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Neutrino production of resonances
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We take a fresh look at the analysis of resonance production by neutrinos. We consider three resonances
P33, P11 andS11 with a detailed discussion of their form factors. The paper presents results for free proton and
neutron targets and discusses the corrections which appear on nuclear targets. The Pauli suppression factor is
derived in the Fermi gas model and shown to apply to resonance production. The importance of the various
resonances is demonstrated with numerical calculations. TheD resonance is described by two form factors and
its differential cross sections are compared with experimental data. The article is self-contained and could be
helpful to readers who wish to reproduce and use these cross sections.
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I. INTRODUCTION

The excitation of the resonances by electrons and ne
nos has been studied for a long time. The earlier artic
@1–5# tried to determine thepD transition form factors in
terms of basic principles, such as conserved vector cur
~CVC!, partially conserved axial-vector currents~PCAC!,
dispersion relations, etc. These and subsequent papers
duced dipole form factors and in various cases other fu
tional forms with additional kinematic factors in order
reproduce the data. The result was the presentation of c
sections~differential and integrated! in terms of several pa
rameters@6–9#. The relatively large number of paramete
and the limited statistics of the experiments provided qu
tative comparisons but an accurate determination of
terms is still missing. A new generation of experiments
now under construction aiming to measure properties of
neutrino oscillations and they present the opportunity
precise tests of the standard model.

For these reasons we decided to improve the calcula
of the excitation of resonances with isospinI 53/2 and I
51/2 looking into the various terms that enter the calcu
tions and trying to determine them, as accurately as poss
For reasons of economy we shall study four resonances
shall give explicit formulas and form factors forP33(1232),
P11(1440), andS11(1535) and use a functional form fo
D13(1520) obtained in electroproduction@11#. We calculate
the cross section for the production of each resonance a
~Fig. 3! and found thatP33(1232) dominates. Next we sha
study the vector current in electroproduction data and t
use it for neutrino reactions. For the axial-vector current
shall discuss the constraints introduced by PCAC for sev
form factors. Then we shall calculate the differential cro
section in Q2 and also inW ~invariant mass of the fina
pion-nucleon system!. We shall restrict the numerical analy
sis to thepp1 channel and toW&1.6 GeV where there are
accurate data and in order to avoid the influence of hig
resonances. For example theP33(1640) resonance is ex
pected to provide a small contribution, at low energies,
cause it is further away and has a small elasticity@8#. For our
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kinematic region the higher resonances withI 51/2 provide a
smooth background to thepp0 and np1 channels. Their
effects will show up in theW distributions and the overal
scale of the integrated cross sections. This approach
demonstrated@10# to agree with the available data. In th
paper we extend the calculations giving more details wh
will be helpful for future comparisons. Cross sections will
presented primarily for free protons and neutrons. In the
ture we will extend this study by including higher resonanc
contributing to other channels. It will be interesting to i
clude the inelasticity of higher resonance in order to estim
their contribution to the multi-pion events.

Neutrino experiments, however, use medium-heavy
heavy nuclei which brings additional corrections. Seve
studies so far identified nuclear effects from~i! the Pauli
exclusion principle,~ii ! the Fermi motion, and~iii ! the ab-
sorption and charge exchange of the produced pions in
clei. In this paper we discuss in greater detail the Pauli eff
and show that it brings a modification to the data whi
should be identified and checked in the experiments. It m
be important in producing theQ2 distribution.

We shall adopt a notation similar to the one in deep
elastic scattering

n~k!1p~p!→m2~k8!1D11~p8!�p~p9!1p~pp!.
~1.1!

The momentum transfer will be denoted byq5k2k8, which
is space-like with

Q252q252mm
2 14E~E82@E822mm

2 #1/2cosu!.
~1.2!

The energy of the current in the laboratory and in the r
frame of the resonance, to be denoted by CM, is given b

qL
05n5

q•p

M
5

W21Q22M2

2M

qCM
0 5

W22Q22M2

2W
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qCM5@~qCM
0 !21Q2#1/2. ~1.3!

Finally, we give the energy of the pion in the rest frame
the resonance

pp
0 ~W!5

W21mp
2 2M2

2W
. ~1.4!

We shall try to give explicit formulas for the cross sectio
so that the interested reader will be able to reproduce
results.

