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SOME PROPERTIES OF THE HADRONIC SYSTEM
IN NEUTRINO INTERACTIONS

Gerald R. Lynch
Lawrence Berkeley Laboratory, University of California
Berkeley, CA 94720

INTRODUCTION

This paper does not attempt to review all that has | :en learned
about hadrons in neutrino interactions. Rather, it presc :8 a few
selected topics that are all results from bubble-chamber ¢ .periments
with high-energy neutrinos, primarily those experiments using the
Fermilab 15-ft bubble chamber shown in Fig. 1.

Many experiments have examined the grons features of the
hadronic system in v in UV interactions in both hydrogen and heavy
liquids, particularly charged particle multiplicities and transverse
momentum distributions. These studies tried to determine if hi:drons
from neutrino interactions (hadrons that are presumably produc:3
by collisions of intermediate bosons with hadronic matter) lool 1like
hadrons produced by hadrons or by photons. So far such experit. .ts
have concluded that hadronic systems look the same regardless o:
their origin, .

INCLUSIVE DISTRIBUTIONS

It is fashionable to analyze inclusive hadron distributions in
terms of the Quark Parton Model (QP¥). 1In this model, the dominant
process for neutrino interactions is the conversion of a down quark
into an up quark: vd ~+ uTu. Inclusive distributions can be inter-
preted in terms of the quark fragmentation functions D&(z) that
describe the fragmentation of quark q into hadron h as a function
of z, the fraction of the hadronic momentum carried by the hadron.

Examples of this type of z distribution analysis are taken from
John Marriner,l who uged data from Berkeley-CERN~-Hawaii-Wisconain
(BCHW) collaboration. The BCHW experiment used 300-GeV protons and
a l-horn beam to send neutrinos into a neon-hydrogen mix in which
21% of the atoms were neon. The results came from a sample of more
than 1000 charged-current events. The signal for events with muons
above 3 GeV was entirely determined by using the External Muon
Identifier (EMI). PFigure 2 shows the energy distribution of the
charged-current events in this sample.
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Fig. 2. The energy distribution of charged-current events from

300~ Cev protons and l-horn beam (from reference 1).
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The z distribution for positive and negative hadrons in this
charged~current sample is shown in Fig. 3. The curves are the pre~
dictions of the QPM as parameterized by Fleld and reymunz and
normalized to the data for z > 0.2. One cannot expect this model to
f£it the data at mmall z at finite neutrino energies. Above z = 0.2
the curves fit the data remarkably well, accurately predicting
the large excess of positives.over negatives at large z.
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Fig. 3. 'rhé distribution for positlve and negative tracks in
charged-currznt events. The curves are predictions of
Field and E'eynmanz for pions, normalized to the data for
z > 0,2 (from reference 1).

Although this agreement demonstrates that the QPM is able to fit
the data, it is not a discriminating test of the QPM. At LBL, we
have a Monte Carlo program that knows nothing about quarks., All it
knows about hadrons is momentum, energy and charge conservation, and
that hadron systems have limited transverse momentum. The Monte
Carlo program also fits the z distribution. The excess at large
z for 77 at finite encrgies is primarily a consequence of charge
congervation. Thic illustrates that to test QFM, one must find tests
in which the predictions of QPM differ from the consequences of
phase space with limited transverse momentum.

Because the QPM fits well with the charged-current z distribution
for z > 0.2, the mcdel can be used to learn about the hadron system
in neutral-current events. 1In the BCHW experiment, a sample of
neutral-current events was studied.l Care was taken to correct
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for contamination by chbarged-current events and events produced

by nautral hadrons. The charged-current contamination was reduced

to a manageable level by Including in the neutral-current sample
only events in which the negative track with the largest transverse
momentum ‘interacted in the bubble chamber. The hadron contamination
was brought. to a manageable level by using only events with a visible
momentum greater than 10 GeV. The hadron contamination was corrected
for by making use of the fact that hadron interactions are usually
associated with another interaction in the bubble chamber. This
neutral-current analysis yields

0,
R= E“—‘?- 0.35 £ 0.06
[al]

for hadronic energies greater than 10 GeV.

