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ABSTRACT

Data on the reactions v,p — p~prt and U,p — ptpr~ in the A(1232) region are presented and a
test of the PCAC hypothesis, using a modified version of the Adler model, is performed. The analysis is
based on 1081 events in the neutrino and on 180 events in the antineutrino reaction, obtained in a bubble
chamber experiment with BEBC at CERN. The experimental cross-sections for an invariant hadronic mass
W < 1.4 GeV and an (anti-)neutrino energy EL > 10 GeV are determined to be (0.628 40.059) - 10738 cm?
for the neutrino and (0.168:0.023)-10~38 cm? for the antineutrino reaction. The @? and W distributions, the
density matrix elements of the A resonance, and moments of the pion angular distribution are discussed. The
data are found to be in good agreement with the Adler model in the Q? region below 1 GeV2. A maximum
likelihood fit for the axial mass m4 in the axial-vector form factor yields a value of my4 = 1.31+0.12 GeV.
At low Q? the data confirm the PCAC hypothesis and the discrepancy, formerly observed between the
experimental and theoretical cross—sections for v,p — pu~ prt at low momentum transfers (Q2 <02 GeV2),
is understood as being due to inadequate pion ‘off-mass—shell’ corrections.

) Now at Queen Mary College London, London, E1 4NS, UK '
+) Now at University College London, London, WCIE 6BT, UK
*) Now at Rutherford Appleton Lab., Chilton, Didcot, Oxon, OX11 0QX, UK



1. Introduction |

{

The concept of a pé.rtially conserved axial current (PCAC) [1, 2], relating the divergence
of the axial current to the pion field operator, was introduced almost 30 years ago; however
a detailed experimental investigation of PCAC in high energy (anti-)neutrino reactions has

only become possible with the data of the last decade.

In 1964 Adler proposed a test of PCAC in (anti-)neutrino nucleon interactions [3]. Some
years later he developed a model for weak single-pion production in the A resonance region
[4], allowing a PCAC test for an invariant hadronic mass W < 1.4 GeV. A PCAC test ac-
cording to [3] for the inclusive reactions 7’p — pE X, based on an extended vector dominance
model, can be found in [5,6, 7].

As to the weak single—pion production, applications of a simplified version [8] of the
Adler model in vp [9,10] and vD [11] interactions showed reasonable agreement with experi-
mental data; however at Jow four-momentum transfer squared (Q? S 0.2 GeV?) the model
predictions for the cross-sections were above the experimental data. In some other analyses
[12-15], the Rein-Sehgal model [16,17], also using PCAC, was applied and yielded similar
results. In [9] also a modified version [18] of the Adler model was investigated and good
agreement with the experimental Q2 distribution was observed within the large statistical

€ITorsS.

In the present analysis, data from the WA21 BEBC (Big European Bubble Chamber)

experiment for the reactions

vup — p_p7r+ (la)
Tup — ppr” ) ' (1)

with an invariant hadronic mass of W < 1.4 GeV are compared to the predictions of the
Adler model, which has been modified in some respects. For the present analysis the data

sample is signiﬁcanﬂy increased as compared to [10].

This paper is organized as follows: after a brief discussion of the Adler model and the
modifications performed in the theoretical calculations (section 2), a summary of the expe-
riment and the data selection is gi§en in section 3. The experimental results are presented
in section 4 and compared to the model predictions in section 5. For the PCAC test an
alternative model for a conserved axial current is compared to the modified Adler model in

section 6. Finally the conclusions are presented in section 7.



2. Theoretical Concepts

a) DEFINITIONS OF THE KINEMATICAL VARIABLES

The following notations apply to the particles in the reactions (1): ki, k9,p1,p9 and ¢
are the four-momenta of the (anti-)neutrino, of the muon, of the initial and final proton,
and of the pion, respectively. E, = kjg and E, = kg are the (anti-)neutrino and muon
energies and 6; is the lepton scattering angle. For the theoretical description it is convenient
to choose as reference frame the center of mass system (CMS) of the final hadronic 7p state.
All variables calculated in this frame carry no index, those in the laboratory system have a
superscript ‘L’.

From p; and the four-momentum transfer k£ = kj — kg the Lorentz invariants Q2% =

—kok® > 0 and W2 = (p; + k)a(p1 + k) are obtained, W being the invariant mass of the

final 7p system.

In the CMS the direction of motion of the pion can be characterized by the angles
and ¢r. The polar angle 05 is the angle between the pion momentum and the momentum
transfer E, whereas the azimuthal angle ¢ is the angle between the projections of the muon
momentum vector and the pion momentum vector onto a plane perpendicular to & (cf. fig.
1). The lepton plane is spanned by the momentum vectors of the (anti-)neutrino and the

muon.

b) THE ADLER MODEL

The model by Adler [4] describes weak single-pion production in the A(1232) resonance
region by a matrix element which is expressed in terms of helicity amplitudes for the vector
and axial-vector parts of the weak hadronic current. A partial wave expansion of the ma-
trix element into angular momentum states of the final hadronic system is performed and
the helicity amplitudes are galculated in terms of multipole amplitudes, which carry as in-
dices the quantum numbers I (isospin), £ (orbital angular momentum) and J (total angular
momentum) of the pion-nucleon system. The system of multipoles consists of the vector
multipoles Ell 1 L‘{ 4 JMZI + and the axial-vector multipoles 5{ 1 ,Cg 4 Mg 1 H%:l:*)' The let-
ters E(E), L(L), M(M), H denote the electric, the longitudinal, the magnetic multipoles
and the multipoles which give contributions to the matrix element proportional to the muon

mass, respectively.

