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One-pion production

νµ

µ−

W+, qµ

N, pµ

R, p′µ

N ′

π

1

Threshold energy 0.3 GeV

E.Christy, NuInt04

elasticity

R MR, GeV ΓR(tot), GeV ΓR(R → πN)/ΓR(tot)

P33(1232)(∆++,∆+,∆0,∆−) 1.232 0.114 0.995

P11(1440)(P
+
11, P

0
11) 1.440 0.350(250 − 450) 0.6(0.6 − 0.7)

D13(1520)(D+
13,D

0
13) 1.520 0.125(110 − 135) 0.5(0.5 − 0.6)

S11(1535)(S+
11, S

0
11) 1.535 0.150(100 − 250) 0.4(0.35 − 0.55)
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One-pion production

electroproduction

Krusche, Schadmand,

Progr. Part. Nucl. Phys. 51 (2003)

ν,GeV

W,GeV

neutrinoproduction (ANL)

Radecky et al, PR D25 (1982)

Olga Lalakulich, Fermilab, 5 Sep 2006 – p.3/39



neutrinoproduction (BNL)

Kitagaki et al, PR D34 (1986)

νp→ µ−∆++ → µ−pπ+

νn→ µ−∆+ → µ−pπ0

νn→ µ−∆+ → µ−nπ+
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Rein–Sehgal model Ann. Phys. 133 ( 1981)

based on relativistic quark model Feynman, Kislinger, Ravndal, PR D3 (1971);

complete set of formulas for cross sections, including pion angular

distributions

difficulty: not clear, what is the way to modify and ”fine tune” it

recent updates from K.Kuzmin et al (Dubna), K.Hagiwara et al (KEK) (including

effects from non-zero mass of the outgoing leptons), investigation of

duality K.Graczyk et al (Wroclaw)
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∆–resonance

Adler model Adler, Ann. Phys. 50 (1968) , based on multipole expansion

isobar model introduces ∆ −N transition form factors Albright,Liu, PRL 13,14

(1964); Llewellin Smith, Phys. Rep. 3 (1972), also earlier articles on

electroproduction in these notation

〈∆|Jν |N〉 = ψ̄
(R)
λ

"

CV
3

mN
(6 qgλν − qλγν) +

CV
4

m2
N

(q · pgλν − qλpν) +
CV

5

m2
N

(q · p′gλν − qλp′ν)

#

γ5u(N)

+ψ̄
(R)
λ

"

CA
3

mN
(6 qgλν − qλγν) +

CA
4

m2
N

(q · pgλν − qλpν) + CA
5 g

λν +
CA

6

m2
N

qλqν

#

u(N)

complete set of formulas for cross sections, including pion angular

distributions Schreiner, von Hippel, Nucl Phys B58 (1973)
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Vector ∆ − N form factors

magnetic dipole dominance predicted by

quark model: CV
4 = −mN

W
CV

3 , CV
5 = 0

comparison with electroproduction cross sec-

tion (1968 - 1971) CV
3 (0) = 2.05 ± 0.04

Paschos, Sakuda, Yu, PR D69 (2004)

using electroproduction data. There are precise data for the
electroproduction of the D and other resonances @11#, includ-
ing their decays to various pion-nucleon modes. In the data
of Galster et al. cross sections for the channels (p1p0) and
(n1p1) are tabulated from which we conclude that both I
53/2 and I51/2 amplitudes are present. For instance, for
W51.232 GeV the I51/2 background is 10% of the cross
section.

For our comparison we shall take the electroproduction
data after subtraction of the background, as shown in Fig. 5,
and then use the CVC to obtain the contribution of Vm

1 to
neutrino-induced reactions. We use the formula

dVn

dQ2dW
5

G2

p

3

8

Q4

pa2

dsem,I51

dQ2dW
~5.1!

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

reactions e1p→e1$ pp0
np1

to the vector contribution in the
reaction n1p→m2

1p1p1 denoted in Eq. ~5.1! by Vn.
The factor 3/8 originates from the Clebsch-Gordan coeffi-
cients relating the matrix elements of the two channels in the
electromagnetic case to the matrix element of the weak
charged current. We use the data of Galster et al. @11# at
Q2

50.35 GeV2 and subtract the background as suggested by
them. Then we converted the points to the vector contribu-

tion for the neutrino reaction according to Eq. ~5.1!. In the
same figure we show the neutrino cross section with C3

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 topic
we mention that the analysis of the electroproduction data
@11# included a contribution from the D13(1520) resonance
which was found to be small.

