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Using a propane bubble chawber the average cross-section for
single pion production by meutrinos on free protons has been determined to
-38 2. . - , ! ; ,
- - L sl . AN g . L = b= *
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The invariant mass distribution of the {rp) system indicates that N (1236)
production is the dominant process. Angular distributions of the pion in

the (7p) rest frame are also presented. The results of the experiment are

cowpared with theoretical pradictions.
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The CERN Heavy Liquid Bubble Chamber” with a propane filling was
g -y ) - 6 - 17

exposed at the CERMN PS for 1.08 x 10  pulses, corresponding to 6.8 x 10
protons of momentum 20.6 CGeV/c on the target of the improved neutrino beaam.

The peutrino gpectrum is shown in Fig., la. It is based on measure-

3 - . s . : o

ments” of the muon flux in the neuvtrino filter, and is estimated Lo be accu-
rate within % 15%. This error includes an estimate of systematic effects.
The spectrum caleulated by using the available pion and kaon production data
is congistent with that of Fig. la, although subject to greater uncertainties.

The f£ilm wss scanned for all interactions in the propans, whether
due to incident neutral or charged particles., The scanning efficiency de-
termined from a rescan of 147 of the film was (90 £ 10)%. The error allows

2 ibility of ariation in e scanning efficien as functi
for the possibility of a variat the s z efficienc a function
of position in the chamber, for which some evidence was found. The events
were measured on image-plane digitizers and the measurements passed through
N ol . . )

the DRAT-GRIND chain of programmas. This report is based on 85% of the total
data.

We have determined the total and differential cross-sections for

the process
VP - e (68

occurring on the free protons in the propane. A fiducial volume of‘509 litres
was chosen to ensure good measurability. All events which were compatible
with this.three-progg topology were retained.

Use was wade of bubble density and delta-ray information to decide,
where possible, between pion and proton hypotheses for fast positive tracks.
If a delta-ray indicated that one of the tracks was incoming, the event was
rejected. There were 121 accepted events. Among the 121 events were 17 in
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which either the pion or proton interacted after such a ghort distance that
its mowmentum could only be measured with an uacertainty exceeding 30%. In
order to minimize backgrounds, these 17 events were removed from the sample
and corrected for statistically.

For each event the total momentum of all tracks resolved along the
neutrinoe direction {ZPX)'was cateulated. In reaction {1} this quantity will
equal the neutrino energy and in general be of the order of 1 GeV or more .

In contrast £P_ for an avent caused by an ivcoming pion will in general be

X
much smaller because the incoming track will be assumed "outgoing' for this

calculation., A cub was therefore made requiring XPX - 300 MeV/c. Nineteen

g cull.,

o

events were rejectad by th

For the remaining 85 events the longitudinal momentum unbalance

APX = EVIS - XPX’ and PT, the resultant momentum of all particles transverse to the
neutrine beam directlion, were caleulated, where EVE" is the sum of the energies

of the mesons and the kinetic energy of the proton,

For events of type {1} on free protons ﬁ?x and Ef should differ from

zere only by measurement errors, whereas for events in carbon, Fermi motion
and scattering in the nucléus can give large wvalues of these guantitiess., The

distribution of ﬂ?xhand ?T for the 85 events is shown in Fig. Z. There iz a

clear concentration of events with A?% and PT near zeroc, Events were regtained
-
as candidates for reaction (1) on f£ree protong 1if fanf'< 120 MeV/e and ET <

P * 4 »

HeV/c., A study of the msasurement errors indi
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240
genuine events would be rejected by thesze cuts. Fifty-two events passed all
selection criteria and are used Ffor the cross-section determination.

The selected events may contain the following types of background:

L. Incoming neutron interactions which simulate neuvtriooe

events,
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2. Ewvents caused by incoming pilons which are not removed
by the various criteria,

3. Events contazining unidentified tracks,
. R A R e o,

&, Events of the type (L 7 7 p) where the 1 is undetected,

. Ewents in carbon.