In the model calculations only s and p partial waves are considered; contributions of

higher partial waves are negligible in the W region considered (W < 1.4 GeV).

*)The subscript ¢+’ means J =4+ =+ 1/2 .



An essential point of the Adler model is the explicit calculation of the multipole ampli-
tudes: the nonresonant multipoles are calculated in the Born approximation, whereas the res-
onant multipoles (i. e. the multipoles with the A quantum numbers £ = 1,1 = 3/2,J = 3/2)
are determined using dispersion relations, and are finally related to the resonant partial wave

amplitude flI:3/ 2 for elastic pion-nucleon scattering with the same quantum numbers.

Form factors are introduced in the calculation of the weak vertices and therefore arise
in all multipole expressions. The explicit multipole formulae are given in [4], pp. 297-302.
The neutron and proton Sachs form factors are fixed using the scaling law fit [19], which is

consistent with electroproduction data. The axial-vector form factor is written as

94(0)
(1+Q2%m%)?2 @

94(Q%H =

with g4(0) = —1.25 and the axial mass m 4 as the only free parameter in the model.

In the theoretical calculations presented in this paper the Adler model has been modified

in two respects:

e The vector multipoles as functions of Q% and W are computed according to a model by
von Gehlen [20] which is in good agreement with electroproduction data [21,22]. The
original Adler model predicts electroproduction cross-sections which are too high for
Q? < 0.2 GeV? and too low for Q? 2 0.5 GeV? [4,21,22]. Using the vector multipole

calculations by von Gehlen will therefore allow a more reliable determination of m 4.

e The longitudinal axial-vector multipoles are expressed in terms of ‘off-mass—shell’
pion-nucleon partial wave amplitudes by means of the PCAC hypothesis (see below).
In the model used by Adler [4] to compare with experimentél data, these multipoles
are determined by dispersion relations; however also an alternative calculation method

is presented in [4], which permits the desired test of PCAC.

A summary of the multipoles and their calculation in the original Adler model and in the
modified model is given in table 1. The H multipoles, which give contributions to the matrix
element proportional to the muon mass, and some other multipoles (i. e. the A multipoles
Ei)'_/f,L‘;’{l_z and M?{E and all multipoles with I = 1/2 and J=3/2,0= 1) are neglected in

the calculations.

c) THE DIFFERENTIAL CROSS-SECTION

The differential cross—section do¥"?/(dQ2dW) for the reactions (1) in terms of the mul-
tipoles is given by the following formula ( [4], p. 215): N
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where G = 1.166 - 1075 GeV~2 is the Fermi constant, 0 is the Cabibbb angle and ¢ is the

pion momentum in the CMS. The coeflicients dj, d9, d3 are kinematical functions, given by

Q2 E, Ejcos(8;/2)
d = 142
B EPR )
2 EyEuCOS2(01/2)
dy = —
| &2
2 .
4 o= BRI (1)

% |

" sign to the antineutrino reaction.

The ‘+’ sign in d3 applies to the neutrino and the ‘—
In the summation over the transition order A of the multipoles in (3) only s and p wave

multipoles are considered.

In (3) the isospin summation is already carried out and the multipoles A%;: with A =
E, LM, E L,M are Azl: = 01/2A;/2 3/2A3/2 In the reaction vyp — pprt
and ¢3/2 = 1/v/2, whereas in 7up — ptpr~ 1/2 V2/3 and 32 = 1/(3v/2).
The parts (A) to (E) in (3) are the

(A) electric (E) and magnetic (M) vector contributions,

/2 =9

)

(B) electric (£) and magnetic (M) axial-vector contributions,
(C) longitudinal axial-vector (L) contributions (deterrmned by PCAC in the limit Q% — 0),
(D) longitudinal vector (L) contributions,

(E) vector axial-vector interference contributions.

When Q2 — 0 only term (C) survives (see (4)), so that in this case the cross—section -

‘is completely determined by PCAC. The vector parts (A), (D) and the vector axial-vector



interference term (E) vanish at Q% = 0 as a consequence of the CVC (Conserved Vector

Current) hypothesis.