For the axial-vector form factor we use the form given in
Eq. ~2.6! and we must keep an open mind to notice whether
a modification will become necessary. With the method de-
scribed in this paper we have all parameters for the D reso-
nance. We may still change the couplings by a few percent
and vary M V and M A . For the other resonances we can use
the results of Sec. III which for the low energies introduce an
I51/2 background. For higher energies and for other chan-
nels the additional resonances play a significant role because
they influence the overall scale of the integrated cross sec-
tion; they also contribute to the multi-pion events since the
inelasticities are large.

There is still the Q2 distribution @16# to be accounted for.
As mentioned already, the data are from the Brookhaven
experiment @17# where the experimental group presented a
histogram averaged over the neutrino flux and with an un-
specified normalization. We use the formalism of this article

FIG. 5. Cross section dVn/dQ2dW for electroproduction in the
D resonance.

FIG. 3. Spectra of ~a! invariant mass ds/dW and ~b! ds/dQ2 for P33 , P11 and S11 resonance with neutrino energy En51.5 GeV. The
curves correspond to each resonance alone without interferences.

FIG. 4. Form factors.

NEUTRINO PRODUCTION OF RESONANCES PHYSICAL REVIEW D 69, 014013 ~2004!

014013-7

FF fall down with Q2 faster than dipole
CV

3 (0)

DV

1

1 + Q2

4MV
2

(PSY parametrization)

DV ≡ (1 + Q2

MV
2 )2, MV = 0.84 GeV

other parametrizations are possible, but describe qualitatively the same behaviour
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Axial ∆ − N form factors

PCAC i∆+
µ q

µ

»

CA
5 +

CA
6
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q
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πfπ
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µ g∆q
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Γ(∆ → πN) = g2∆ · kinematics

=⇒ CA
5 (Q2 = 0) = g∆fπ√

3
= 1.2 CA

6 = m2
N

CA
5

m2
π+Q2

Comparison with neutrinoproduction cross

section CA
4 = −CA

5 /4, CA
3 = 0

As Q2 increases, axial form factors also fall

down steeper than dipole.

CA
5 (Q2) =

CA
5 (Q2)

DA
· 1

1+Q2/3MA
2 (PSY )

DA ≡
“

1 + Q2

MA
2

”2
with MA ≈ 1.05 GeV

other parametrizations are possible, but de-

scribe qualitatively the same behaviour

Paschos, Sakuda, Yu, PR D69 (2004)

with the D resonances plus the correction from the Pauli
factor. For the relative normalization, we normalized the area
under the theoretical curve for Q2>0.2 GeV2 to the corre-
sponding area under the data. For the other parameters we
found the values

C3
V~0 !51.95, C5

A~0 !51.2,

M V50.84 GeV, M A51.05 GeV ~5.2!

which produce the curves shown in Fig. 6. The solid curve
includes the Pauli factor with PF50.160 GeV and the bro-
ken curve is without the Pauli factor. In the theoretical curves
we averaged over the neutrino flux for the BNL experiment
@23#. It is evident that the Pauli exclusion introduces a small
difference at Q2

,0.20 GeV2. There is a discrepancy be-
tween theoretical curves and the two experimental points
with Q2

,0.20 GeV2. The fit of all of the data with Q2

.0.20 GeV2 gives a x2
51.04 per degree of freedom. In-

cluding all points we obtain x2
51.76 per degree of freedom.

The same theoretical parameters give an integrate cross sec-
tion consistent with the data.

Taking the experimental points for granted we are pre-
sented with the problem of explaining the two points at the
small Q2 region. Among the possibilities is the modification
of the normalization or the functional form of the form fac-
tors. In this paper we determined C3

V(0) from the electropro-
duction data. Changing the value C5

A(0) will not help be-
cause it has a different shape as shown in Fig. 4 and we must
also change the functional form of C5

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

Finally we calculated the integrated cross sections as
functions of the neutrino energy for the various channels. All
cross sections reach constant values at higher energies. The
asymptotic value for the pp1 channel depends on the exci-
tation of the D and the input parameters. For the other chan-

nels, however, the shape of the integrated cross sections and
the constant asymptotic value also depends on the I51/2
contribution. In fact, comparisons of the available compila-
tions with theoretical estimates show different values
@10,13#. This topic will be investigated theoretically and
in the new experiments, where additional contributions from
inelastic channels and other nuclear effects must be consid-
ered.

VI. SUMMARY

We adopted in this paper a simplified formulation for the
production of the D resonance which depends on two inde-
pendent form factors. One form factor for the vector current
was determined from electroproduction data, and the other
axial-vector form factor was determined by PCAC and neu-
trino data. We plotted the vector and axial-vector contribu-
tions separately in order to understand and locate their char-
acteristic properties. Our numerical results agree
qualitatively with previous analysis @8#.

