
1 Quasi-Elastic Scattering

1.1 Quasi-Elastic Cross Section Measurement

Quasi-elastic scattering, either with neutrinos or with anti-neutrinos, provides
the largest single-channel contribution to the total �N event rate in the thresh-
old regime E� � 2 GeV. For this reason, precise knowledge of the cross section
for this reaction, including its energy dependence and its variation with target
nuclei, is important to continued progress in current and future neutrino oscil-
lation experiments. The current state of knowledge of the reaction cross section
for neutrino and antineutrino beams is indicated by the compilations of previ-
ous experimental measurements shown in Figures 1 and 2. Among the results
shown there are normalization uncertainties originating with 
ux uncertainties
which are typically 10-20%. It is readily seen in these plots that existing mea-
surements have large errors throughout the E� range accessible by MINER�A
(Fig. 1, upper plot), and especially in the threshold regime which is crucial to
future neutrino oscillation experiments (Fig. 1, lower plot). Figure 2 shows this
problematic lack of precision to pervade the anti-neutrino quasi-elastic cross
section measurements as well.

The MINER�A experiment will be able to measure these quasi-elastic cross
sections with statistical precisions a�orded by event sample sizes which will ex-
ceed by two orders of magnitude the samples isolated by the previous generation
of (mostly) bubble chamber experiments. In addition, for the �rst time in neu-
trino scattering experimentation, precision measurements of the form factors of
the nucleon for Q2 greater than 1 GeV2 will be possible.

The current level of theoretical understanding is indicated by curves from
recent calculations of the cross sections, shown superimposed in Figures 1 and 2.
Among multiple di�erent considerations which go into realistic calculations, a
primary one concerns consistent, up-to-date treatment of the vector and ax-
ial vector form factors which characterize the nucleon weak current. Develop-
ment of realistic cross section calculations has been underway by researchers
of MINER�A for some time. Details can be found in papers by H. Budd, A.
Bodek, and J. Arrington [2]; recent parameterizations and �ts published by
these authors are hereafter designated as \BBA-2003" results. The calculated
curves in Figs. 1 and 2 are based upon BBA-2003 form factors with the axial
mass parameter of the axial form factors set to MA=1.00 GeV. In Figs. 1 and 2,
the solid curves are calculated without nuclear corrections, while the dashed
curves include a Fermi gas model. The dotted curves are calculations for target
carbon nuclei and include Fermi motion, Pauli blocking, and the e�ect of nu-
clear binding on the nucleon form factors as modelled by Tsushima et al [33].
The calculated cross sections are seen to be diminished by � 10% as result of
inclusion of realistic nuclear corrections. The sensitivity of calculations of this
kind to the details of the relevant nuclear physics, shows that an understanding
of �nal state nuclear e�ects is essential to interpretation of quasi-elastic neu-
trino measurements. As is related elsewhere in this Proposal, MINER�A is a
�ne-grained tracking calorimeter designed to enable comparison of quasi-elastic
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Figure 1: Compilation of experimental measurements of the neutrino quasi-
elastic cross section. Existing measurements are characterized by large errors
throughout the E� range accessible to MINER�A (upper plot), especially so in
the crucial threshold regime (lower plot). Representative calculations are shown
using BBA-2003 form factors with MA=1.00 GeV. The solid curve is without
nuclear corrections, the dashed curve includes a Fermi gas model [29], and the
dotted curve includes Pauli blocking and nuclear binding. 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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Figure 2: Experimental measurements of the anti-neutrino quasi-elastic cross
section over the energy range accessible to MINER�A. As with the neutrino
quasi-elastic cross section results of Fig. 1, there is large dispersion among the
among the anti-neutrino measurements including systematic di�erences between
individual epxeriments. Theoretical expectations without (solid curve) and in-
cluding nuclear corrections (dashed, dotted curves) are shown for comparison.
The data shown are from SKAT 1990 [23], GGM 1979 [28], Serpukov 1985 [26],
and GGM 1977 [27].
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(as well as other exclusive channel) production on a variety of target nuclei,
consequently knowledge of the contributions from various nuclear target e�ects
can be greatly improved by MINER�A investigations.

