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ABSTRACT

The reaction vp - U_pﬂ+ (777 events) is studied at neutrino
energies from 5 to 200 GeV. A total of 551 events fit the channel
vp > v At (1232) wien X2 probability greater than 2%. Decay angular
distributions of the A'" are investigated and the density matrix elements
are studied as functions of Qz, the square four-momentum transfer. The
total A*" production cross section and the differential cross section
dOYsz are determined. Using the Schreiner-von Hippel parametrization of
the Adler model, the value of the axial mass determined by fitting the
total cross sections above 20 GeV is MA = 0.85 + 0.10 GeV. The model
describes the differential cross sections reasonably well above
Q2 =~ 0,2 GeVz. Disagreements, however, are found for some values of
the density matrix elements of the A & decay angular distributions and
their Q2 dependence. The (pﬂ+) mass region above the A T(1232)
contains evidence for the presence of higher mass A++ resonances and,

. . +
above 2 GeV, for the forward emission of fast 7 .
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INTRODUCTION

The reaction

- -+ '
vp > U PT ) (1)
is the simplest neutrino interaction to identify experimentally in a
hydrogen bubble chamber, as all three final state particles are charged.

However, the results so far available derive from experiments either at low

energies or of low statistics.

Reaction (1) was stﬁaied at the CERN PS with the 1.2 m heavy liquid
bubble chamber [1] and witﬁ‘Gargaﬁélie [2], both chambers filled with
propane, and at the Argbﬁﬁé:ZGS with the 12' bubble chamber filled with
hydrogen and deuterium [3]. 1In all of these experiments the neutrino
energy was smaller than 10 Gev. At hiéher energies, the only information
available derives from an expérimeﬁt at FNAL [4] with the 15' bubble

chamber filled with hydrogeﬁ (200 events).

The work described in this paper is based on 777 events which fit
reaction (1) with a X? probability larger than 2%, produced by neutrinos

with energies from 5 to 200 GeV.

0f these events, 551 belong to the subchannel

vp » W A T(1232) , - (2)

with the effective mass of the (pﬂf)'system smaller than 1.4 GeV.

. . . +4 .
Total and differential cross section for A&  production are
++ . . . .
determined, as well as the A angular distributiouns. This larger sample
of events allows also a study of the density matrix elements as functionms

' 2
of the squared four-momentum transfer, Q.

Preliminary results based on a subset of the final sample have been’

reportéd [5].

The theoretical models which have been proposed to describe single

pion production by neutrinos fall esseatially into three categories [6]:
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(a) Isobar models in which it is assumed that the final state is dominated

. + . .
by the production of a (p7T ) resonance which is treated as an elementary

particle [7-9];

(b) Dynamical calculations mostly based on dispersion relations [10-14] and

(¢) Relativistic harmonic oscillator quark models [15,16] whose

predictions are very similar to those of type (b), in particular to those

of the Adler model [13].

Comparisons of the results of previous experiments with these
different calculations [2-4] have so far favoured the Adler model as the

most successful description of the physical situation.

This paper is organized as follows: 1in sect. 2 the experimental data
for the reaction vp -+ u—pﬂ+ are presented. 1In sect. 3 the channel
vp -+ U-A++(1232) is sﬁudied. A comparison with a parametrization of
the Adler model is presented in sect. 4 and the value of the axial mass
M, is determined. The high mass region of the (pﬂ+) spectrum is

A
discussed in sect. 5.

THE DATA

In the autumn of 1977, 285 000 photographs were taken of the BEBC
bubble chamber filled with hydrogen,'exposed to the wideband neutrino beam

18

at the CERN SPS. This exposure corresponds to ™~ 10 protons on the SPS

target at 350 GeV,

The film was scanned for neutral induced events with three or more
prongs and visible energy greater than v 1.5 GeV. The events were measured
on film-plane digitizers and reconstructed using the HYDRA programming
chain. The muons were identified by a two-plane External Muon Identifier
(EMI) whose efficiency is ™ 98% for Py > 10 GeV/c. The events within a
fiducial volume of 19 m3 (corresponding to > 1.1 t of Hz) were accepted

if the energy of the neutrino E, was larger than 5 GeV.

