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1. Introduction

Experimental evidence for oscillations among
the three neutrino generations has been recently
reported [1]. Present and future high inten-
sity neutrino beams for neutrino oscillations ex-
periments are in the 0.5-5 GeV energy region.
Since quasielastic scattering(QE), resonance pro-
duction, and inelastic scattering are all important
components of neutrino scattering at low ener-
gies, it 18 important to investigate the relation
between electron and neutrino scattering using
the latest information on nucleon elastic, reso-
nance production and inelastic vector and axial
form factors and structure functions.

This summary is aimed at both members of
the electron scattering community and members
of the neutrino community. One thing to clar-
ify 1s that the neutrino community uses the term
‘quasielastic’ to describe a charged-current pro-
cess in which a neutrino interacts with a nucleon
and produces a muon (or an electron) in the final
state. The nucleon can be a free nucleon or a nu-
cleon bound in the nucleus. The term ‘quasielas-
tic’ refers to the fact that the initial state neutrino
changes into a different lepton, and there is a sin-
gle recoil nucleon in the final state (which changes
its charge state). In contrast, the electron scat-
tering community refers to the case of electron-
nucleon scattering with a single recoil nucleon as
‘elastic’ scattering. The term ‘quasielastic’ scat-
tering 1s used by the electron scattering com-
munity to describe elastic electron-nucleon scat-

tering from bound nucleons in a nucleus. Here
the term ‘quasielastic’ refers to the fact that the
bound nucleon is quasi-free. Both of these inter-
pertations are used in this article,

2. Quasielatic charged-current scattering

This topic 1s discussed in detail in two recent
papers by Budd, Bodek and Arrington [2]. Here
we give a brief summary of the results of these
two papers. Recent experiments at SLAC and
Jefferson Lab (JLab) have given precise measure-
ments of the vector electromagnetic form factors
for the proton and neutron. These form factors
can be related to the form factors for QE neutrino
scattering by conserved vector current hypothe-
sis, CVC. These more recent form factors can be
used to give better predictions for QE neutrino
scattering.

The hadronic current for QE neutrino scatter-
ing is given by [3]
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where ¢ =k, —ky, & = (ptp — 1) — pin, and M =
(mp + my)/2. Here, pu, and p, are the proton
and neutron magnetic moments. We assume that
there are no second class currents, so the scalar
form factor F$ and the tensor form factor F'3
need not be included. Using the above current,
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Table 1
The most recent values of the parameters used in
the ‘BBA-2003’ calculations.
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Although we have have not shown terms of order
(my/M)?, and terms including Fp(q¢?) (which is
multiplied by (m; /M)?), these terms are included
in our calculations [3].) The form factors Fi\(q?)
and £FE(¢?) are given by:
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We use the CVC to determine G%(¢%) and

GY;(¢%) from the electron scattering form factors

G5(¢*), GE(¢*), Gy (%), and Gy (¢%):

Gp(1*) = Ggle*) = Gild®),
Guld®) = Gy (d®) = Gy (6).
The axial form factor F)4 and the pseudoscalar

form factor Fp (related to Fy by PCAC) are
given by:
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In the expression for the cross section, Fp(¢?) is
multiplied by (m;/M)?. Therefore, in muon neu-
trino interactions, this effect is very small except
at very low energy, below 0.2 GeV. F4(¢?) needs
to be extracted from QFE neutrino scattering. At
low Q?, Fa(¢?) can also be extracted from pion
electroproduction data.

For later use in Adler sum rule, we express the
following functions used by Adler[4] in the nota-
tion of C.H. Llewellyn Smith [3] (which we use
here).
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Note that F4(g?) in our notation is the same as
94(¢?) as defined by Adler, and Fp(q¢?) in our
notation is the same as hA( 2)/M as defined by
Adler. Also, Adler defines ¢? as positive, while
we define ¢ as negative and Q? as positive.

Previously, many neutrino experiment have as-
sumed that the vector form factors are described
by the dipole approximation.

MZ =0.71 GeV?
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We refer to the above combination of form fac-
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Figure 1. Fits to G%,/Gp, using cross section data
only (solid), compared with ‘BBA-2003’ com-
bined fits to both the cross section and polariza-
tion transfer data (dashed). The diamonds are
the from Rosenbluth extractions and the crosses
are the Hall A polarization transfer data. Note
that the fit is to cross sections, rather than fit-
ting directly to the extracted values of G%;, shown
here. Since the difference between the two is only
at high @2, the two fits yield similar results for
the predicted neutrino-nucleon cross sections.

tors as ‘Dipole Form Factors’. It is an approxi-
mation that has been improved by Budd, Bodek
and Arington [2]. HerewWe use the updated form
factors to which we refer as ‘BBA-2003 Form Fac-
tors’ (Budd, Bodek, Arrington). Previous neu-
trino experiments used g4=—1.23, while the best
current value 18 —1.267. The previous world av-
erage value from neutrino experiments for M4
was 1.026 + 0.020 GeV [6]. The value of My
extracted from neutrino experiments depends on
both the value of g4 and the values of the elec-
tromagnetic form factors which are assumed in
the extraction process. Here we use the updated
value [2] of M4 1.00 & 0.020 GeV, which has been
re-extracted from previous neutrino data using
the better known values for g4 and the updated
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Figure 2. ‘BBA-2003" fits to G4,/pp,Gp. The
lines and symbols have the same meaning as Fig-
ure 1.

Figure 3. ‘BBA-2003’ fit to G, /1, Gp. The lines

and symbols have the same meaning as Figure 1.

‘BBA-2003" vector form factors. This value of
M4 18 in good agreement with the theoretically
corrected value from pion electroproduction [6]
of 1.014 + 0.016 GeV. Table 1 summarizes the
most up to date values of the coupling constants
and magnetic moments that we use in our calcu-
lations. Note that G',, G%,, and G are positive,
while G, and the axial form factor /4 are nega-
tive.

3. ‘BBA-2003’ updated form factors

The ‘BBA-2003” updated fit to the proton elec-
tromagnetic form factors is similar to the one de-
scribed in Ref. [7], but using a slightly different



data as aa ag as aip a2
G | CS + Pol | 3.253 | 1.422 | 0.08582 0.3318 -0.09371 0.01076
Gh; | CS + Pol | 3.104 | 1.428 | 0.1112 | -0.006981 | 0.0003705 | -0.7063E-05
Gy 3.043 | 0.8548 | 0.6806 -0.1287 0.008912

Table 2

The coefficients of the inverse polynomial fits for the G%,, G4, and G%;. The combined fits for the proton
include both the cross section data and the Hall A polarization transfer data. Note that these different
polynomials replace Gp in the expression for G, G%,, and G%;. The values in this the table along with
the fit of G Krutov et. al. [12] (see text) will be referred to as ‘BBA-2003 Vector Form Factors’.
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Figure 4. Ratio of G%, to GY, as extracted by
Rosenbluth measurements and from polarization
measurements. The lines and symbols have the
same meaning as Figure 1.

fitting function (described below), and including
additional data to constrain the fit at low Q2 val-
ues. Note that in contrast to the functional form
used in Ref. [8], we only include even powers of
@ in our fit. This is because odd powers of () are
not theoretically allowed. For example, one can
use analyticity [9,10] to show that there are no
odd terms in @ in the limit ) — 0.

The vector form factors can be determined
from electron scattering cross sections using the
standard Rosenbluth separation technique [7],
which is sensitive to radiative corrections, or from
polarization measurements using the newer po-
larization transfer technique [11]. The polariza-
tion measurements do not directly measure the
form factors, but measure the ratio Gg/Gp. Fig-
ures 1, 2, and 3 show the ratio of the fits divided
by the dipole form, Gp.  Figure 4 shows the
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Figure 5. Data and fits to G';. The dashed line
is the Galster et al. fit [13], and the solid line is
the Krutovet al. fit [12].

‘BBA-2003" fits to p,G%/GY,. The fit includ-
ing only cross section data is roughly flat versus
R? (Q* = —¢?), while ratio decreases with @?
in the combined fit to cross section and polariza-
tion transfer data. The combined fit to both cross
section and polarization transfer data is used as
the default. Although the polarization transfer
measurement is believed to have smaller system-
atic error, especially at high Q?, the origin of
this disagreement is not known. If this disagree-
ment comes from radiative corrections to the elec-
tron, in particular two-photon exchange terms,
then the polarization transfer extraction will give
the correct ratio, but the overall scale of Gf; at
low @? would be shifted down by ~3%. Because
the fit is constrained as Q? — 0, there will not
be an overall shift in G, at low Q% but there
will be some uncertainty in the low Q? behav-
ior. Current experiments at JLab aim to bet-
ter understand the source of the disagreement by
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Figure 6. Ratio versus energy of predicted neu-
trino (antineutrino) QFE cross section using BBA-
2003 Form Factors to the prediction using the
dipole approximation with G%=0 (with M4 kept
fixed).

looking at the recoil proton in elastic electron-
proton scattering, thus minimizing the sensitivity
to the dominant sources of uncertainty in previ-
ous Rosenbluth separations. However, since this
discrepancy is most prominent at high @?, and
the fit is constrained at low @2, it has only a rel-
atively small effect on the neutrino QFE scattering
cross section.

To account for the fact that deviations from
the dipole form are different for each of the dif-
ferent form factors, the electron scattering data
are fit for each of the form factors to an inverse
polynomial

Grau(Q%) = Orul@ = 0) .
B.M 14 a2Q? + asQ* + asQ + ...

Table 2 shows the parameters of the ‘BBA-2003’
fit to the proton data using both cross section
data together with the polarization transfer data
from JLab Hall A. For GY%, the parameters in
Table 2 are used for Q? < 6 GeV?. For Q? >
6 GeV?, the ratio of G%/G%, is assumed to be
constant:

oo g o G(6 GeV?)
GR(Q7) = Gy (Q )7(;5,”(6 GeV?)