Figure 4 shows the z distributions for posiiives and negatives
for this neutral-current sample. The curves are the best fit to the
data using the quark fragmentation functions of Pield and Feynman
along with one fitted parameter that describes the relative contribu-
tions of the u and 4 quarks to the neutral-current cross sections.
The best fit is that the 4 quark is responsible for 56 * 10%¢ of the
cross section. For comparison, the prediction of Field and Feynman
is 58 % 10¢ of the cross section. Thus the fitted value is in good
agreement with the expectation, even though the fitted curve is only
in fair agreement with the data.
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Fig, 4. The z distribution for positive and negative tracks in
neutral-current events. The curves are the predictions
of Field and Feynman? normalized to the data for z > 0.2

{from reference 1).
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DILEPTION EVENTS

Although the gross features of the hadron systsm seemr to Ye
universal, hadron systems from neutrino inceractions almost certainly
have more charmed particles than hadron-produced hadron systems.

For neutrino interactions, the most important quark reaction is the
Cabbibo suvpressed reaction

vd+u“c . (Ref. 4)

The evidence for charmed-particle production in neutrino reactions
comes from observation of dilepton events, which are events contain-
ing two charged lepions. Counter-experiments first saw dilepton
(dimuon) .events, measured the races of their occurence, and demon-
strated that dimuon events are compatible with charm-particle
models.5 A number of bubble-chamber experiments have observed
dileptons from neutrinos, mostly pe events.® All of these exper i~
ments are consistent with a dilepton production rate (up or ue)

of 0.5% of all charged-curren%t events.

In no case has an individual charmed particle been identified in
these bubble-chamber experiments. It is not known if these events
are due to the production of D mesons or some other charmed particles.
The only additional evidence that charm is being produced in these
experiments is that the dilepton events have an anomalously large
number of strange particles, as expected from the decay of charmed
particles.

Table I summarizes the strange-particle content of the dilepton
events reported thus far, The experiments are in poor agreement con-
cerning the number of visible ¥9g per event. If in spite of this,
ve average all of the experiments, the result is 0.38 + 0.07 (statis-
tical error only) visible VO per dilepton event, far greater than
the 0.08 observed in all charged-current events. If we assume that
0.38 is correct, we can calculate how many VOs each of these experi-
ments should have seen. This prediction is shown in Table I along
with the probability of getting a disagreement as large as the cne
observed. (For example, for BCHW the 1.1% disagreement probability
is twice the binomial probability of getting 1l or more V°s out
of 17 dileptons when the average number of V9s is 5.4.)

If the true proportion of VOs per event is 0,38, then the
probability of getting three experiments that disagree as much as
the BCHW, CB, and BEBC experiments is about 0.3%. So there is little
chance that this disagreement is statistical. However, if BCHW and
CB both have systematic errors on the order of 208, the statistical
disagreement is not very bad. For example if we give two of the
Vs from BCHW to CB (less than a 208 change in each case), then the
disagreement is about 58, On the other hand, to make these experi-
ments compatible with no extra VO production would require an average
gystematic error of more than a factor of 2.
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Table I. Tabulation of the V° content of observed dilepton events
in five experiments.6

Exper iment BCHW [s: ] BHS BHF BEBC Total
Number of dileptons 17e*  glet et oyt 104t 128
+5e*
Estimated background 0.5 12 0.6 2.4 2.3 18
Number of VOs 11 15 1 1 7 as(a)

Average number of
VOs per event (b) 0.78 0.25 0.22 0.15 0.67 0.38%0.07

Predicted number
of vog(b) 5.4 22 1.7 2.3 2.0 -

Probability of a
disagreement this
large 1.1% B.7% -- - 16% -

{a) The 35 V= are composed of 25 K°s, 3 Ag and 7 ambiguous Vs.

{b) In ealculating the number of V9 per event and the predicted
number of VPs, it was aasumed that background events have 0.08
V¢ per event. The detection probability was taken to be 85%
focr BCHW and 80% for the others. (The 5% difference takes into
account the difference in the interaction probability in the
different liquids.)