A total of 8108 charged current (CC) events was obtained with energies

from 5 to 200 GeV. Of these, ™~ 10%, i.e. 819 events gave a fit to reaction
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-+ . . .
(1), vp - y pm , with the fitted neutrino energy greater than 5 GeV,
and with X2 probability greater than 0.01%.

Table 1 reports the number of CC events with a single u identified
either by the EMI or by the fit and the number of events that fit reactions
(1) and (2).

Fig. 1 shows the X2 probability distributions of the 819 and 576
events which fit reactions (1) and (2), respectively. The accumulation of
events towards the smallest fit .probabilities was investigated and found to
contain contamination by events in which unseen neutral particles are also
produced. Consequently in the following analysis only the events with
P(xz) > 2% have been used, i.e. 777 events of reaction (1) and 351 events

of reaction (2).

The particles in the final state of reaction (1) were fitted
unambiguously in v 87% of the events. Among the non uniquely identified

events, we have found that several types of ambiguity occur. These are:

(a) K /7 or

(b) p/Tr+ ambiguity for the positive secondary tracks;
(¢) K% v ambiguity for the incident track;

(d) combinations of (a), (b} and (ec).

The relatiﬁe frequency of the four types ié 3:3:5:2. It should be
mentidned that most of the events where there is a p/1T+ or K°/v |
ambiguity Eelong to reactioﬁ (2). The opposite is true of the other
cases. For the non-uniquely identified events, we have accepted the fit

with the highest probability.

STUDY OF THE At (1232)

3.1 The invariant mass spectrum

The (pw+) mass distribution for the 777 events of reactiom (1) used
. R .
in the analysis is shown in fig. 2. The At*(1232) peak is clearly

dominant.
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To obtain the best values for the resonance mass and width several
fits have been performed with a relativistic Breit~Wigner function of the

form

EW) = R/ (3)

2 2 2.2
(W wi) + er

plus a non—resonant background. In eq. (3), W is the invariant mass of the

+ .

(pm) system, WR 1s the value of W at resonance and ' is the resonance

width. Several forms of energy dependence of I have been considered:

(a) T = PR’ where 't is the energy independent width at resonance.

(b) T = FR(p/pR) (s wave dependence), where p is the momentum of the
T or proton in the resonance rest system, and Py is the same

quantity at resonance.

(¢) T = I"R(p/pR)3 (p wave dependence).

[}

3 . ..
(&) T TR(p/pR) (p; + xz)/(p2 + x2) with x = 0,16, This is the form
used by Walker [17] in his analysis of A resonances in photo-

production.

Fits have been performed over the range W= 1.1 - 1.6 GeV (609
events). The energy-independent width of case (a) and the p wave
dependence of case (c¢) both gave unacceptable XZ/NDF values. The fits
corresponding to cases (b) and (d) gave practically identical values for
WR and FR' The result of the fit with parametrization of case (d) is

the solid curve in fig. 2.

The parameters of the 87%(1232) are found to be

W

g = 1:220 ¥ 0.003 Gev

r (4)

R 0.007 GeVv .,

G.095

|+

The fitted background is v 14% in the mass range 1.4 to 1.6 GeV.
Below 1.4 GeV, however, the background is consistent with zero and so we

. - 4+
consider all 551 events as belonging to the reactiom vp—+ p A (1232).



3.2 Decay angular distribution of the 2 (1232)

Fig. 3 shows the angular distributions of the T in the A com.
system for all events. The azimuthal and polar decay angles ¢ and 6,
respectively, are defined in a right—handed coordinate system, in which the
z axis is along the momentum transfer direction 3 = + - P and the y axis
along the normal to the production plane p X p (flg? 4). The
distribution shows a slight excess of events w1th a forward T . The

asymmetry parameter is A = (NF-FB)/(NF+NB) = 0.06 + 0.04.