The paper is planned as follows. In Sec. II we present
general formalism for the production of theD resonance em
phasizing the minimal input, which is necessary. In Sec.
we give explicit formulas for the other two resonancesP11
and S11 where we find the contribution to be small. Sin
nuclear corrections were calculated a long time ago we
cided to present an explicit calculation of the Pauli suppr
sion factor in order to examine its validity in various pr
cesses. We emphasize in Sec. IV how the Pauli factor sh
be applied to quasi-elastic scattering, as well as in the p
duction of resonances. In Sec. V we apply the formalism
the production ofD11 and rely on the connection with elec
troproduction data. Finally, in Sec. VI is presented a su
mary of the results.

II. CROSS SECTIONS AND THEIR FORM FACTORS

Photoproduction and electroproduction data in theD re-
gion are well reproduced by a single form factor plus
smooth background representing the tails of higher re
nances@11#. We shall use these results by adopting a o
vector form factor, i.e. the magnetic dipole term.

For neutrino-induced reactions, on the other hand, th
are many models, some of which introduce many re
nances. This way one accounts for the data at the cos
introducing many parameters. Other models restrict
analysis in theD region, W&1.4 GeV, where theD reso-
nance dominates and the main issue is the selection o
axial-vector form factors and their parametrization. We sh
use form factors which satisfy PCAC and have a modifi
dipole Q2 dependence. This approach provides a relativ
simple formalism for single pion production and was sho
recently to reproduce the existing data@10#. We shall adopt
this formalism and use it to calculate differential and to
cross sections comparing it with data in order to determ
overall validity or need for modifications and extensions.
this paper the formulas for the excitation of theD resonance
are simpler than in Ref.@5# because we take into accou
special properties of the form factors, which have been
cumulated in the meanwhile. We give explicit formulas f
the I 51/2 resonances and show that in the energy regio
the experiments their contribution is small.

For the matrix element of the vector current we use
general form

^D11uVmup&5@c̄mAlql2c̄lqlAm

1C6
V~q2!c̄m#g5u~p! f ~W! ~2.1!
01401
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with Al5(C3
V/M )gl1(C4

V/M2)pl81(C5
V/M2)pl , M the

proton mass andCi
V , i 53, . . . ,6 thevector form factor,cm

is the Rarita-Schwinger wave function of theD resonance
and f (W) is the s-wave Breit-Wigner resonance, given e
plicitly in Eq. ~2.5!. The conservation of the vector curre
~CVC! gives C6

V(q2)50 and the other form factors are de
termined from electroproduction experiments, where
magnetic form factor dominates. This dominance leads to
conditions

C4
V~q2!52

M

W
C3

V~q2! and C5
V~q2!50. ~2.2!

With these conditions the electroproduction data depend o
on one vector form factorC3

V(q2). Precise electroproduction
data determined the form factor, which can be parametri
in various forms.

Early articles describe the static theory@12# and the quark
model@13# predicting the form factor for thegND vertex to
be proportional to the isovector part of the nucleon fo
factors. Subsequent data@11# showed that the form factor fo
D electroproduction falls faster with increasingQ2 than the
nucleon form factor which motivated some authors to int
duce other parametrizations, including exponentials@14# and
modified dipoles@15#. The functional form

C3
V~Q2!5

C3
V~0!

F11
Q2

MV
2G 2 S 1

11
Q2

4MV
2
D ~2.3!

gives an accurate representation. In this paper we adopt
vector form factor and use CVC to determine its contributi
to the neutrino-induced reactions. Details of the vector a
axial-vector contributions are presented in Sec. V, where
shall estimate the contribution ofC3

V from the electroproduc-
tion data.

The matrix element of the axial-vector current has a sim
lar parametrization

^D11uAmup&5@c̄mBlql2c̄lqlBm1c̄mC5
A

1c̄lqlqmC6
A#u~p! f ~W! ~2.4!

with Bl5(C3
A/M )gl1(C4

A/M2)pl8 andG(W)5G0@qp(W)/
qp(WR)] and

f ~W!5
AG~W!/2p

~WR2W!2
1

2
iG~W!

