.m.s as a function of 

Q2 with fixed w-intervals. 
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10. 

11. 

Fig. 
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Average charged multiplicity, <nch>, of the hadrons 

traveling forward in the hadconic c.m.s as a functiOn Of 

(a) X*, (b) xB with fixed W-intervals. 

Integrated two-par title correlation parameter for 

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

f+- - <“ch(“ch - l)> - <nch,Z as a function of <nch>, and 

(b) f2** = <nt(nt - 1)~ - <n,> 2 as functions of <n+,and 

<“-‘a respectively. 

KNO-scaling representation of the charged multiplicities 

for hadrons traveling forward in the hadronic c.m.s: 

<%h’*n is plotted against nch/<nch>, where P, = an/atot, 

for this experiment. The Solid line represents a fit to 

the r+p -data at 8-16 GeV/c incident II 
+ 

momenta and to 

the ip -data at 22.1 GeV/c incident 5 mOmentm. I’ 

Al: Fractional energy distribution (,&/N,,)(dN/dzl for 

the lambda hyperons observed in this experiment 

(full circles). Open circles represent the 

fractional energy distiibution 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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