Vol. B11 (1980) ACTA PHYSICA POLONICA No 12

HADRON PRODUCTION BY NEUTRINOS ON PROTONS*
By N. Scumitz

Max-Planck-Institut fiir Physik und Astrophysik, Miinchen**
Aachen-Bonn-CERN-Miinchen(MPI)-Oxford Collaboration

( Received July 12, 1980)

In a bubble chamber experiment with BEBC filled with hydrogen at the CERN SPS
the hadronic final state in neutrino-proton scattering has been studied by the Aachen-Bonn-
-CERN-Miinchen(MPI)-Oxford Collaboration. Results are presented on the following
topics: charged multiplicity distribution, forward and backward multiplicities and charge
distribution, production of neutral strange particles and of charm, quark-singlet and gluon
fragmentation moments, non-factorisation and double moments, transverse momentum
and jet studies.
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Introduction

In these lectures some recent results are discussed on the hadronic final state produced
in charged-current (CC) neutrino-proton reactions

v,p — W~ +hadrons, 1)

which were studied by the Aachen-Bonn-CERN-Miinchen (MPI)-Oxford Collaboration
in a bubble chamber experiment (WA21) using BEBC filled with liquid hydrogen and
exposed to a wide-band neutrino beam produced by protons of 350 GeV from the CERN
SPS. Fig. 1 shows the neutrino-energy spectrum of the experiment, peaking at £, = 20 GeV.
Fig. 2 gives a side view and a top view of BEBC together with the two-plane external
muon identifier (EMI) {1] which consists of an inner plane with 6 and an outer plane
with 49 3m x lm multiwire proportional chambers (covering an area of 150 m?) and which
allows the identification of the secondary muon with an efficiency of ~98.5% for p, > 10
GeV/c and of ~859% on the average between 3 and 10 GeV/c. A correction for losses due
to EMI inefficiencies was applied.

* Presented at the XX Cracow School of Theoretical Physics, Zakopane, May 29 — June 11, 1980.
** Address: Max-Planck-Institut fiir Physik und Astrophysik, Fohringer Ring 6, 8000 Miinchen 40,
West Germany.
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In a total of 285000 pictures, taken between August and December 1977 and cor-
responding to 1.1x 10'® protons on the target, some 18000 events were measured on
film plane digitizers, leading to ~7800 CC events with visible energy E,;; > 5 GeV and
muon momentum p, > 3 GeV/c in a fiducial volume of 18.9 m* corresponding to 1.1 tons
of H,. The magnetic field in the chamber was 3.5 Tesla. The measurements were processed
by the CERN-HYDRA programs for geometry, kinematics and EMI, and particle identifi-
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Fig. 1. Energy distribution of incident neutrinos in the BEBC experiment WA21

cation was performed, whenever possible, using energy loss (mass-dependent geometry),
range and ionisation, and kinematical fits. For each event an estimate for the unmeasured
neutrino lab energy E, was determined from estimating the total lab energy of all secondary
hadrons (including unmeasured neutrals) by the following formula [2], which is based
on transverse momentum balance:
IPra+ ZPri
EHcorr = E!‘!vis(1 + |pTuﬁ“"£Tll> ’ Ev = Eu+EHCorr'—A"I. (2)
2| pril

Here ﬁn and pr, is the transverse momentum of the muon and of the ith observed (charged)
hadron respectively, with respect to the known beam direction; Ey,;, 1s the lab energy of
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all measured (charged) hadrons. This formula of estimating the neutrino energy differs
somewhat from the usually applied transverse-momentum-balance method [3], but has
been shown by Monte-Carlo simulations to lead to rather reliable and unbiased results.
The neutrino-energy distribution of the events ranges from ~5 GeV to ~200 GeV, peaks
at ~20 GeV and has an average of (£,) ~ 42 GeV.

Results from the experiment have been obtained and published so far on the following
subjects: Production of charmed particles [4], Q2 dependence of fragmentation functions
and non-factorisation of semi-inclusive cross sections [5], ratio of neutral-to-charged current
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Fig. 2. Side view and top view of the Big European Bubble Chamber BEBC together with the two-plane
External Myon Identifier EMI

cross sections [6], multiplicity distribution of charged hadrons [7], single n* and 4™ pro-
duction [8], charge distributions and total hadronic forward charge [9]. Results from the
experiment can also be found in reviews given at the various conferences in 1979 [10-13].
In these lectures new results will be presented on the following topics without going into
the details of experimental analysis:

A. Multiplicity distribution of charged hadrons

B. Forward and backward multiplicities, charge distribution



C. Production of neutral strange particles, charm production
D. Moments of quark-singlet and gluon fragmentation functions
E. Non-factorisation and double moments

F. Transverse momentum and jet studies.

A. Multiplicity distribution of charged hadrons

High-energy reactions can be subdivided into two classes A and B depending on
whether diffractive scattering contributes or not:
class A: annihilation-like processes like pp or ete~ annihilation into hadrons, to which
diffraction dissociation of one or both incident particles does not contribute.
class B: normal inclusive hadron-hadron collisions or (via the vector-meson dominance
model) photoproduction, to which diffraction scattering contributes.
The multiplicity distribution of a class-B process is thought to consist of two components
(two-component model, see e.g. Ref. [14]): a diffractive component which has low multiplic-
ities n rather independent of energy, and a non-diffractive component with multiplicities.
moving towards higher values as the energy increases. The overall multiplicity distribution
widens therefore with increasing energy and is expected to develop two visible parts with
a valley in between at extremely large energies. A class-A process on the other hand has
a narrower multiplicity distribution which moves towards higher n-values with increasing
energy.
The interesting question arises: Which class does neutrino-nucleon scattering (1)
belong to? This process is sketched in Fig. 3 where at the lower vertex the exchanged

hadrons
(W)

Fig. 3. Diagram for the reaction vp — =+ hadrons

vector-boson W+ interacts with the proton leading to the final-state hadrons:
W*p — hadrons. 3)

The effective mass W of all final-state hadrons (including neutrals) in reaction (1), i.e. the
total cms energy of reaction (3) is given by

W?=M"+2Mv—Q*> (v=E,~E) )
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where

Q2—4EEsin29 5
- phy i ()

is the four-momentum transfer squared between incoming v and outgoing p with lab
energies E,, E, and a lab angle 0 between them.

In Fig. 4 the normalized topological cross sections P(n, W) = a(n, W)/o,,(W) are
plotted vs W? for various charged hadron multiplicities #. From this figure the charged

1
— 0.‘
e
e
o
0.01
0.001 L1l ©Q L1 l
10 100
w2(Gev?)

Fig. 4. Normalized topological vp cross sections P(n, W) = o(n, W)/61ot(W) vs W2 for charged hadron
multiplicities #n = 2, ... 12. The curves are drawn to guide the eye

multiplicity distribution P(n, W) at fixed W is of course directly obtained. One notices
a strong decrease of P(2) and (at higher W) also of P(4) with W which indicates already
the smallness of a diffractive component.

Fig. 5 shows the average charged multiplicity as a function of W?Z; the experimental
points above W? = 4 GeV? are well described by a fit linear in In W? yielding

{nYy = (0.374£0.02)+(1.33+£0.02) In W?, (W in GeV). ©6)
In contrast to the strong dependence on W, {n) is rather independent of Q2 at fixed W,

This is seen in Fig. 6, where even for a larger W interval (4 < W < 10 GeV) there is only
little variation of { n) with Q2.
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Fig. 5. Average charged multiplicity in vp scattering vs W2, The curve is a fit of the form (n) = a+b1n W?
for W? > 4 GeV?
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Fig. 6. Average charged multiplicity in vp scattering vs Q% for 4 < W < 10 GeV
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We now discuss the next-higher moments of the multiplicity distribution, namely
the dispersion

D =V —{n)? ™
and the correlation parameter
J2 = (n=1)>—<n)? = D*—={n) ®)

and compare the results of this experiment with those for pp annihilation (class A) and
pp scattering (class B) [15-19]. Using the relation

n=oa+pn_ 9)
between the multiplicity n_ of negative hadrons and the multiplicity n of charged hadrons,
one obtains the relation

R (10)
between the dispersion D_ of the negative multiplicity distribution and the dispersion D
of the charged multiplicity distribution, where
a=2, p=2 for pp, vp
«=0, B=2 for pp annihilation. (1)
An empirical linear relation of the form
D = a+b{n) (12)

has been found between D and { n) by Wroblewski [14] which for large{ #) leads to a con-
stant ratio

ny 1
X (13)

The following values for the parameters a and b were obtained from fits to the data:
D = 0.58({n)—0.97) for pp scattering [19],
D = 0.37{n) for pp annihilation [16]. (14
Transforming this into D_ and <{n_) by using (9), (10) and (11) one obtains
1
(a_ = —(a+ab), b_ = b)
B
D_=a_+b_<{n_> =030+0.58{(n_> for pp scattering,
= 037<n_> for pp annihilation. (15)

These two straight lines representing the experimental data on pp and pp are shown in
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Fig. 7 together with the experimental points from this experiment. It is seen that also
the vp points fall on a straight line for (n_) = 0.5, a linear fit yielding

D_ = (0.3640.03)+(0.36+-0.03) <n_> (16)

(straight line through data points). Thus the asymptotic { n)/D ratio (Eq. (13)) is the same
for vp and pp annihilation, whereas that for pp scattering is smaller.
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Fig. 7. Dispersion D_ of the multiplicity distribution of negative hadrons vs average multiplicity <{n.)> of

negative hadrons. The straight line through the data points for vp scattering is a fit of the form D_ = a.