We analyzed the differential cross section ds/dQ2 in
terms of the two form factors. The vector contribution has a
modified dipole form, as determined from electroproduction
data and the axial form factor is also modified. Since we had
to search diligently for the values in Eq. ~5.2!, we find that
the values at low and high Q2 are correlated, and the curves
are shown in Fig. 6.

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

We also included the Pauli factor which brings a small
correction at Q2<0.20 GeV2. In order to justify its applica-
tion to light nuclei and for the decay of a resonance within a
nucleus we rederived the Pauli factor in the Fermi gas model
and showed that it agrees with the standard geometrical in-
terpretation.

Now, that the D11 resonance can be accounted for there
is interest to predict the other channels pp0 and np1, where
I51/2 resonances also contribute. In Sec. III we give formu-
las for the differential cross section for P11 and S11 reso-
nances. They will influence the cross sections for the other
channel especially at energies En.2 GeV.

In this paper we have demonstrated that the excitation of
the D resonance can be accounted for by two form factors.
This result forms the basis for the analysis of new data which
will confirm the adequacy of this minimal set or require ad-
ditional form factors or alternative parametrizations. The
work will be extended to the other final states pp0 and np1

where I51/2 will be included. The extension to higher en-
ergies En.2 GeV will reveal the significance of additional
resonances, especially those with large inelasticities, because
they may reveal characteristics for the transition to the in-
elastic region where multi-pion production is important.

FIG. 6. Q2-spectrum of the process np→m2pp1.

PASCHOS, YU, AND SAKUDA PHYSICAL REVIEW D 69, 014013 ~2004!
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Nuclear corrections

are important for nuclear targets

there are several models, which are mainly for QE scattering and ∆–production; use

the isobar parametrization of the ∆ −N vertex (within magnetic dominance

approximation) or the Rein–Sehgal model as input
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Why to try another approach, different from Schreiner–von Hippel formula?

not clear, how to extend this approach for other resonances

difficulty: the mass of the outgoing lepton was neglected; not clear,

how to include it in calculations

? beauty: one cannot easily see, for example, that vector contribution

vanishes for Q2 → 0
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Statement of problem

To develop an approach to the resonance cross sections

based on the isobar model and uses vector and axial form factors

formulas for cross sections are as simple as possible; complete set of

formulas can be presented in one paper

to compare results with Schreiner–von Hippel cross section

numerically and analytically for a simple case (Q2 → 0, Γ∆ → 0);

to calculate cross sections (≡ to express via form factors) for the

second resonance region

to use some ”reasonable” form factors and to estimate cross sections

for different neutrino energies
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Cross section via structure functions

Formulas from Paschos, O.L., PRD 71 (2005) give the cross section in a form close to DIS and

include the terms with nonzero mass of the outgoing lepton (muon). The cross section in

this form is the same for all the resonances
dσ

dQ2dW
=
G2

4π
cos2 θC

W

mNE2

(

W1(Q2 +m2
µ) +

W2

m2
N

»

2(pk)(pk′) − 1

2
m2

N (Q2 +m2
µ)

–

+

W3

m2
N

»

Q2(pk) − 1

2
(pq)(Q2 +m2

µ)

–

+
W4

m2
N

m2
µ

(Q2 +m2
µ)

2
− 2

W5

m2
N

m2
µ(pk)

)

and the hadronic structure functions are defined as usual

Wµν = −gµν W1 + pµpν W2

m2
N

− iεµνσλpσqλ
W3

2m2
N

+ W4

m2
N

qµqν + W5

m2
N

(pµqν + pνqµ)

The functional dependence of the structure functions on the form factors vary with

resonance.

W1, W2, W3 give main contribution; Wi in terms of Ci are given in our paper

W3 describe the vector-axial interference

W4, W5 contribute to the Xsec proportional to the lepton mass
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Structure functions

assume that the isoscalar contribution is negligibly small

and use the relation A�n�
1=2
� �A�p�

1=2
. The isovector contri-

bution in the neutrino production is now given as gVi �
�2g�p�i .

The differential cross section is expressed again with the

general formula (4.1). The hadronic structure functions are

calculated explicitly to be:

W i�Q2; �� � 1

mN

Vi�Q2; ��R�W;MR�

V1 �
�gV1 �2
�4

Q4
�pq�m2
N �mNMR�� �

�gV2 �2
�2

2�pq�2
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N �mNMR � q � p��

� g
V
1 g

V
2
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2Q2
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2�

� �gA1 �2�m2
N �mNMR � q � p� (4.25)

V2 � 2m2
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�4

Q4 � �g
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2 �2
�2
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�

(4.26)
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A
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V5 � m2
N

�

2
�gV1 �2
�4

Q2q � p� 2
�gV2 �2
�2

q � p� �gA1 �2

� g
A
1g

A
3

mN

�MR �mN�
�

; (4.29)

where the upper sign corresponds to P11 and the lower sign

to S11 resonance.