N

d) THE PCAC HYPOTHESIS AND THE ‘OFF—MASS—SHELL’ CORRECTION

The PCAC hypothesis [1,2, 3] relates the divergence of the hadronic axial current 9% Ay
near Q2 = 0 to the pion field operator ®5 [23]:

aaAa = f?l'm',21-(p1r o . (5)

where fr =~ 0.932 my [24] is the pion decay constant and my is the pion mass. Applying
(5) to the reactions (1) and expanding into partial wave amplitudes one obtains a relation
between the longitudinal axial-vector multipoles E{i and the partial wave amplitudes fg;:
for elastic pion-nucleon scattering ( [4], pp. 206-208):

87"‘/Vf‘;(
V2 cos 0 Mp(£ + 1)|-l?|

87I'Wf7|- T 2
— - fi-(@°=0) 6b
V2 cos O Mpl | k | ¢ , (68)

L@ =0)= h@=0 (6a)

£ (Q*=0)=

Mp being the proton mass. Thus the £ multipoles for the reactions (la) and (1b) are
related to the #p and 7~ p scattering amplitudes, respectively. These amplitudes have to
be evaluated at Q% > 0, i. e. for an initial ‘offi-mass-shell’ pion ‘with a mass squared of
—Q2?, in order to compare the theoretical model to the ekperimenta.l data. In addition, the
£ multipoles at Q2 =0 are extrapolated to larger Q2 by multiplying with the axial-vector
form factor (1 + Q%/m%)™2 (see (2)).

' Inthe original Adler model the off-mass-shell correction is calculated from the threshold
behaviour of the partial wave amplitudes in the Born approximation fg:)Iv( [4], p. 207) -

oo _FLQD _ 127-QY R

. L @) EE 7
flron  Jatmd ey 17 ™

[

Investigations of the reactidn pp — Attn, which at low momentum transfer is dominated
by single-pion exchange, have shown that (7) yields too large a correction [25]. On the
other hand good agreement with experimental data was obtained using the Dirr-Pilkuhn
off-mass—shell correction [26,27], which can be written in terms of ‘on-shell’ and ‘off-shell’

3/2 —

fitor _ 1. |1+R2A|7|2 ©
3/2 - — — o .

fl+on Iql 1+R2A|kl2 .

partial wave amplitudes as




The parameter R, describing the ‘radius’ of the A vertex, was determined to be 3.97 +
0.11 GeV—1 [28]. | | |

In the present analysis this Diirr-Pilkuhn correction will be applied for the resonant
multipole f’li Since the contributions of the nonresonant £ multipoles to the differential
cross-section are small, their corrections have only small effects and will be calculated ac-
cordihg to (7). The amplitu}ies feI 1+ on Dave been measured as functions of W and are taken
from [29].

In the limit Q% — 0, where only the PCAC terms remaiﬁ, (3) may now be rewritten in
terms of the cross-section oog(7Ep — n%p) for elastic #¥p scattering with the initial pion
having a mass squared of —Q2. With (6) and using [30]

—

:_%l onletp - wtp) = D{E+ DAL+ -} L o
one obtains the well-known Adler relation between do¥V/(dQ2dW) and the elastic rp
cross—section [3]:

do.‘V,F

dQ2dw

GRi3Ex
2o = ;T'ﬁz . O'Off('ﬂ':tp — wip) ) -~ (10)
— T v ’

In (10) the cross-sections for the reactions ¥’p — uFprT are related to the elastic tp

cross—sections.

Using the Goldberger-Treiman relation fr o~ —v/2cos0.Mpg4(0)/gr, where gr ~ 13.5
[24] is the pion—nucleon coupling constant, one can express the cross—sections for weak single—
pion production in terms of g4(0) and gr. Inserting the experimental values for g 4(0) =

—1.25 and gr will lower the cross-section prediction at Q2 =0 by approximately 12 %.

e) THE PION ANGULAR DISTRIBUTION

The pion angular distribution in the CMS can be written in terms of the moments

a;'n;' , ;/7: and the spherical harmonics ¥;™(0x, #z) in the form

da.I/,l/

dQyr agy Y9 + afy YL + afy vy

+ af¥ ReY! + ab7ReYs + a ReYy
+ B ImY] + 05 ImYy + 85 ImYE (11)
The relations between the moments a’ Im , bIm and the multipole amplitudes E£ 4 Le " ]\I i+

and Ef&,l:ei, MY, are calculated using the formulae (56), (C.1) to (C.5) in [16] and (A 2, 1),
(A.2.2) in [31]*).

*)Details for the computations of the moments a;: Y and bI can be found in [32].



In reaction (1la) the nonresonant amplitudes are negligible (cf. section 4b) and the mo-

ments ak, ab;,aly can be expressed in terms of the density matrix elements 33, f31,53-1

for weak A production according to '

. NG 1
p33=p33+p-3-3 = — o ;_12/_(1 t3 (12a)
00
i Vi0 &
P31=p31=p-1-3 = ‘7271 (12b)
ago
. V10 a¥
p3-1=p3-1tp1-3 = —— 22 (12¢)
apo

In this case the usual formula [10] for the angular decay distribution of the A resonance

dd”
7l'

4 4
Y + ——=p31 ReYd — ——=p3_1 ReYs 13
2\/—{0 7533 = )2+\/15p3162 mﬂ3162} (13)

is obtained.

3. Experiment and Data Selection

a) EXPERIMENTAL DETAILS

The experiment was carried out in the period 1977 to 1983 with the BEBC bubble
chamber [33], which was exposed in four different runs to the (anti-)neutrino wideband
beam [34] of the CERN SPS. The bubble chamber was filled with approximately 30 m3 of
liquid hydrogen and kept in a vertical magnetic field of 3.5 T. Electronic components of the
detector were the External Muon Identifier (EMI) [35] and the Internal Picket Fence (IPF)
[36], which was installed in 1981.