+b_{n_>. Shown are also the straight-line fits to the experimental results for pp scattering [19] and pp
annihilation [16]

The linear relation (12), (15) leads to the following quadratic relation for the correla-
tion parameter f, ~ (Eq. (8)) between negative hadrons as a function of (n_):

frT =D —(n_)> = a’ +QRa_b_—1){n_Y+b {n_H a7
Inserting the experimental values (15), (16) for the parameters @., b_ one obtains:

fi T =009-0.65{n_>+0.34(n_»* for pp scattering,

fi T = ={n_)>+0.14¢n_)% for pp annihilation,

foT =0.13-0.74{n_>+0.13¢n_>*  for vp scattering. (18)



921

These three relations are shown by the full curves in Fig. 8 together with the data points
from this experiment. As expected, the predicted curve for vp scattering is in very good
agreement with the experimental results. The dotted straight line is a direct linear fit!
f> = &~ —0.73¢n_) [20] to the experimental pp data; it is closely approximated by the pre-
diction (18) for pp (full curve). Again, the vp data points are much closer to the pp than
to the pp results, the difference between vp and pp annihilation being probably due (as
in Fig. 7) to the fact that in vp scattering the hadronic system has total charge 2 (o == 2 in
(11)), whereas it has charge 0 in pp annihilation.

0.5

<n.>

Fig. 8. Correlation parameter f ~ vs average negative multiplicity in vp scattering. The full curves follow
from the fits D_ = a_+b_{n_> to the vp, pp and pp data for D_ vs <n._>. The dashed curve is a direct fit
of the form f7 ™ = ¢<n-) [20]

Fig. 9 shows the scaled charged multiplicity distribution {(n)P(n, W) vs. the normal-
ized charged multiplicity n/(n) for five intervals of the hadronic mass W for reaction (3).
It is seen that the points for various W fall on the same universal curve, which means
that Koba-Nielsen-Olesen (KNO) scaling [21] is approximately fulfilled. The figure also
shows the KNO scaling curves for pp scattering (full curve) and pp annihilation (dotted
curve). The good agreement between vp scattering and pp annihilation strongly suggests
that vp scattering is a class-A process (without diffraction scattering) whereas the KNO
curve for pp scattering (class-B) is much wider as a consequence of the fact that diffractive
scattering contributes as explained at the beginning of this section.

! Such a linear relation between f2 “and <n-) is of course not strictly compatible with the definition
{7 of £z~ and a linear relation (15) between D_ and {n.).
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Summarising one may conclude from the similarity between vp scattering and pp
annihilation as observed in Figs. 7, 8, 9 that diffraction scattering does not contribute
noticeably to vp scattering.
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Fig. 9. KNO scaling distribution <n>P(n, W) vs n/<n)> for five intgrvals of W for vp scattering. Shown
are also the KNO curves to the data of high energy pp scattering and pp annihilation

B. Forward and backward multiplicities, charge distribution

According to the quark-parton model (QPM) which is sketched for vp scattering in
Fig. 10, the hadrons in reaction (1) are produced in the following way: A d-quark of the
proton absorbs the current (i.e. the intermediate vector boson W) and is thereby converted
into a u-quark which subsequently fragments into the (forward going) current fragments.
The two u-quarks of the proton (diquark system) are not involved in the interaction (specta-
tor quarks) and fragment into the (backward going) target fragments. In order to separate
(at least approximately) the two fragmentation regions from each other one usually sub-
divides the final-state hadrons into those going forward (i.e. in current direction) in the
hadronic cm system (Feynman-xg = ZPE'I‘/W > 0; current fragments) and those going
backward (xp < 0; target fragments). Of course, at small values of the hadronic
mass W a strong kinematical overlap of the two types of fragments is expected, whereas
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one may hope the x cut to become more and more efficient and meaningful, as W increases.
This may be seen from Fig. 11a and b where the average number of positive and negative
hadrons per event and per unit rapidity interval is plotted vs. rapidity in the hadronic cms

(19)

for two intervals of low and high W: Whereas at low W the rapidity distribution is quite
narrow and peaked, the distribution (at least for the positive hadrons) starts to develop
a plateau at high W which separates the two fragmentation regions.

current
fragments

target
fragments

P

Fig. 10. Diagram of the quark-parton model for neutrinoproduction vp — p~ + hadrons

In Fig. 12 the average charged multiplicity (n)gy in the forward and backward
hemispheres is plotted vs. W2. The forward multiplicity is seen to be larger than the back-
ward multiplicity for all W?2. In the QPM, this implies different fragmentation properties
for the u-quark and for the diquark system. In Fig. 13 the forward and backward multiplic-
ities of Fig. 12 are subdivided into their contributions from positive and negative hadrons.
It is seen that at small W the forward-to-backward excess is due to positive hadrons whereas
the average number of negative hadrons is nearly equal in the two hemispheres. At high
W on the other hand, the situation is just reversed: There are more negative hadrons going
forward than going backward, whereas the average numbers of positives become roughly
equal in the two hemispheres. Another way of presenting this result is in terms of the
average forward (xg > 0) or backward (xp < 0) going charge

<Q>F,B = <"+>F,B“<"—>F,B (20)

per event which is shown in Fig. 14 for the two hemispheres? as a function of W?2: For
small W there is an excess ({Q>r > 1) of (positive) charge in the forward hemisphere
whereas for large W more charge goes backward than forward.

This resuit can be easily understood, at least qualitatively, in the following way:
At small W vp scattering is dominated by a few exclusive final states, namely pn*, prtn®
(with (QDp = {Q>p =~ 1) and nrtnt with (Q>r > (Q)y since the neutron goes mostly
backward. These three channels thus lead to an overall excess of charge in forward direction.
At high W on the other hand, the QPM predicts more charge going backward (from uu-

2 Of course one always has Qr+ QOp = Q = 2 for each event because of charge conservation.
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-diquark) than going forward (from u-quark)3. This is also seen in Fig. 11c, which shows
the distribution

@ _ _1_<dN _ dN') _ d{n.> B d{n_>» 22)

dy Ne \ dy dy dy dy

of the average charge per event in cms rapidity y for two intervals of W. At high W there
is more (positive) charge going backward than forward in the cm system. Furthermore,

vp ~ i+ hadrons
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Fig. 11. cms rapidity distributions of (a) positive hadrons, (b) negative hadrons and (c¢) charge per vp
event for two W intervals (dashed: 2 < W < 4 GeV, full: 8 < W < 16 GeV)

3 However, already a simple model, in which the nucleon (~509% of the time a proton such that
OV = —%—) goes predominantly backward and the remaining charge is distributed at random gives a charge
excess in the backward direction:

{08
{QOF =

plw N

+3=2 @
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Fig. 12. Average multiplicity of charged hadrons going forward (xr > 0) and backward (xg < 0) in the
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Fig. 13. Average multiplicity of positive and negative hadrons going forward (xg > 0) and backward

(xr < 0) in the hadronic cm system vs W?2 in vp scattering
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Fig. 14. Average charge ver vp event going forward (xg > 0) and backward (xp < 0) in the hadronic
cm system vs W2 Qp+ Qp = 2 for each event

for W > 8 GeV the charge distribution shows a clear step around y = 0, which is most
likely due to a separation between current and target fragments. A similar step at y~ 0
has been observed in the charge distribution for vp scattering (where Q = 0) with W > 4
GeV by the Argonne, Carnegie-Mellon, Purdue Collaboration [22]. Thus it seems possible
to separate (at least approximately) the target from the current fragments at high W by
cutting at y = 0 (i.e. x = 0) in the cm system.

We now discuss the forward charge {(Q>r and its relation to the fragmentation of
the u-quark in the QPM (Fig. 10) more quantitatively. Neglecting fragmentation into
baryons, Field and Feynman [23] and others before [24] have shown, that in the QPM
the average charge (@3, of hadrons (mesons) from the fragmentation of a quark ¢ is related
to the charge e, of the quark g by

<Q>q = eq'— Z Va€a = eq—e<q>' (23)

Here 7, is the probability for creating a quark-antiquark pair aa from the *“‘sea”; the
constant correction term e, = Y 746, called the “charge-leakage term”, is thus the
a

charge of an “average” quark {g) created from the sea. Equation (23) is easily derived
[12, 23, 24] from the rapidity diagram in Fig. 15 for the cascade model of quark fragmenta-
tion: Since in measuring {Q),6 one collects the charges of hadrons (mesons), the quark
a of the last pair ¢a in the chain has to be excluded and its charge, occurring with weight y,,
must be subtracted. The neutral bb pairs between ¢ and a do not contribute to (Q>,.
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It should be pointed out, that it is not possible to determine the quark charges e, from
a measurement of the average hadron charges {Q), since the leakage-term e, in (23)
is not known a priori. Only differences

<Q>q—<Q>q’ = eq”eq’ (24)

of quark charges can be measured. In fact, neglecting the production of heavy mesons
containing ¢ quarks (y, = 0), i.e. using y,+74+7, = 1, and making the minimum assump-

Fig. 15. Schematic rapidity diagram for the cascade model of quark fragmentation. The diagram shows
how the average hadron charge {(Q>, is composed of the quark charges

tions e,—ey = 1 (n*) and e,—e, = 1 (KF) it foliows from (23) that

<Q>u 1'_’)}“’ <Q>d = <Q>s = Y
€y = eu— L +7y, (25)

Thus a measurement of the hadron charges {(Q), yields the probability y, and not the
quark charges. For SU(2) symmetry one has

Ya=Va =Y v =12y (26)
and for an SU(3)-symmetric sea
Tu=Ya =Y =7=73. 27
With the normal charge assignments to the quarks one obtains
e, = =5 (= 0 for an SU(3)-symmetric sea). (23)

A clean measurement of (Q), in the present vp experiment can be obtained in the
following way: Fig. 14 has shown that the average charge (Q>p of forward going ha-
drons (xg > 0) depends on W even at high W. This dependence is most likely due to an
overlap between target and current fragments which still exists even at large (finite) W:
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Current fragments are lost into the backward hemisphere and target fragments spill over
into the forward hemisphere. Therefore, in order to achieve a clean separation of current
and target fragments, an extrapolation of {Q) to infinite W should be carried out [25].
Fig. 16 shows the average forward charge {Q>y per events vs 1/ together with a linear*
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Fig. 16. Average forward charge per vp event vs 1/W for x > 0.1. The straight line shows a fit linear in
1/W to the first seven points (W > 2.5 GeV)

fit in 1/W to the first 7 data points (W > 2.5 GeV). The resulting extrapolated value at
YW =0 is

<Q>}"',W=oo = <Q>u = 059i010

which yields according to Eq. (25):
y, = 0.4140.10.