1. WNeutron interactions

In peutron-induvced events with the same topology as reaction (1) the
negative track must be a pion, which would have a probability of about 0.4 to
interact in the chamber. Since no such event with an interacting negative pion

passed all the cuts, we estimate the neutron background to be less than 1.5

events.

i

if

2. Incoming mion intergetion
Among a randomly chosen set of 38 events which Qould have been candi-
dates for reaction (1) had the direction of the incwming'pion not been indicated
by a delta-ray, there was no event which'pa35ed the selection criteria and 37
had Ele< 300 MeV/c. The cut on ZPX removed 19 events from.ou:.original sample.
On this basis we estimate a background of less than 0.5 events from this source.

3, Unidentified tracks

0f the 52 selected events, 23 contained one positive track which was
too energetic (2 1 Ge¥/c¢) to be identified by ionization and which did not have
a delta-ray of sufficient energy to distinguish between the pion and proton
hypotheses. The nature of the particle was taken such as to satisfy the
topology (p-ﬁ+p), A statisztical analysis based on thoge positive pions lden-
tified by a delta-ray leads to an estimated background of less than 1.3 events

- 4 ~ )

of the types (u 7w ) or {u pp) among the 23 ambiguous events.

T >,
4. Background from (U m 7 p) events

Twelve events of the types (u“ﬁ+yp) or (u*n+2yp) were observed. If
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the y-rays had not BHeen converted, three of these events would have heen in-
cluded in the hydrogen sample. Using the caleulated average y-ray conversion
probability of 0.23, we estimete a background of (4.3 £ 2.5) events among the
SZSglected events.

5. Backoround from carbon

In order %o estimate this background we have studlied two types of
interactions which are known to osccur on bound anucleons:
- o £ st ) - g 4 o M
a. events of the type (u m p) observed in the previous
nevtrino experiments in freon Cygﬁr,
b. the quasi-elastic process wn - u p in propane.
) X " o ool . % « A
a. VUsing a sawple of 51 (u v p)} events obgerved in freon and normal-
izing to the propane data on the basis of those events with fAPXf > 120 MeV/c
or ?T > 240 MeV/fc, we eobtain a background estimate of (3.2 £ 1.2)
events f£rom bound mucleons in the region used to define the hydrogen sample.
However it is likelw that the background would be higher when the events occur
in carbon rather thes in freon since the pion and proton have a lower proba-
bility to destroy the momentum balance by interacticn in the nucleus. Caleula-
tions based on nuclear sizes and pion-nucleon and proton-nucleon cross-sections
indicate that the background caused by carbon would be 50% higher than that

caused by freon. The background estimate thus becomes (4.8 + 1.8) events.

b. With a sample of 81 (M”P) events opbserved in the present experi-

P

£

ment we have made = background estimation using those events with 120 < [A?Xl

x < 240 MeV/c to normalize between the (U p) and (&mﬂ}p) events.,

In this region Fermi motion should be the major cause of unbalance and this

220 MeVic and P

should be the same in the two event types. We thus obtain a background esti-
mate of (4.0 % 2.8} events from bound nucleons,
Since estimates a. and b, are compatible we combine them to obtain

an estimated carbon background of (4.6 £ 1.5) events.
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The total backgzround estimate becomes (8.9 * 2.9) events, i.e.
(17 * 6)%.

In order to calculate the crose-section for process (1) on free pro-
tons we make the following corrections to the 52 observed events: background
subtraction (- 17 = §)%, ummeasurable events (+ 16 * 4)7, scanning efficiency
(+ 11 £ 11)%, good events failing selection criteria {(+ 5 % 2)%. The energy
distribution of the 52 events and the resulting cross-sections are shown in
Figs. 1b and lc rea?ectively. In calcnlating the crogss-section the non-uni-
formity of the nevtrino £lux over the chamber was taken into account.

We compars our data with theoretical predictions by Adler{ Altarelli
et al.,7 and.Saiin.23 These authofs have calculated the cross-section for pro-
cess (1) with the nucleon axial-vector form factor FA parametrized as FA =
2,,2

-2
(1 + g fMA } 7, where g is the four-momentum transfer between the leptouns.

The values of MA uged by the various aguthors are indicated in Fig. le. It
may be seen that the data are in good agreement with the calculations of
Altarelli et al., and of Salin with a value of MA close to that suggested by
studiess’9 of the quasi-elastic process, vn - [ p, while the calculation by

Adler with a similaxr gives a lower cross-section.