The BEBC volume was photographed in 4 different stereoscopic views and the pho-
tographs were scanned with a scanning efficiency of 95 + 2 % for events with 3 charged
secondary particles. The events were geometrically reconstructed and the tracks were ex-
trapolated to the EMI planes. The geometrical acceptance of the EMI varied from 40 % at
EL =3 GeV to 100 % for EL > 10 GeV.

b) THE EVENT SELECTION

For the selection of the events belonging to the desired reaction classes (1) the following

cuts are applied:

e The primary vertex is required to lie in a fiducial volume of about 19 m3 to allow

accurate track reconstruction and determination of the particle momenta.



e A muon energy cut is performed requiring the events to have a laboratory muon energy
Eﬁ’ > 3 GeV. This allows a reliable muon identification and the separation of a
background of reactions induced by neutral hadrons. In the analysis, events with
muons, that have no EMI identification and are only identified by a kinematic fit are
also considered, however 97.4 % of the finally analysed neutrino and all antineutrino

events are identified by the EMI.

e Only events with an acceptable kinematic fit to the reaction hypotheses (1) are con-
sidered. The x2 probability for this fit is required to be larger than 2 %, in order to
exclude false fits, mainly due to additional unseen neutral particles. After this cut
the distributions of the probability P(x?) are flat for both reactions [32]. Among the
remaining neutrino events there are 4 events which have two fits. For these events the

fit with the highest probability is accepted.

e There is evidence for losses of events in which the final proton has a low momentum
p{,’ < 0.2 GeV/c. Such slow protons are unlikely to be observed in the bubble chamber
because of their short track length. Since Q2 and pll,; are correlated, this introduces
small biases in the Q? distributions. From the angular distribution of the outgoing
proton momentum around the beam axis in the laboratory system, from the distribu-
tion of the vertical vertex cdordinate, and from a comparison between the theoretically
predicted and the observed p% distributions, the losses are estimated to be 1045 events
for Q2 < 0.1 GeV? in the neutrino reaction. For the antineutrino reaction with much
larger statistical errors, losses of this kind are assumed to be negligible. In the neutrino
reaction, the experimental values .for the moments of the pion angular distribution (cf.
section 4b) and for the differential cross-section do¥/dQ? (cf. section 6) have been cor-
rected for these losses. In the comparison between the experimental and theoretical Q2
distributions (cf. section 5), p{,‘ is required to be larger than 0.2 GeV/c. The tracks of
such protons are sufficiently long to be observed on the bqbble chamber photographs.

The final data sample (uncorrected for losses) contains 1494 neutrino events and 609
antineutrino events with an invariant mass W < 3 GeV. In the region W < 1.4 GeV, which
is discussed in this paper, there are 1081 events in the neutrino reaction and 180 events in
the antineutrino reaction. The mean (anti-)neutrino enérgiesfor these events are 25 and

26.8 GeV, respectively. A summary of the important cuts and the remaining events is given
in table 2.



4. Experimental Results

a) THE DISTRIBUTIONS OF W AND Q2

The mean measurement errors of W and Q2 are estimated to be AW ~ 0.006 GeV and
AQ? ~ 0.01 GeV? respectively. Therefore the chosen interval widths of 0.02 GeV for the W
and of 0.05 GeV? for the Q2 distribution in the neutrino reaction ensure that smearing in
these variables due to experimental uncertainties is negligible. In the antineutrino reaction

twice these interval widths are taken in order to lower the relative statistical errors. -

The W distributions for W < 3 GeV are shown in fig. 2. In the reaction (la) the
distribution is dominated by the A(1232) resonance, whereas in the antineutrino reaction
there is evidence for additional resonances in the region 1.4 GeV < W < 1.8 GeV. The
present analysis will be restricted to the interval W < 1.4 GeV, which is dominated by the
production of the A(1232) resonance. Results for the region W > 1.4 GeV can be found in
~[13].

The Q2 distributions for W < 1.4 GeV are shown in fig. 3. The black areas show the
number of events which fall in the range pll;’ < 0.2 GeV/c. The remaining events have a

proton momentum pg > 0.2 GeV/e.

b) THE MOMENTS OF THE PION ANGULAR DISTRIBUTION

In order to determine the moments a;/r’z, b;’r’: of the pion angular distribution in the CMS

several experimental methods are applied:

1) The method of moments, by which a;'r’Z and b;’r’z are calculated using the mean values

of the spherical harmonics Y;™*(0r, ¢x), and

2) the method of asymmetries, by which the moments are obtained from the differences

of the numbers of events in different (A cos 05, A¢r) regions.

3) Additionally, for the neutrino reaction, a maximum likelihood fit of (13) to the (cos fx,

¢r) distribution is performed, with the density matrix elements as free parameters.

In the neutrino reaction the three methods yield very similar results. Therefore only the
data obtained in applying the method of moments, being the most general method, will be
presented in the analysis. The agreement of methods 1) and 3) suggests that in reaction

(1a) the nonresonant background is small and therefore the relations (12) can be applied.