Since the neutron has no charge, G must be
zero at ¢>=0, and previous neutrino experiments

assumed G'%(q?)=0 for all ¢* values. However,
it is non-zero away from ¢?=0, and its slope at
¢°>=0 is known precisely from neutron-electron
scattering. At intermediate )2, recent polariza-
tion transfer data give precise values of G%(¢?).
Our analysis uses the parameterization of Krutov
et. al. [12]:
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ar
G(Q%) = —an_i_—bTGD(Qz)a T
with ¢ = 0.942 and b = 4.61. This parameteriza-
tion is very similar to that of Galster et al. [13],
as shown in Figure 5. The parameters in Table 2,
along with the fit of G% of Krutov et. al. [12],
are referred to as ‘BBA-2003 Form Factors’. For
BBA-2003 Form Factors, both the cross section
and polarization data are used in the extraction
of G and G%;.

Figure 6 shows the ratio versus neutrino energy
of the predicted neutrino (antineutrino) QE cross
section on nucleons using the ‘BBA-2003" Vector
Form Factors to the prediction using the Dipole
Vector Form Factors (with G%=0 and M4 kept
fixed). This plot indicates that it is important to
use the updated form factors.

4. A re-extraction of the axial form factor

Previous neutrino measurements, mostly bub-
ble chamber experiments on deuterium, extracted
M, using the best known assumptions at the
time. Changing these assumptions changes the
extracted value of M 4. Hence, M4 needs to be
updated using new form factors and up-to-date
couplings. Budd, Bodek and Arrington updated
the results from three previous deuterium bubble
chamber experiments. These are Baker et al. [14],
Barish et al. [15], Miller et al. [16], and Kitagaki
et al. [17]. Barish et al. and Miller et al. are the
same experiment, with the analysis of Miller et
al. including the full data set, roughly three times
the statistics included in the original analysis. On
average, correcting for the various assumptions in
form factors and couplings results in a decrease
of 0.026 in the extracted value of My. This is
why we use a value of 1.00 instead of the previ-
ous world average of 1.026. Figure 7 shows the
@? distribution from the Baker et al. [14] neutrino
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Figure 7. A comparison of the Q? distribu-

tion using 2 different sets of form factors. The
data are from Baker et al. [14]. The dotted
curve uses Dipole Form Factors with G% = 0
and My = 1.10 GeV. The dashed curve uses
BBA-2003 Form Factors with M4 = 1.05 GeV.
The two curves cannot be distinguished from one
another. This illustrates that 1t is important to
use the most up to date information on vector
form factors from electron scattering experiments
when extracting the axial form factor from neu-
trino data.

experiment compared to the prediction assuming
Dipole Form Factors with G%=0 and M4=1.10
GeV. Also shown are the prediction using BBA-
2003 Form Factors and M4=1.050 GeV. When
we modify the electromagnetic form factors, we
can use a diffeernt M4 to describe the same @Q?
distribution. Although the overall total cross sec-
tions are different, there is no modification of the
)% dependence when a contribution to the distri-
bution 1s shifted between the electromagnetic and
axial form factors. Therefore, we conclude that
with the same value of g4, the use of Dipole Form
Factors (and Gen =0) instead of the BBA-2003
form factors lead to an error in extracted value of
My of 0.050 GeV, independent of the details of

the experiment.
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Figure 8. (a) The Pauli blocking suppression for a
Fermi gas model for carbon with a 25 MeV bind-
ing energy and 220 MeV Fermi momentum.

5. Nuclear Effects in Quasielastic Scatter-
ing from Bound Nucelons

There are three important effects on the inclu-
sive quasielastic cross section on nuclear targets.
These are (a) Fermi Motion, (b) Pauli Blocking
and (c) Binding corrections to the nucleon form
factors due to distortion of the both the nucleon
size or distortions of the pion cloud around the
nucleon in the nucleus. Figure 8 shows the nu-
clear suppression versus Q% from a NUANCE [32]
calculation [29] of a Smith and Moniz [30] based
Fermi gas model for carbon. This nuclear model
includes Pauli blocking and Fermi motion (but
not final state interactions). The Fermi gas model
was run with a 25 MeV nuclear potential bind-
ing energy ¢ and 220 MeV Fermi momentum K.
Figure 9 from Moniz et. al. [30] shows how the
effective K; and nuclear potential binding energy
¢ (within a Fermi-gas model) for various nuclei
was extracted from electron scattering data. The
effective K; is extracted from the width of the
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Figure 9. Extraction of the Fermi Gas model pa-
rameters i.e. the effective K; and nuclear po-
tential binding energy e from 500 MeV electron
scattering data (from Moniz. [30]. (a)Carbon, (b)
Nickel and (c) Lead

electron scattered energy, and the nuclear poten-
tial binding energy € is extracted from the shifted
location of the quasielastic peak. Figure 12 shows
the effective K for various nuclear targets.
Figures 10 and 11 show the prediction for the
nuclear binding effect on the nucleon form factors
(i.e. the ratio of bound to free nucleon form fac-
tors for Fy, Fy, F4) in neutrino scattering, and
for the vector form factors G, G%,, G, and G%,
in electron scattering as modeled by Tsushima et
al [33]. Note that this model is only relevant for
Q? less than 1 GeV?, and that experiments from
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Figure 10. The ratio of bound nucleon (in Car-
bon) to free nucleon form factors for Fy, Fy, and
Fy from ref [33]. Note that this model is only
relevant for Q2 less than 1 GeV?, and that the
binding effects on the form factors are expected
to be very small at higher Q2. At low Q? the ef-
fect of the nuclear binding effects from this model
are similar to what is observed in experiments at

Jlab [35].

Jlab indicate that the binding effects on the form
factors are expected to be very small at higher (2
(see next section).

At low Q? the effect of the nuclear binding ef-
fects from this model are similar to what is ob-
served in experiments at Jlab [35]. Both the
Pauli blocking and the nuclear modifications to
bound nucleon form factors reduce the cross sec-
tion relative to the cross section with free nucle-
ons.

6. Detection of recoil nucleons

The calculation for the inclusive cross section
assumes that only the final state muon 1s de-
tected. In neutrino experiments, detection of
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Figure 11. The ratio of bound nucleon (in Car-
bon) to free nucleon form factors for G4, G, G%,
and G%,; from ref [33]. Note that this model is
only relevant for 2 less than 1 GeV?, and that
the binding effects on the form factors are ex-
pected to be very small at higher Q2. At low Q?
the effect of the nuclear binding effects from this
model are similar to what is observed in experi-

ments at Jlab [35].

the recoil nucleon is sometimes required in or-
der to differentiate between quasielastic and in-
elastic events. Therefore, the final state interac-
tion of the final state proton with the remain-
ing nucleons also needs to be modeled (which
leads to a reduction of the number of identified
quasielastic events). Similarly, quasielastic scat-
tering with nucleons in the high momenta region
of the spectral functions also needs to be mod-
eled. This requires more sophisticated models
than the simple Fermi-Gas model. Conversely,
inelastic events (such as in resonance production)
may be misidentified as quasielastic events if the
final state pion is absorbed in the nucleus. The
best way to model these effects is to do an analysis
on samples of electron scattering data on nuclear
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Figure 12. Fits to the effective K; (within a
Fermi-gas model) for various nuclei from Mo-

niz. [30] used by Bodek and Ritchie.

targets (including the hadronic final states) in or-
der to test the effects of the experimental cuts on
the final state nucleons. This kind of study is
being planned by a Rochester group [36] in col-
laboration with the Hall B CLAS collaboration.
Such an investigation also tests the validity of the
binding off-shell corrections to the nucleon form
factors for nucleons bound in a nucleus.

Current e,e’p experiments at intermediate Q?
are not well described by the impulse approxima-
tion with distortion effects. One is forced to in-
troduce a quenching factor which is large for low
Q? ~ 0.3 GeV?. This effect has been modeled by
Tsushima et al [33] as binding corrections to nu-
cleon form factors. However this factor cannot be
strickly interpreted as a change of the form factor
of the nucleus because for large Q? the suppres-
sion becomes much smaller and may be practi-
cally gone [35] by @Q?=2 GeVZ2.

The interpertation of M. Strikman and oth-
ers [35] is that one is dealing here with renor-
malization of the interaction of nucleons at low
energy scale (natural in the Fermi liquid theory)
which is essentially gone at large Q2. What this
implies for low @? is basically the statement that
the theory is not good enough and hence it 1s dif-
ficult to calculate cross section in v A scattering



(a) (b)
p p' P p’
I :
R P U
i f F:i/\ f
R
B =(0,Mp) - R =R, Mo~/ MG )
Pf=Mp off shell: PE<M?
on shell: B =(Py,+/PE+M3 )
p p’ p pl
IPil<Ke q
B
2\ *
Pa Fa-t

R=t8, Mm/ﬁ?:ﬁﬁ )

off shell: PA< M}

on shell: B_= on shell: B, (0, M,.,)
(Bn/PE+MZ) on shell: B =(F,, /P2+M? )

(c) (d)

P (B Mo/ )

off shell: BP<Mj

Figure 13. Kinematics for on-shell and off-shell
scattering and scattering from off-shell nucleons
in deuterium and nuclei. (a) Free nucleons. (b)
A nucleon bound in the deuteron. (c) A nucleon
with momentum |B;| < Kp in a heavy nucleus
of atomic weight A. (d) A nucleon bound in a
heavy nucleus having momentum |P| > Kp due
to an interaction with another nucleon. See text
for details.

at low Q2 from first principles. It is not clear how
well the rescaling from e,e’ to v A will work under
these conditions. There may be some differences
since the pion field plays a rather different rols
in two cases (as can be seen from the different
masses entering in the axial and vector electro-
magnetic form factors). Therefore, one should
take the predictions of the model of Tsushima
et al [33] only as an indication of the possible
magnitude of these effects (and use it only at low
Q?). More theoretical and experimental studies
are needed. As discussed in a later section, the
MiniBoone and JPARC experiments can help ad-

dress this question by investigating nuclear and
binding effects in Carbon in neutrino scattering,
and compare the data to nuclear effects observed
in electron scattering at Jlab.