This value is in agreement with the result of the FIIM collaboration [25] which measured
VN interactions in the 15’ bubble chamber (so that the fragmenting quark is a d-quark)
and obtained

(Db = (QDg = —0.4440.09, 7, =044+0.09 (see Eq. (25)).

Finally, Fig. 17 shows the correlation parameter fr5 Vs {n_)¢ p separately for the

4 The linearity of the extrapolation in 1/W may be justified [25] by a correlation-length argument.
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forward and backward hemispheres. In the backward hemisphere f,5 has a similar behav-
iour as f, ~ in pp scattering (see pp curve in Fig. 8). In the forward hemisphere 55~ is.
in good agreement with the prediction of the quark-fragmentation model of Field and
Feynman [23].
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Fig. 17. Correlation parameter f> ~ vs average negative multiplicity in vp scattering separately for th-
forward (xg > 0) and backward (xg < 0) cms hemispheres. The curve shows the prediction of the Field
-Feynman cascade model [23] for quark fragmentation

C. Production of neutral strange particles, charm production

Starting from the four well-known charged weak quark currents the following eight
transitions can occur in vp CC reactions:

Ayd—-u (A)u-—-d ~cos’, AQ = +1, 45=4C =0

(B) s»u (BYu—os ~sin®0, 40 =4S=+1,4C =0

(CO)d—-c (CYc—od ~sin®f, A4S =0, AQ = 4C = +1

D)s—>c (D)c—os ~cos’l, 4Q =4S=4C = +1

where the transitions A and C involve a valence quark and the others a sea quark in the
nucleon. The processes C’, D’ are negligible because there is practically no cc sea in the

nucleon. According to the above transitions the following sources exist for the production
of strange particles in vp scattering:
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Direct production:

— Process A (and A’) can lead to associated production of strange particles (AK®, AK*,
KK etc.) via an ss pair occuring in the fragmentation of the u (d) quark, see e.g. Fig. 18a.

— Processes B and B’ lead to the occurence of a single strange particle, which in B’ is
a (forward going) strange particle containing the created s and in B a (backward going)
strange particle containing the left-over s quark from the ss sea in the proton. However
the contributions of these two processes are expected to be small because of the smallness
of the sea and of the Cabibbo angle 0, and can therefore be neglected.

Fig. 18. Quark-diagrams contributing to strange particle production in vp scattering: (a) direct associated

production, (b) charm production (on a valence d-quark) and decay leading to a single strange particle,

(c) charm production (on a sea s-quark) and decay leading to two strange particles. (The final states are
only examples)

Indirect production:

— via the decay of a c-quark, created in C or D, into an s-quark (~cos?6,). In case C
there is a single (forward going) strange particle (see e.g. Fig. 18b), whereas in case
D there is in addition to this a (backward going) strange particle containing the left-over
s quark from the ss sea (see e.g. Fig. 18¢).

Thus, restricting oneself to the processes A, A’, C and D, one concludes that a single strange

particle comes from the decay of a c-quark whereas strange particles occuring in pairs are

either produced directly or in connection with the production and decay of a c-quark.
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1. Rates of strange particle production

In the present experiment, 6770 CC events out of the total sample of ~7800 CC events
had a W above the strange particle threshold, i.e. W > 1.5 GeV, and the subsequent
analysis is carried out with these 6770 events only. The selected events had the following
average values: (E,> = 43 GeV,{ 02> =7 GeV?2, (W) = 4.6 GeV. Neutral strange par-
ticles (K2, A, A) in these events were identified by their characteristic decays and by mass
fits to the measured decay tracks. (In case of a A/K? ambiguity the fit with the higher »?
probability was chosen.) A strange particle was accepted, if its path before decay was at
least 1 ¢cm and if the decay point was at least 10 cm away from the chamber wall. The
resulting total numbers of observed strange particles are given in the upper part of Table L.

TABLE T
Observed and corrected numbers and corrected rates of strange particles and strange particle pairs

|

Observed Corrected Rate [%]
—_— - _— ‘ —
K° 359 1 1186 17.5+0.9
A 180 : 306 45+0.4
A | 13 | 22 0.3+0.1
P —— e : e ~
K°K° 20 1 218 3.2+0.7
AK?® 18 1 103 i 1.5+0.4
AA 4 \ 1 i 0.2+0.1

The lower part of the table indicates how many of these strange particles were observed
in pairs.

In order to obtain the true number of strange particles and strange-particle pairs,
a weight was calculated in the usual manner for each accepted strange particle, which
corrects for the minimal required decay path, the finite chamber size and the unobserved
neutral decay modes (including the K decay in case of a K°). The resulting corrected
numbers of strange particles and pairs are also given in Table I together with the produc-
tion rates (= corrected numbers/number of CC events with W > 1.5 GeV).

We now give an estimate for the true number of singly produced A’s, which according
to the discussion above come from charmed baryon decay (process C). In order to obtain
this number, one has to subtract from the total (corrected) number of A’s the number
of A’s produced in association with an other strange particle, i.e. AK®, AK*, AA. Only
the number of AK™ is unknown and an assumption has to be made for the cross section
ratio
o(vp - nAK" +X)
o(vp —» p AK +X)
In ntp interactions at 16 GeV/c [26] the AK*/AK? ratio has been measured to be R = 1.4,
whereas at very high energies R = 1 is expected. Using the corrected numbers in Table 1

(29)
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one obtains a corrected number of 90146 (491 54) single A’s for R =1 (R = 1.4),
which corresponds to a production rate of ~1.3% (~0.79%). The errors on the particle
numbers are unfortunately very large because of the small number of observed strange
particle pairs. Similarly the true number of single K° (K°) can be estimated which originate
from the production and subsequent decay of a charmed particle (process C). Assuming
o(K°K?®) = o(K°K+) = o(K?K~), o(K°A) = 1.4 o(K°X*) [26] and using the corrected
numbers in Table I, one obtains 138+ 175 singly produced K?'s in the CC event sample,
which corresponds to a production rate of ~2.09;.

2. Differential cross sections

Figs. 19, 20, 21a give the corrected relative cross sections (= rates) for K° and A pro-

' L 1 ! T T | B
Ko oK’
- vp=-u- - X oA |
Q.3 A
ALl CC(W>1.5)%
0.2} | i
7
S0 )
Ol - | -
¢ $ s . *
%? ¢ ¢
0] |

J S L 1 1 1 H 1 1 1 1
O 10 20 30 40 50 60 7 80 90 100 |0 {20 2O
Ey , GeV

Fig. 19. Corrected relative cross sections for K° and A production in vp scattering vs neutrino energy E,

duction (i.e. corrected number of events containing at least one K° or A over number
of CC events with W > 1.5 GeV) as functions of E,, @* and W?2. 1t is seen that the A
production rate is rather independent of E,, Q2 and W? whereas the rate for K° production
is a rising function of these variables. Fig.21b, where the K rate is plotted vs W? separately
for forward and backward going K9’s, shows that the rise of the overall K° rate with W?*
is mainly due to the forward K°s whereas the backward K®’s have an almost W? inde-
pendent rate. This is expected if the forward K©'s come (partially) from the decay of
charmed mesons which are produced mainly forward and have a production rate that rises

with W2,
In Fig. 22 the corrected rates for K° and A production are plotted vs Bjorken-x

2

X = E- (v =E,~L). 30y
2Mv
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Fig. 20. Corrected relative cross sections for K° and A production in vp scattering vs Q2
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Fig. 21. Corrected relative cross sections (a) for K° and A production, (b) for K° production in the forward

and backward cms hemispheres in vp scattering vs W?
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Both rates decrease with x. This indicates that sea quarks (which have a small x in the
nucleon), i.e. process D (Fig. 18c), contribute appreciably to strange particle production.
More quantitatively, Geich-Gimbel [27] has calculated the prediction of the QPM for the

. . . . . do
K® production rate in the following way: The two differential cross sections a—(vp -
x

do
p~+X) and T (vp = pK°+ X) can be expressed in terms of the x distribution functions
X

of the contributing quarks in the usual manner. Knowing these distribution functions

0.20

0.15 -
< o
i ]
<< oo -
li 8 4 ] i
{ . ]
S = - .
0.05k=4--__1 -

O 1 1 1 1
0O 02 04 0B 08 10
Xg

Fig. 22. Corrected relative cross sections for K° and A production in vp scattering vs Bjorken-x. The
curves show the predictions of the quark-parton model: upper curve with charm production, lower curve
without charm production

from other neutrino experiments, the ratio of the two cross sections, i.e. the K rate can
then be calculated as a function of x. The resulting predictions are shown by the two curves
in Fig. 22, (a) including the processes, which lead to a c-quark (upper curve) and (b) without
these processes (lower curve). Obviously agreement with the data is obtained only, if charm
production (processes C, D) is included. The total charm production rate turns out to

be ~10% in good agreement with the values obtained from the dilepton rates as measured
in other neutrino experiments [28].
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200~

dN
dXF

100~

Fig. 23. Corrected Feynman-xg distribution of K® and A produced in vp scattering.