As it is shown in Appendix A, PCAC allows us to relate

the two axial form factors and fix their values at Q2 � 0:

gA�P�3 � �MR �mN�mN

Q2 �m2
�

gA�P�1 ; gA�P�1 �0� � �0:51:

The Q2 dependence of the form factors cannot be deter-

mined by general theoretical consideration and will have to

be extracted from the experimental data. We again sup-

pose, that the form factor are modified dipoles

gA�P�1 � gA�P�1 �0�=DA

1�Q2=3M2
A

: (4.30)

D. Resonance S11�1535�
For the S11 the amplitude of resonance production is

similar to that for P11 with the �5 matrix exchanged

between the vector and the axial parts

hS11jJ�jNi � �u�p0�
�

gV1
�2
�Q2�� � q6 q���5 �

gV2
�
i��
q
�5

� gA1�� �
gA3
mN

q�
�

u�p�:

(4.31)

The helicity amplitudes

AS11

1=2
�

�������

2N
p �

g�em�
1

�2
Q2 � g

�em�
2

�
�MR �mN�

�

SS11

1=2
�

����

N
p

qz

�

�g
�em�
1

�2
�MR �mN� �

g�em�
2

�

�

(4.32)

are used to extract the electromagnetic form factors.

As in the case of P11�1440� resonance, we choose here to

fit only proton data on helicity amplitudes and neglect the

isoscalar contribution to the electromagnetic current

-80
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FIG. 5 (color online). Helicity amplitudes for the P11�1440�
resonance, calculated with the form factors from Eq. (4.24). For

A1=2 the data are from: [26] (unshaded circles), [25] (unshaded

pentagons), [30] (full circles); for S1=2: [26] (unshaded up

triangles), [25] (unshaded down triangles), [30] (full triangles).

LALAKULICH, PASCHOS, AND PIRANISHVILI PHYSICAL REVIEW D 74, 014009 (2006)

014009-8

OL, Paschos, Piranishvili, PRD74 (2006) 014009

These are the formulas for the spin-

1/2 resonances

± signs here correspond to P11 and

S11 resonances, respectively

Formulas for spin-3/2 resonances

are more cumbersome
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Cross section for νµp → µ−∆++ → µ−pπ+
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SKAT νp
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3MA
2
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Paschos, OL PRD 71 (2005) 074003
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Cross section for νµp → µ−∆++ → µ−pπ+

 2e-39
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FNAL-15ft νp

Eν ∼ 15 − 40 GeV
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〈Eν〉 ∼ 54 GeV
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BEBC-90 νp

〈Eν〉 ∼ 54 GeV

The low Q2 region still to be determined and understood precisely.

Factors, which decrease the cross section are: 1) Pauli blocking Paschos, Sakuda, Yu PRD 69

(2004) 014013 2) muon mass effects Paschos, O.L., PRD 71 (2005) 074003

For the dσ/dQ2 lepton mass effects are noticable at low Q2 for small neutrino energies.
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τ -production: ντp → τ−∆++ → τ−pπ+

Taking into account nonzero mass if the final lepton reduces the cross section in two ways:

1) due to the kinematical restrictions on the phase space available

2) due to the ”small” structure functionsW4 and W5
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W4, W5 from DIS and phsp

red line: both effects are taken into account

green line: only the reduction of the phase space is taken into account; (W4 = W5 = 0)

blue line: structure functions in the DIS limit: W4 = 0, W5 = W2/2x
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What are ”reasonable” form factors

The approach based on multipole expansion was further developed for electroproduction

reactions, the results of resonance analysis are presented in the form of multipole

amplitudes or helicity amplitudes

For P33(1232) the magnetic dipole dominance is used in all neutrinoproduction

calculations, which appears to be a good approximation at low Q2

2001: unambigious evidences from JLAB for the contribution of the electric E2 ∼ −2.5%,

of scalar multipoles S2 ∼ −5%.