1.2 Form Factors of Quasi-Elastic Scattering

The high statistics neutrino quasi-elastic event samples obtainable by MINER�A
will enable the Q2 response of the weak neutral current to be examined with
unprecedented accuracy. The underlying V-A structures of the hadronic current
include vector and axial vector form factors whose Q2 response is approximately
described by dipole amplitude forms. The essential formalism is given by [3]

< p(p2)jJ
+

� jn(p1) >=

u(p2)

�

�F

1
V (q

2) +
i���q

��F 2
V (q

2)
2M + 
�
5FA(q

2) +
q�
5FP (q

2)
M

�
u(p1);

where q = k��k�, � = (�p�1)��n, andM = (mp+mn)=2. Here, �p and �n
are the proton and neutron magnetic moments. It is assumed that second-class
currents are absent, and so the scalar form-factor F 3

V and the tensor form-factor
F 3
A do not appear.
The form factors F 1

V (q
2) and �F 2

V (q
2) are given by:

F 1
V (q

2) =
GV
E (q

2) � q2

4M2G
V
M (q2)

1� q2

4M2

; �F 2
V (q

2) =
GV
M(q2)� GV

E(q
2)

1� q2

4M2

:

According to CVC, the form factors GV
E (q

2) and GV
M(q2) are directly related

to form factors determined via electron scattering Gp
E(q

2), Gn
E(q

2), Gp
M(q2),

and Gn
M (q2):

GV
E (q

2) = Gp
E(q

2) �Gn
E(q

2); GV
M(q2) = Gp

M(q2)� Gn
M(q2):

The axial form factor FA and the pseudoscalar form factor FP (related to
FA by PCAC) are given by

FA(q
2) =

gA�
1� q2

M2
A

�2
; FP (q

2) =
2M2FA(q2)

M2
� � q2

:

In the quasi-elastic di�erential cross section, FP (q2) is multiplied by (ml=M )2,
consequently its contribution in muon neutrino interactions is very small except
at very low energy, below 0.2 GeV. In general, the axial form factor FA(q2) can
only be extracted from quasi-elastic neutrino scattering. At low Q2 however,
the behavior of FA(q2) can also be inferred from pion electroproduction data.
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gA -1.267
GF 1.1803�10�5 GeV�2

cos �c 0.9740
�p 2.793 �N
�n -1.913 �N
� 3.706 �N
M2
V 0.71 GeV2

MA 1.00 GeV

Table 1: Values of parameters for the weak nucleon current used in the BBA-
2003 calculation of quasi-elastic reaction cross sections.

Until recently, it has been common practice to assume that form factors are
described by the dipole approximation. For example, the vector form factors
are often described:

GD(q
2) =

1�
1� q2

M2
V

�2
; M2

V = 0:71 GeV 2

Gp
E = GD(q

2); Gn
E = 0; Gp

M = �pGD(q
2); Gn

M = �nGD(q
2):

Note that Gp
E, G

p
M , and Gn

E are positive, while Gn
M and the axial form-factor

FA are negative.

1.3 Axial Form Factor and Axial Mass

Electron scattering experiments continue to provide increasingly detailed deter-
minations of the vector form factors. Neutrino scattering experiments however,
are the only plausible route to comparable determinations of the axial form
factors, the principal one being the axial form factor FA(Q2). The fall-o� of
the form factor strength with increasing Q2 is traditionally parameterized using
an e�ective axial vector mass MA. Its value is known to be � 1.00 GeV to an
accuracy of perhaps 5%. This value is in agreement with with the theoretically
corrected value from pion electroproduction [6], 1.014 � 0.016 GeV. Uncer-
tainty in the value ofMA contributes directly to uncertainty in the quasi-elastic
cross section. Current values of other parameters which enter into calculations
(as in BBA-2003) of �(E�) for quasi-elastic reactions, e.g. coupling constants
and magnetic moments, are listed in Table 1.

The fractional contributions of FA and of Gp
M ,Gn

M ,Gp
E, and Gn

E to the Q2

distribution for quasi-elastic neutrino and anti-neutrino running with the NUMI
beam con�guration are shown in Figure 3. The contributions were determined
by comparing the cross section calculated using BBA-2003 form-factors and the
cross section with each of the form-factors set to zero. (Because of interference
terms, the sum of the fractions does not have to add up to 100%.)
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Figure 3: Fractional contributions of Gp

M ,Gn
M ,Gp

E, G
n
E and FA to the Q2 dis-

tributions for quasi-elastic neutrino (top) and anti-neutrino (bottom) samples
with the NUMI beam con�guration.

1.4 Vector Form Factors; Discrepancy at High Q2

Electron scattering experiments at SLAC and Je�erson Lab (JLab) have mea-
sured the vector electromagnetic form factors for the proton and neutron with
high precision. The vector form factors can be determined from electron scatter-
ing cross sections using the standard Rosenbluth separation technique [7], which
is sensitive to radiative corrections, or from polarization measurements using
the newer polarization transfer technique [11]. The polarization measurements
do not directly measure form factors, but measure the ratio GE/GM . These
form factors can be related to the vector form factors for quasi-elastic neutrino
scattering by the conserved vector current (CVC) hypothesis. Of course, more
accurate form factors enable improved calculations for for quasi-elastic neutrino
scattering.