From Fig. 23, which shows the corrected Feynman-x; distributions for K°® and A,
it is seen that K®’s are produced predominantly forward, whereas most A’s go backward
in the hadronic cm system.

3. Fragmentation into K?°

Results on the effective fragmentation function

1 dNgo

D;(O(Z) - N,, dz

(31)

are shown in Fig. 24. The index ¢ stands for an average quark, since D'q‘0 is a weighted
sum of fragmentation functions of the various quarks contributing KX ®s in the final state.
The energy fraction z is here defined as z = Eyo/Ey where Eyo and Ey are the K° energy
and total hadronic energy, respectively, in the lab system. z distributions of the K° have
also been measured in VN scattering with (W) = 3.3 GeV [28], i.e. basically below the
charm threshold, and in ep scattering with (W) = 3.15 GeV [29], where charm production
does not occur. However these distributions cannot be compared directly with Fig. 24,
since the definitions of z are different in all three experiments.

Fig. 25 shows the z dependence of the following particle ratios: n—/n+, K%/nt, K°/n-,
The n~/n* ratio drops continuously as z increases whereas the K?/x ratios first rise to reach
a maximum around z ~ 0.4 and then drop off. Both behaviours can be understood in the
cascade model for quark fragmentation [23]: The n+ can contain the fragmenting u-quark
from the main process A, d — u, and is thus favoured to be the leading (“rank one” [23])
particle with high z, whereas the n~ is created later in the fragmentation chain (i.e. from
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Fig. 24. Distribution of the hadronic energy fraction z, which is carried by K%s per vp event

the sea) and thus has smaller z. The K° is expected predominantly at intermediate values
of z, since in direct associated production (process A) it is produced from the sea (smaller z)
whereas in production via decay of a charmed quark or meson (processes C, D) it is close
to the c-quark in the cascading chain (higher z).

4. Resonance production

The K2n+ mass distribution in Fig. 26 shows a clear signal of ~35+7 observed
K *+(890) events above a smooth handdrawn background. Applying the various corrections
and taking into account the K+n® decay mode this yields a rate of

o(vp — 1 K30 +X)
a(vp - p~ +X)

= (2.5+0.5)%.

No signal has been observed either in the K°z* or in the K°n+n— mass distribution
in the mass region of the D mesons. A more careful analysis relying also on decay channels
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containing a K- and exploiting the high measuring accuracy of the D*-D mass difference
has yielded [4]

o(vp » " D*" 4+ X)
o(vp = u~ +X)

= (4.14+2.4)%.

In the Ant mass distribution, shown in Fig. 27, a clear signal of the X+ (1385) is seen

£*(1385)
60 [
.t
[ 4
b 3
@ 4ot
"
[ o4
g
2 |
[ =4
£
£ 20t A% (2260)?
S22
i i i nnnnnrn ——
0 %5 2.0 2.5 3.0 3.5

M{AT*} (GeV)

Fig. 27. Aw+ mass distribution in vp scattering

with 314 6 events above background. This yields (after corrections and taking into account
the I decay mode) a rate of

o(vp > 1" Zi3g5+X)
o(vp = B~ +X)

= (0.9+0.2)%.

No clear A} signal is observed neither in the Ant nor in the An*a*tn~ mass distribu-
tion. If the 84 3 events above background in the mass interval 2.25—2.30 GeV of the An*
mass distribution are due to A (2.26) production then a rate of

o(vp » p A +X)
- An*

o(vp =~ +X)

= (1.84£0.7)- 1073

is obtained.



939

D. Moments of quark-singlet and gluon fragmentation functions

In previous publications [5, 10, 12] the fragmentation functions D¥(z, Q?) of the
u-quark into positive and negative hadrons and their moments

Di(m, Q%) = J{ dzz""'Di(z, Q7) (32)
0

were investigated and a scaling-violating Q% dependence was observed if no cut in W was
applied. For the non-singlet (NS) fragmentation function Dyg(z, 92) this Q? dependence
was found to be in surprising agreement with the prediction [30] of leading-order QCD:
QZ ~dmNS
Dyg(m, QZ) = Cpy (111 715) > (33)
where

S = 4 1- 2 +4 y L 34
™ 33-2f m(m+1) P (34
2

is the NS anomalous dimension and A the scale parameter occuring in the running coupling
constant a(Q?) of QCD:

127 / 0?
52 lnP. (35)

Q%) =

fis the number of active flavors (f = 3 is used here). For A a value of A = 0.54+0.08 GeV
was obtained. In this chapter we present experimental data on the moments Dg(m, Q2)
of the quark-singlet (S) fragmentation function and investigate the question if their Q2
dependence is also described by QCD. Preliminary results have been presented in Ref.
[10, 12].

The singlet and non-singlet fragmentation functions D% and Dfg into hadrons of
type h can be expressed in terms of the measurable fragmentation functions DZ in the
following way: The singlet is defined as (f = 3)

1 h
D! = 2_/(D';+Dg+Dg+Da+D:+D§) (36)

such that D} is the fragmentation function of an “average” quark into #°. Assuming charge

conjugation invariance (D} = Dg) and the secondary hadrons to be pions such that isospin

symmetry (e.g. D" = D% ) can be applied, one obtains for an SU(3)-symmetric sea:
D! =Dy = DS =D =D,

+ +
DI = D;. (37)

5 We prefer the definition (36) instead of the usual one without the factor 1/2f; since our definition
has the simple meaning of an average fragmentation function and since with this definition the factor 2f
does not occur in some of the subsequent formulae.
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Therefore (for h = n* and f = 3):
DS = L(DF+2D)). (38a)
By charge conjugation invariance
Dis = Dy —D = Dy —Dy (38b)

is a non-singlet, irrespective of the nature of the hadron (n*, K%, p/p). Thus the fragmen-
tation functions D7, Dy and their moments can be determined (under the assumptions
made) from DI using Eq. (38).

The corrections of first-order QCD to the singlet and gluon fragmentation functions
Dt and D}, are given by the Altarelli-Parisi integro-differential equations [31] for fragmenta-
tion functions [30]:

4 Dy(z, 1) = oi@ — [qu (i) “DS(y, )+ Pgq (i) * D&, t)] (39a)
y y y

z

d 0‘(1) b
— Dg(z, 1) = [2qu0( ) D(y, t)+Pcs( ) Dg(y, t)—J (39b)
dt 2 )y y y

with

2 4 127 ‘

t=lné2, aln/—1§=33_2f (x = a(t = 0)).

DL is the fragmentation function of the gluon. P,,(z) is the probability density to create
by a QCD process a parton b from a parton a such that b carries a fraction z of the mo-
mentum of a. The QCD processes corresponding to the four terms of the integrands in
Eq. (39) are sketched in Fig. 28. For the NS fragmentation function DY the gluon term

he
a) DS.
h h
he
b) DG' Dh e

Pac Pso

Fig. 28. First-order QCD processes leading to a Q*-dependence of the quark-singlet (a) and gluon (by frag-
mentation functions; see terms in Altarelli-Parisi equations (39)
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in (39a) drops out such that

d
—Dzs(z, ) = “(')j Yp (z) Dig(y, 1). (39%)

The Altarelli-Parisi equations (39) are easily solved in terms of moments, defined in
analogy to (32), with the result [30]:

Drs(m, Q%) = Dis(m, Q3) - an®>  (compare (33)) (40a)
Dg(m, Q*) = Dm, Q7) * [ap + An(ay —an)]+Di(m, Q) - Cplat ~az]  (40b)
An(1-4,
Dg(m, Q%) = D&m, Q3) - Al )[ A —an ]+ DG(m, Q3) [, +Au(ay —a;)]  (40c)
with
2\ dm
a,, = a,(Q% Q%) = (ln %—0/1 %) (i=NS, +, —-)
d} —ds dse
Am = d+ d_ ’ Cm = ;i"_:_l—*_—d—; .

The d,, are the anomalous dimensions (oc moments of the probabilities Pba(z)) in the nota-
tion of Ref. [32]. The parameters D{s(m, Q3), D&m, Q3) and D(m, Q%) are the NS, S
and gluon moments to be determined from experiment at some normalisation point
0% = Qg

Introducing the ratios

2 DS(m, 0%
Rm €9= Sim, 09 (1)
and
5 D&(m, 0%
FOm 29 = bz (m, 0 (42)
one obtains from (40a) and (40b):
R , 2
R‘g‘:,‘g?)% = B](m’ QZ’ Q(2))+B2(ma Q29 Q(z)) * P(m, Qg), (43)
where
A + C +__ -
Bi(m, 07, 0 = “wFAeln ) ung o, 02, 03) = ColenZta) (g

follow from theory. Thus, the QCD formula (43) can be fitted to the measured points
. DJ(m, 9*)+2D; (m, Q%)

Dy (m, *)—Dg(m, Q)
with R(m, Q) and P(m, Q2) as adjustable parameters.

R(m, Q%) = (45)
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For the present analysis the values 42 = 0.3 GeV?2 and Q% = 10 GeV?2 have been
chosen. Experimentally the fragmentation functions are given by

Die 0 = N o) (46)
20 = ——5 — (3,

‘ NAQ) dz

where N,(Q?) it the number of events at Q2 and N* the number of positive and negative
hadrons which are selected as current fragments in these events. z is the energy fraction
carried by the hadron. Two different selection methods were adopted to separate (at least

approximately) the current fragments from the target fragments:

1. Selection in the hadronic cm system

A hadron is taken as a current fragment if it goes forward (xg > 0) in the hadronic
cm system. In this case the energy fraction z is defined as®

- h E E
R (47)
p-q+p Ey v+ M

where p, ¢, k are the four-momenta of the incident proton, the current (W*) and the final
state hadron respectively. E, and E, are the lab energy of the hadron and of all outgoing
hadrons respectively.