For the neutrino channel the moments are determined in five Q? intervals with Q2 <
1 GeV2, chosen such that they contain similar numbers of events (cf. table 3). In the
first interval Q2 < 0.1 GeV? a correction for the losses described in 3b) has been applied.

A theoretical calculation of the angular distribution shows that these losses are restricted



to the region cosfr > 0.5. The corrected values for af and b} are determined as the
- averages of the values obtained after adding 10 events with cosfr = 0.5 and cos 0 = 1.0,
respectively. The difference between the two results is taken into account in calculating the
statistical errors. Table 3 shows the density matrix elements p33, 531, 3—1 and table 4 the
moments afy,a}], b1, b4, b4 for the neutrino reaction (la). The a,symmetry' of the cosf;

distribution is found to be positive (afy > 0).

The main moments ago, agl,a7272 in the antineutrino reaction (1), calculated from 126 -
events with Q% < 1 GeV?, are given in table 5. Within one standard deviation the two

methods used yield identical results.

c) THE EXPERIMENTAL CROSS-SECTIONS

The cross—sections o”"7(EL) for the reactions (1) with W < 1.4 GeV are determined

- from the total charged current 7’p cross—sections aé’éZ(Elf’ )= 06"” - EL using
v, T

nt¥(EL) _ ntP(ED)

ota(Ef) " (ED)

(14)

n't’c’,f(E,E’) and n¥7(EL) are the (anti-)neutrino energy distributions dN/dEL for the total
charged current event sample and for reactions (1) with W < 1.4 GeV, respectively. The
values for nf(’)f(E,f') are taken from [7], where the same data sample is used. |

Integrating (14) for EL > 10 GeV, and assuming o P(EL) = 6%7 to be constant in this
energy range [13] yields

(15)

L e
¥ EL oV ’

)

90 EL>10 Gev

where NV are the numbers of events for the reactions (1) in the region W < 1.4 GeV and
EL > 10 GeV. Using the latest measurements [37)] of Ug,ﬁ with of = (0.474 £0.029) - 10—38
cm?/GeV and of = (0.500 + 0.032) - 10738 ¢m?/GeV, values of o¥ = (0.628 % 0.059) -
10738 cm? and o7 = (0.168 £ 0.023) - 10738 cm? are obtained. These cross-sections contain
corrections for scanning losses (52 %), for the P(x?) cut (2 %), and for the losses of events
with slow protons (1 %). The errors quoted include the one standard deviation uncertainty

of 016,'17, the statistical error of N and the uncertainty of the scanning losses.
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5. Comparison of the Data with the Model Predictions

a) CALCULATION OF THE THEORETICAL PREDICTIONS

In order to minimize the statistical errors and to allow for the most accurate test of
the theory, the model prediction for the cross—section is transformed to number of events
according to-

. = v,U
L nV(E)) do”(E))

V,Fz R St A ; d 2 d _“th \“v/_
ANy /AEﬁ’ v og,’(lf,(E,é) /AW dI]V/AQ2 Q '/AQw QﬁdeQQdﬂﬂ-l , (16)

where ANtlil’7 denotes the model prediction for the number of events in a AWAQ2AQ,
interval. af}’lp (from (3)), and O'g,’g (from (14)) are the theoretical and experimental cross—
sections of reactions (1) for W < 1.4 GeV, respectively. The experimental cross-sections
for (1), determined for EZ > 10 GeV as described in section 4c), have been extrapolated to
lower E,{’ assuming a threshold behaviour of the cross—sections as given by the Adler model

(for details see [32]).

b) THE DETERMINATION OF THE AXIAL MASS m4

The axial mass m 4 in the axial-vector form factor (2) is determined by a simultaneous
maximum likelihood fit of the predicted Q? distributions for (1) to the experimental Q2
distributions in the region Q2 <1 GeV2. The result of this fit ism 4 = 1.314+0.12 GeV with
a x2 per degree of freedom of 25.4/18 = 1.41 in the neutrino reaction and 7.29/8 = 0.91 in
the antineutrino reaction. In all subsequent theoretical calculations this value of m 4 is used.
The fitted Q2 distfibutions are shown by the curves in fig. 4, together with and normalized to
the experimental data. It should be noted that the result of m 4 depends on the values of the
vector multipoles and is also sensitive to replacing fr with the experimental values of g 4(0)
and gr (cf. section 1d). Using g4(0) = —1.25 and gr = 13.5, a valueof m 4 = 1.2540.12 GeV

is obtained.

Table 6 gives a compilation of m 4 values obtained in various analyses. The results range
from 0.85 to 1.43 GeV, the differences being due to different models that were applied in the
analyses, different experimental input, and to different experimental quantities being used

to determine m 4.

c) EXPERIMENTAL AND THEORETICAL Q2 AND W DISTRIBUTIONS

In fig. 5 the experimental Q? distributions are compared to absolute predictions of the

four following models:
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A: the model presented in this paper with the Diirr-Pilkuhn pion ‘off-mass-shell’ cor-
rection (8) for the resonant multipole E{i?’/ 2 and the Adler corrections (7) for the

nonresonant £ multipoles,

B: the model including the ‘off-mass—shell’ corrections according to the original Adler
model (7), -

C: the model without ‘off-mass—shell’ corrections (i. e. f I = fI , and
v £+ off £+ on

D: an alternative model for a ‘conserved axial current’ (CAC) without the longitudinal £
multipoles, i. e. without PCAC (cf. section 6).