~2.5!

andG05120 MeV.
The PCAC condition gives the relationC5

A(q2)
52(C6

A/M2)q2 which for smallq250 leads to the numeri-
cal valueC5

A(0)51.2 @5#. The contribution of the form factor
C6

A to the cross section is proportional to the lepton mass
will be ignored.

The Q2 dependence of the form factors varies among
publications giving different cross sections and differentQ2
3-2
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distributions even when the sameMA is used. For this de-
pendence we shall use a modified dipole form

C5
A~Q2!5

1.2

F11
Q2

MA
2G 2 S 1

11
Q2

3MA
2
D . ~2.6!

The proton has a charge distribution reflected in the fo
factor. To build the resonance we must add a pion to
proton which creates a bound state with a larger phys
extent. If the overlap of the wave functions has a larg
mean-square radius then the form factor will have a stee
Q2 dependence as is indicated by the electromagnetic f
factor for the excitation ofD @11#. Since the effect is geo
metrical we expect a similar behavior for the vector a
axial-vector form factors. For this reason we replace ano
factor used in previous articles@5# by the modified dipole in
Eq. ~2.6! with 3MA

2;4MV
2 . For the other two form factors

C3
A(Q2) and C4

A(Q2) we shall useC3
A50 and C4

A(Q2)
52 1

4 C5
A @5#. It is evident that there is still arbitrariness

the form factors withC3
A and C4

A being small. We show in
Fig. 4 the relative contributions of the various terms, wher
is clear that the contributions ofC4

A andC4
V are indeed very

small.
The differential cross section is finally given by

ds

dQ2dW
5

G2

16pM2 S (i 51

3

KiWi D g~Q2,W! ~2.7!

with the kinematic factorsKi and the structure function
Wi(Q

2,W) defined in Ref.@5#. For our simplified case we
collected the relevant formulas and kinematics in the App
dix, so that the paper is self-contained. Most of the neutr
data give the integrated cross section as function of the n
trino energy. There are recent compilations of data@10,16#
which have been compared with a theoretical calculat
@10#. Differential cross sectionsds/dQ2 or ds/dQ2dW
were also reported by several experiments. In a high statis
experiment at Brookhaven Laboratory, neutrino-deuteri
interactions @17# were measured in the bubble chamb
Their data are precise and lead to the differential cross
tion shown in Fig. 6. The cross section falls off with increa
ing Q2 and there is a dip atQ2<0.2 GeV. We shall investi-
gate the distributions which are available in the simplifi
model described above.

III. HIGHER RESONANCES

In addition to theD contribution there are higher mas
resonancesP11(1440) andS11(1535) which contribute to the
background underD and, of course, at higher invarian
masses. It is interesting to estimate their contribution a
function of neutrino energy, momentum-transfer-squared
invariant mass of the final state. These are new resona
whose form factors are not known precisely. We know ac
rately masses and widths of the resonances which are im
tant for the calculations.

For theP11 resonance we introduce the amplitude
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MP5
GF

A2
cosucl

mū~p8!g5~p”1q”1MR!

3gm~gV2gAg5!u~p!gPf P~W!, ~3.1!

wheregP denotes the coupling at the pion-nucleon resona
vertex and the Breit-Wigner factor

f R~w!5
1

~W22MR
2 !1 iM RG~W!

~3.2!

with GR(W)5GR
0
„qp(W)/qp(MR)…3 and qp(W)

5(1/2W)@(W22M22mp
2 )224M2mp

2 #1/2 in the pion mo-
mentum in the rest frame of the resonance andl m is the
leptonic tensor. The other form factorsgV andgA are defined
below.

Similarly, the amplitude for the production ofS11 is

MS5
GF

A2
cosucl

mū~p8!~p”1q”1MR!

3gm~gV82gA8g5!u~p!gSf S~W!, ~3.3!

the resonance factorf S(W) and the form factorsgV8 andgA8
being now appropriate for theS11 resonance. The functiona
form of the width is the same as for theD resonance:
GS(W)5GS

0
„qp(W)/qp(MS)….

The calculation of the new resonances requires kno
edge of the form factors which are not known accurate
Usually, the form factors are obtained from model calcu
tions.

Whenever we useI 51/2 resonances, we use the for
factors@6#

gP
V~Q2!50, ~3.4!

gS
V~Q2!52

Q2g2V~Q2!