2. Selection in the Breit system

A hadron is taken as a current fragment if it goes forward in the Breit frame?. In this
case the energy fraction z is defined as

2h-_(! Zpﬁ

o 0

(43)

where pﬁ; is the longitudinal momentum of the hadron in the Breit system. Thus zz; > 0
for current fragments.

We present the results for both selections although selection 1) is preferred over 2) as
explained in section B (Fig. 11c¢), see also Ref. [12]. The experimental values for R(m, Q%)
vs Q2 are shown for m = 2, 3, 5 by the data points in Figs. 29 and 30 for the cms and Breit-
-frame selection respectively, (a) for the case that the identified protons are included in

. . . Ey
¢ With this definition one always has z < 1 whereas the usually used z = —— may exceed one.
»
7 The Breit system is the system, in which the W+ has zero energy, i.e. momentum @ = \/ Q? and

Q . . . ..
the current quark has momentum 5 The Breit system has the velocity 1 —2x in the cm system, i.e. it goes

forward (backward) in the cm system with respect to the current direction for x < 0.5 (x > 0.5). Since
for most events x < 0.5 more hadrons go forward in the cm system than in the Breit system.
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the particle sample and (b) for the identified protons being removed. No cut in W'is applied.
One sees that for 02 > 1 GeV? it practically makes no difference if one leaves the identified
protons in or takes them out®. Furthermore the differences between the two selections
become smaller with increasing m and Q2.

The curves in Figs. 29 and 30 show the fits of Eq. (43) to the experimental points for
0% > 1 GeV2. Tt is seen that the QCD formula (43) describes the experimental points
rather well with y2/NDF values of ~ 1. It turns out that with the values chosen for 42 and
Q% B,(m, Q*, Q3) is almost constant (x1), whereas B,(m, Q2 Q¢) rises with Q2. Thus

Z , X.>0
m
- ident. protons in # _ ;
a) P
1.0 |- /o/i s
e = /O/:;/qj/
< 07 % — 5
- // N
E 05 o 9 /;/D/ i
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(=] |
~ | L royoad 1 [
& 1 i0
[
- m
E . Iy
" - ident. protons out 2
Q +/ -
b) &
1.0 - —
0/0/*/}'(__- -3
- 04*/2; ¢
et  —]—5
05 L §0T
L1 10t "l el 1 L1
10
qZ,GeV2

Fig. 29. Ratio R(m, Q2 of singlet-to-non-singlet fragmentation moments vs Q2 for m = 2, 3, 5 for the
cms selection; (a) identified protons included, (b) identified protons excluded. The curves are fits of the
QCD formula (43) to the data points for Q2 > 1 GeV?

the observed rise of R(m, Q?) with Q2 is due to the second term in Eq. (43), i.e. to gluon
fragmentation.

The fitted values of R(m, Q2) and P(m, Q2) at Q2 = 10 GeV? are shown in Fig. 31
as functions of m for the four cases (2 selections, identified protons in or out). The S to
NS ratio R(m, Q2) does practically not depend on leaving the protons in or taking them
out; it is systematically (i.e. for all m) larger for the cms than for the Breit-frame selection.
For the m = 2 gluon-to-singlet ratio P(m = 2, 0?%) one expects a value of ~1 from the

8 It turns out that by applying the cut xg > 0 (zg > 0) most of identified protons are removed
anyway for 02 > 1 GeV?2.
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Fig. 30. Same as Fig. 29, but for the Breit-frame selection

energy conservation sum rules

[

Y Di(m =2) =Y. [zDg(z)dz = 1

h

= o

Y Dim =2)=Y [zDi(z)dz = 1 (49)
h h O

if one assumes that in both cases the same energy fraction goes into charged hadrons
(and using Dgg = Dsg). It is seen from Fig. 31 that P(m = 2, QF) is closer to one for
the cms selection than for the Breit selection. For larger m the gluon moments seem to be
larger than the singlet moments at Q2% = 10 GeV?, the actually fitted value of the ratio
P(m, Q%) depending on which selection is chosen and on leaving the identified protons
in or taking them out.

Knowing the ratios R(m, Q%) and P(m, Q) and normalising to Dgs(m, 03 =1at
Q2% = 10 GeV?, the NS, S and gluon moments are then predicted as functions of Q? by
the QCD formulae (40). As an example Fig. 32 shows the predicted m = 3 and 5 moments
vs. Q? for the cms selection with the identified protons taken out. The gluon moments
have a steeper fall-off with Q2 than the S and NS moments.
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Fig. 31. Fitted values of the singlet-to-non-singlet ratio R(m, Q3) and of the gluon-to-singlet ratio P(m, (073}
at QF = 10 GeV? vs m; (a) cms selection, (b) Breit-frame selection
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Fig. 32. Predicted non-singlet, singlet and gluon fragmentation moments for m = 3 and 5 vs Q% The
parameters R(m, Q%) and P(m, Q}) have been taken from the fit with the cms selection and the identified
protons being excluded. Dys(m, Q2) was set to unity at Q2 = 10 GeV?
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E. Non-factorisation and double moments
The semi-inclusive cross section for the production of a hadron h in the reaction
vp - pu h+X (50)

in which (neglecting the sea in the nucleon) only one quark flavor is involved (see Fig.
10), may in general be written as

do" . 2 do, 2 h 2
WW,Q,Z)=dde3(xaQ)'D(X,Z,Q) (51

where is the inclusive event cross section in x (Eq. (30)) and Q2 (Eq. (5)) for

O-CV
dxdQ?
reaction (1) and D"(x, z, 0?) a generalized fragmentation function. If / is a current frag-
ment, lowest-order perturbative QCD predicts factorisation of the semi-inclusive cross
section in x and z at fixed Q2 i.e.

D'(x, z, %) = Dz, Q%) (52)

to be independent of x. In next-to-leading order of QCD a violation of factorisation is
expected, as has been calculated by Sakai [33] and Altarelli et al. [34]. Experimentally,
non-factorisation has been observed in previous publications [5, 12] of the present experi-
ment; the moments of the fragmentation functions were found to depend on x at low Q2,
whereas for large Q2% > 10 GeV? no significant x-dependence was observed.

A more quantitative way to study non-factorisation is an analysis in terms of double
moments [33, 34]. They are defined as

1 1

n—1 m—1 dah
axx dzz —
dxdQ<dz

D"(n, m, Q2) ="

(53)

and measured as

% Xtz

D'(n, m, Q%) = , (54)

where the index i runs over all events at Q2 and j over all current fragments of type /4 in
these events. For n = 1 one obtains the previous formulae (32), (46) for the fragmentation
moments. If factorisation holds, it follows from (51), (52) and (53), that the double moments
become independent of n.
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Experimental double moments were determined according to Eq. (54). Had:ons
which go forward in the hadronic cms were selected as current fragments and the energy
fraction z was calculated according to Eq. (47). Instead of x the Nachtmann variable

. 2x (55)
¢ = ————
1+v/1+4M?x%) Q>
was used in (54) for each event in order to account for target mass effects®. No cut in W
was applied.

Since in the actual experiment the neutrino energy E, is finite and a cut E, > E,,,
= 3 GeV has been applied to the muon energy E,, the lower experimental limit of x at
fixed Q2% and E, is not zero as in Eq. (53), but

QZ
N iM(Ev - Ecu:)

X (56)
as follows directly from the definition of Bjorken-x, Eq. (30). Furthermore the events are
weighted according to the energy spectrum ¢(E,) of the incident neutrinos (Fig. 1). For
these two reasons the measured double moments (54) are related, as is easily derived, to
he differential cross sections by

Emax 1 1
i do"
dEQ(E) | dxx""' | dzz" '
f HE) f j © dxd0%dz
D(n, m, Q%) = B0 — (57)
{ do
dEG(E dxx"4
j oo | i
Emin xg
Q2
where E,;, = M +E,_, and E,, is the minimum and maximum neutrino energy. Thus

formula (57) takes into account the experimental conditions, under which the double
moments are measured; it will therefore be used now to compute from the theoretical
differential cross sections the predictions for the double moments, which will then be
compared with the experimental results. We follow the theoretical work of Altarelli et al.
[34] who have calculated the differential cross sections in next-to-leading order of perturba-
tive QCD to obtain non-factorisation.

The inclusive event cross section is given by

do,, G*T/. X\ =~ . . %o = Xg X0 \ =~
=—|1- —F(X)+ -5 F{(x)— —{1— —F 58
dxdQ* 2= [( x) 2(%) 2x? 1) X ( 2x) 3(x)] (5%)
with
2
Xo = Q ,
2ME,

2 Tt turned out that using x or using & made practically no difference.
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where the structure functions Fy(x) are related to the usual structure functions F(x) by
(Fy, F3, F3) = (2F,, F,/x, F3). For vp scattering they are given in next-to-leading order
of perturbative QCD by [34]

Fy(x) = 2[d(x)+ii(x)]

1

- d
Fi(x) = 2 ;y {[d(y)+a(y)][
o/

X

>

(1_ §> _ M f] _260) % 5(1_ f)}
v/ 3my ny ¥

N

1

Fyx) =2 s [—d(y)+u(y)] [5 (1— i) e <1+ f)] . (59)
Jy y 3n y

Here d(x), #i(x), G(x) are the distribution functions of the d-quark, u-quark and gluon
in the proton. The Q? dependence of the structure functions, distribution functions and
of the running coupling constant o is not written here explicitly. It is seen from (59) that
only fora =0 and # =0 F, = = —F,. In this context it should be noted that the:
Callan-Gross relation F, = F, is v1olated in the same order of QCD in which non-factori-
sation is predicted.