In the neutrino reaction the agreement of the models A and C with the data is good,
whereas the model B is above the experimental points for Q2 < 0.2 GeV2. The alternative
model D is discussed in detail in section 6, where it is compared to the modified Adler
model A. In the antineutrino channel all model predictions are in good agreement with the

experimental data.

Fig. 6 shows the contributions of the longitudinal axial-vector, of the vector and of the
remaining axial-vector parts to the predicted Q2 distributions according to model A. The
longitudinal axial-vector multipoles, which are determined by PCAC in the limit Q% -0,
contribute only for Q2 < 0.2 GeV2. The vector parts are dominant for Q2% 2 0.6 GeV? in

the neutrino and for Q2 2 0.4 GeV?2 in the antineutrino reaction.

In fig. 7 the contributions of the various angular momentum channels £+ to the predicted
Q? distributions according to model A are shown. After integrating over the Q? range the
nonresonant background from the 0+ and 1— partial waves amounts to approximately 7%
of the total distribution in the neutrino channel, whereas in the antineutrino reaction a large
background of 57% contributes to the Q2 distribution.

In fig. 8 the experimental W distributions are compared with the theoretical W dis-
tributions, which have been normalized to the experimental data. The shapes are in good
agreement, with a x2/NDF of 18/15 = 1.20 in the neutrino reaction and of 1.9/7 = 0.27
in the antineutrino reaction. The resonance behaviour of the cross—section reflects the res-
onance behaviour of the (I = 3/2,{+ = 14) pion-nucleon partial wave, which is contained

in the corresponding multipoles.

Im

d) DENSITY MATRIX ELEMENTS AND MOMENTS a7, 577

The density matrix elements for the A1t(1232) in the neutrino reaction, calculated
from the experimental angular distribution of the pion, and the corresponding theoretical
predictions are displayed in fig. 9. The experimental values for the matrix elements are in

good agreement with the theoretical ‘predictions of the modified model A including PCAC.

12
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The alternative model D (CAC, dashed lines), which js discussed in section 6, fails to describe

the experimental data.

The remaining moments of the pion angular distribution in the neutrino reaction are
shown in fig. 10. In general these data are compatible with the theory, however the differences
between CAC and PCAC are too small to distinguish between the two models. Due to the
large experimental errors in the antineutrino reaction the data are not conclusive and will

therefore not be discussed.

6. Test of the Models with and without the £ Multipoles

For a test of the PCAC hypothesis, the two models A and D are compared with the
data:

¢ the modified Adler model including the longitudinal axial-vector multipoles ££ 4, Which
are determined by PCAC, and including the Dirr-Pilkuhn ‘off-mass—shell’ corrections

as described in section 2 (model A),

e the Adler model without the longitudinal axial-vector multipoles. If these multipoles
are left out, the cross—section vanishes for Q% — 0 as predicted by a theory of a

‘conserved axial current’ (CAC, model D).

For the lowest bin (0 < Q% < 0.05 GeV?2) of the Q? distribution in the neutrino reaction
the modified model A describes the data well, while the CAC prediction (model D) differs
from the data by more than 4 standard deviations (cf. fig. 5). Significant differences be-
tween the two models show up also in the predictions for the density matfix element j31.
This density matrix element is proportional to the PCAC multipole amplitude Li’f and is
therefore very sensitive to a variation of this amplitude. As is seen in fig. 9 the data are in
good agreement with the modified model A, and they clearly disagree with a value of zero

as predicted by the alternative model D.

In order to quantify the comparison in shape and absolute value between the data and

the model predictions, x2 values are calculated taking into account two kinds of errors:
e the statistical errors in the experimental distributions and
e the errors of the experimental total charged current v’p cross—sections in the theoretical
" predictions (cf. (16,14)).
" The influence of the latt,er‘ error on the predicted Q2 distributions is indicated in fig. 11, where
the shaded areas show the one standard deviation uncertainty of the theoretical predictions.

Because the £ multipoles contribute only at low Q*(5 0.2 GéVz), only the lowest three
Q2 bins in each distribution are used for calculating the x2 values. A summary of the x2

values obtained is given in table 7, indicating good agreement between the predictions of
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the modified Adler model A and the experimental data ( x2 per degree of freedom near 1 or
less). The alternative model D yields much higher x2 values, especially for 531 and the Q2

distribution in the neutrino reaction, and can be excluded at a high confidence level.