Recently however, discrepancies in electron scattering determinations of some
vector form factors have appeared, the origins of which may be resolvable by
study of quasi-elastic reactions in MINER�A. Figure 4 shows the BBA-2003 �ts
to �p G

p
E/G

p
M . There appears a discrepancy between two di�erent methods of

measuring the ratio of electric and magnetic form factor for the proton. The �t
including only cross section data (i.e. using Rosenbluth separation) is roughly

at versus Q2 (Q2 = �q2) and is consistent with form factor scaling. This is
what is expected if the electric charge and magnetization distributions in the
proton are the same. However, the new technique of polarization transfer yields
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Figure 4: Ratio of Gp

E to Gp

M as extracted by Rosenbluth separation measure-
ments (diamonds) and as obtained by polarization measurements(diamonds).
There measurements are seen to be in disagreement at high Q2; only a small
uncertainty however is implied for the neutrino quasi-elastic total cross section.

a much lower ratio at high Q2, and indicates a di�erence between the electric
charge and magnetization distributions of the proton. The polarization transfer
technique is believed to be more reliable and less sensitive to radiative e�ects
from two-photon corrections.

If the electric charge and magnetization distributions of the proton are in-
deed very di�erent, a test of the high Q2 behavior of the axial form factor can
provide very useful additional input towards resolving di�erences among elec-
tron scattering measurements. An accurate mapping of axial behavior at high
Q2 can be done in MINER�A.

Current experiments at JLab aim to better understand the source of the
disagreement by looking at the recoil proton in elastic electron-proton scattering,
thereby minimizing the sensitivity to the dominant sources of uncertainty in
previous Rosenbluth separations. Fortunately, since this discrepancy is most
prominent at highQ2, it introduces a relatively small uncertainty to the neutrino
quasi-elastic cross section.

1.5 Form Factor Deviations from Dipole Form

Electron scattering results show that dipole amplitudes provide only a �rst-
order description of form factor trends at high Q2. For example, Figure 5 shows
the deviation of Gp

M from dipole-type Q2 fall-o�. In general, the deviations are
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di�erent for each of the form factors.
In the �ts carried out by BBA-2003, the form factors are usually described

using an inverse polynomial:

GN
E;M (Q2) =

GN
E;M (Q2 = 0)

1 + a2Q2 + a4Q4 + a6Q6 + :::
:

The one exception is for GN
E , for which a useful parameterization has been

given by Krutov et. al. [12]:

Gn
E(Q

2) = ��n
a�

1 + b�
GD(Q

2); � =
Q2

4M2
;

with a = 0:942 and b = 4:61.
Figure 6 shows the ratio of the predicted neutrino (anti-neutrino) quasi-

elastic cross section on nucleons using the BBA-2003 vector form factors com-
pared to the prediction using the dipole vector form factors (with Gn

E=0 and
MA kept �xed). This plot shows that it is important to use most current form
factor parameterizations. In MINER�A, it will be possible to test for form factor
structures which are more elaborate than simple dipole fall-o� with increasing
Q2, the approximation which has been used by all neutrino experiments to date.

1.6 Nuclear E�ects in Quasi-elastic Scattering

There are three important nuclear e�ects in quasi-elastic scattering from nuclear
targets: Fermi motion, Pauli blocking, and corrections to the nucleon form fac-
tors due to distortion of the nucleon's size and its pion cloud in the nucleus.
Figure 7 shows the nuclear suppression versus Q2 from a NUANCE [32] calcu-
lation [29] using the Smith and Moniz [30] Fermi gas model for carbon. This
nuclear model includes Pauli blocking and Fermi motion but not �nal state
interactions. The Fermi gas model was run with a 25 MeV nuclear potential
binding energy � and 220 MeV/c Fermi momentum Kf . Figure 8 from Moniz
et. al. [30] shows how the e�ective kf and nuclear potential binding energy �
(within a Fermi-gas model) for various nuclei is inferred from electron scatter-
ing data. The e�ective kf is extracted from the width of the electron scattered
energy, and the nuclear potential binding energy � is extracted from the shifted
location of the quasi-elastic peak.

The predicted distortion that nuclear binding exerts on the nucleon form
factors in neutrino scattering is indicated in Figure 9. The e�ect is displayed as
ratios of bound to free nucleon form factors for F1, F2, and FA.