Similarly the non-singlet semi-inclusive cross section is given by

dO.NS d0'+ dO'_
dxdQ%dz ~ dxdQ%dz  dxdQ’dz
G? x5
= [(1— —)Fz(x, z)+ F (x, 2)— — <1 — *> Fa(x, Z)J (60>
2n . x 2x

with [34]

1 1
- d dz’ - C - ¢
Fyax,z) =2 J —yy- f - {[d(yw(y)JF;f (; z') +2G(y)FL2 (% z)} DY ( ?)

Fyx,2) =2 f f~[ d{y)+a(y)]Fy, ( Z'>D§S(§;>- (61y

Here the relation DI = Dai has been used, which is justified, since most secondary hadrons.
are pions. Furthermore the gluon fragmentation function drops out in the non-singlet
case since D§ = Dg. The Q2 dependence of the various functions is again not written
explicitly. The next-to-leading-order QCD formulae for the parton structure functions.
F :',m(x, z) are given by Egs. (58) to (61) of Ref. [34] and are not repeated here.
Formulae (58) to (61) have been inserted into (57) and the three integrations have:
been performed, over x and z analytically and over E numerically. For the three distribu-
tion functions d(x, Q?), #(x, Q?) and G(x, Q?) the expressions of Buras and Gaemers [35]
have been adopted which have (approximately) the Q2 dependence as predicted by leading-
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~order QCD. For the moments DY%(m, Q3) = D} (m, Q?)— D; (m, Q) of the NS frag-
mentation function the QCD expression (33) was applied with A2 = 0.3 GeV? such that
for a given m the only free parameter is C,.

We now present the experimental results on double NS moments Dyy(n, m, g?)
= D*(n, m, Q*)— D~(n, m, Q%) and compare these results with the theoretical predictions.
Preliminary results have been published in Ref. [5, 12] were several approximations were
made (e.g. F, = F, = —F;) and a different definition of the z variable and of the current
fragments (Breit-frame selection) was used. In Fig. 33 the NS double moments Dyg(n, m, 0?)

Dys (n,m,q?) Z, x>0
m m
10F - = ~ + + - f# 10~ + ~ = - +#
- Fo o
Lo °
L % i ° o, © o 5 02 1‘;_&4: x oo o 92
0.1:DD* *****30‘14: ua *x*+3
L o] I S
~ o a) p ¢5 L‘ _D =} ?5
O a} n=1 b) n=2
£ SR N IR S S | IR T R
£ 1 10 1 10
2 = “m
[=}
- e e v T+ 2 L v = = * v+ +
1.0:0 - 41 1.0:0 o + ‘{_1
o -
= x‘f‘o*%\ oxox :\i\ko-_._
Foada 02| Feeai ¢ )
01F 9 a ‘*‘*~+~3 01k ? ?\3
B Q\q’\# - \?\+\+_
- -c] n=3 \?"5 - d} =5 +5
SN N N R N B N B 1 L 1 1111:0! hEh
10 1
! q’ GeV? q;Gev?

Fig. 33. Non-singlet double moments Dns(n, m, Q%) = D*(n, m, Q*)—D~(n, m, Q) vs Q*forn = 1,2,3,5
andm = 1,2, 3, 5. The curves are the predictions of next-to-icading order QCD normalized so that for
n = 5 the curves coincide with the experimental points at Q* x~ 10 GeV?

are plotted vs Q% forn = 1,2, 3, 5and m = 1, 2, 3, 5. For fixed m the moments depend
on n in the region 1 < Q2 < 10 GeV? (non-factorisation). Above Q2 ~ 10 GeV? the
moments are consistent with being independent of n at fixed m, i.e. with factorisation.
The curves in Fig. 33 are the QCD predictions, Eq. (57) to (61), with the free parameters
C,, determined so that for n = 5 the curves coincide with the experimental points at
0% = 10 GeV?2. The normalisation for n # 5 is then fixed by the theory. The QCD predic-
tions are not shown for # = 1, 2 since for these moments the next-to-leading order QCD
corrections turn out to be of similar size as the leading order contributions themselves
and are thus unreliable. From Fig. 33 one sees that forn = 3, 5and m = 2, 3, 5 the observed
decrease of the double moments with Q2 is stronger than predicted. On the other hand

the increase with increasing » at fixed m in the region 1 < Q2 < 10 GeV? is qualitatively
reproduced by the theory.
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Non-factorisation may be seen more clearly in ratios of double moments [33}:

Dl?s(n 2, 1)

s Ry, — 62
Si(ny, ny, m) = Des(11, m) (62)
Dns(ty, Dis(4,
S,(ny, s ny my) = sy, My) * Ds(n, mz)‘ (63)
Dyns(ny, my) - Dys(ny, my)
Z >
Z, X.>0 X.>0
_ hymgnom,
nm =33,55
20255 - «%
20 n.m. 35
N ) ! - L2 b . %
158 NP6 £ .. |
i ¢ \\ CN b ¢\
(.0 =Sttt ~0 ©
L Q £ 1.0 ——+H— ::_:;_:#'
E 0'5: £ 09F
< ’ = 34,55
— 53 ]
2 15 23 o 11| 6
a 15_ M s L o © + i
: 1.0 94—+ttt B 1.0 PP
E o et ?
~ % :
£ ' £
2 55 @ i 43,55
o 151 s & A R b
- 6 0 - o
1.0 o—e—— : E 10 %+t
™ T |¢ C‘_ i ?
0.5~ D% o9l
53 ] 4455
125 o 43 1.05 |- L6 %%
1.00 l—o :Oz;vﬁouao = 1.00 & F—F—FF+ 3 H
075 |, (v 1 1 085 | v 1 i
' 1 10 1 5 210
q% ,GeV? q? ,GeV
Fig. 34 Fig. 35

Fig. 34. Ratios S1(n, 12, m) = Dns(nz, m)/Dns(r1, m) (see Eq. (62)) vs Q2. The curves are the predictions
of next-to-leading order QCD
Fig. 35. Ratios Sy(n,, m;; 1y, my) (see Eq. (63)) vs Q% The curves are the predictions of next-to-leading
order QCD
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Both ratios should be unity for factorisation and thus measure the deviation from factorisa-
tion. It is seen from (60) and (61) that the fragmentation moments DY(m, Q?) with the
unknown constants C,, cancel in the theoretical expressions for S; and S, such that the
QCD predictions become absolute. Figs. 34 and 35 show some of these ratios S; and S,
respectively as functions of Q2 together with the theoretical curves. The observed Q2
dependence is similar for all plotted ratios, showing the strongest deviation from factorisa-
tion in the region 2 < Q2 < 10 GeV2. Agreement with theory exists only in the sign of
the deviation, but not in absolute magnitude.

D*(n,m=2,q?) + D (n,m =2,q%)

0.8 - -

0.6 - o o © ©
L o @ S{;; E o $ 4
0.4 - -]

[ SO | : [T S | : 1

2 2
q, GeV
Fig. 36. Double moments D*(n,m = 2, Q)+ D(n,m=2,0%) vs Q> for n=1,3,5

Finally, Fig. 36 shows the sum Dt(n, m, Q)+ D~(n, m, 0?) vs. Q2 for m = 2 and
various n. Because of the relation

1
Df(m = 2)+D;(m = 2) = | z[DJ (z)+ D, (z)]dz (64)
(o]
this sum measures the fraction of the u-quark energy that is carried by the charged hadron
fragments. Values between ~0.45 to ~0.6 are found for this energy fraction, systematically
below a value of % which is expected if an equal amount of energy goes into positive,
negative and neutral fragments.

It should be mentioned that a scaling-violating Q2 dependence of fragmentation
functions and non-factorisation of the semi-inclusive cross section are also expected
from higher twist effects. These effects are expected to become important at low Q2 and
large z. Quantitative predictions have been made by Berger [36] for the leptoproduction
of pions. These predictions have not yet been applied to the data of this experiment.
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F. Transverse momentum and jet studies

In this chapter the transverse momentum py of a secondary charged hadron is usually
measured with respect to the direction g of the current, i.e. of the exchanged intermediate
boson W* in reaction (3) W+p — hadrons. This direction is known, once the energy of the
incident neutrino is determined (see Introduction). As Fig. 37 shows, py can be decomposed

lane
perpendicular
to g

|

Fig. 37. Definition of the transverse momentum py of a secondary hadron with components pyi in, and py
normal to the lepton plane

into components pr;, in the lepton plane and p, perpendicular to the lepton plane. The
component p, can be measured quite accurately, since the lepton plane is well defined.
On the other hand, the current direction g in the lepton plane is not so well known due to
the uncertainty in estimating the incident neutrino energy which leads to a less accurate
measurement of the component pr;,. For an isotropic distribution around the current
direction one expects

<pa> = 1 <pD>- (65)

As explained in chapter B, hadrons may be subdivided into those going forward
(i.e. in g direction, x > 0) and backward (i.e. opposite to g, xg < 0) in the hadronic cm
system (= W+tp cms) which in the simple QPM at high W (Fig. 10) corresponds to sub-
dividing them into current and target fragments respectively.

The following sources, sketched in Fig. 38, are responsible for the transverse mo-
menta of secondary hadrons:

— The simple QPM (zeroth-order QCD, Fig. 38a) yields a parton-final state with a forward
going current quark and a backward going diquark, back-to-back to each other and
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both with pr = 0. Both then fragment into hadrons which in this non-perturbative
hadronisation process acquire transverse momenta pi8. The hadronic final state thus
consists of two hadronic jets which both have a total transverse momentum of zero.