7. Plane Wave Impulse Approximation

(PWIA)

A. Free protons

Here we describe an treatment of Bodek and
Ritchie, and also add the effect of the nuclear
binding potential ¢ as described in Moniz. [30].
Before we discuss the kinematics of the scattering
from an off-shell nucleon in a deuterium or heavy
target nucleus, we consider the case of scattering
from a free proton. We take the case of electron
scattering to represent the general lepton-nucleon
scattering at high energies. The kinematics of the
scattering from a free proton of mass M, is shown
in Figure 13(a). The incident electron energy is
Ey and the final scattering energy in the labora-
tory system is E’. The scattering angle in the
laboratory is defined as . The four-momentum
transfer to the target proton is ¢ = (3, o). We
define the following variables in terms of labo-
ratory energies and angles. The square of the
invariant four-momentum transfer ¢ 1s

. o0
¢ =qi — G = —4AEE sin? 3= —-Q?.

The square of the initial target proton four-
momentum P; 1s

2 _ 2
PP =M.

The square of the final-state proton momentum
Py (which is equal to the final-state invariant
mass) is

P} = W= (Pi+q)* =P +2P-q+¢°
= MJ+2Mv-Q°,

where v = Ey — E/ = qo (in the laboratory sys-

tem) and © = Q*/2¢ - P, = Q*/2M,v.

B. Scattering from an off-shell nucleon in the
deuteron

In the impulse approximation, the spectator
nucleon in the deuteron is free and is on the mass
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shell. It is totally unaffected by the interaction.
The interacting nucleon with momentum P; must
be of the mass shell in order to conserve energy
and momentum in the scattering process. The
kinematics is shown in Figure 13(b). The Fermi
motion does not change Q2 but it does change
the final-state invariant mass W and the quan-
tity P; - ¢. Because the interacting nucleon is off
the mass shell, its effective mass is less than the
mass of the proton and is a function of its momen-
tum. The on-shell spectator has momentum P,
and on-shell energy B, = (P2 + Mpz)l/z. The off-
shell interacting proton has momentum —P, and
off-shell energy in the laboratory F; = My — Ej,
where My is the mass of the deuteron, i.e.,

P=PF=-PF, and E =M,—(P?+M2)"?.

After the scattering the invariant mass of the final
state (neglecting the free spectator) is

P} = W’=(Pi+q)? =P +2P-q—-Q°,
W2 = (B} - P?)+2Ew - 2Ps|3] - Q

where Ps is the momentum along the direction of
the ¢3 vector.

C. Scattering from an off-shell nucleon in the
nucleus (P < Kp)

For momentaless than the Fermi momenta K g,
the nucleon interacts with the average potential
of all the nucleons in the nucleus of atomic weight
A. Therefore, in the impulse approximation, the
interacting nucleon has momentum F; which is
balanced by a excited recoiling nucleus with A —
1 nucleons and momentum P4_; = —PF;. The
interacting nucleon is off the mass shell, and the
recoiling excited A—1 nucleus is on the mass shell.
After the collision, the recoiling nucleus remains
in its excited state, M7} _; and all the particles
are on the mass shell [see Figure 13(c)]. In the
laboratory system we have

ﬁ:ﬁi:—ﬁs, Ei:(ﬁz—I—Mpz)l/z—E,

where € is the effective depth of average nucleon
potential energy in GeV (e.g. 25 MeV for Car-
bon) and

W' = (E? — P2) + 2E;v — 2Ps|q] — ¢* .

This process leaves behind an A — 1 nucleus in
an excited state M} _,, which does not need to
be calculated, but varies with P such that the
following equation also holds

(P2+ ML) = My - E;
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Figure 14. Fermi Gas wave functions, with and
without a quasideuton tail. These momentum
distributions used in the calculations of Bodek
and Ritchie for *2C, ?8Si%%Fe and 2°Pb. (a)
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D. Scattering from an off-shell nucleon in the
nucleus (P > Kp)

In the simple Fermi-gas model the nucleons
cannot have momenta greater than the Fermi mo-
mentum Kp. However, such high momenta can



come from the interaction between individual nu-
cleons through their hard-core potential. In the
case where the nucleon has acquired its high mo-
mentum by interacting with another single nu-
cleon, one may assume that a single nucleon is
recoiling against it. This case can be treated as
having a quasideuteron in the nucleus with a ex-
cited spectator nucleus of A — 2 nucleons which
is at rest in the laboratory system. If we neglect
the excitation energy of the spectator nucleus, the
kinematics [shown in Figure 13(d)] are the same
as the scattering from a nucleon bound in the
deuteron. However (within this rather simplified
model for the high mometum tails) one can also
correct for the fact that the A —2 nucleons are on
average 1n an excited state because two nucleons
each with average binding potential energy e were
removed:

P=PF=-P, and E;= Md_(P52+Mp2)1/2—2€ )

E. Nuclear Momentum Distributions

If the Fermi-Gas model is to used to pre-
dict neutrino cross sections on nuclei, i1t is best
to use Fermi-gas momentum distributions that
are obtained from fits to quasielastic electron-
scattering data from heavy nuclei. In the Fermi-
gas model the momentum distribution is constant
up to the maximum Fermi momentum Kp and
is zero above Kp. One can also add a high-
momentum tail to the momentum distribution
(according to Moniz [31]) which is based on calcu-
lations of nucleon-nucleon correlations in nuclear
matter. The normalized momentum distributions
with tail (e.g. if we use this model up to Ppgp=

0.75 GeV) are:
. 2
1—6 (pra) ]
™

for 0 < |P| < Kp |,

w(P2) ()
T P

for Kp < |P| < Ppas

i
c

6(P)|” =

_ 1
(P = =

|6(P)|* = 0 for | P| > Ppae

11

with @ = 2 (GeV/e)™!, C = %WK%, and R =
1/[1 — Kp/(Pmas]- These momentum distribu-
tions satisfy the normalization

Priac
/ |p(P)|*47P*dp = 1.0 .
0

The difference in the momentum distributions for
protons and neutrons is taken into account as fol-

lows:

] ] 97\ /3
K% = Kp (7) ,
] ] o\ /3
[X/?v = [X/F (7) s

where A = A + N is the atomic weight. Z is
the number of protons, and N is the number of
neutrons. For an isoscalar target 7 = N = A/2
and K% = K% = Kp. The momentum distribu-
tion for carbon (}2C), silicon (*®Si), iron (°°Fe),
and lead (?°®Pb) are shown in linear and loga-
rithmic scales in Figures 14(b) and 13(a). The
Fermi momenta that are shown are 0.221 GeV/c
for 120, 0.257 GeV/c for 55Fe, and 0.265 GeV/c
for 298Ph. These are from fits by Moniz, which
also extracted e values of 25, 36 and 44 MeV, re-
spectively.

Although in the original paper of Bodek and
Ritchie the form for the additional tail was used
up to momenta of P,.,.=4 GeV/c, it is proba-
bly better to use this tail only up to Pi,q,=0.75
GeV/c. For a calculation which does not include
the additional tail, the expressions are:

- 1 -
lp(P)|* = o for 0 < |P| < Kp ,

|6(P)|> = 0 for |P| > Kp

F. Nuclear Spectral functions

The above Fermi Motion model, with or with-
out tail is relatively easy to use in Monte Carlo
simulations. The Fermi gas model is a special
case of a spectral function with specific approx-
imation to the momentum distribution and nu-
cleon removal energy. More refined models use
electron scattering data to extract spectral func-
tions which give the correlated information be-
tween the momentum of the nucleon and the nu-
cleon removal potential binding for the different
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Figure 15. The QE neutrino cross section along with data from various experiments. The calculation
uses M4=1.00 GeV, g4=—1.267, MZ=0.71 GeV? and BBA-2003 Form Factors. The solid curve uses
no nuclear correction, while the dashed curve [29] uses a Fermi gas model for carbon with a 25 MeV
binding energy and 220 Fermi momentum. The dotted curve is the prediction for Carbon including both
Fermi gas Pauli blocking and the effect of nuclear binding on the nucleon form factors [33]. The lower
plot is identical to the upper plot with the F, axis limit changed to 2 GeV. The data shown are from
FNAL 1983 [17], ANL 1977 [15], BNL 1981 [14], ANL 1973 [22], SKAT 1990 [23], GGM 1979 [24], LSND
2002 [25], Serpukov 1985 [26], and GGM 1977 [27].
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uses M4=1.00 GeV, g4=—1.267, MZ=0.71 GeV? and BBA-2003 Form Factors. The solid curve uses no
nuclear correction, while the dashed curve [29] uses a Fermi gas model for carbon with a 25 MeV binding
energy and 220 MeV Fermi momentum. The dotted curve is the prediction for Carbon including both
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The data

shown are from SKAT 1990 [23], GGM 1979 [28], Serpukov 1985 [26], and GGM 1977 [27].

shell-model nucleons in different energy levels in
the nucleus.

However, it is important to realize that as long
as the parameters within a given nuclear model
are empirically fit and extracted from electron
scattering data, these models can be used rather
reliably to predict the corresponding nuclear ef-
fects in neutrino scattering (especially for vector
scattering).

8. Future extractions of the axial form fac-
tor

Current and future high statistics neutrino ex-
periments at low energies (such as MiniBoone,
JPARC and MINERvA) use an active nuclear tar-
get such as scintillator (e.g. Carbon). The maxi-
mum @2 values that can be reached with neutrino
energies of 0.5, 1.0, 1.5 and 2 GeV are 0.5, 1.2,
2,1 and 2.9 GeV?. Since MiniBoone and JPARC

energies are in the 0.7 GeV range, these experi-
ments probes the low Q? < 1 GeV? region where
nuclear effects are very large (see Figures 8 and
10) and where the axial from factor is already
known very well from neutrino data on deuterium
(see Figure 7). The low @Q? (Q? < 1 GeV?) Mini-
Boone and JPARC experiments can investigate
the various nuclear and binding effects in Car-
bon in neutrino scattering versus those observed
in electron scattering at Jlab.