Idea to extract the form factors from the helicity amplitudes OL, Paschos, Piranishvilli, PRD74;

thus all multipoles are taken into account
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Helicity amplitudes for P33(1232)
Helicity amplitudes evaluated from the electroproduction data on proton at W = MR Tiator et al., EPJA 19

(2004); Burkert, Li, IJMP 13 (2004); Aznauryan (talk at NStar 2005) The relations to CV
i are calculated by

our group at arbitrary Q2 andW
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(mNν −Q2) +
C

(em)
5

m2
N

mNν

–

S1/2 =

s

παem

mN (W 2 −m2
N )

qz
p

Q2
〈R,+1

2
|Jem · ε(S)|N,+1

2
〉 =

=
q

2N
3

|~q|2
MR(p′0+MR)

»

C
(em)
3
mN

MR +
C

(em)
4

m2
N

W 2 +
C

(em)
5

m2
N

mN (mN + ν)

–

N = παem

mN (W2−m2
N

)
2mN (p′0 +MR)
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Beyond the magnetic dominance

Magnetic dominance for low Q2: A3/2 ≈
√

3A1/2

QCD asymptotics for Q2 → ∞:

A3/2 ∼ 1
Q5 , A1/2 ∼ 1

Q3 , S1/2 ∼ 1
Q4

+ logarithmic corections
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helicity amplitudes at W = MP1232,

QCD asymptotics for Q2 → ∞:

CV
3 ∼ 1

Q6 , CV
4 ∼ 1

Q8 , CV
5 . 1

Q8

to be updated !

CV
3 = 2.14/DV

1+Q2/4M2
V

,

CV
4 = −1.56/DV

(1+Q2/7.3M2
V )

2 ,

CV
5 = −0.83/DV

(1+Q2/0.95M2
V )

2

CV
i = C

(p)
i = C

(n)
i

For Q2 < 3 GeV2 these form fac-

tors coincide with the ”magnetic dom-

inance” values with 4% accuracy
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D13(1520): JP = 3/2−, I = 1/2

The formulas for this resonance are similar to that for P33 with the γ5

changing the place: the are 3 independent vector form factors and

3 independent axial form factors

〈D13|V ν |N〉 = ψ̄
(R)
λ

"

CV
3

mN
(6 qgλν − qλγν) +

CV
4

m2
N

(q · pgλν − qλpν)

+
CV

5

m2
N

(q · p′gλν − qλp′ν)

#

u(N)

〈D13|Aν |N〉 = ψ̄λ

"

CA
3

mN
(6 qgλν − qλγν) +

CA
4

m2
N

(q · pgλν − qλpν) + CA
5 g

λν +
CA

6

m2
N

qλqν

#

γ5u(N)
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D13(1520): Vector form factors

QCD asymptotics for Q2 → ∞:

A3/2 ∼ 1
Q5 , A1/2 ∼ 1

Q3 , S1/2 ∼ 1
Q4
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Helicity amplitudes for proton for W = MD1520,

Data points from Aznauryan, talk at NStar 2005

are shown, updated points are coming ...

QCD asymptotics for Q2 → ∞:

C3 ∼ 1
Q6 , C4 ∼ 1

Q8 , C5 ∼ 1
Q8

to be updated !

C
(p)
3 = 2.98/DV

1+Q2/8M2
V

C
(p)
4 = −1.17/DV

(1+Q2/17M2
V )

2 ,

C
(p)
5 = −0.49/DV

(1+Q2/37M2
V )

2 ,

C
(n)
3 = −1.15/DV

1+Q2/8M2
V

C
(n)
4 = 0.46/DV

(1+Q2/17M2
V )

2 ,

C
(n)
5 = −0.18/DV

(1+Q2/37M2
V )

2 ,

where DV = (1 + Q2/M2
V )2, M2

V =

0.71 GeV2

CV
i = C

(n)
i − C

(p)
i
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D13(1520): Axial form factors

From PCAC CA
6 (Q2) = m2

N
CA

5 (Q2)

m2
π+Q2 , CA

5 (D13) = −
q

2
3
gπNRfD13 = −2.1

NO model for other axial form factors

The Q2 dependence cannot be determined from experiment because of the lack of the

data.

Instead, we consider two cases: (i) “fast fall-off”, in which the Q2 dependence is choosen

the same as for the P33 resonance, and (ii) “slow fall-off”, in which the Q2 dependence is

flatter and is taken to be the same as for the vector form factors for each resonace.

D13(1520) : CA
5 = 2.1/DA

1+Q2/3M2
A

(“fast fall-off”)

CA
5 = 2.1/DA

1+Q2/8M2
A

(“slow fall-off”) .

with the axial mass common for all the resonances MA = 1.05 GeV

We take for simplicity CA
3 (Q2) = 0, CA

4 (Q2) = 0.
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P11(1440), JP = 1

2

+
and S11(1535), JP = 1

2

−

For the spin-1/2 resonances all formulas are simpler

〈P11|J
ν |N〉 = ū(p′)

[

gV
1

(mN + MR)2
(Q2γν+ 6 qqν) +

gV
2

mN + MR
iσνρqρ

−gA
1 γνγ5 −

gA
3

mN
qνγ5

]

u(p),

where σνρ = i
2 [γν , γρ].