Therefore, even though there are probably serious systematic
errors in some of these experimen.., one can still conclude that the
dilepton events have considerably more strange particles than ordinary

' charged-current events. The 25 to 32 KOs lead to an estimate of 0.8
to 1.0 K per event (:0.2).

EXCLUSIVE CHANNELS

Charmed Hyperon Searches

What we would like to find in these bubble-chamber neutrino
experiments is not merely the taste of charm given by the excess of
strange particles, but identification of individual charmed parti~
cles, preferably in well-constrained, well-understood events. One
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familiar candidate for such an event (ofter referred to_as the Samios
event) was raportad in 1975 in a Brookhaven expezimem:." There,
an event was found that fit the reaction yp + u?) 7ot with

= 13.5 GeV and the hadron mass W = 2426 MeV. Such anevent
wigh AS = -AQ cannot be explained by conventionasl pre-charm theories
and could be the production of a charmed baryon.

The Berkeley-Permilab-Hawaii-Michigan (BFHM) expetimenta in
hydrogen vias done in the 15~ft Fermilab chamber. This experiment now
has about 200 times the flux at 13.5 GeV that the Brookhaven experi-
ment had when this event vas reported, and more than 10 times the
£lux above &4 GeV (approximate charm threshold). The BFHAM experiment
has only one good event that fits vp =+ u~Antn*r*r= and none that
fit vp + u~An*r*. However this event has a THT~ combination that
has the mass of the X° with an error of 4 MeV. The even:t may be
vp + uATHTTRC with the X° very short. Thus the BFEM experiment
has ne convincing candidate for the production of a charmed baryon,
and the cross gsection for this process is much smaller than was
suggested by the Brocchaven event.

The Reaction vp -+ u~pnt

From this point on, all of the data presented are from the BFEM
neutrino experiment in hydwgen.8 The results are from a sample of
about 3000 charged-current events. In this experiment, a clean sample
of the reaction vp + u~pn* was obtained and studied. To do this we
started with the sample of three prong events above 5 GeV that are
not closer than 50 cm from the back wall of the chamber. We further
restricted the sample to those events in which the negative track
does not interact and the choice of pr™ is not excluded for the posi-
tive tracks. If we assume the reaction has the form vp - u—pM*t,
where the mass of the M* is not fixed we can calculate the mass of
the M*. Figure 5 shows the mass distribution resulting from such
calculations. BEven without using the knowr beam direction, the
upn* events stand out and th: meson mass resolution is quite good
(typically 10 MeV).

‘However , we know the bzam direction of the neutrinos to better
than 1 milliradian. When we use this known beam direction, by
requiring the missing transverse momentum to be consistent with
zero, we det the histogram in Fig. 6 (the result of Kinematic fits
having two constraints). In Fig. 6 the pion peak is quite clean,
but because of the background we cannot tell if there ia a peak at
the K mass. Most of this background is due to events that have tracks
with poorly measured momenta (usually because the tracks are short).
We can eliminate the background by requiring well-measured events.
A clean sample of three-body events was then obtained by requiring
ES$SA < 0.1 MeV steradian and §M < 50 MeV, where §¢ and 61 are the
uncertainty in the measured direction of the vector sum of the
momenta oOf all three particles, and 6M is the uncertainty on the
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Fig. 6.

vp + |~pM* for all three-prong events above 5 GeV in the
£iducinl volume for which track identification does not
exclude the u~pTt combination (563 events in plot; 316
events overflow).
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vip -+ u'pH‘ for events plotted in Fig. 5 that are consistent
with no missing transverse momentum (243 events in plot;
12 events overflow).
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mass of the M*. The mass distribution for this sample is shown
on Fig. 7. Here, about 80% of the events in the pion peak murvive
this cut and almost al. of the background is eliminated.

1 T T T T T ) T
od - —
70 - -
3
o r 7
]
5 -~
g' —
(2]
?40~ -
S sl -
Ny
»
=1
€ w0 . -
2
2
m_.J'H ]
0 1 L Ll e ) . 1

0O 00 200 300 400 500 600 700 800 900 1000
Meson mass {MeV)
XBL7B 11

Pig. 7. Distribution in meson mass for the assumed reaction
vp + u~pM* for those events in Fig. 6 that have small errors
(164 events in plot). See text for explanation of well-
measured events.