At higher Q? GeV?, as shown by the BBA-2003
fits to the vector form factors, the dipole approxi-
mation can be as much as factor of 2 wrong for the
vector form factors for Q% > 2GeV?. Therefore,
there is no reason for this form to also be valid
for the axial form factors. As can be seen from
Figure 7 there is very little data for the axial form
factor in the high @2 region (where nuclear effects

are smaller). Both the low Q% (Q? < 1 GeV?) and
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high Q2 (Q? > 2 GeV'?) regions are accessible at
higher energy experiments such as MINERVA [37]
at Fermilab (which can span the 2-8 GeV energy
neutrino range).

Note that the high Q? region does not con-
tribute much to the total quasielastic cross sec-
tion. Therefore, it does not contribute much to
the uncertainties in the total cross section. The
measurement of the axial form factor in the high
Q? region (which can be done in MINERvA) is
mostly of interest in the investigation of the vec-
tor and axial structure of the nucleon.

9. Comparison to Experimental Data

Figures 15, and 16 show the QE cross section
for v and 7 with BBA-2003 Form Factors and
M4=1.00 GeV. The normalization uncertainty
in the data is approximately 10%. The solid
curve uses no nuclear correction, while the dashed
curve [29] uses a NUANCE [32] calculation of a
Smith and Moniz [30] based Fermi gas model for
carbon. This nuclear model includes Pauli block-
ing (see Figure 8). The dotted curve is the pre-
diction for Carbon including both Fermi gas Pauli
blocking, and the effect of nuclear binding on the
nucleon form factors as modeled by Tsushima et
al [33] (see Figure 10).

The updated form factors improve the agree-
ment with neutrino QE cross section data and
give a reasonable description of the cross sections
from deuterium.

Bodek, Budd and Arrington plan to continue
to study the nuclear corrections, adopting models
which have been used in precision electron scat-
tering measurements from nuclei at SLAC and
JLab. For example, investigation of the Pauli
blocking correction using an improved Fermi Gas
model with a high momentum tail [34], and more
sophisticated nuclear spectral functions. In ad-
dition, the the extraction of M4 from previous
neutrino experiments, using the updated versions
of the input parameters and electromagnetic form
factors is continuing.

10. Inelastic Scattering: Origin of Higher
Twist Terms

The quark distributions in the proton and neu-
tron are parametrized as Parton Distribution
Functions (PDFs) obtained from global fits to
various sets of data at very high energies. These
fits are done within the theory of Quantum Chro-
modynamics (QCD) in either leading order (LO)
or next to leading order (NLO). The most impor-
tant data come from deep-inelastic e/p scattering
experiments on hydrogen and deuterium, and v,
and 7, experiments on nuclear targets. In pre-
vious publications [42—44] Bodek and Yang have
compared the predictions of the NLO MRSR2
PDFs to deep-inelastic e/u scattering data [45]
on hydrogen and deuterium from SLAC, BCDMS
and NMC. In order to get agreement with the
lower energy SLAC data for Fy and R down
to @?=1 GeV?, and at the highest values of z
(z = 0.9), Bodek and Yang found that the fol-
lowing modifications to the NLO MRSR2 PDFs
must be included.

1. The relative normalizations between the
various data sets and the BCDMS system-
atic error shift must be included [42,43].

2. Deuteron binding corrections need to be ap-
plied and the ratio of d/u at high # must be
increased as discussed in ref. [42].

3. Kinematic higher-twist originating from
target mass effects [46] are very large and
must be included.

4. Dynamical higher-twist corrections are
smaller but also need to be included [42,43].

5. In addition, the analysis including QCD
Next to NLO (NNLO) terms shows [43] that
most of the dynamical higher-twist correc-
tions needed to fit the data within a NLO
QCD analysis originate from the missing
NNLO higher order terms.

The Bodek-Yang analysis shows that the NLO
MRSR2 PDFs with target mass and NNLO
higher order terms describe electron and muon
scattering F» and R data with a very small con-
tribution from higher twists. Figures 17 shows
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the predictions with MRSR2 NLO PDFs including both NNLO and target mass corrections with (solid
line) and without (dashed line) higher twist corrections (From Yang and Bodek Ref. [43]). These studies

indicate that in QCD LO or NLO fits, the extracted higher twist corrections originate from target mass
effects and the missing QCD NNLO higher order terms (for @2 > 1 GeV?).

that the NLO MRSR2 PDFs with target mass
and NNLO higher order terms describe electron
and muon scattering F» and R data with a very
small contribution from higher twists. Studies
by other authors [47] also show that in NNLO
analyses the dynamic higher twist corrections are
very small. If (for Q% > 1 GeV?) most of the
higher-twist terms needed to obtain agreement
with the low energy data actually originate from
target mass effects and missing NNLO terms (i.e.
not from interactions with spectator quarks) then
these terms should be the same in v, and e/p
scattering. Therefore, low energy v, data should
be described by the PDFs which are fit to high en-
ergy data and are modified to include target mass
and higher-twist corrections that fit low energy
e/ scattering data. However, for Q? < 1 GeV?

additional non-perturbative effects from specta-
tor quarks must also be included [48].

11. Previous Results with GRV94 PDFs
and z,

Initially [48], Bodek and Yang used a modi-
fied scaling variable z,, and fit for modifications
to the GRV94 leading order PDFs such that the
PDFs describe both high energy and low energy
e/p data. In order to describe low energy data
down to the photoproduction limit (Q? = 0), and
account for both target mass and higher twist ef-
fects, the following modifications of the GRV94
LO PDFs are need:

1. Increased the d/u ratio at high z as de-
scribed in ref. [42].
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2. Instead of the scaling variable z use the

scaling variable z,, = (Q* + B)/(2Mv + A)
(or =2(Q* + B)/(Q? + Az)). This mod-
ification was used in early fits to SLAC
data [50]. The parameter A provides for
an approximate way to include both target
mass and higher twist effects at high «, and
the parameter B allows the fit to be used all
the way down to the photoproduction limit

(Q*=0).

. In addition as was done in earlier non-QCD

based fits [51] to low energy data, multipliy
all PDFs by a factor K=Q? / (Q* +C). This
was done in order for the fits to describe
low @? data in the photoproduction limit,

where F5 is related to the photoproduction
cross section according to

Ar? oM 0.112mb GeV?
a(vp) = oz = 9E Fy

4. Finally, the evolution of the GRV94 PDFs
is frozen at a value of Q% = 0.24 (for Q? <
0.24), because GRV94 PDFs are only valid
down to Q% = 0.23 GeV?.

In the analysis, the measured structure func-
tions were corrected for the BCDMS system-
atic error shift and for the relative normaliza-
tions between the SLAC, BCDMS and NMC
data [42,43]. The deuterium data were corrected



for nuclear binding effects [42,43]. A simulta-
neous fit to both proton and deuteron SLAC,
NMC and BCDMS data (with # > 0.07 only)
yields A=1.735, B=0.624 and C=0.188 (GeV?)
with GRV94 LO PDFs (x? = 1351/958 DOF).
Note that for z, the parameter A accounts for
both target mass and higher twist effects.

12. New Analysis of Bodek-Yang with £,
Gp and GRV98 PDF's

The initial study has been updated [49] using a
new improved scaling variable &, and the fit done
for modifications to the more modern GRV98 LO
PDFs such that the PDFs describe both high en-
ergy and low energy electron/muon data. In ad-
dition NMC and H1 94 data at lower « are added.
The the evolution of the GRV98 PDFs is frozen
at a value of Q% = 0.8 (for Q? < 0.8), because
GRV98 PDFs are only valid down to Q? = 0.8
GeVZ. In addition, different photoproduction
limit multiplicative factors are used for valence
and sea. The proposed new scaling variable is
based on the following derivation. Using energy
momentum conservation, it can be shown that
the factional momentum & = (p, + po)/(Ps + Po)
carried by a quark of 4-mometum p in a proton
target of mass M and 4-momentum P is given by
€ =2Q?/[0.5Q*(1+[1+(2M2)*/Q*]'/?)], where

2Q’2 — [Q2+Mf2_Mi2]+[(Q2+Mf2_MZ’2)2+
4Q2(Mi2 +P%)]1/2

Here M; is the initial quark mass with average
initial transverse momentum Pr and My is the
mass of the quark in the final state. The above
expression for & was previously derived [46] for
the case of Pp = 0. Assuming M; = 0 we use
instead:

w = =(Q* + B + M;?)/(0.5Q%*(1 + [1 +
(2012)2/Q*)/%) + Aa)

Here M;=0, except for charm-production pro-
cesses in neutrino scattering for which M;=1.3
GeV (in leading order).(Note that this is an
effective charm quark mass which 1s extracted
from leading order fits to neutrino production of
dimuons. In next to leading order analyses the
charm mass is closer to 1.5 GeV). For &, the pa-
rameter A is expected to be much smaller than
for x,, since now it only accounts for the higher
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order (dynamic higher twist) QCD terms in the
form of an enhanced target mass term (the effects
of the proton target mass are already taken into
account using the exact form in the denominator
of &, ). The parameter B accounts for the initial
state quark transverse momentum and final state
quark ef fective AM;? (originating from multi-
gluon emission by quarks).

Using closure considerations [52] (e.g.the Got-
tfried sum rule) and the Adler sum rule, it can
be shown that, at low 2, the scaling prediction
for the valence quark part of Fy should be mul-
tiplied by the factor K=[1-G%(Q*)][1+M(Q?)]
where Gp = 1/(1+Q?/0.71)? is the proton elas-
tic form factor, and M(Q?) is related to the
magnetic elastic form factors of the proton and
neutron. At low Q?, [1-G%(Q?)] is approx-
imately Q%/(Q? +C) with ¢ = MZ/4 =
0.71/4 = 0.178 (versus the fit value of C=0.18
with GRV94). In order to satisfy the Adler Sum
rule [4] the function M(Q?) is added to account
for terms from the magnetic elastic form fac-
tors of the nucleon). Therefore, a more general
form I(valence—vector:[l'G%)(Qz)][Q2+CZU]/[Q2
+Clv], and [(sea—vectoT:Qz/(Qz‘i‘Csea) is used.
Using this form with the GRV98 PDFs (and now
also including the very low # NMC and H1 94
data in the fit) yields A=0.419, B=0.223, and
C14=0.544, C2,=0.431, and C;.,=0.380 (all in
GeV?, x? = 1235/1200 DOF).