〈S11|J
ν |N〉 = ū(p′)

[

gV
1

(mN + MR)2
(Q2γν+ 6 qqν)γ5 +

gV
2

mN + MR
iσνρqργ5

−gA
1 γν −

gA
3

mN
qν

]

u(p),
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S11(1535): Vector form factors

QCD asymptotics for Q2 → ∞:

A1/2 ∼ 1
Q3 , S1/2 . 1

Q4

+logarithmic corrections
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QCD asymptotics for Q2 → ∞:

g
(em)
1 ∼ 1

Q6 , g
(em)
2 . 1

Q8

to be updated!

g
(p)
1 = 1.87/DV

1+Q2/1.2M2
V

[

1 + 7.07 ln
(

1 + Q2

1 GeV2

)]

g
(p)
2 = 0.64/DV

(1+Q2/17M2
V )2

[

1 + 1.0 ln
(

1 + Q2

1 GeV2

)]

neutron: g
(n)
i = −g(p)

i — neglecting

isoscalar contribution (makes sense within

the accuracy of the data available)

Figure 30: Single quark model transition prediction for the [70, 1−] multiplet. The
SQTM predictions are shown by the shaded band in comparison with the experi-
mental data. At Q2 = 0 the full circle is the Particle Data Group estimate. For
Q2 > 0, measurements from JLab, Bonn, DESY, and NINA in η and π electropro-
duction are shown. For the S11(1535), the results of an analysis of the world data
in η-electroproduction presented in Ref. 151 are also included. The superscript o

refers to neutron states.

55

Figure 30: Single quark model transition prediction for the [70, 1−] multiplet. The
SQTM predictions are shown by the shaded band in comparison with the experi-
mental data. At Q2 = 0 the full circle is the Particle Data Group estimate. For
Q2 > 0, measurements from JLab, Bonn, DESY, and NINA in η and π electropro-
duction are shown. For the S11(1535), the results of an analysis of the world data
in η-electroproduction presented in Ref. 151 are also included. The superscript o

refers to neutron states.
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Burkert, Li, IJMP 13 (2004)
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P11(1440): Vector form factors

QCD asymptotics for Q2 → ∞:

A1/2 ∼ 1
Q3 , S1/2 ∼ 1

Q4
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QCD asymptotics for Q2 → ∞:

g
(em)
1 ∼ 1

Q6 , gem
2 . 1

Q8 ,

to be updated!

g
(p)
1 =

2.2/DV

1 +Q2/1.2M2
V

»

1 + 0.97 ln

„

1 +
Q2

1 GeV2

«–

,

g
(p)
2 =

−0.76/DV
`

1 +Q2/40M2
V

´2

»

1 − 2.8 ln

„

1 +
Q2

1 GeV2

«–

neutron: g
(n)
1 = −g

(p)
1 — neglecting

isoscalar contribution (which makes sense

within the accuracy of the data available)

CV
i = C

(n)
i − C

(p)
i
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Axial form factors

Axial form factors are related by PCAC to the strong πNR couplings gP11 and gS11,

which in turn are determined from the elastic resonance width

P11(1440) : gA
3 (Q2) =

mN (MR +mN )

Q2 +m2
π

gA
1 (Q2), gA

1 (0) = −
r

2

3

gP11fπ

MR +mN
= −0.51

S11(1535) : gA
3 (Q2) =

mN (MR −mN )

Q2 +m2
π

gA
1 (Q2), gA

1 (0) = −
r

2

3

gS11fπ

MR −mN
= −0.21

The Q2 dependence for gA
1 is not known, so we again consider “fast fall-off” and “slow

fall-off” cases:

P11(1440) : gA
1 (Q2) =

−0.51/DA

1 + Q2/3M2
A

(“fast fall-off”)

gA
1 (Q2) =

−0.51/DA

1 + Q2/4.3M2
V

(“slow fall-off”) ,

S11(1535) : gA
1 (Q2) =

−0.21/DA

1 + Q2/3M2
A

(”fast fall-off”)

gA
1 (Q2) =

−0.21/DA

1 + Q2/1.2M2
A

[

1 + 7.2 ln

(

1 +
Q2

1 GeV2

)]

(”slow fall-off”) .
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Neutrinoproduction at different Eν
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BEBC:  νn -> µ- R

At Eν < 1 GeV the second resonance region is negligible in neutrino scattering. It

will not be seen in K2K and MiniBOONE.