There iz a small but clear signal of three eventz at the kaon
mass in Fig. 7 showing that the ratio

gbvp>u~pRY) _ 3
olp-+ u"pr) 160

in this energy zange.9 The one event at 522 MeV in Fig. 7 is not a
kaon event. Not only is the M' mass more than four standard devi-
ations from a kaon mass but one track is identified as a pion.

There iz one oversimplification in this presentation. For some
events there is an ambiguity about which track is the proton and
which is the meson. Only about 10% of the events in the pion peak
have this ambiguity. 1In every one of the meson mass plots (Figs.

5, 6, and 7), we chose the solution closest to the pion mass when
such an ambiguity existed. All three of the kaon events are ambig-
uous and in each case the high mass solution is between 700 and

800 MeV.

This analysis shows that we can get a clean sample of u prt
events separated from other neutrino interactions with missing
9



neutrals., One backg:gund that is not separated in this way is

the background from K p~> K ~pwt. Events that fit vp - u~pTrt almost
always fit this KL reaction. We can determine the background

fror this reaction, combined with the background from neutrino inter-
actions, by looking at the histogram of the quantity E. sin? By,
where 8, is the angle between the sum of the momenta o¥ the visible
tracks and the beam direction. If we select well- -measured events
(with Ev6¢5A < 0.1 MeV steradian) then the vpi events should have
E, sin 9 %2 0.1 MeV steradian, whereas background events from Ky,

cr neutr;no should have a distribution in Ey sin“@, that is rather
flat ot to 10 MeV steradian. FPigure 8 shows such a plot for those
events that fit vp =+ u"p7mt (with the beam direction unconstrained).
Clearly, the background from false events in the pion peak is on the
order of one or two events.
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Fig. 8. Distribution in the variable Evsinzev, where 8y, is the angle
between the sum of the visible momenta and the beam direc-
tion, for events that fit vp + u~prt, excluding those with
large angle errors.

Using the most accurately measured of these events, we calculate
that the neutrino beam direction is ¢ = -2.491 + 0.006 and
A=-0.005 + 0.006 degrees with an rms spread of about 0.04 degrees.
Because the actual spread in the beam is close to 0,02 degrees,
this spread of 0.04 degrees is mostly a measure of systematic errors.
The data from all four (BFHM) laboratories are in agreement with
these values of ¢ and ), which are remarkably close to the nominal
values of -2.5 and 0 degrees. From the divergence of the beam in
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the chamber, we calculate that the target is 1.2 + 6.2 km away from
the bubble chamber. The correct answer in this case is tarnished
by the poor agreement among the data from the different laboratories.

Figure 9 shows the p;* mass spectrum from the ypyt events. The
peak cf the A*™ ig clear. 1In analyzing the reaction vp > uAtt, we
used all 147 events with Mpn+ less than 1400 MeV.
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Fig. 9. The distribution of the proton 7 mass tor vp + y™pnt events
{203 events in plot; 17 events overflow).

Pigure 10 ghows the distribution of the neutrino energy for
these A** avents. To the extent that the 1~A** cross section is
a constant, which should be a good approximation, this plot is a
measure of the neutrino flux distribution for the BFHM experiment.

Figure 11 shows the Q2 distribution for the p~Att events. This
distribution is interesting because it gives us information about
the axial vector coupling constant for the nucleon vertex. The 02
distribution depends upon both the vector and “he axial vector form
factors. The vector form factor can be determined from electro-
production exgeriments. The curves on Fig. 11 show the prediction of
Adler's modelll using a dipole form factor of (1 + QZ/MZ)-Z. Pre-
vious experiments at lower energies have been consistene with a
value of Mz = 0.91 GeV.12 fThe data in Fig. 11 are not consistent
with this value bu~ are consistent with Mp = 1.5 GeV. This indicates
that the parametrization used is not adequate to describe A+
production at all energies.l
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Five-Prong Bxclusive Channels

The BHPM exveriment looked for evidence of charmed particles
in the exclusive channels in the five-prong events aud used & cleanup
procedure gimilar to the one used in the three-prong events. The
procedure eliwminated an estimated 30% of the true exclusive events.
The unambigquous fits obtained were:

wp » puprtatnT 80 events,
vp + p prtRK” B events,
vp -+ " prtKtr 3 events,
vp » pprtrtee 1 event, and
vp + p"PKYRYK™ 1 event.