MN~MN2MR!
with ~3.5!

g2V~Q2!5
gV~0!

S 11
Q2

4.3 GeV2D 2

1

11
Q2

~MR2MN!2

,

~3.6!

gR
A~Q2!5

gR
A~0!

S 11
Q2

MA
D 2 . ~3.7!

The differential cross section has the general form

ds

dQ2dW
5

G2

16p3

qp

~k•p!2
VR

1

~W22MR
2 !21MR

2GR
2
•gR

2

~3.8!

where the functionVR is given by
3-3
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VR5cos2ucS 2~gV
22gA

2 !MN@2MRp8• k̃7MN~W21MR
2 !#

Q2

2

1~gV
21gA

2 !H ~p8• k̃7MNMR!MN@Q2~Ef2Ei !14MNEiEf #1~MR
22W2!FMNS Q2

2
~Ef2Ei !12EiEf~MN2Ep! D G J

1gVgAH 2~p8• k̃7MNMR!S 1

4
Q2~Q222MNEf ! D1~MR

22W2!S 1

4
Q2~Q222MNEf12EiEp! D J D ~3.9!
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with p8• k̃5W22WEp and the upper and lower sign corr
sponding to theP and S resonances, respectively. The su
scriptR5P,S signifies theP11 andS11 resonances. We sha
use these cross sections for calculating effects of higher r
nances. We obtain an overview of their importance by lo
ing at the relevant contributions to theW and Q2 distribu-
tions. The results are shown forEn51.5 GeV in Figs. 3~a!
and 3~b!. The contribution of theS11 resonance is very sma
everywhere. TheP11 resonance gives a small contributio
for W.1.3 GeV and may influence theQ2 contribution. The
presence of a background atW.1.3 GeV shows up in the
electroproduction data as well as indicated also in Fig. 5
fact in a previous analysis of the electroproduction of theD
resonance@11# a polynomial dependence inW was intro-
duced to represent a background contribution. The form
tors and the other quantities, which we use, are summar
in Table I.

IV. THE PAULI EFFECT

Among the nuclear effects we shall describe in detail
Pauli suppression factor. We shall assume the Fermi
model with the nucleons enclosed in a sphere with maxi
momentumpF . The Pauli exclusion principle requires th
final wave functions to be anti-symmetric in the exchange
two identical particles. We assume the final wave functio
to be plane waves of the form

c~r 1 ,r 2!5ei (k1
W r 1
W1k2

W r 2
W )2ei (k1

W r 2
W1k2

W r 1
W ). ~4.1!

The incoming current also brings a momentumqW so that the
relevant matrix element is

M5E c* ~r 1 ,r 2!e2 iq•r 1w~r 1!w~r 2!d3r 1 ,d3r 2 ~4.2!

TABLE I. Parameters.

MR gR GR
0 gR

V(0) gR
A(0)

~GeV! ~GeV!

P11 1.440 4.45 0.35 0.0 0.35
S11 1.535 0.48 0.15 20.28 ~p! 0.16

0.14 ~n!
01401
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wherew(r 1) andw(r 2) are the wave functions of two boun
nucleons. We can regroup the terms and write the ma
element as

M5F~k11q!F~k2!2F~k21q!F~k1! ~4.3!

with F(k11q)5*e2 i (k1
W1qW )•rWw(r )dr and F(k1)

5*e2 ik1
W

•rWw(r )dr. It is evident that the matrix element van
ishes forqW 50, which we shall use as a condition later o
The problem now is to carry out the integrals and express
suppression factor in terms ofb5uqW u/pF , the ratio of mo-
mentum transfer to the Fermi momentum.

To obtain the cross section we square the amplitude
integrate over final momenta

S5E uMu2d3k1d3k2

5E uF~k11q!u2d3k1E uF~k2!u2d3k2

1E uF~k1!u2d3k1E uF~k21q!u2d3k2

22 ReE F* ~k11q!F~k1!d3k1

3E F* ~k21q!F~k2!d3k2 . ~4.4!

The terms* uF(k2)u2d3k251 involve the spectator nucleo
and will be normalized to one. Similarly the integr
*`uF1(k1q)u2d3k51 provided that the integral falls ver
fast with ukW1qW u2→`. This holds for the atomic form factor
which are Gaussian or fall off exponentially for large m
mentum transfers.