At Eν ∼ 50 GeV the two peaks are clearly seen. However, BEBC experiment Allasia

et al, NPB 343 (1990) 285 didn’t resolve them.
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νn → R+ → pπ0, νn → R+ → nπ+
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Adler sum rule
[

g
(QE)
1V

]2

+
[

g
(QE)
1A

]2

+
[

g
(QE)
2V

]2
Q2

4m2
N

+
∫

dν
[

W νn
2 (Q2, ν) − W νp

2 (Q2, ν)
]

= 2

-1

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 0  0.5  1  1.5  2

A
dl

er
 S

um
 R

ul
e

Q2, GeV2

RES

QE

DIS

Adler sum Rule is satisfied with a 10% accuracy
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Duality for electron scattering: F eN
2

The use of the Nachtman scaling variable ξ = 2x
1+(1+4x2m2

N /Q2)1/2 includes some of

the target mass corrections

As Q2 increases, the resonance curves should slide along the DIS curve
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,

ξi = ξ(W = 1.6 GeV, Q2),

ξf = ξ(W = 1.1 GeV, Q2)
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Duality neutrino Charge Current reaction

OL, E.A. Paschos, W. Melnitchouk, hep-ph/0608058

Duality does NOT work for protons and neutrons separately

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 0  0.2  0.4  0.6  0.8  1

F
2νp

   
an

d 
  F

2νn

ξ

ν p
ν n

Resonances:

F νp
i(RES)>F νn

i(RES)

DIS:

F νp
i(DIS)<F νn

i(DIS)

Olga Lalakulich, Fermilab, 5 Sep 2006 – p.31/39



Duality for CC neutrino scattering: F νN
2
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ξi = ξi(W = 1.6 GeV, Q2),

ξf = ξf (W = 1.1 GeV, Q2).

The discrepancy will be eleiminated by in-

cluding other resonances, or background,

or modifying the FF at large Q2.
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Duality for 2xF eN
1 and 2xF νN

1

DIS: 2xF1 =
(

1 +
4m2

N x2

Q2

)

F2 − FL DIS Callan-Gross: 2xF1 = F2
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Problems and further directions

Background

a) noninterfering — possibility to extract the background from F ep
2 structure function

b) interfering with the resonant part

— Benhar–Sakuda: electroproduction on carbon, background amplitude and phase

shift are from MAID analysis (for ∆ resonance)

— Sato-Lee model with explicite calculation of background diagrams and meson

”dressing” of resonance verticies (for ∆ resonance)

Resonance interference

A(νn → nπ+) =
√

1
3A3/2 +

√

2
3A1/2

A(νn → pπ0) = −
√

2
3A3/2 +

√

1
3A1/2

Angular distribution for pions

a) following Rein–Sehgal approach (”factorized approximation”)

|AνN→R|
2 · |AR→πN |2

b) ”full calculations” |AνN→R · AR→πN |2
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Summary

Double differential cross section for the resonance neutrinoproduction can be written

in a form close to DIS with the structure functions expressed via phenomenological

form factors

Vector form factors can be determined from electroproduction helicity amplitudes,

some of the axial form factors — from PCAC

∆–resonance is understood better than others, but still requires investigation in low

Q2 region

Second resonance region must be seen in neutrino experiments for Eν > 2 GeV

More questions than answers for further development
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BNL
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Cross section in Sato–Lee model

account for the variation of neutrino flux in the experiments
at ANL @33# and BNL @21#. We calculate the following quan-
tity:

ds̄

dQ2
5F E

Emin

Emax
dEn

N~En!

smodel~En!

dsmodel

dQ2
~En!G Y

F E
Emin

Emax
dEn

N~En!

smodel~En!G , ~94!

where N(En) is the distribution of events in neutrino energy
En which is within the range between Emin and Emax , and
smodel(En) is the calculated total cross section. The distribu-
tions N(En) are given in Fig. 6 of Ref. @33# and Fig. 4 of
Ref. @21#.

The predictions from model I are compared with the ANL
data @33# in Fig. 6. We see that our predictions ~solid curve!
agree reasonable well with the data both in magnitude and
Q2 dependence. In Fig. 6 we also compare the contributions
from vector current ~dot-dashed curve! and axial vector cur-
rent ~dotted curve!. They have rather different Q2 depen-
dence in the low Q2 region and interfere constructively with
each other to yield the solid curve of the full results. Since
vector current contributions are very much constrained by
the (e ,e8p) data, the results of Fig. 6 suggest that the axial
vector currents constructed in Sec. III are consistent with the
data.