— In first-order QCD, there are three hard QCD processes in addition, which occur
predominantly under not too large angles. All three result in a final state of three
hadronic jets which may be separable from each other only at very high W:

@ A hard gluon may be radiated off the current quark after the absorption of the current
(Fig. 38b). The p; distribution of the forward hadrons (from current-quark and gluon
fragmentation) is expected to become wider whereas that of the backward hadrons
(from diquark fragmentation) remains unchanged as compared to Fig. 38a. The widening
in forward direction should increase with the hadronic cms energy W (as has been
directly observed in ete~ annihilation at PETRA) since hard-gluon emission should
become more and more noticeable. Eventually at very high W it should be possible
to subdivide the forward hadrons into two separate jets.

® A hard gluon may be radiated offthe current quark before the absorption of the
current (Fig. 38c). As is seen intuitively from the figure, this may lead to a widening
of the p; distributions both in the forward and backward hemisphere!®.

® A gluon in the incoming nucleon may convert into a qq pair before one_ of the two
quarks absorbs the current (Fig. 38d). Similar to the previous process this may lead
to a widening of the p; distributions both in the forward and backward hemisphere!®.
All three QCD processes lead to a transverse momentum k3 of the forward going
partons.

— Finally the partons in the nucleon may have a primordial transverse momentum k5™
(Fig. 38¢). Without QCD, the parton-final state consists of a current quark and a di-
quark, back-to-back to each other and with a transverse momentum k3™, After hadron-
isation the hadronic final state consists of two hadronic jets and the hadronic py
distributions with respect to g are widened as compared to Fig. 38a in both hemispheres.
There may of course be hard QCD effects in addition.

The average p> of a forward-going hadron is thus composed of the contributions
discussed, namely primordfal transverse momentum, hard QCD processes and non-

-perturbative fragmentation in the following way:

<pooe = [P+ kTP <22 +(pF™%) (66)

10 Quantitatively however, the widening of the pr distribution for hadrons in the backward direction,
in particular for those with larger fractional energy z (Eq. (68)), will be small or even negligible for the
following reason: Since Bjorken-x, i.e. the momentum fraction of partons in the nucleon is predominantly
small, the d-quark in Fig. 38¢ (gluon in Fig. 38d) does not have too much momentum in backward direction.
This is then even more so for the radiated gluon (pair-produced non-interacting quark) so that its hadron
fragments will come out with small fractional energy z in the backward direction or even spill over into
the forward hemisphere. Thus at larger z the backward pr distribution should be dominated by the frag-
ments of the diquark in Fig. 38¢ (triquark in Fig. 38d) which has py = 0 as in Fig. 38a. The argument does
of course not hold for the forward-going quark (and gluon) in Fig. 38b, since after current absorption it
has a large momentum fraction 1 —x in forward direction. That the backward jet is practically not widened
by the processes of Fig. 38c, d has also been confirmed quantitatively by Peccei and Riick! [37].
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The factor { z2) occurs since the two quantities in the square bracket refer to the fragmenting
parton and only a fraction of the parton energy is transferred to the hadron. The main

W dependence of ¢ p2>y comes from the QCD term <ki

[38, 39]

KRRy oc a(Q%) - W2 o WiIn %i

2

2QCDh

i
with W2 ="M?+0? (—~ —1).
X

N

Diagram parton, hadron transv. momentum
backward forward
QPM + u k2=0 k2=0
{Oth order W d P ;frqg ;f ag
k=4 r
aco) = By Py
“15torder k2= |2 Gco
T~ T
QcD 2 fra 2,2QCD _2f
Pt ¢ zZ ky+py "9
Prim., k2 prim k2 prim
P 7 T
21,2 prim , =2 i
T z kT prum”:,T rag z2 k%prlm*pifrug

> which is predicted to be

{67)

Fig. 38. Processes leading to a transverse momentum of a secondary hadron: (a) fragmentation only,

(b) gluon emission after current absorption, (c) gluon emission before current absorption, (d) qq pair

production from a gluon in the nucleon, (¢) primordial pr of the quark inside the nucleon. On the right
hand side, the averaging brackets <} are omitted for simplicity

The contribution of the primordial transverse momentum to { p3» is expected to be pro-
portional to z? whereas the QCD contribution first rises with z and then drops when
z -1 [37].

1. Results on transverse momentum

We now present the experimental results [40] and discuss them in terms of the ideas
explained above and sketched in Fig. 38. To make the forward-backward separation
more meaningful, only events with W > 4 GeV and 0?2 > 1GeV? (3018 CC events)
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are considered. Fig. 39 shows { p%> and ¢ p2)> vs. W2, separately for forward hadrons and
backward hadrons. It is seen that { p3) increases strongly with W in forward direction,
whereas it is less W dependent for the backward going particles. This is in qualitative
agreement with a contribution from Fig. 38b and with Eqgs. (66), (67). Furthermore, Eq. (65)
is rather well fulfilled. On the other hand the Q2 dependence of { p%» (not shown) is rather
weak [12, 40].

a’>icev’ e <p?> s e <pi>

a) Xp >0 b) Xe <0
~ 024 F -
3 ¢
e
A 0.20+ % -
NQC § § % é
Voodet 5 ¢ o3 $
A\
N 042 i
Vv §
0.08) « 5 ° A I
0.04F -
0 I 1 L. i L L N 1. i i
20 4 6080100 20 40 60 80100
w2 (Gev?)

Fig. 39. Average pt and pZ of hadrons going (a) forward (xg > 0)and (b) backward (xg < 0)in the hadronic
cm system vs W2 in vp scattering

In Fig. 40a {p%) is plotted vs z *! for two ranges of (low and high) W, separately
for the forward and backward hemispheres. (The backward hemisphere is plotted to the
left with z replaced by —z). Fig. 40b shows the same for (p2) out of the lepton plane.
A strong increase of { p3> with z is apparent which is the well-known seagull effect and is
expected according to the discussion above. Furthermore at small W (4 < W < 6 GeV)
a forward-backward symmetry is observed, whereas for large W > 8 GeVand z > 0.3 ¢ Py
is definitely larger in forward than in backward direction. Thus, {p}> rises with W
and z in forward direction. This is also seen in Fig. 41 where {p2) for forward par-
ticles is plotted vs. W for fixed intervals of z; the points fall on smooth curves, as
indicated by the straight lines. On the other hand, { p3) seems to be rather independent
of W for z 2 0.3 in the backward direction. It is obvious that these results are predicted —

11 Tn this chapter : is taken as
2E*

>

”/

(68)

where E* is the energy of the hadron in the hadronic cm sysiem.
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at least qualitatively — if the diagram of Fig. 38b contributes; this prediction should not

be much disturbed by the processes of Fig. 38c, d as is explained in the footnote 10.
Can the observed increase of ¢ p2)> with W in forward direction be due to other sources ?

First, it has been checked by a randomisation procedure that the increase does not come

1.2
o L<W<6GeV
oW> 8 GeV

T

1.0

>(Gev?)
=
T
o

a
v 0L é $ ¢
/% % o ¢!
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0 .
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3
o
A 0.4+ +
v ¢
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0 i i 1 i i i i i 1
-1-08. 06 04-02 0 02 04 06 0.8 1
Z=2E/W

Fig. 40. Average pt (a) and p2 (b) of hadrons going forward (z > 0) and backward (z < 0) in the cm system
vs energy fraction z, for 4 < W < 6 GeV and W > 8 GeV. The curves are the predictions of longitudinal
phase space for 4 < W < 6 GeV (full curve) and W > 8 GeV (dashed curve)

from measurement errors in the hadron momenta or in the muon angle. Furthermore
it cannot be explained by longitudinal phase space (LPS) as has been checked by Monte
Carlo simulations the results of which are shown by the curves in Fig. 40b (full curve
for4 < W < 6 GeV, dashed curve for W > 8 GeV). Finally the increase could be produced
by the opening of a new channel, e.g. for charm production. Let

N
(z) = —~ 69
J(2) N, (69)
be the ratio of hadrons from the “new” process (with { p2>,) over those from the “old”
process (with {p3>,). Then
<PaNat<PiroNo

70
N.+Ng (70)

<p%>mt =
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From this one obtains:

B R(2)—-1
fa) = «(2)—R(z) (71)
with
PEreil(2) {P2ra(z)
R = 7 d = — . 72
@ =05 ™M DT b e
0.40
Xg>0
0,35+
0.30f
,/ 0.4<Z<05
0,254+
S
5«: 0.20 /+ '/0,3<z<0.4
v
0.15F & */%/0.2<z< 03
ayd
0,10 /+/¢
/¢
0,05+
0 1 L 1 1 1 1 1

W (GeV)
Fig. 41. Average pZ of hadrons going forward in the hadronic cm system vs W for three intervals of the

energy fraction z. The straight lines are linear fits to the data points

a(z) can be obtained from charmed-particle decay, R(z) from the data points in Fig. 40
for 4 < W < 6GeV ({p2>,) and W > 8 GeV ({p3>.o)- The resulting value of f (for
a=2:f=17for03 < z< 04, f=0.7 for z > 0.6) is much too large to be accounted
for by charmed particle production. Thus the only reasonable explanation for the increase
of (p%) seems to be a contribution from hard-gluon bremsstrahlung, Fig. 38b.