The estimated background in each channel was about one event. So
there was no signal above batkground in the 7tT*R~ and K*K¥K~
channels.

The 7HtK~ event is interesting because it might contain a D or
a D*. But this one event is not a D nor a D*. Of the eight events
of ypn*K*K~, four have a T'K'K™ mass below 1800 MeV, and three have
a mass greater than 2300 MeV. The one remaining event has a THrtk~
mass of 2038 * 4 MeV. Because the lead glass wall experiment at
SPEAR has reported evidence for an F meson with a mass of 2040 that
decays into TE'&~,14 this event is a good candidate for the process
vp -+ u-prt,

FOOTNOTES AND REFERENCES

1. J. Marriner, Hadronic Structure of the Weak Neutral Current,
Lawrence Berkeley Laboratory, Berkeley, Rept. LBL-6438 (1977).

2. R. D. Field and R. P. Peynman, Phys. Rev. D15, 2590 (1977).

3. This comparison is inexact because the prediction is for pions
whereas the data include all charged particles except slow
protons.

4. PFor V charm production, the dominant reaction should be
Vs + pte, an interaction with the strange sea. The analogous
reactionvys +> y~¢ is a also important in v interactions. If
the fraction of events with charm is the same for v and V inter-
actions, and the v cross section is 40% of the v cross section,
then the simple quark picture says that charm production in
v interactions is 60% from vd - u~c and 40% from vs + u~c.

5. A, Benvenuti et al., Phys., Rev. Lett. 34, 419 (1975) and 35,
1199 (1975); B. C. Barish et al., Phys. Rev. Lett. 36, 939
(1976) and 39, 981 (1977); M. Holder et al., Phys. Rev. Lett.
698, 377 (1977).

13



10,

11.

12.

13.

14,

BCHW (Berkeley-CERN-Hawaii-Wiaconsin). P. Bogetti et al., Phys.
Rev. Lett. 38, 1248 (1977).

CB (Columbia-Brooxhaven). C. Baltay et al., Phys. Rev. Lett.
39, 62 (i%77).

BHS (Berkeley-Hawaii-Seattle). H. C. Ballagh et al., Phys. Rev.
Lett. 39, 1650 (1977).

BE" (Berkeley-Hawali-Permilab). The results guoted here are
preliminary results from this experiment.

BEBC (Big European Bubble Chamber). P. O. Hulth, private
communication, Aug. 1977.

E. 2. Cazzoli et al., Phys. Rev. Lett. 34, 1125 (1975).

See J. W. Chapman et al., Phys. Rev. D14, 5 (1976) and F. A.
Harris et al., Phys. Rev. Lett. 39, 437 (1977) for a description
of this experiment.

An event of vp + u"pKt has been reported before in S. J. Barish
et al., Phys. Rev. Lett. 33, 1466 (1974).

An analysis of about one-fourth of this sample is contained in
H. T. French, Single Pion Production by High Energy Neutrinos
in a Hydrogen Bubble Chamber, Ph. D. Thesis, University of
Michigan (1977).

S§. L. Adler, Ann. Phys. (NY) S50, 189 (1968;.

J. Campbell et al., Phys. Rev. Lett. 30, 335 (1977); B. A.
Schreiner and F. Von Hippel, Nucl. Phys. B58, 333 (1973).

Another experiment that finds this parametrization inadequate
(in their case for elastic scattering) is described in S. J.
Barish et al., Study of Neutrino Interactions in Hydrogen and
Deuterium, Argonne National Laboratory, Rept. ANL-HEP-PR-76-69
(1977).

The evidence for the F meson at SPEAR is presented at this
conference by D. Luke.

Work performed under the auspices of the U. S. Department of
Energy.

14