For comparing with the BNL data @21#, we normalize the
calculated ds̄/dQ2 to the events data of Fig. 5 of Ref. @21# at

Q2
50.2 (GeV/c)2. As shown in Fig. 7, the data can be re-

produced very well by model I. The BNL data was used in
the most recent attempt @21# to extract the axial N-D form
factor. We will discuss this later.

The comparison with CERN data @34# is given in Fig. 8.
Here the data have some structure, which is perhaps mainly
due to the poor statistics of experiment. We see that model I
can reproduce the main feature of the Q2 dependence.

To explore the effects due to the dynamical pion cloud on
the N-D form factors, it is instructive to recall here the re-
sults of Ref. @2# for the magnetic M1 gN→D transition.
This result is displayed in the left panel of Fig. 9. We see that
the pion cloud effect is essential in explaining the empirical

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.2 0.4 0.6 0.8 1

dσ–
/d

Q
2 [1

0−3
8 cm

2 /
G

eV
2 ]

Q2[GeV2]

Tot
V
A

FIG. 6. Differential cross sections ds̄/dQ2 of p(nm ,m2p1)p
reaction averaged over neutrino energies 0.5 GeV,En,6 GeV.
The curves are from calculations using Eq. ~94!. The dotted curve
~dot-dashed curve! is the contribution from axial vector current A
~vector curent V). The solid curve is from our full calculations with
V-A current. The data are from Ref. @33#.
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p(nm ,m2,p1) reaction calculated using Eq. ~94!. The data are
from Ref. @21#.
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reaction at neutrino energy En515 GeV. The data are from Ref.
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account for the variation of neutrino flux in the experiments
at ANL @33# and BNL @21#. We calculate the following quan-
tity:

ds̄

dQ2
5F E

Emin

Emax
dEn

N~En!

smodel~En!

dsmodel

dQ2
~En!G Y

F E
Emin

Emax
dEn

N~En!

smodel~En!G , ~94!

where N(En) is the distribution of events in neutrino energy
En which is within the range between Emin and Emax , and
smodel(En) is the calculated total cross section. The distribu-
tions N(En) are given in Fig. 6 of Ref. @33# and Fig. 4 of
Ref. @21#.

The predictions from model I are compared with the ANL
data @33# in Fig. 6. We see that our predictions ~solid curve!
agree reasonable well with the data both in magnitude and
Q2 dependence. In Fig. 6 we also compare the contributions
from vector current ~dot-dashed curve! and axial vector cur-
rent ~dotted curve!. They have rather different Q2 depen-
dence in the low Q2 region and interfere constructively with
each other to yield the solid curve of the full results. Since
vector current contributions are very much constrained by
the (e ,e8p) data, the results of Fig. 6 suggest that the axial
vector currents constructed in Sec. III are consistent with the
data.

For comparing with the BNL data @21#, we normalize the
calculated ds̄/dQ2 to the events data of Fig. 5 of Ref. @21# at

Q2
50.2 (GeV/c)2. As shown in Fig. 7, the data can be re-

produced very well by model I. The BNL data was used in
the most recent attempt @21# to extract the axial N-D form
factor. We will discuss this later.

The comparison with CERN data @34# is given in Fig. 8.
Here the data have some structure, which is perhaps mainly
due to the poor statistics of experiment. We see that model I
can reproduce the main feature of the Q2 dependence.

To explore the effects due to the dynamical pion cloud on
the N-D form factors, it is instructive to recall here the re-
sults of Ref. @2# for the magnetic M1 gN→D transition.
This result is displayed in the left panel of Fig. 9. We see that
the pion cloud effect is essential in explaining the empirical
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The curves are from calculations using Eq. ~94!. The dotted curve
~dot-dashed curve! is the contribution from axial vector current A
~vector curent V). The solid curve is from our full calculations with
V-A current. The data are from Ref. @33#.
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Conclusion: ANL data show a steeper Q2–dependence than BNL data

Olga Lalakulich, Fermilab, 5 Sep 2006 – p.38/39



Possible techniques for calculations:

”multipole expansion” technique, which seems to give excellent results for

electroproduction (Mainz and JLAb groups)

— original paper Adler, Ann.Phys50 (1968), 123 pages: the most of formulas for both el-m

and weak interactions;

— further development for electroproduction and changing of notations

— for electroproduction formulas are implemented and used by MAID group (Tiator)

and JLab group(Burkert, Lee, Aznauryan); many years of experience

using ”full calculation” — analytical formular for dσ/dQ2dWdΩπ is cumbersome,

done! C++ code, generated by MATHEMATICA for P33 for mµ = 0 is ∼5000 lines

Olga Lalakulich, Fermilab, 5 Sep 2006 – p.39/39
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