The third integral in Eq.~4.4! is called the exchange term
and it is convenient to change the order of integration. P
forming the momentum integral first

I 0~r 1 ,r 2!5E
k150

pf
eik1

W
•r 21
W

d3k1

54p
pfr 21cospFr 212sinpFr 21

r 21
3

~4.5!
3-4
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with r 215ur 2
W2r 1

W u and pf the momentum of the Fermi sea
The remaining integrations overr 1 and r 2 are organized so
that one of them is over (r 1

W1r 2
W ) giving a volume term and

the other is overr 215(r 2
W2r 1

W ). The final result is

S5uMu2d3k1d3k2

5222V~2p!4E cos~qW •r 21
W!

3
~pFr 21cospFr 212sinpFr 21!

2

r 21
6

d3r 21 ~4.6!

with the last integral still over the 3-dimensionalrW21 space.
The volumeV comes from the integration over (r 1

W1r 2
W ) and

is at this stage unspecified. Definingb5q/pF andz5pFr 21
the last integral attains the form

E
0

` sinbz~sinz2z cosz!2

z5
dz5

p

24F1

4
b423b214bG

~4.7!

for 0,b,2 and is equal to zero forb52. The evaluation of
this integral is not immediately evident and can be calcula
with computer programs~MATHEMATICA ! or with the help of
the residue theorem as described by Gatto@18#.

As we collect the various terms together, we must s
deal with the volumeV appearing in Eq.~4.6!. We combine
the volume together with other multiplicative constants in
new constantK, so that the cross section attains the form

S5222KpF

1

b
~b423b214b! ~4.8!

5~228KpF!12KpF~3b2b3!. ~4.9!

Now we impose the condition thatS vanishes forb50. This
gives

2KpF5
1

2
and S5

3

2
b2

1

2
b3. ~4.10!

S represents the fraction of the nucleons which can cont
ute for a given momentum transferq. It has a geometrica
interpretation frequently used in articles: when a moment
q is transferred to a nucleon, the center of the Fermi se
displaced by this momentum. The fraction of the nucleo
contributing to a cross section is the fraction of the displa
sphere which lies outside the original Fermi surface. T
allowed region is the shaded volume shown in Fig. 1.

The above derivation of the Pauli factor depends on
approximation of treating the nucleus as a collection of
dependent protons and neutrons. The suppression facto
pends on the ratio of the momentum transfer to the Fe
momentum and has a simple geometric interpretation. It d
not depend on the specific process and should hold for ela
and resonance production, provided we calculate the ratb
5q/pF appropriate for each process.
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For quasielastic scattering the Pauli factor has been u
in several articles and it was found to be necessary. O
assumes that there is one Fermi surface for protons and
trons for which the factorS from ~4.10! applies. Some au-
thors assumed that there are distinct Fermi surfaces for
trons and protons and obtained two expressions@19,20#. A
detailed discussion for elastic scattering is given by Berm
@19# and is also in the review article of Llewellyn-Smith@4#.

For the production of theD resonance a similar correctio
applies. After the scattering of the current on a neutron thD
resonance is produced which travels and decays within
nucleus. For most of the kinematic region theD is non-
relativistic and it takes 5 to 10 lifetimes to travel through t
nucleus. When it decays it transfers momentumuqW u to the
proton which is still bound. For theD resonance special at
tention is required since it propagates in a medium. Howe
once it decays we have a proton which seeks to find
empty state. In the independent particle of the Fermi mo
the unoccupied levels are above the Fermi surface. The
nematics were considered analytically and the blocking w
given explicitly in Ref.@21#. For completeness we transcrib
the formulas here introducing the notation familiar fro
deep inelastic scattering. We define in the rest frame of thD
resonance

pp5
W21mp

2 2M2

2W
, q05

W22M22Q2

2W
and R5pF .

~i! For 2pF>uqW u1pp.uqW u2pp

g~W,uqW u!5
1

2uqW u
S 3uqW u21pp

2

2R
2

5uqW u41pp
4 110uqW u2qp

40R3 D .

~4.11!