Assuming time reversal invariance in the production process of the

A++, the angular distributions are described by

P33 ~ 2

_ Pa_
° /3 v o1 /0 oL

; + . .

for the weak production of a pure 4 ¥ state of spin 3/2. The functions

m
Y

L
for weak productiom, are defined by

are the spherical harmonics and the 5ij’ the density matrix elements

~ =l+_1,[ + - - ]

Pgg T 7 F 7 P33 T Po3-3 T P11 P-1-1

P31 = P31 = P-1-3 (6)
3-1 7 P31 T P13 ¢

The experimental values of the average den91ty matrix elements,
5ij , calculated in three different regions of Q , using the method of

moments, are given in table 2.

3.3 Cross section for A¥*(1232) production

In order to calculate the total cross section for reaction (2) the
aneutrino flux was determined using the measured muon yields and recent pion
and kaon production data. The muon fluxes were measured in the first five
gaps in the shielding downstream in the neutrino beam over a circle of
radius 37.5 cm around the beam axis. 'The 7w and K fluxes were determined
from the predictions of the thermodynamic model [18] adjusted to the
results on T and K production rates in a 400 GeV pBe experiment [19]. The
neutrino flux obtained is reliable to within 8% for events with an incoming

neutrino energy above 20 GeV.

do _ o [go_ 2 (s _1) 40,4 & 1_ 4 . 2
[Y ( )Y2+ Py ReY, ReYz] (5)
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++ . . . .
The 4 production cross sections are thus calculated using this
neutrino flux for events which have an incoming energy above 20 GeV. For
the events of lower energies the cross section was obtained from the total

number of CC events using the average CC cross section
9p > cc = (0.433 + 0.033) ., 10738 | g, cnm2 .

The enmergy of each CC event was determined by correcting the measured
energy for the energy missed in neutral particles, using a transverse
momentum balance method [20)}. Finally, the number of A'Y events was
corrected for the loss due to the cut at 2% in the fit probability, for an

estimated 2% loss of events at small values of Q2, and a 1% scanning loss.

In table 3 are given the values of the AT production ¢ross section
for events with W< 1.4 GeV measured in various energy intervals. The
errors quoted are statistical, It is important to remember that the points
for Ev < 20 GeV suffer from large systematic errors and depend on the
knowledge of the CC inclusive cross section. On the contrary, the points
above 20 GeV, based on direct knowledge of the neutrino flux, provide the
first absolute determinations of the A'F cross sectionms at high energy

and have a systematic error of only 8%,

The cross section for reaction (2) fitted over the neutrino energy
from 20 to 200 GeV is (0.49 + 0.05) . 10738 cmz. The error given here
includes the uncertainty in the flux. In order to correct for A'' events
with W > 1.4 GeV we have integrated the Breit Wigner expression (3) with
the stated best fit parameters of form (d) in sect. 3.1, up to
W= 3 GeV.This gives a correction factor of v 20% and leads to a cross

section for total A"’ production of (0.59 + 0.06) . 10738 cn?.

In fig. 5 our results, uncorrected for the high mass tail of the att
are shown together with those from other experiments [3,4]. The agreement
among the various experiments is satisfactory. Though our points above
20 GeV are comsistent with a A7 cross section independent of energy, the
general trend of all the data available seems to suggest a slight decrease

+4 )
of the &4 cross section from ™V 2 to 200 GeV.
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The differential cross section dO_‘/dQ2 for the events of reaction (2)

is shown in fig. 6. The 2% loss at small values of Q2 has been corrected

for by adding 7 events to the first bin, and 4 to the secound ome. The
distribution has been normalized to the experimental cross section of

0.49 . 1038 cf

-

COMPARISON WITH THEQRETICAL PREDICTIONS

T : * - *+
Among the various theoretical models for the reactiom vp » U A

[7-16], we have chosen to compare our results with the predictions of the

Schreiner and von Hippel parametrization [21] of the Adler model [13],

which has been reasomnably successful in describing the results of previous

experiments [2-4].