As expected, A and B are now smaller with
respect to the previous fits with GRV94 and
Zy.  With these modifications, the GRV98
PDFs must also be multiplied by N=1.011 to
normalize to the SLAC Fy, data. The fit (Fig-
ure 18) yields the following normalizations rel-
ative to the SLAC F,, data (SLACp=0.986,
BC DM Sp=0.964, BC DM Sp=0.984,
NMCp=1.00, NMCp=0.993, H1p=0.977, and
BCDMS systematic error shift of 1.7).(Note, since
the GRV98 PDFs do not include the charm sea,
for Q% > 0.8 GeV? charm production is included
using the photon-gluon fusion model in order
to fit the very high » HERA data. This is not
needed for any of the low energy comparisons but
is only needed to describe the highest v HERA
electro and photoproduction data).

Comparisons of predictions using these modi-
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Figure 19. Comparisons to proton and iron data not included in the Bodek-Yang GRV98 &, fit. (a)
Comparison of SLAC and JLab (electron) Fy, data in the resonance region (or fits to these data) and
the predictions of the GRV98 PDFs with (LO4+HT, solid) and without (LO, dashed) our modifications.
(b) Comparison of photoproduction data on protons to predictions using our modified GRV98 PDFs. (c)
Comparison of representative CCFR v, and 7, charged-current differential cross sections [44,53] on iron

at b5 GeV and the predictions of the GRV98 PDFs with (LO+HT, solid) and without (LO, dashed) our

modifications.

fied GRV98 PDFs to other data which were not
ineluded in the fit are shown in Figures 19 and
20. From duality [54] considerations, with the
&y scaling variable, the modified GRV98 PDFs
should also provide a reasonable description of the
average value of Fs in the resonance region. Fig-
ures 19(a) and 20(a) show a comparison between
resonance data (from SLAC and Jefferson Lab,
or parametrizations of these data [55]) on pro-
tons and deuterons versus the predictions with
the standard GRV98 PDFs (LO) and with the
modified GRV98 PDFs (LO+HT). The modified
GRVBY8 PDFs are in good agreement with SLAC
and JLab resonance data down to Q72 0.07
(although resonance data were not included in

the fits). There is also very good agreement of
the predictions of the modified GRV98 in the
@? = 0 limit with photoproduction data on pro-
tons and deuterons as shown in Figure 19(b)
and 20(b). In predicting the photoproduction
cross sections on deuterium, shadowing correc-
tions [59] were applied as shown in Figure 20(c).
The predictions with the modified GRV98 PDFs
(LO4HT) are also compared to a few represen-
tative high energy CCFR v, and 7, charged-
current neutrino differential cross sections [44,53]
on iron (neutrino data were not included in the
fit). In this comparison the PDFs are used to ob-
tain F5 and xF3 and corrected for nuclear effects
in iron [48]. The structure function 2z F; is ob-
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Figure 20. Comparisons to data on deuterium which were not included in the Bodek-Yang GRV98 &,
fit. (a) Comparison of SLAC and JLab (electron) Fa4 data in the resonance region and the predictions
of the GRV98 PDFs with (LO+HT, solid) and without (LO, dashed) our modifications. (b) Comparison
of photoproduction data on deuterium to predictions using the Bodek-Yang modified GRV98 PDFs
(including shadowing corrections). (c) The shadowing corrections that were applied to the PDFs for
predicting the photoproduction cross section on deuterium.

tained by using the Ry, oriq fit from reference [45].
In addition, for this comparison we have as-
sumed that [(valence—axial:[(valence—vectora and
Ksea—ariai=HKsea_vector. This assumption is ex-
pected to be valid at high @, but is expected to
break down as @ approaches zero [51] (as dis-
cussed in a following section). There is very good
agreement of the Bodek-Yang predictions with
these high energy neutrino data on iron.

13. Using the Adler Sum Rules and Axial
Structure Functions

One of the long term goals of modeling electron
and neutrino scattering at all energies 1s to be
able to test the Adler [4] sum rules. The Adler
sum rules are Current-Algebra sum rules that are
expected to be valid for all values of Q2 from Q%=

0 to the highest values Q?

Other sum rules such as (a) the Energy-
Momentum Sum-Rule (sum of quark and gluon
fractional mometum = 1); (b) The Bjorken Sum-
Rule, (¢) The Gottfried Sum-Rule [52] and (d)
the Gross-Llewyllyn-Smith Sum-Rule (number of
valence quarks equal to 3), all have QCD cor-
rections and break down at low values of Q2.
Therefore, a successful model of structure func-
tions must satisfy the QCD sum rules at high @2,
and the Adler sum-rules at all values of Q. In all
of these sum rules, the elastic contribution needs
to be included. As discussed earlier, Bodek and
Yang use the Adler sum rule for the vector part
of W5 to obtain an expression for the low Q? K
factor multiplicative factor to the GRV98 PDFs
in the case of vector scattering. Here we show
that a different K factor is expected for the case
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Figure 21. Comparison the prediction of the distribution in W (in the resonance region) for the R-
S model to the predictions from the Bodek-Yang GRV98 modified PDFs (for neutrino energies of
2, 3 and b GeV). for different assumptions about the K factor for axial scattering. The solid line
is the Rein-Sehgal prediction. The dotted line is the Bodek-Yang predictions assuming (incorrectly)
Kyatence—avial =Kuvalence—vector; and Kseq—ariacl =K sea—vector- The dashed line is the Bodek-Yang predic-
tion with the K factors for axial scattering with Z=0.5. ( D. Casper-private communication)

of axial scattering.

We use the first two [ Adler sum rules
for the structure function Ws. Here g =W,,
and ﬁ;’:WZ‘; refers to antineutrino-proton and
neutrino-proton (strangeness conserving AS = 0)
structure functions respectively. At high Q? the
basic quark model interpretation of these two
Adler sum rules is that the number of valence
u quarks minus the number of valence d quarks
is 2-1=1 (for either vector or axial scattering).
For all @?, these two sum rules are integrals from

v=ygo=0tor=co,and ¢ = [1/(cos?d.)]:
| a[wasseo ) -

J, ol

If we separate out the quasielastic delta function
contributions the above two equations become.

vec+

2pAS:0(Va ‘12)} dv =1

WiSom ) — Wit ()] do = 1

P

B+ o W) - W
Fale )+ [ [ Wi (na®) = Wity . @3)] av =1

(v, Q%)



Where the limits of the integrals are from pion
threshold vy where W = M, 4+ Mp to infinity.
Here

EF2 ()|

10.2\|2 g
Fv(q )| FvE) 9

|FV((]2)|2 - M2

GY(¢%) - LGN (%)
Fi(g%) = “q@ ,
1 _
AM?

_ Ghle?) - GE(e)

2
1 — q
4M?

EFY(q7)

», .50
¢* = ¢2 — @& = —4FyE’ sin® 3= -Q*.

At Q?=0 we have |Fv(¢?)*’=1 and
|Fa(¢?))*=9g%2=1.605. Therefore, in this limit
the inelastic vector structure functions must go
to zero, while the inelastic axial structure func-
tion remain finite. Note that the above sum rule
only holds for the case of strageness conserving
process which consist of 95% of the cross sec-
tion in neutrino scattering. For the strangeness
changing processes which consist of 5% of the
cross section, the corresponding Adler sum rule
(discussed at the end of this talk) indicates that
the production of strange resonances is not supp-
resed at @?=0. This difference has not yet been
implemented in the Bodek-Yang model.

For the vector structure functions, for which
there i1s a multitude of data, we used the
form I(valence—vector:[l'G%)(Qz)][Q2+CZU]/[Q2
+Clv], and [(sea—vectoT:Qz/(Q2+Cv—sea)~ Us-
ing this form with the GRV98 PDFs (and now
also including the very low # NMC and H1 94
data in the fit) yields A=0.419, B=0.223, and
C14=0.544, C3,=0.431, and Cy_;5,=0.380 (all in
GeV?)

For the axial structure function, we first derive
the general form that should satisfy the Adler ax-
1al sum rule. To satisfy the sum rule in the axial
case, the K factors for the axial valence u and d

21

quarks must be different (and could also be dif-
ferent for the axial sea).