If this is the case one may try to isolate the W-dependent QCD part

PP = <GP (2 (73)
in Eq. (66) from the W-independent non-perturbative part
Py = R D+ (74)
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in the following way: If we assume that the QCD effects are negligible in the backward
direction and that the diquark fragments in the same way (in particular with the same
{z?>) as the single current quark, as seems to be indicated by the forward-backward
symmetry in Fig. 40 for small W, then {p7""> may be represented by {pidy of the back-
ward going particles such that

2QCDx

4,p1> = pe— s = PTED (75)

is the QCD part (analogously for the component p,). Fig. 42a shows 4, ¢p?> as a function
of W2 for z > 0.2 together with the QCD prediction (dashed curve) as calculated by Mazzanti

z2>0.2
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Fig. 42. The differences 4, {p3> (a) and 4,{p2> (b) (defined in the text) for hadrons with z > 0.2 vs W2
The curves show the predictions of QCD (dashed) and longitudinal phase space (full)

et al. [41]. The result is rather disappointing; there is no absolute agreement between the
data points and theory. This disagreement may be due to the invalidity of the assumption
made about the diquark-fragmentation and/or to a non-negligible widening of the backward
jet because of the diagrams in Figs. 38¢c, d such that in Eq. (75) too much is subtracted

({pE>g > < p¥™)). The prediction of LPS (full curve) seems to be somewhat closer to the
data.
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A relative comparison of the observed W dependence of ( p%). with theory may be
carried out by using the forward information only, i.e. without assumptions about the
diquark-fragmentation. Fig. 42b shows for hadrons with z > 0.2 the difference

4Xpa> = pe(W)=<pop (W = 5 GeV) (76)

as a function of W both experimentally (points) and theoretically (dashed curve for QCD
[41], full curve for LPS). The observed W dependence of this difference is somewhat steeper
than predicted by QCD.

2. Search for planar events

Planar three-jet events corresponding to ete™ — gqg with three hadron jets in a plane
have been observed in ete~ annihilation at the high energies (W = /s ~ 30 GeV) of
PETRA [42]. Such planar events, which eventually at very high W should show a three-jet
structure (quark-gluon-diquark) are aiso expected in vN scattering according to the dia-
gram of Fig. 38b. The question arises, whether events with a planar hadron distribution are
present already at the relatively low W values of this experiment. According to the mo-
mentum-tensor method developed in Ref. [43] and applied to e*e~ annihilation in Ref. [42],
for each event the momentum tensor

A/[aﬁ = Z piapiﬁ (77)

is calculated in the hadronic cms where p;, (0 = X, y, z) are the momentum components
of the ith hadron of the event. Diagonalizing this tensor yields the principal axes iy, 11, iy
and the eigenvalues A,, A,, A;. which are normalised as

A
Ok = = with Q,+0,+0; =1 (78)
Zpi

and ordered such that
0<0:, <@, <@ <1 (79
The sphericity S and aplanarity A4 of the event is then given by
S =3(Q:+0Q),
A=30Q,. (80)

For an ideal flat event Q, = 0, i.e. 4 = 0; for an ideal two-jet event 0, = Q, = 0, i.e,

0, =1, 4 =0,S = 0. This means that n, is the normal to the plane of a planar event

and n, = § is the sphericity axis with respect to which A; = y piz“ is a maximum, i.e.
i

Y. p% is a minimum. Thus a planar event is characterized by a small value of 4 and
i

a large value of S.

A search for planar events in this experiment was carried out using only events with
at least six charged hadrons in the final state. Events with low multiplicity are thus elimi-
nated since their track configuration is too strongly restricted by energy-momentum conser-
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vation. The results of the search are summarised in Table II where three different cutsin §
and A4 are applied (S > 0.25, 4 < 0.04; S > 0.25, 4 < 0.025; S > 0.4, 4 < 0.04). The first
row of the table gives the observed number of events obeying these cuts for three intervals
of W. Three different methods were applied to find out if the observed event numbers
indicate the presence of real planar events or whether they are just the tails of an
“ordinary” particle distribution:

a. Each track of an observed event was rotated by a random angle ¢ around the
current direction g in order to destroy by this randomisation procedure any possible pla-
narity in the real event. The quantities S and A were then recomputed for the randomized
events and the numbers of events obeying the S and A4 cuts are given in the second row
of Table II. :

TABLE II
Results of search for planar events
Selection S > 0.25, 4 < 0.04 S > 0.25, 4 < 0.025 §>04, 4<0.04
(W (GeV) 5 7 ‘ 10 5 l 7 ‘ o | s |7 ‘ 10
B 9 | | | o
Observed 5848 | 3546 | 26+5 | 2225 | 1243 | 1243 | 2545 | 1143 | 3%1.7
Rotation around § 61 it |25 28 | 8, 12 26 | 8 5
Rotation around § | 39 24 13 17 6 @ 4 2| 3 2
Monte Carlo | ‘ | [
prediction | os2 | 25 3] 38 1 10 | 6 | 36 | 65| 13

b. Instead of rotating around (}, each track of a real event was randomly rotated
around the sphericity axis § (thus leaving S unchanged, but changing A4), and the same
analysis as above was performed. The resulting numbers of events are given in the third
row of Table IL

c. Events were generated by the Monte-Carlo program mentioned above, using longi-
tudinal phase space, and the same analysis was carried out with the simulated events. The
fourth row of Table II gives the numbers of simulated events obeying the various S and
A cuts.

The table shows that there is no relevant excess of observed over expected numbers
of events, i.e. there is no significant indication for the presence of planar events correspond-
ing to Fig. 38b at the relatively low values of W in this experiment. The relatively low
event numbers obtained with method b. (third row in Table II) are of instrumental origin
and are also obtained when the randomisation procedure b. is applied to the Monte-Carlo-
-generated events.

3. Primordial transverse momentum

As Fig. 38¢ indicates, the presence of a primordial k3™ of the quarks in the nucleon
leads to an inclination of the direction n of the fragmenting quark with respect to the current
direction §. Because of the fragmentation into hadrons, this direction n is however not
identical with the measured event (sphericity) axis S, as is easily seen e.g. in the cascade
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model for the fragmentation process (in analogy to Fig. 15 for the charges): Since the
quarks of the qq pairs in the cascading chain have on the average a transverse momentum

with respect to the original direction n, the measured axis S is tilted with respect to n due
frag
to pyt

For each event an angle 9 between ¢ and § and a transverse momentum
ky=sin8-¥Yp;-§ with cosf=g-8§ (81)
i
has been calculated where the sum Y extends over all hadrons with p; * 8§ > 0. The sum
i

> p: - S gives an estimate of the momentum k, of the fragmenting quark such that for
i

n = § ki would be the primordial k"™, In reality however k7 has also a contribution

<WD = S GeY
30 e
<8> = 121.2 t4.1)
20
10
e B = Y
00 40 80
WD = 76eY
£ wf .
1 <O>=112,220.9Y)
>
© 15
k-
[ 10 I~
o«
F-
£ s |
z
i i
00 40 80
30 f WD = 10GeV
14 L8> 19.820,8Y
20
10
00 40 80

© (degrees)

Fig. 43. Distribution of the angle 8 between the current direction and sphericity axis for three average
values of W

from the fragmentation as explained above such that (k;) is only an upper limit for (k§"'™>.
An obvious alternative determination of k; (without using sphericity explicitly) is given
by the formula

Ky =sing - Y pil, (82)
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where 6’ is the angle between Zﬁ, and g. It should be pointed out that equations (81)
and (82) are not changed, if the current quark in Fig. 38e emits a bremsstrahlung gluon
before fragmentation since the gluon fragments are and must be included in the procedure
to obtain the total momentum of the original current quark after the absorption of the
current.

If one omits the unmeasured neutral particles in an event the determination of k7 is
distorted, since with the charged hadrons only, the quark momentum k, is determined

24
<W>= 5 GeV

2or K> = 0,530 £ 0,023GeV
16 |

12

8

4L

0 n i SO,

1
2 3

0 1
12 -
" WD = 7GeV
S L K>= 0,495 £ 0,041 GeV
> -} i
)
-
o
§ 4F
£
£
2 T |
-0 1, 2 3
12 4_ KW =10 GeV

< ki>= 0.5672 b.05L Gev

0 1 2 3
ky (GeV)

Fig. 44. Distribution of the transverse momentum kT, defined by Eq. (81), for three average values of W

incorrectly and the angles 8, 6’ may be shifted. Therefore, for the actual analysis only events
without neutral hadrons (3C-fits) are used, which amounts to 325 charged-current 3C-events
with Q2 > 1 GeV?2, W > 4 GeV. Fig. 43 gives the distribution of 8, Fig. 44 the distribu-
tion of k7, Eq. (81), for three intervals of W. As expected the 0 distribution becomes
narrower with increasing W (corresponding to the increasing quark momentum k,) whereas
the k; distribution is rather independent of W. The average values <8), (k) and <ki*>
as determined from Eq. (81) are given in Table III in columns A, B, D respectively.
Columns C and E of the table give {k1) and (k) as obtained by the alternative method,
Eq. (82). The differences of the values from the two procedures are a measure of the intrinsic
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TABLE III
Estimate of the primoidial transverse momentum
| I l
Wy A B ! D E
(GeV) | <0> (degr) <kT> (GeV) ’ k> (GeV) KT (GeV?) | <KD (GeV?)
| !
5 21.2+1.1 0.530+0.023 ‘ 0.581+0.025 0.370+0.030 * 0.440+0.035
7 12.24+0.9 0.495+0.041 | 0.58310.038 0.383+0.069 0.456 +£0.066
10 9.8+0.9 0.567+0.054 | 0.685+0.057 0.537+0.105 ! 0.713+£0.113

uncertainty in determining k7. Assuming { p3™*¥) to be in the range 0.12 to 0.20 GeV?,
the primordial (k%™ is found to be of the order 0.25 to 0.35 GeV? corresponding to
a (k5™ between ~0.5 and 0.6 GeV.
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