~ii ! For uqW u1pp.2pF

g~W,uqW u!5
1

4ppuqW u
S ~ uqW u2pp!22

4

5
R2

2
~ uqW u2pp!3

2R
1

~ uqW u2pp!5

40R3 D . ~4.12!

~iii ! For uqW u2pp>2pF

FIG. 1. Geometrical description of the Pauli suppress
factor.
3-5
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FIG. 2. The Pauli suppression factor as a function ofQ2 and for various values ofW, for the case ofPF50.226 GeV/c.
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g~W,uqW u!51. ~4.13!

The complicated formulas result from integrations over
angles. For most of the phase space the first term in
bracket is dominant. We plot in Fig. 2 the Pauli suppress
factor as a function ofQ2 and for the various values ofW.
The suppression appears forQ2&0.2 GeV2.

In the Monte Carlo method, the Pauli exclusion effect
taken into account by requiring the recoiling nucleon m
mentum to be greater thanpF . They obtain similar results
@22#.

The effects of Fermi motion are easily included. Since
cross sections in Eqs.~2.7! and~3.8! are written in a Lorentz
invariant way, they are valid in any frame. In the laborato
frame we give the proton a small momentum within
Fermi sea

pm5~Ap21MN
2 ,px ,py ,pz! ~4.14!

and write the inner productsk•p,k8•p accordingly. Then one
integrates numerically for all momenta inside the Fermi s
face upW u,pF .

V. NUMERICAL RESULTS

With the formalism described in Secs. II, III and the A
pendix we can study the contributions of the various term
the cross sections. We decided to include the resona
D(1232), P11(1440), D13(1520) andS11(1535). The last
two resonances are narrow and further way so that we ex
01401
e
e

n
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e

r-

o
es

ct

a smaller contribution at lower energies. For typical values
the parameters given in this article and using forD13(1520)
couplings close to those of theD resonance, we compute
the invariant mass andQ2 contributions for two energies
En51.5 and 2.0 GeV and found the results shown in Fig.
The curves show the cross section forP33 going to I 53/2,
and S11, P11 separately going to the state withI 51/2. The
same situation prevails forEn52.0 GeV. We can interpre
this result as indicating the fact that theP11 is closest to the
D resonance and has a larger width. For the relative
energies of the neutrino beamsEn,2.0 GeV and W
,1.4 GeV the dominant contribution comes from theD
resonance with anI 51/2 background from the other reso
nances and perhaps part of a continuum. TheI 51/2 terms
contribute only to thepp0 andnp1 final states.

For the next issue we consider the contribution of t
various form factors. We show in Fig. 4 the relative impo
tance of the various form factors, whereC3

V andC5
A dominate

the cross section. The cross section from the axial-ve
form factors has a peak atQ250, while the cross section
from C3

V turns to zero. The zero from the vector form fact
is understood, because in the configuration where the m
is parallel to the neutrino, the leptonic current is proportion
to qm and takes the divergence of the vector current, wh
vanishes by the CVC. The contributions fromC4

V andC4
A are

very small as shown in Fig. 4. Thus the excitation of theD
resonance, to the accuracy of present experiments, is
scribed by two form factors.

An estimate of the vector contribution is also possib
3-6
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FIG. 3. Spectra of~a! invariant mass ds/dW and ~b! ds/dQ2 for P33, P11 andS11 resonance with neutrino energyEn51.5 GeV. The
curves correspond to each resonance alone without interferences.
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using electroproduction data. There are precise data for
electroproduction of theD and other resonances@11#, includ-
ing their decays to various pion-nucleon modes. In the d
of Galsteret al. cross sections for the channels (p1p0) and
(n1p1) are tabulated from which we conclude that bothI
53/2 and I 51/2 amplitudes are present. For instance,
W51.232 GeV theI 51/2 background is 10% of the cros
section.