[(ax—Uv = [Q2 + CZax—Uv]/[QZ + Clax—v]a

[(ax—Dv = [Q2 + CZax—Dv]/[QZ + Clax—v]a

The above K factors for the U and D valence
quarks become 1.0 at high Q?. Therefore, this
form automatically satisfies Adler sum rules at
infinite @2. Note, however, that this form as-
sumes that all the K factors are independent of
W (which is only an approximation). Plugging
the above forms into the Adler Axial sum rule
and expanding for very low Q? yields a constant
term and a term linear in Q2. Requiring the ax-
ial sum rule to be valid at Q?=0 and also at very
small Q7 yields (to within an overall scale factor

Z, which should be less than 1):

Chag—v = M3 /4 =025 GeV?
CZax—Uv — chax—v = Z(025) G6V2

CZax—Dv = [2Z + (gg - 1)[Clax—v]

=[27 +0.605)0.25 GeV'*

For Z = 0.1 we get Cour_re=0.025 GeV?
and Cogp_py= 0.113 GeVZ2 For Z = 0.5 we
get Cogr—y=0.125 GeV? and Cogy—po= 0.40
GeV?. (within this model, the value of Z needs
to be extracted from fits to CHORUS, CCFR,
CDHS and other low energy neutrino data)

Note that the K factor for the axial sea is not
constrained by the Adler sum rule and the sea
parameters need to be extracted from fits to neu-
trino data. Kar_seqa = [Q2 + Dax—sea]/[Qz +
Cuz—sea). for now, we just use the average of
the valence parameters used for the axial valence
quarks. i.e. for Z=0.1, Cye_seq=0.25 GeV? and
Diav—s50a=0.113 GeV? . For Z=0.5, Cyper50a=0.25
GeV? and Dgy_50a=0.263 GeV?. The axial K
factors are rather insensitive to the value of M4,
and mostly depend on the vallue of 7. An ex-
panded discussion of sum rules 1s presented in a
later section (section 21).
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Figure 22. The @7 distributions (for a fixed neutrino energy of 5 GeV) are shown for different bins in
W. The solid line is the Rein-Sehgal prediction. The dotted line is the Bodek-Yang prediction assuming
(incorrectly) Kyaience—avial=Rvalence—vector, aNd Kseq—apial =K sea—vector- The dashed line is the Bodek-
Yang prediction with the K factors for axial scattering with Z=0.5. (D. Casper-private communication)

14. Comparison of Bodek-Yang PDFs to
the Rein-Sehgal Resonance Model

Resonance production is discussed in detail in
a later section. As was shown in the the previous
section, the Bodek-Yang model provides a good
description of the average vector cross sections
in the resonance region for the case of electron
scattering. However, since low energy neutrino
data have not yet been included in the Bodek-
Yang fits, the axial structure functions are not
vet finalized. Therefore, it is of interest to com-
pare the Bodek-Yang predictions in the resonance
region that of the Rein-Seghal model. The Rein-
Seghal model is an old fit to low energy data for
the electroproduction and neutrino production of

resonances within a quark oscillator model. The
model includes an an axial form factor for reso-
nance which is similar to the axial form factor in
quasielastic scattering.

Figure 21 (from D. Casper) compares the pre-
diction of the distribution in W (in the resonance
region) for the Rein-Sehgal model to the pre-
dictions from the Bodek-Yang GRV98 modified
PDFs (for neutrino energies of 2, 3 and 5 GeV).
The comparison is done for two different assump-
tions about the K factor for axial scattering. The
solid line is the Rein-Sehgal prediction. The dot-
ted line is the Bodek-Yang prediction assuming
(incorrectly) [(valence—axial:[(valence—vectora and
Koca—aviai=Ksea—vector. The dashed line is the



Bodek-Yang prediction with the K factors for ax-
ial scattering (described above) with Z=0.5. As
can be seen from the figure, there is reasonable
agreement in the region of the second and third
resonances (as expected from duality) between
the two models if we include an axial contribu-
tion. Note that above W of 1.7 GeV | the Rein-
Seghal model underestimates the cross section be-
cause the model does not include any resonances
above W =2 GeV.

Figure 22 compares the Q7 distributions
(for a fixed neutrino energy of 5 GeV) in
different bins n W. The solid line is
the Rein-Sehgal prediction. The dotted line
is the Bodek-Yang prediction assuming (in-
COITeCtIY) [(valence—axial:[(valence—vectora and
Kca—aviai=Ksea—vector- The dashed line is the
Bodek-Yang prediction with the K factors for ax-
ial scattering (described above) with Z=0.5. A
reasonable prescription is to use current imple-
mentation of Rein-Seghal model in the resonance
region and use the Bodek-Yang modek (with an
axial contribution) in above the resonance region.
Note that the Bodek-Yang model needs to be cou-
pled with the Lund fragmentation model to pro-
vide the composition of the hadronic final states).
Additional remarks on resonance production are
presented in section 18. A prescription for pro-
viding a cross section which is continuous in W
is described in a later section (section 19).

15. The Longitudinal Structure Function
R

In leading order QCD (e.g. GRVI8 LO PDFs),
Fy for the scattering of electrons and muons
on proton (or neutron) targets is given by the
sum of quark and anti-quark distributions (each
weighted the square of the quark charges):

Fa(z) = Nief [rqi(x) + 27;(x)] (1)
20Fy(x) = Foz)(14+4Mz*/Q*)/(1 4 Ry)(2)

In reality, a reconstruction of 2xF; from the
values of R and F5 in neutrino scattering is not as
simple as in the case of charged lepton scattering
(because of charm production). For charm pro-
duction, the Bjorken scaling variable  no longer
represents the fractional momentum carried by
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the struck quark in the infinite momentum frame
due to the non-zero heavy mass of the charm
quark (me ~ 1.3 GeV). For charm production
processes, the variable # is replaced by the slow
rescaling variable & = (1 +m?2/Q?%)x. Therefore,
the structure functions for the charm produc-
tion (cp) and non-charm production (ncp) com-
ponents are given by the following expressions.

FP T () Fy () + Fy7(€) (3)

1—|—4M21‘2/Q2 ne
1+Rncp(x) 2 p(x)
1 4M2 2 2 ne
LR—nfp(ngz "6 ()

21‘Ffp+n6p(x)

In this model, the R, fit is used for R"? and R,
where Ry (z,Q?) is parameterized [45] by:

0.0635
b 2
log(Q? j0.04) & @)
05747 0.3534

Qr  Q*+0.09’

Ry =

(5)

where 8 = 1.+ Q122-|?12.0 X 0?2{,’225_’;2.

The R, function provides a good description
of the world’s data in the Q% > 0.5 and z > 0.05
region (see Figure 23) Note that the R, func-
tion breaks down below Q2 = 0.3. Therefore, the
function is frozen at Q% = 0.35 and another func-
tion for R in the @* < 0.35 region is used. The
new function provides a smooth transition from
Q? = 0.35 down to @Q? = 0 by forcing R to ap-
proach zero at Q? = 0 as expected in the photo-
production limit (while keeping a 1/Q? behavior
at large Q% and matching to R, at @ = 0.35).

2
_9Q
Q1
In neutrino scattering the value of R is required
to approach zero at Q% = 0 only for the vector
part of the interaction. Studies of the axial con-
tribution at low Q2 are currently under way.

A large unknown is the value of R in the reso-
nance region for both vector and axial scattering,
and also the nuclear effects on R in the resonance
region at low Q2. Figures 24, 25 26 show pre-
liminary results of analysis of data from Jlab ex-
periment E94-110 [38] on hydrogen. Data with

R = 3.207x Ry (2,Q* =0.35). (6)
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Figure 23. A compilation of the world’s data on
R [44,53].

deutrerium is expected to be taken in experiment
E02-109, and data with nuclear target is proposed
to be taken by P03-110. The resonance region is
discussed in more detail at the end of this paper.

16. Inelastic Scattering, Corrections for
Nuclear Binding Effects

In the comparison with CCFR charged-current
differential cross section on iron, a nuclear cor-
rection for iron targets is applied. The following
parameterized function, f(x) (but substituting &,
for x) is used. This fit to the experimental elec-
tron and muon scattering data for the ratio of
iron to deuterium cross sections in the DIS region

1,0<0°<2.0
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Figure 24. Recent data from Jlab experiment
E94-110 (on hydrogen) for R in the resonance re-
gion. Data with deutrerium is expected to be
taken in experiment E02-109, and data with nu-
clear target is proposed to be taken by P03-110.

(shown in Figure 27) is used to convert deuterium
structure functions to (isoscalar) iron structure
functions [48];

f(z) = 1.096 — 0.364x — 0.278¢~ "4
+2.77221 4417 )

Recent results from Jlab presented at this con-
ference indicate that the Fe/D ratio in the reso-
nance region is the same as the Fe/D ratio from
DIS data for the same value of Nachtman target
mass variable £ (which is the same as &, with
A=0 and B=0). A comparison of the iron to deu-
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Figure 25. Recent data from Jlab experiment
E94-110 (on hydrogen) for Fr in the resonance
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clear target 1s proposed to be taken by P03-110.

terium ratio f(z) in the deep-inelastic and in the
resonance region (at higher %), shown in Figure
28 indicates that in the resonance region, the ra-
tio is the same in the resonance and DIS region if
plotted in terms of the £ . Note that the variable
¢ is equal to &, for large Q2.

For the ratio of deuterium cross sections to
cross sections on free nucleons we use the follow-
ing function obtained from a fit to SLAC data
on the nuclear dependence of electron scattering
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cross sections [44] (but substituting &, for z).

f = (0.98540.0013) x (1 +0.422z — 2.745z>
+7.5702° — 10.3352* 4 5.42225). (8)

This correction is only valid in the 0.05 < z <
0.75 region. In neutrino scattering, we use the
same nuclear correction factor for Fs, xF3 and
21‘F1.

Although all the above expression for R and
the nuclear correction factor were parametrized
in terms of the variable z, it is probably more
correct to substitute the scaling variable &, for
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z in these expressions. Such a substitution will
make the expression more valid at low W and low

Q.
17. Other Corrections to GRV98 PDF's

The d/u correction for the GRV98 L.O PDFs is
obtained from the NMC data for FY /FY. Here,
Eq. 8 is used to remove nuclear binding effects
in the NMC deuterium F, data. The correction
term, d(d/u)(z) is obtained by keeping the total
valence and sea quarks the same.

§(d/u) = —0.00817 + 0.0506z + 0.0798z7, (9)

where the corrected d/u ratio is (d/u) = (d/u) +
d(d/u). Thus, the modified u and d valence dis-

tributions are given by

W= (10)
1—|—(5(d/u)uv_|_”dv
g - dy + uyd(d/u) (11)

v 1+ 0(d/u)

The same formalism is applied to the modified u
and d sea distributions. Accidently, the modified
u and d sea distributions (based on NMC data)
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Figure 28. Comparison of the iron to deuterium
ratio in the inelastic region and in the resonance
region versus the target mass variable &

agree with the NUSEA data in the range of z be-
tween 0.1 and 0.4. Thus, we find that any further
correction on sea quarks is not necessary.

18. Resonance Production

As mentioned earlier the value of R in the reso-
nance region for both vector and axial scattering
is not known very well. In addition, the axial part
of F5 and xF5 are not well known. Also, the nu-
clear effects of R in the resonance region at low
@? and W has not been measured in either vector
or axial scattering.