Following Schreiner and Von Hippel [21], the differential cross

section for reaction (2) is given by

yA
d“g el ‘:. - .-.]
= K. W, + KW, + KW
sz dw2 16T MZ 171 272 373

2 2

= -(p, - pu)z, G~0.99 x 102 M2 is the Fermi

constant and M is the proton mass. The kinematic factors Kl’ K2 and

where Q2 = ~q

K3, beside depending on W and QZ, contain the dependence of the cross

section on the incident neutrino energy. Wl’ W, and W3 are structure

functions depending only on Q2 and W and are quadratic functions of the.-

(7)

matrix elements of the hadronic weak current. These matrix elements can be

expressed in terms of a Breit-Wigner function and a sum of Rarita-Schwinger

form factors which contain the Q2 dependence. The vector form factors

are taken to De

a2 = 2.09201 + 9@ 2] expl-6.38H) )
cy@® = - i)

gy =0 |

cid®y =0,
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and the axial vector form factors

2 2
i@ = choy LG+ o)
(L +Q°/M)"
A
A, 2, “8pEM 1
Co(Q) = )

2/3(n; + 1) (1 + ¥

with €3(0) = 0, c0) = -0.3, C3(0) = 1.2 and a = 1.2, b = 2.0. The
parameter g, = 28.6 is the £, pﬁ+ coupling constant and fw = 0.97 m

is the pion decay constant.

For the Breit-Wigner functioﬁ, the form used in ref. [21] is the
non—relativistic s wave distribution, with WR = 1.232 GeV and
I =90, .
R 0.120 Gev

The only free parameter of the model is the axial mass, MA, which is

to be determined by the experiment.

A fit to the total cross sections of table 3 over the energy range

from 20 to 200 GeV gives

M, = 0.85 + 0.10 GeV . (8)

The error on this value corresponds to the upper and lower bounds on the
Cross section(*). Our result is to be compared with the value

M, = 0.93 + 0.11 GeV obtained in the ANL experiment [3] at lower energies
and with the FNAL result at energies similar to ours, M, = 1.15 + 0.10 GeV
[4}, both of which, however, were determined with a somewhat different
procedure. The curve calculated with our value of BA (solid line in

fig. 5) is a moderately satisfactory fit to the data below 20 GeV. The
model would not describe a A cross section decreasing with increasing

energy above v 2 GeV,

(*) 1If instead of the s wave non-relativistic form of the Breit~Wigner
width we use the forms (b) and (d) of sect. 3.1, with the best fit
parameters of eq. (4) derived from our mass spectrum, the values of
My obtained from fitting the experimental cross section are
0.70 + 0.10 and 0.79 + 0.10 GeV, respectively.
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The total cross section data are more sensitive to the value of MA
than those of the differential cross section. In the Q2 range used, the
shape of the differential cross section is in fact determined by the vector
contributions much more than by the axial omes, these latter becoming
important only at Q2 < 0.4 GeV2 (fig. 7). The value MA = (.85 GeV
has therefore been used to calculate the curve drawn in fig. 6. The model
predictions describe well the experimental results for Q2 > 0.2 GeV
(X2 8 1), but predict more events than observed at lower Q2 values

(XZ = 15 and 6 in the first and second bin, respectively).

The prediction of the model for the decay angular distribution is
compared with the experimental results (for Q2 <1 GeVz) in fig. 8. Wo
asyﬁmetry is predicted by the simplified version of the Adler model used.

The experimental value of the asymmetry parameter is A = 0.07 + 0.05.