M
A
For a more quantitative comparison we have computed the observed cross-
gection in the region 1 to 4 GeV where the neutrino flux can be determined with
greater accuracy and the predicted cross-sections are approximately comstant,

38 cmz, where the error quoted

We find, o(vp - 1 p) = (1.13 £ 0.28) % 10°
is partly statistical and partly the result of the estimated errors in the

neutrino flux, scanning efficiency, and corrections. The various predictions

for this cross-section are:

af{vp - uoﬁ%p) = (.47 x 10"38 cmz, MA = 0,84 Gevfcz {sdlex)
= 0.85 x 10770 cm?, M, = 0.84 Gev/c?  (Altarelli et al)
= 0.77 x 1078 en?, M, = 0.88 Cev/c? (Salin)

PS/7276



- e . . . 2 .
In Fig. 3 ave shown the distributioons in ¢ and in the square of the
invariant mass of the plon-proton system (4 (rp)) for the 46 selected events
. 4 X BJ
. Ml N s “ .
with E VIS » 1 Ge¥. The M (np) histogram shows a marked accumulation at low
values compared with the nhage-space distribution, The expected distribution

£ N ' ,
for entirely E33 (L2363 ewcitation is alsc shown. It is clear that reaction (1)

results largely in the formation of this isobar, as was suggested by the pre«

wious experiments in
We have also studied the angular distribution of the pion in the (ip)

targer fidocial volume than

est frame. To do this
that used for the crossgesection determination. We have used two coordinate sys-~
tems: those proposed by Adler and by Berman and Veltmanuig The definitions of
these systems zre given in Fig. 42 and Fig. &b respectively. The distributions
in Adler's angles v and § for evenbts with M{mp) < 1.39 Gavfaz, the region covered

by his caleulation, are shown in Fig. 4a. The distributions in the angles 9' and
L T v y + o G . ¢ e ,2 = ﬁr~22
o' defined by Berman and Veltman, for thesz events with 1.3 < M {mp) < 1.9 {CaV/c™)

el g N o
and sin"w/2 < 0.1, are shown in Fig. &b, For j33 production Berman and Veltman

z

calceulate that as sin"/2 ~ 0 the anguvlar distribution of the pion should become

[ 9y

Dee', o'y o 1+ 3 cos 29’ {23

=

The observed diztribution in cosg' is consistent with (2). However the distribu-

tion in ¢' shows a 2.9 standard deviation asymmetry with respect to ths {uv)

plane. Copservation of parity would requive that this distyibution be symmetric.
& &

hdler  has suggested that interference betwsen the N, 23 and the non-resonant

background could give wise to an effect of this pature.

t at present the discrepancies between

e

In conclusion we may remark th
the various theoretical predictions prevent the determination of MA from our

measured cross-section. The caleulations of Altarelli et al. and of Salin suggest
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2 )
that MA‘N«I GeV/e” whereas that of Adler would indicate that MA > 2 GeV/c™.

ke
y

. . s 2, . ‘ , . .

The distribution in M {mp} and the angular distribution of the plon indica
#
33

with the non~resonant bachground can give significant affects.

o iy

that N,., {1236) production is the dominant process, but that interference
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Figure Captions

Neutrino fluw averaged over 40 cm radius detector.
> 3 1 § Tayq B o ¥y o g “ $ o] 1 § nn +
Energy distribution of 52 events accepted as vp = K 7 p.
. - _F " . . i3
Cross-section for vp = B 7 p. The errors shown are purely statistical;

the systematic ervors ave &= 20%.

-k .
QPK vs, P, for (u 7 p) candidates,

T
2 2 . o - g . < ,
q and M (mp) distributions for (& 7 p) events with EVIS > 1 GeV.,
Definition of pion anzles used by Adler and distributions in cos® and &
. . . 2
for events with M{7p) < 1,39 GeV/e™,
Definition of pion angles used by Berman and Veltman and distributions

2 2.2
in cos8' and @' for events with 1.3 < M7{rp) < 1.9 (GeV/c™)" and

sinZa/2 < 0.1.
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