Figures 24, 25 and 26 show preliminary results
of analysis of data on R from Jlab experiment
E94-110 [38] on hydrogen. These high precision
measurements will be extended to deuterium by
Jlab experiment E02-109 [39] (to run sometimes
in 2004). In addition, there is a proposal to add
measurements from nuclear targets at the same
time (see Jlab proposal E03-110 [41]). Therefore,
after these experiments are run, it is expected
that data from the following Jlab experiments ex-
periments in the resonance region: E94-110 (H),

E02-109 (D), E02-103 (H and D at high @?) and



nuclear target experiment P03-110 [41] will pro-
vide detailed information on the vector structure
functions (both Fy and R) for H, D and nuclear
targets in the resonance region. In addition, Jlab
nuclear target experiment E99-118 [40] measured
the low Q? values of F'2 and R above the reso-
nance region. Precision measurments of the cor-
responding axial structure functions in this low
energy region will be done by MINERvA at Fer-
milab.

In neutrino scattering, the model of Rein and
Sehgal [56] (R-S) is the model which is often used
to simulate neutrino production of resonances.
The R-S model is an old model built on the quark
harmonic oscillator model of Feynman and Ran-
dal [56]. Tt has incorporated early data on the
photoproduction and electroproduction of reso-
nances in combination with the limited available
data on resonance production in neutrino and an-
tineutrino beams. The vector form factors were
taken from electroproduction and related to neu-
trino production by Celbsch-Gordon rules.

The following are some of the advantages of the

R-S model.

1. Tt relates the vector form factors of var-
ious resonances from fits of photoproduc-
tion and electroproduction data to both
charged-current and neutral-current neu-
trino processes via Clebsch-Gordon coeffi-
cients for the various isopsin states of the
resonances.

2. It models the axial form factors using neu-
trino data

3. It provides a description of the decay prod-
ucts of the hadronic final states.

4. It provides a framework for a simultaneous
description of all leptoproduction processes
(including whatever neutrino data exists)
by modeling a very large number of reso-
nances.

5. It has been implemented in a Monte Carlo
simulation form.

6. It uses information from pion-nucleon scat-
tering to constrain the various resonances
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(which is are not separable by using photo-
production and electropduction data only,

The following are some of the limitations of the

R-S model.

1. The vector and axial resonance form fac-
tors are assumed to be similar to that of
the quasielastic peak. Therefore it does not
include the modifications due to the pion
cloud.

2. Only the quark contribution to the longi-
tudinal structure function and R are calcu-
lated. Therefore R is underestimated since
it does not include the modifications due to
the pion cloud. For example, the longitudi-
nal structure functions R and Fj are pre-
dicted to be zero in the region of the first
resonance. This result is is in disagreement
with recent data from Jlab experiment E94-
110, and requires that the effect of the pion
cloud be included.

3. It does not include any resonances above
a mass W of 2 GeV. Therefore, it breaks
down at high energies and in the transition
region between resonance and deep-inelastic
scattering.

4. The i1nelastic continuum under the reso-
nances is not very well modeled.

5. It is an old model which does not include
any of the more recent electroproduction
data and neutrino production in the fits.

6. It does not include nuclear corrections such
as Fermi motion and final state interactions
of the outgoing hadrons (but these may be
added separately).

7. It does not include nuclear binding cor-
rections to the resonance and continuum
form factors (but these may be added sep-
arately).

8. The neutrino data that was used as input
to constrain some of the parameters of the
model is of rather poor quality.
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As mentioned earlier the production in the re-
gion of the first resonance, the R-S model predicts
R =0 and Fy = 0 for vector/electrorpoduction.
This is in disagreement with recent precision mea-
surement from Jlab as shown in Figures 24 and
25. However, this flaw may be corrected, as done
in the Bodek-Yang model, by adding an empir-
ical contributinon to Fj as measured in electro-
production experiments.

Figure 29 shows the prediction from Sato and
Lee [57] for the vector and axial form factors in
neutrino production of the first Delta resonance.
The solid line is the full calculation including the
nucleon pion cloud. The dashed line is without
the effects of the pion cloud (which is similar to
what one expects in the R-S quark model).

Note that duality is expected to break down in
neutrino and antineutrino reactions, in the region
of the first and the quasielastic peak. This is be-
cause the W = M and W=1.23 GeV regions are
dominated by one and two isospin states, and the
amplitudes for neutrino versus electron scattering
are related via Clebsch-Gordon rules [56] instead
of quark charges. For example, unlike the case
for neutrino scattering from neutron target, is no
quasielatic neutrino scattering from a proton tar-
get since the final state is a charge +2 resonance.
Although local duality may work work better for
the sum of neutrino and antineutrino scattering.

In addition, as already mentioned the V and A
couplings are not equal at low W and Q2. All
these 1ssues can be corrected when neutrino data
is included in the Bodek-Yang fits for the axial
structure functions.

In the region of higher mass resonances (e.g.
W=1.8 GeV) there is a significant contribution
from the deep-inelastic continuum which is not
well modeled by the Rein-Seghal fits [56] to neu-
trino resonance data (which can be corrected if
resonances with W > 2 GeV are added to R-S
in the future. Therefore, using the Bodek-Yang
PDFs for W > 1.8 GeV (with an axial contri-
bution) should be better. For nuclear targets,
the nuclear corrections [48] described earlier must
also be applied.

19. Combining Quasielastic Resonance
and Inelastic Contributions

In order to have a full description of all charged
current v, and ¥, processes, the contribution
from quasielastic scattering [2] must be added
separately at © = 1.

For W above the quasielastic peak, the three
available models (Bodek-Yang, Rein- Sehgal and
Sato-Lee) all have problems in different W regions
(and all need to be improved). At present it is
best to use the Sato-Lee [57] model for the first
resonance, the Rein-Sehgal model in the region of
the second and third resonances and the Bodek-
Yang model (coupled with a Lund fragmentation
for final states) in the region above the third res-
onance. Note that because of the effects of ex-
perimental resolution and Fermi motion [34] (for
nuclear targets), a description of the average cross
section in the region of higher resonances is suf-
ficient for most neutrino experiments. Figure 30
shows the total neutrino cross section (per nu-
cleon for an isoscalar target) versus energy (at
low energies) compared to the sum of quasielas-
tic, resonance, and inelastic contributions from D.
Casper. The sum is constructed to be continuous
in W as follows. For W > 2 GeV the Bodek-
Yang model is used with the axial structure func-
tions calculated with Z = 0.5. The Rein-Sehgal
model is used used for W < 2 GeV. In addi-
tion, a fraction of the Bodek-Yang cross section
is added to the Rein-Sehgal cross section between
W =1.7GeV and W = 2 GeV. The fraction in-
creases linearly with W from 0 to 0.38 between
W=1.7 and 2 W=2 GeV. This prescription gives
pretty good agreement with the measured total
cross-section, and provides a continuous W dis-
tribution between the resonance and inelastic re-
gions.

The effects of terms proportional to the muon
mass and Fy4 and Fs structure functions in neu-
trino scattering are small and are discussed in
Ref. [2,58].

For completenes, Figures 31 and 32 show
the total neutrino and antineutrino cross sections
(per nucleon for an isoscalar target devided by
neutrino energy) versus energy in the high energy
region.
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Figure 29. Magnetic and axial form factors for neutrino production in the Delta resonance region from
the calculation of Sato and Lee [57] . The solid line is the full calculation including the nucleon pion
cloud. The dashed line is without the effects of the pion cloud.

20. Outlook for the future

A worthwhile aim is to improve the Sato-Lee,
Rein-Sehgal and Bodek-Yang models (and hope-
fully more in the future) to agree with each other
(and with all existing data) over a large region of
overlap in W. If this is accomplished, the pre-
dicted cross sections will be continuous in the
transition region between the deep inelastic and
resonance regions.

A. Improvements to the Sato-Lee Model.

There are current plans to extend the model
of Sato and Lee (which is only available in the
region of the first resonance) to the higher res-
onances. Since the model includes both quarks
states and meson clouds, 1t should work better
than the R-S model. However, the R-S model
includes a very large number of resonances, and
large volume of exclusive electroroduction data is
needed to constrain these resonance parameters
within the Sato and Lee model. Therefore it may
be easier to improve on the R-S model by using
information learned from the Sato and Lee fits for

the first resonance.

B. Improvements to the Rein and Sehgal
model.
1. Improve the resonance parameters by re-

peating the fits using more up to date data
from Jlab in the resonance region.

. Apply corrections for the missing terms

from the pion cloud (guided by the Sato-
Lee model) to improve the modeling of the
vector and axial form factors.

. Use new electroproduction data on R and

Fy from Jlab to improve the modeling of
the continuum.

Improve he modeling of R

. Include resonances and continuum with W

> 2 GeV (so the model works for higher
values of W).

. One could use the Sato-Lee model for the

first resonance and the Rein-Seghal model
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Figure 30. Total neutrino and antineutrino cross sections versus energy compared to the sum of quasielas-
tic, resonance, and inelastic contributions, see text (from D. Casper, Private Communication)

for the remaining resonances. 4. Improve the description of the axial contri-
bution to the longitudinal structure func-

C. Improvements to the Bodek-Yang Model tion

1. At very low @2, the vector structure func- 5. The PDFs can be multiplied by a modu-

tion for changing conserving processes must
go to zero, while the axial-vector part is fi-
nite. Plans are to including low energy data
from Chorus (on Pb), CDHS and CCFR (in
Fe) and other neutrino data in the fit, in
order to constrain the low Q2 axial-vector
contribution, as previously discussed.

. For strangeness-changing processes which

consist of 5% of the cross section, the corre-
sponding Adler sum rule (discussed at the
end of this talk) indicates that the produc-
tion of strange resonances is not suppresed
at Q?=0. This difference needs to be im-
plemented in the Bodek-Yang model.

lating function [50,52] A(W,Q?) to improve
modeling in the resonance region (for hy-
drogen) by including (instead of predicting)
the resonance data [55] in the fit. One
can also include resonance data on deu-
terium [55] and heavier nuclear targets in
the fit, and low energy neutrino data.