The solid lines in fig. 9 are the model prediction for the Q2
dependence of the density matrix elements, again calculated with
M, = 0.85 GeV. These predictions are very similar to those from the
quark model of Andreadis et al, [15] and of Ravndal [16]. The predicted
values of (5ij) are compared with the experimental results also in
table 2. From that table and from fig. 9 one can see that, while agreement

is found for the predicted values of H5, are consistently more

5333
negative than the measured ones. Furthermore, the measured values of

§3_1 do not have the Q2 dependence predicted by the model.

+
THE HIGHER (pT ) MASS REGION

Fig. 10 shows the two-dimensional plot of the (pﬂ*) mass, W, versus
cosf, where § is the T emission angle in the rest frame of hadrons for
the events of reaction (1) with E > 5 GeV and P(xz) > 2%. The A"
band is clearly seen. The plot also shows the presence of backward emitted
ﬁ+'s,'up to (pﬂ+) masses of v 2.5 GeV, which can be taken as evidence

. L ++
for the production of heavier A" resonances.

The quark model of ref. [15] predicts cross sections of

v 0.1, 10~38 cm2 for A" resonances in the region 1650-1690 MeV
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[5,,(1650), D;3(1670) and P, (1690)] and of ~ 0.08 x 10770 cal

for the region 1890-1960 MeV EF35(1890), P31(1910), F37(1950),

035(1960)]. In our sample, we find 36 events with 1.6 € W € 1.8 GeV and

38 events with 1.8 < W € 2 GeV. This is compatible with the cross sections
predicted by the quark model, if one assumes that the branching ratio for

the (pﬁ+) decay channel is " 30%.

Approximately 10% of the total events have W > 2 GeV. They are
characterized by the forward emission of a fast ﬂ+, which is indicative
of one-pion exchange mechanisms. The average cross section for such events

is v 0.1 . 10738 cn?

m .

CONCLUSIONS

Reaction (1) has been studied (777 events) for neutrino energies
between 5 and 200 GeV. The dominant subchannel, with 551 events, 1s
vp -+ u_Af+(1232). Values for its production cross section for
EU = 5-20 GeV have been obtained by normalizing to the corresponding
aumbers of CC events., From 20 to 200 GeV, absolute values of the cross
section could be determined, based on the direct knowledge of the neutrino

0_38 cmz.

flux, and their average is (0.59 + 0.06) . 1
OQur experimental points are in agreement with the results of other
. . . ++

experiments. The trend of all points available suggests that the A

production cross section may decrease slightly with increasing neutrino

energy from v 2 to 200 GeV.

The differential cross section dO/sz, the A++ decay angular

distributions and the density matrix elements ﬁij have been determined.

The energy dependence of the A*T(1232) total production cross
section is approximately described by the Schreiner - von Hippel

parametrization of the Adler model with the value M, = 0.85 + 0.10 GeV

A

for the axial mass determined by using our total cross section above
. . . 2

20 GeV. However, the differential cross section do/dQ” shows some

disagreement with the model for Q2 < 0.2 GeVz. Disagreements with

I R T A A R L R [ T AR e a e e e K W lbed g = s e e 1
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experiment are also found in the predictions of the model for some of the

values of the density matrix elements and their'Q2 dependence.

Indication is seen for the presence, above the A++(1232), of higher
+
mass &' resonances at the level predicted by the quark model. The:
+ . . . ..
(pT ) mass region above 2 GeV is characterized by the forward emission of

‘ + : . - .
a fast 7 , probably due to one-pion exchange mechanisms.

We would like to thank the scanning, meésuring and computing teams in
our laboratories and the CERN staff for the operation of the SPS
accelerator, the BEBC bubble chamber and associated equipment. The Aachen

Group is pleased to acknowledge helpful discussions with Dr. D. Rein,
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TABLE CAPTIONS

Table 1

Table 2

Table 3

Number of {a) charged current (CC) events, (b) events fitting the
reaction vp u_pﬁ+ and (¢) fitting the reaction
vp » uw ATT(1232). |

. ++ . S . .
Comparison of the A = density matrix elements with theoretical

predictions.