For our comparison we shall take the electroproduct
data after subtraction of the background, as shown in Fig
and then use the CVC to obtain the contribution ofVm

1 to
neutrino-induced reactions. We use the formula

dVn

dQ2dW
5

G2

p

3

8

Q4

pa2

dsem,I 51

dQ2dW
~5.1!

to convert the observed@11# cross sections for the sum of th

reactionse1p→e1$ pp0
np1

to the vector contribution in the
reaction n1p→m21p1p1 denoted in Eq.~5.1! by Vn.
The factor 3/8 originates from the Clebsch-Gordan coe
cients relating the matrix elements of the two channels in
electromagnetic case to the matrix element of the w
charged current. We use the data of Galsteret al. @11# at
Q250.35 GeV2 and subtract the background as suggested
them. Then we converted the points to the vector contri

FIG. 4. Form factors.
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tion for the neutrino reaction according to Eq.~5.1!. In the
same figure we show the neutrino cross section withC3

V(0)
52.05 ~solid!, C3

V(0)52.0 ~dotted!, C3
V(0)52.1 ~dot-

dashed! and the contribution of the background~dashed! and
all other form factors equal to zero. Before leaving this top
we mention that the analysis of the electroproduction d
@11# included a contribution from theD13(1520) resonance
which was found to be small.

For the axial-vector form factor we use the form given
Eq. ~2.6! and we must keep an open mind to notice whet
a modification will become necessary. With the method
scribed in this paper we have all parameters for theD reso-
nance. We may still change the couplings by a few perc
and varyMV andMA . For the other resonances we can u
the results of Sec. III which for the low energies introduce
I 51/2 background. For higher energies and for other ch
nels the additional resonances play a significant role beca
they influence the overall scale of the integrated cross s
tion; they also contribute to the multi-pion events since
inelasticities are large.

There is still theQ2 distribution@16# to be accounted for.
As mentioned already, the data are from the Brookha
experiment@17# where the experimental group presented
histogram averaged over the neutrino flux and with an
specified normalization. We use the formalism of this arti

FIG. 5. Cross sectiondVn/dQ2dW for electroproduction in the
D resonance.
3-7
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with the D resonances plus the correction from the Pa
factor. For the relative normalization, we normalized the a
under the theoretical curve forQ2>0.2 GeV2 to the corre-
sponding area under the data. For the other parameter
found the values

C3
V~0!51.95, C5

A~0!51.2,

MV50.84 GeV, MA51.05 GeV ~5.2!

which produce the curves shown in Fig. 6. The solid cu
includes the Pauli factor withPF50.160 GeV and the bro
ken curve is without the Pauli factor. In the theoretical curv
we averaged over the neutrino flux for the BNL experime
@23#. It is evident that the Pauli exclusion introduces a sm
difference atQ2,0.20 GeV2. There is a discrepancy be
tween theoretical curves and the two experimental po
with Q2,0.20 GeV2. The fit of all of the data withQ2

.0.20 GeV2 gives ax251.04 per degree of freedom. In
cluding all points we obtainx251.76 per degree of freedom
The same theoretical parameters give an integrate cross
tion consistent with the data.

Taking the experimental points for granted we are p
sented with the problem of explaining the two points at
small Q2 region. Among the possibilities is the modificatio
of the normalization or the functional form of the form fa
tors. In this paper we determinedC3

V(0) from the electropro-
duction data. Changing the valueC5

A(0) will not help be-
cause it has a different shape as shown in Fig. 4 and we m
also change the functional form ofC5

A(Q2) for which we
have no clear motivation. The Pauli suppression factor u
in the article was based on the Fermi gas model and is
propriate for medium and heavy nuclei. It is still interesti
to study whether a calculation with a deuteron wave funct
will produce different results@24#. These topics should b
investigated in detail as we wait for results from the n
experiments.

Finally we calculated the integrated cross sections
functions of the neutrino energy for the various channels.
cross sections reach constant values at higher energies
asymptotic value for thepp1 channel depends on the exc
tation of theD and the input parameters. For the other ch

FIG. 6. Q2-spectrum of the processnp→m2pp1.
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nels, however, the shape of the integrated cross sections
the constant asymptotic value also depends on theI 51/2
contribution. In fact, comparisons of the available compi
tions with theoretical estimates show different valu
@10,13#. This topic will be investigated theoretically an
in the new experiments, where additional contributions fro
inelastic channels and other nuclear effects must be con
ered.

VI. SUMMARY

We adopted in this paper a simplified formulation for t
production of theD resonance which depends on two ind
pendent form factors. One form factor for the vector curre
was determined from electroproduction data, and the o
axial-vector form factor was determined by PCAC and ne
trino data. We plotted the vector and axial-vector contrib
tions separately in order to understand and locate their c
acteristic properties. Our numerical results agr
qualitatively with previous analysis@8#.