The Q2 distributions are also transformed into the differential cross-sections do” 7 dQ?
by weighting the events with ag)’g(E,f )/n¥P(EL) (cf. fig. 12). As a consequence, the relative
statistical errors are somewhat larger than in the experimental Q2 distributions in terms of
events dN/dQ? as presented in figs. 4, 5. In contrast to these ﬁgures', in fig. 12 no proton
momentum cut was applied, instead in the neutrino reaction 7 events in the first and 3
events in the second bin were added to correct for the losses described in section 3b). The
theoretical predictions for do¥7/dQ? are calculated at the mean values of the (anti-)neutrino

energies in reactions (1).
7. Conclusions

The experimental data for the reactions vyp — p~prt and Tup — pFpr~ in the invari-
ant hadronic mass region W < 1.4 GeV have been analysed. The experimental cross—sections
for these reactions were determined to be (0.628 & 0.059) - 10738 cm? in the neutrino and
(0.168 =+ 0.023) - 10738 cm? in the antineutrino channel for E,g' > 10 GeV. The experi-
mental data have been compared to the theoretical predictions of a modified version of the
Adler model [4]. The longitudinal axial-vector multipoles Eg 4 were related to partial wave
amplitudes for elastic pion—nucleon scattering by means of the PCAC hypothesis. For a de-
termination of the axial mass m 4 in the axial-vector form factor a simultaneous maximum
likelihood fit of the predicted normalized Q2 distributions in both reactions to the experi-
mental data was performed, yielding a value of m 4 = 1.314+0.12 GeV. The Q2 distributions

“in both reactions and the density matrix elements for the neutrino reaction were found to be
in good agreement with the theoretical predlctlons At low Q? the data confirm the PCAC
hypothesis. An alternative model with a conserved axial current (CAC) can be excluded
at a high confidence level. The discrepancy in the Q? distributions at low Q2 between the
original Adler model predictions and the data, as observed in [10] and in this paper, can be
removed by using Dirr-Pilkuhn ‘off-mass-shell’ corrections [26], already proved successful

in pion exchange reactions [25,28].

We gratefully thank the scanning and measuring crews of our laboratories for their
accurate and careful work. We thank the staff at CERN and the BEBC, IPF and EMI
groups. In some intricate theoretical questions, a discussion with Wolfgang Ochs was of

great benefit.
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Table 1: Method of calculating the multipoles.

The abbreviations denote respectively: ‘—’ unphysical multipoles, ‘d’ multipoles calcu-
lated by solving dispersion relations, ‘B’ multipoles calculated in the Born approximation,
‘n’ neglected multipoles, ‘G’ vector multipoles determined according to von Gehlen, ‘P’ mul-
tipoles determined by PCAC. Whenever the modified model differs from the original model,
used by Adler to compare with experimental data, the original determination is indicated
in square brackets. The column with a star contains the resonant multipoles. I denotes the

isospin, £ the orbital angular momentum of the wp system and {4+ means J = £+ 1/2, where

J is the 7p total angular momentum.

1=3/2 I=1/2

o+ 0+ 14+*) 1— 0+ 1+ 1—
Mo - Gld] G[B] - n[B] G[B]
E G[B] n[d] - G[B] n[B] -

L G[B]  n[d] G[B] G[B] n[B] G[B]
M B n[d] - B n[B] -

£ - d B — n[B] B

L P[B] P[d] P[B] P[B] n[B] P[B]
H n[P] n[P] n[P] n[P] n[P] n[P]

Table 2: Statistics of the event selection.

selection criteria number of events remaining after cuts

vp Up

fiducial volume 21015 14285

EL >3 Gev 7032 6324

(events with EMI-identified 4 ¥) (6936) (6322)

fit events to (1) with P(x?) >2 % 1558 684

W < 1.4 GeV 1081 180

pL > 0.2 GeV/ec 1072 178
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Table 3: Density matrix elements for vp determined by the method of moments.

The sample of 155 events in the first Q2 bin consists of 137 events with p{;’ > 0.2 GeV/e,
8 observed events with p{,’ < 0.2 GeV/c and 10 events added to correct for the losses at

Py < 0.2 GeV/e.

Q2% (GeV?)

P33

P31

P3-1

0. — 0.1 (155 events)

0.44 +0.08

—-0.33 £0.13

—0.08 £ 0.09

0.1 — 0.2 (145 events)

0.86 +0.08

—0.24 £ 0.09

- —0.234£0.10

0.2 —0.4 (218 events)

0.79 £0.07

—0.11 £0.07

—0.15 £ 0.08

0.4 —0.6 (175 events)

0.61 +0.08

0.03 £0.08

—0.06 £ 0.09

(
(
(
(

0.76 & 0.07

0.10 +0.08

—0.03 £ 0.09

0.6 —1.0 (186 events)

Table 4: Moments a¥), a7, b1, b4, b5y for vp

determined by the method of moments. -

Q? (GeV?)
C0.—0.1

b59/afy
0.01 £0.11

b51/ago
~0.14 + 0.12

bi1/ag
0.13 +0.11

ai1/agy
—0.08 = 0.12

afo/afo
0.19 & 0.09

0.1-0.2 |0.0740.07|—0.02+0.13|0.15+£0.12 | 0.20+0.10 | —0.11 40.13

0.2-04 |0.07£0.06 | —0.06 £0.11 | 0.25+0.09 | 0.02£0.09 | 0.02 +0.10

0.4—-0.6 0.16 £0.07 | —0.1540.11 | 0.14 £0.11 | 0.06 £0.10 | —0.18 :i: 0.11

0.6—1.0 0.14+0.06 | 0.00+0.11 |0.21 +0.11 | 0.01 £0.10 | 0.14 £0.11

Table 5: Moments ago, agl, agQ for 7p with Q2 < 1 GeV2.

a5y /afy ab, /af a8y /aly
method of moments : —0.06 £ 0.09 |-—0.16 £0.12 | 0.00 +0.12
method of asymmetries : | —0.13+£0.10 | —0.27 £0.15 | 0.03 +0.15
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Table 6: Values of m 4 obtained in various analyses.