++ . . . .
A" production cross sections (W < 1.4 GeV) in various

intervals of the neutrino energy EV.
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TABLE 1
_ (a) (b) i (c)
u - 4+ ! - ++
La s ) c vP > U pm ; VP > U A
t ;
entification | CC events all P(XZ) 327 ' an P(Xz) > 27
By EMI 7747 772 733 549 527
By fit only 361 41 44 27 24
Total 8108 819 | 777 576 551
TABLE 2
2.3
Q7 (GeV™) 0 - 0.25 0.25 - 0.5 0.5 - 3.0
. exp 0.60 + 0.08 0.70 + 0.09 0.70 + 0.07
<933> - - -
model 0.48 0.70 0.74
. exp -0.13 + 0,04 -0.01 + 0.05 0.04 + 0.04
(031> n -
model _ -0.29 - -0.14 ~-0.04
{
(5. .y e =0.05 + 0.04 ~0.12 + 0.05 0.04 + 0.04
I odel ~0.06 0.08 0.26
TABLE 3
E, (GeV) a(10738 | cn?)
5 - 10 0.60 + 0.06
10 - 15 0.53 + 0.05
| 15-20 0.62 + 0.06
I 20 - 30 0.52 + 0.05
30 - 50 0.51 + 0.07
50 - 100 0.39 + 0.08
| > 100 0.44 + 0.20

L Ty Ly R e R TR Ty I R LR L L L L rpve——
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. &

Fig. >

Fig. 6

Fig. 7

xz probability distributions for the (a) 819 events fitting the
reaction Vp +:u"pﬂ+Jand (b) 576 events fitting the reaction

vp i AT (1232).

(pﬁ+) effeqtive_mass,distribu;ion for the 777 events fitting

the reaction Vp * uipﬂ+ with X2 probability greater than

2%. The solid line is the result.of a fit using a relativistic
Breit-Wigner function with [ energy dependencé of form (d}. The

. ++ . .
fitted values of the A parameters MR.and TR,are indicated. |

At decay angular distributions. The angles § and ¢ are the
. + .
polar and azimuthal angles of the 7 1in the A++ c.m. system,

defined as in fig. 4.

Definition of the 7 polar (8) and azimuthal (¢) angles in the

. +
c.m. system of the decaying AT,

Production cross section for the reactionm Vp U_A++ as a
function of the neutrino energy, E,. The results of this
experiment (double circles) are plotted together with those of
the ANL (solid triangles) and FNAL (solid circles) experiments of
refs [3,4]. The solid line is the prediction of the
parametrization of the Adler model described in the text, with
the value MA = 0.85 GeV for the axial mass.

Differential cross section dU/dQ2 for the reaction

vp > u_A++. The solid line is the prediction of the Adler

model with the parametrization described in the text, and with
the value MA = 0.85 GeV for the axial mass.

Vector and axial contributions to the differential cross section

dO/dQ2 as functions of Qz, calculated at Ev = 20 GeV.
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FIGURE CAPTIONS (Cont'd)

Fig. 8 Comparison of the experimental decay angular distributions for
Q2 <1 GeV2 with the predictions of the model, ﬁ53 = 0,597
and B, ; = 0.041 (solid line). The dashed line is calculated

from the experimental values of 533 = 0.662 and 53_1 = -0.046,
Fig. 9 Comparison of experimental results and model predictions (solid
' lines) for the Q2 dependence of the density matrix elements

- ~ ~ A++ .
P33» P3y and py ; of the decay

Fig. 10 The invariant mass of the pﬂ* system, W, versus cosf, the

. . + .,
emtssion angle of the T in the hadron rest frame,
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