We analyzed the differential cross section ds/dQ2 in
terms of the two form factors. The vector contribution has
modified dipole form, as determined from electroproducti
data and the axial form factor is also modified. Since we h
to search diligently for the values in Eq.~5.2!, we find that
the values at low and highQ2 are correlated, and the curve
are shown in Fig. 6.

Fitting the largeQ2 region gives a differential cross sec
tion which is too high atQ2<0.15 GeV2. This may be due
to the scanning efficiency@25# or may be a genuine propert
and must be followed up in the future. The present analy
points to the direction that a modified axial-vector form fa
tor may be preferable. Similar tendencies were reported
Q2 distributions of other articles@25–27#.

We also included the Pauli factor which brings a sm
correction atQ2<0.20 GeV2. In order to justify its applica-
tion to light nuclei and for the decay of a resonance within
nucleus we rederived the Pauli factor in the Fermi gas mo
and showed that it agrees with the standard geometrica
terpretation.

Now, that theD11 resonance can be accounted for the
is interest to predict the other channelspp0 andnp1, where
I 51/2 resonances also contribute. In Sec. III we give form
las for the differential cross section forP11 and S11 reso-
nances. They will influence the cross sections for the ot
channel especially at energiesEn.2 GeV.

In this paper we have demonstrated that the excitation
the D resonance can be accounted for by two form facto
This result forms the basis for the analysis of new data wh
will confirm the adequacy of this minimal set or require a
ditional form factors or alternative parametrizations. T
work will be extended to the other final statespp0 andnp1

where I 51/2 will be included. The extension to higher e
ergiesEn.2 GeV will reveal the significance of additiona
resonances, especially those with large inelasticities, bec
they may reveal characteristics for the transition to the
elastic region where multi-pion production is important.
3-8
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APPENDIX: FORMULAS FOR THE AMPLITUDES
AND THE CROSS SECTIONS

In this appendix we give a summary of the formulas us
for the calculation of the cross section. We set the lep
mass equal to zero and write the differential cross sectio

ds

dQ2dW
5

G2

16pM2 (
i 51

3

KiWi .

The kinematic factors are

K15
2Q2

En
2

K254S 12
Q2

4En
2

2
qL

0

En
D

K35
MQ2

EnWqCM
S 22

qL
0

En
D

with the kinematic variables being those used in deep ine
tic scattering.

The structure functionsWi are expressed in terms of he
licity amplitudes.

W15
W

qCM
~ uT3/2u21uT1/2u21uU3/2u21U1/2u2!

W25
M2Q2

WqCM
3 ~ uT3/2u21uT1/2u21uU3/2u21U1/2u2!

1
2M2Q4

WqCM
5 ~ uTCu21uUCu2!
01401
ct

c-
e
P.

d
n
as

s-

W35
4W

qCM
~ReT3/2* U3/22ReT1/2* U1/2!.

Several remarks are now in order. The structure functi
W1 andW2 contain the square of the vector current plus t
square of the axial-vector currents. The structureW3 is the
vector ^ axial interference term. The last term inW2 is
regular asQ2→0. Finally, Ti and Ui are real so that the
symbol for a real part is superfluous.

The helicity amplitudes are given in terms of form facto

T3/25yF S W1M

M DC3
V1

WqCM
0

M2
C4

VG
T1/25

y

A3
FqCM

0 2pCM
0 2M

M
C3

V1
WqCM

0

MN
2

C4
VG

TC52A2

3
y

qCM

M S C3
V1

W

M
C4

VD .

The amplitudeTC vanishes atW5MD . Similarly the
axial-vector current contributions are

U3/25zS WqCM
0

M2
C4

A1C5
AD

U1/25
1

A3
U3/2

UC52A3/2z
qCM

M S W

M
C4

A2
MqCM

0

Q2
C5

AD .

The kinematic factors are

y5 f ~W!NRSqCM , z5 f ~W!NRS~pCM
0 1M !,

NRS52 i F qCM

4W~pCM
0 1M !

G 1/2

, pCM
0 5@qCM

2 1M2#1/2

and the rest are defined in Sec. I.
B
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