The abbreviations denote respectively: ‘MAL’,*M A2’ modified versions of the Adler
model [4, 18], ‘SvH’ the Schreiner-von-Hippel parametrization [8] of the Adler model, ‘RS’
the Rein-Sehgal model [16,17]. In all the analyses except for [14,15], the invariant mass W
was required to be less than 1.4 GeV.

reference | model | value of m4 (GeV) fitted quantity reaction
[9] MA1 | 1.25f8:%g Q? distribution, Q2.< 1 GeV? vp — p"prt
1.43+0-07 Q? distribution, Q2 < 3 GeV2 |
SvH 1.15+0.10 Q? distribution, Q2 < 3 GeV?
[10] SvH 0.85 £ 0.10 o(EL) vp — p~prT
[11] SvH 1.28 £0.11 Q? distribution, vD — u~prT(n)
0.1 GeV2 < Q% < 3 GeV? |
[12] RS 0.96 =+ 0.08 o(EL) 7D — ptpr—(n),
A 7D — ptnr~(p)
[14,15) | RS 1.01 £ 0.10 o(EL),W <16 GeV | wp— pprt
[14] RS |  1.0540.09 o(EL), W <2 GeV vp — putpr—
this analysis | MA2 1.31 +0.12 Q2 distribution, Q2 <1 GeV2 | wp — u~prt,
vp — ptpr~
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Table 7: Values of x2 per degree of freedom (N DF)

for the comparison of the theoretical predictions and the data -

for the modified Adler model A including PCAC

and the alternative model D with a ‘conserved axial current’ (CAC).

Q? region physical quantity - x2/NDF (PCAC) X2/NDF (CAC)
Q2 <0.15 GeV2 | Q2 distribution (vp) 1.44/3 = 0.48 29.98/3 = 9.99
Q2 <0.30 GeV2 | Q2 distribution (7p) 0.27/3 = 0.09 4.00/3 = 1.33
Q2 < 0.40 GeV?2 F33 (vp) 1 6.21/3 = 2.07 17.09/3 = 5.70
Q2 < 0.40 GeV?2 P31 (vp) 0.54/3 = 0.18 16.02/3 = 5.34
Q% < 0.40 GeV? pa—1 (vp) 1.60/3 = 0.53 1.80/3 = 0.60
Q? < 0.40 GeV? a¥o/aby (vp) 5.29/3 = 1.76 7.84/3 = 2.61

sum of all

analysed quantities’

15.35/18 = 0.85

76.73/18 = 4.26
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FIGURE CAPTIONS

. Definition of the pion angles 87, ér in the CMS. The lepton plane is spanned by the lepton

— —
momenta kj and ks.
. W distributions for W < 3 GeV.

. Q? distributions for W < 1.4 GeV; the black areas show the observed events with pf;’ <
0.2 GeV/e. |

. Q2 distributions for W < 1.4 GeV and p{; > 0.2 GeV/e, compared to the predictions of the
modified model, which are normalized to the data.

. Q2 distributions for W < 1.4 GeV and p},” > 0.2 GeV/e, -compared to the absolute predictions
of
A: the modified model presented in this paper, including the Diirr-Pilkuhn ‘off-mass—
shell’ corrections (thick solid line),
B: the original Adler model (thin solid line),
C: the model without ‘off-mass—shell’ corrections (i. e. fEI 1 ooff = fEI 4 on» dotted line), and

D: the model with a ‘conserved axial current’ (dashed line). |

. Different contributions to the Q2 distributions, as predicted by the modified model A, for
W < 1.4 GeV and pL > 0.2 GeV/c

a) from the £ multipoles, determined by PCAC,
B) from the femaining axial-vector parts and
4) from the vector parts.

. Contributions of the pion-nucleon angular momentum states £& = 1+,0+,1— to the pre-
~dicted Q2 distributions in the modified model A, for W < 1.4 GeV and pII; > 0.2 GeV/e.

. Experimental W distributions compared to the predictions of the modified model A, which

are normalized to the data.

. Density matrix elements of the A*¥(1232) resonance in the neutrino reaction (la) for W <
1.4 GeV, compared to the predictions of the modified model A (solid line) and the alternative

model D with a ‘conserved axial current’ (dashed line).
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10. Moments a¥y, a};, Y1, b4, bhq in the neutrino reaction (la) for W < 1.4 GeV, compared to
the predictions of the modified model A (solid line) and the alternative model D with a

‘conserved axial current’ (dashed line).

11. Q? distributions for W < 1.4 GeV and p}," > 0.2 GeV/c, compared to the predictions of
the modified model. The shaded areas show the uncertainty of the theoretical prediction

corresponding to one standard deviation.

12. Experimental values and absolute predictions for the differential cross-sections do” P/dQ?
~ for W < 1.4 GeV. Shown are the predictions of the modified model A (solid line) and the

alternative model D with a ‘conserved axial current’ (dashed line).
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