. In the future, there are plans to investi-

gate the effects of including the initial state
quark Pr in &, and institute further im-
provements such as allowing for different
higher twist parameters for u, d, s, ¢, b
quarks in the sea.

D. New electron scattering experiments that

3. Improve the fit for the longitudinal struc- can be used to improve the models.

ture function R for vector scattering, by in-
cluding new data taken on Hydrogen from
Jlab experiment E94-110.

1. JLab hydrogen experiment E94-110 (inves-
tigate Fu and R in the resonance region).
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C.E. Keppel spokesperson (data already
taken).

. JLab deuterium experiment E02-109, inves-
tigate F» and R in the resonance region).
C.E. Keppel, M. E. Christy, spokespersons
(approved to run in 2004).

. JLab experiment E99-118 on the nuclear de-
pendence of R at low Q? for high values of
W. A. Brull, C.E. Keppel spokespersons
(data already taken).

. Jlab experiment E02-103 hydrogen and deu-
terium resonance Fy data at high @ (and
EMC effect in He3, He4) - approved by
Jlab PAC24 to run in 2004 (J. Arrington,

spokesperon)

. Jlab Proposal PR03-110 to investigate Fb
and R in the resonance region with nu-
clear targets. A. Bodek and C. E. Keppel,
spokespersons (proposed to run in Hall C
together with E02-109 in 2004) to provide

Figure 31. Total neutrino cross sections (per nucleon for an isoscalar target devided by neutrino energy)
versus energy in the high energy region (from PDG, see talk by Donna Naples, this conference)

vector resonance form factors and R on nu-
clear targets for use in neutrino experiments

(collaborate with MINERvVA).

. Steve Manly (Rochester) and Will Brooks

(Jlab) proposal to CLAS collaboration to
study hadronic final states in electron scat-
tering on nuclear targets using existing Jlab
Hall B CLAS data. This analysis will pro-
vide information on hadronic final states in
quasielastic and inelastic electron scattering
(for use in neutrino experiments and collab-
orate with MINEvA)

E. Current and future neutrino near detector

experiments

1. K2K: Near detector; fully active scintillator

(carbon) neutrino detector currently tak-
ing data in 2003 with 1-2 GeV neutrinos
at KEK (low flux).

. MiniBoone: (carbon) neutrino detector cur-

rently taking data in 2003 with 0.7 GeV

neutrinos in the Fermilab Booster Beam.



32

0.6
. . GGM-PS &
055 - Antineutrino IHEP-JINR =@~ o
05 CCFR 90 i |
B CDHS @
CCFR 96 --®
% 0.45 - IHEP-ITEP —<s— ]
9
N 0.4 .
:
Q 035 F ¥ , L L@ o’ 0P o i
8 o i e T Lot 20D o% ¢ Peey L
o L ol ve e ' Te
I oat & © : : o ® |
< ' : : R (N )
L :
~~ 0.25 - <> - -
o b
0.2 | i
0.15 E
0.1 ‘ .
1 10 100

Ev

Figure 32. Total neutrino cross sections the total neutrino and antineutrino cross sections (per nucleon
for an isoscalar target devided by neutrino energy) versus energy in the high energy region (from PDG,

see talk by Donna Naples, this conference)

3. MINOS: iron-scintillator neutrino near de-
tector. Currently being constructred to run
in the high flux NUMI neutrino beam at
Fermilab (between 2-8 GeV).

4. MINERvA: A fully active scintillator (car-
bon) near detector proposed to run in both
on-axis and off-axis configuration in the
NUMTI neutrino beam at Fermilab (between
2-8 GeV). K. McFarland (Rochester), J.
Morfin (Fermilab) and C. Keppel (Hamp-
ton/Jlab) spokespersons (collaborate with
Jlab experiments listed above).

5. JPARC: Near detector; fully active scin-
tillator (carbon) neutrino detector to take
data with 1-2 GeV neutrinos to run at the
new JHF facility in Japan.

21. Testing Sum Rules

One of the long term goals of modeling elec-
tron and neutrino scattering at all energies is to
be able to test various sum rules over a large

range of Q?. For example, testing the Adler and
Gilman [4] sum rules. The Adler sum rules are
Current-Algebra sum rules that are expected to
be valid for all values of Q2 from Q%= 0 to Q?=ooc.

We have used one of the Adler sum rules to
guide us on the choice of functional forms for our
fits for the vector and axial K factors. When a
large amount of electron and neutrino scattering
data are available, the models can be tested to see
if they satisfy the various Adler sum rules. These
sum rules are integrals from v = ¢go =0 to v = o0
(including the elastic/quasielastic contribution).
The functions «, § and ~ as defined by Adler cor-
respond to the structure functions Wy ,Ws, and
W3 in modern notation. Here W =a™, W, = 5~
and W3 =+~ refer to antineutrino structure func-
tions, and Wf’:a"’, W;’:ﬁ"’ and W5 =+ refer
to neutrino structure functions, respectively. If
no subscripts are used then we refere to scatter-
ing on protons. Otherwise the subscripts p and
n refer to scattering from protons and neutrons
respectively. The superscripts vec and ax refer



to vector and axial scattering respectively. There
are many Adler sum rules for the three structure
functions on neutrons and protons and for the
cases of strangeness-conserving and strangeness-
changing processes. At high Q2 all of the 8 sum
rules are equivalent to the statement that the
number of valence u quarks is =2 and the num-
ber of valence d quarks is =1. A few examples
are shown below.

The following are the Adler sum rules for
strangeness conserving charged-current reactions

for 5pAS:01

| ot - gty o= cos.

| [mscona®) = 5155 v = cos®s,

The following are the Adler sum rules for
strangeness conserving charged-current reactions

for fpas=o:

| a0 = ol v = —cos"6,
0

| ) = 5355 o = —cos®,
0

The following are the Adler sum rules for
strangeness changing charged-current reactions

for Bpas+1:

| st = it 0] do = 2sino,

| o5 = s, 0] do = 2sino,

The following are the Adler sum rules for
strangeness changing charged-current reactions

for Bras+1:

| 50— 815y (7)) o = s

| i) - 258 ™)) v = i,

At high Q2 the above four vector/axial pairs of
equations are equivalent to a difference between
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pairs of equations below. 1i.e. equations 1 - 2
(uy — dy = 1), , equations 2 - 3 (dy — uy = —1),
equations 5 - 6 (uy,=2) , and equations 7 - 8
(dy = 1). (Here 4 denotes neutrinos and — de-
notes antineutrinos)

L. Boas=0= c0s?0.[u + d]+(Neutron = udd)
2. BZ;I—AS:OI cos?0.[d + ]
3. Biag_o= cosf.[d + ]
4. Brg_o= cos®0.[u+ d] +(Proton = uud)

5. Boast1= [sin?0.u+cos?0.5]+(A° and X0 =
usd)

6. @—ASil:COSzch + sin?0.u
T. Braser= [sin?0cd + cos*0.5]4+(E7 = dds)
8. Bfagp1=cos?0.s + sin®6.d

At Q?=0 some of the above equations have dis-
crete contributions at W = M (for strangeness
conserving 0,5 g, and Blas_o) and at W = My
and W = My (for strangeness changing Boas+i
and f g1 )-

To calculated the discrete contribution for the
W = M we express the following functions used
by Adler[4] in the notation of C.H. Llewellyn
Smith [3] (which we use here).

Sidtely

Fe (@) = 1R ) - ;

MZ

gv(¢*) = Fy (¢*) + EF¢ (¢%)
Note that Fa4(g?) in our notation is the same as
94(¢?) as defined by Adler, and Fp(¢?) in our
notation is the same as hA( 2)/M as defined by
Adler. Also, Adler defines ¢ as positive, while
we define ¢ as negative and Q? as positive.

If we separate out the discrete quasielastic delta
function contributions, the two equations for the
strangness-conserving (AS = 0) Adler sum rules
for B, become:

|1 Fv (¢%)]” + [1/ (cos™0e)] «

| ) = wigt o0 dv =1
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Al + 1/ (cos*0.)] o
| ssecotnd®) - Wiikov. @) dv =1

Where the limits of the integrals are from pion
threshold vy where W = M, + Mp to v—co.

The two equations for the strangness-
conserving (AS = 0) Adler sum rules for «,
become:

[+ Q*/AM?)[gv (¢°)) + [1/(cos™0.)]
| Wiscalona®) ~ Wishoal, @] v =
[Q%/AM?)[ga(q”)]” + [1/(cos™0.)]

| isecotvd®) - Wiz o, Q%) dv = Ci.

Where the limits of the integrals are from pion
threshold vy where W = M, + Mp to v—co.

The equationsfor the strangness-conserving
(AS = 0) Adler sum rule for vy, become:

[9a(a*)lav (4))/M = [1/(cos*0c)]

/ |:W3_pAS:0(Va q°) — W?:;AS:O(% Q%) | dv

Where the limits of the integrals are from pion
threshold vy where W = M, + Mp to v—oo. Here
Cr,1 = Cr,2 = 1 if simple quark-model commuta-
tion relations are valid. However, these may not
be valid in theories in which meson fields are ex-
plicitly included in the currents. Therefore, test-
ing the sum rule for Wy is of interest (which re-
quires a knowledge of the longitunidal structure
function R).

The corresponding equations for a, § and ~ for
the strageness changing (DeltaS + 1) case for the
proton and neutron are more complicated. The
reader is refered to Adler’s and Gilman’s paper [4]
for more details about current algebra sum rules
for (e, § and 7) that could be tested for the first
time with future precision electron scattering and
neutrino scattering data. Note that these sum
rules are expected to be valid over all values of Q2.
In addition to these neutrino sum rules, there are
other sum rules based on dispersion relations that
can be tested in electron scattering as described

in Ref. [5]
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