Both the Pauli blocking and the nuclear modi�cations to bound nucleon
form-factors reduce the quasi-elastic cross section relative to the cross section
with free nucleons. However, it is possible that the low Q2 deviations are not
actual modi�cations of the nucleon form factors, but rather are e�ects of inter-
action with the pion cloud for Q2 less than 1 GeV2. Note that data from JLab
indicate that the binding e�ects on the form factors should be very small at
higher Q2.
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Figure 5: BBA-2003 �ts to Gp
M
=�pGD. The variation of the ratio from 1.0

indicates deviation from a pure dipole form; the deviation is quite pronounced
for Q2 above 1 GeV 2.

Ratio, BBA 2003(CS+HallA,Krutov)/(Dip, GEn =0) 
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Figure 6: Ratio versus energy of the neutrino (anti-neutrino) quasi-elastic cross
section using BBA-2003 form factors, to the expectation using the dipole ap-
proximation with Gn

E=0.
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Figure 7: Pauli blocking suppression for a Fermi gas model for carbon with
binding energy and Fermi momentum cuto� set to 25 MeV and 220 MeV/c
respectively. A suppression of this magnitude is expected for quasi-elastic reac-
tions in MINER�A.

1.7 Detection of Recoil Nucleons

In neutrino experiments, detection of the recoil nucleon is highly useful in distin-
guishing quasi-elastic from inelastic events. Consequently, knowledge of prob-
abilities for outgoing protons to reinteract with the remaining target nucleons
is highly desirable. Similarly, quasi-elastic scattering with nucleons in the high
momenta region of the spectral functions needs to be understood. More so-
phisticated treatments than the simple Fermi Gas model are required. Con-
versely, inelastic events (such as in resonance production) may be misidenti�ed
as quasi-elastic events if the �nal state pion is absorbed in the nucleus. An
optimal way to model these e�ects is to analyze samples of electron scattering
data on nuclear targets (including the hadronic �nal states) and test the e�ects
of the experimental cuts on the �nal-state nucleons. MINER�A can address
the issues arising with proton intranuclear rescattering by investigating nuclear
binding e�ects on neutrino scattering in carbon, and then comparing the data
to observations obtained in similar kinematic regions as obtained by electron
scattering at JLab. Indeed, MINER�A researchers of the Rochester group will
be working with the CLAS collaboration to study hadronic �nal states in elec-
tron scattering on nuclear targets using existing JLab Hall B CLAS data. This
analysis will provide information on hadronic �nal states in quasi-elastic and
inelastic resonance production in electron scattering, and will enable the testing
of theoretical models to be used in both electron and neutrino experiments. In
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Figure 8: Extraction of Fermi gas model parameters i.e. the e�ective kf and
nuclear potential binding energy �, from 500 MeV electron scattering data (from
Moniz. [30]. Distributions shown represent scattering from (a) carbon, (b)
nickel, and (c)lead.

addition, collaborative work is underway with the Ghent nuclear physics group
in Belgium [35], to model both electron and neutrino quasi-elastic scattering on
nuclei over the entire range of Q2. This work will develop the theoretical tools
needed to do a precise extraction of the axial form-factor of the nucleon using
MINER�A quasi-elastic data on carbon. It is envisaged that nearly identical
analyses will be carried out on both neutrino and electron scattering data in
the same range of Q2.

By way of illustration, Figure 10 shows electron scattering data in the quasi-
elastic region (for carbon) in which the �nal-state electron and proton are both
detected, compared to predictions of theoretical models, as a function of the
recoil proton momentum. Extension of the models to neutrino scattering is
currently under way.
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to be very small at higher Q2.

1.8 Extraction of the Axial Vector Form Factor

Previous neutrino measurements, mostly bubble chamber experiments on deu-
terium, extracted MA using the best known assumptions at the time. Changing
these assumptions changes the extracted value of MA. Hence, a prerequisite fo
new determinations ofMA is that the most recent form factor parameterizations
and couplings be used.

Figure 11 shows the Q2 distribution from the Baker et al. [14] neutrino ex-
periment compared to the prediction assuming dipole form factors with Gn

E = 0
and MA = 1:100 GeV. Also shown are the prediction using BBA-2003 form
factors and MA=1.050 GeV. Utilization of more accurate electromagnetic form
factors requires a di�erent MA value in order to describe the same Q2 distri-
bution. Thus, with the same value of gA, the use of dipole form factors (and
Gn
E = 0) instead of the BBA-2003 form factors may lead to an error in extracted

value of MA of 0.050 GeV.

1.9 Measurement of the Axial Form Factor in MINER�A

Current and future high-statistics neutrino experiments at low energies (e.g.
MiniBooNE, J-PARC and MINER�A) use an active nuclear target such as scin-
tillator (mostly carbon). The maximum Q2 values that can be reached with
incident neutrino energies of 0.5, 1.0, 1.5 and 2 GeV are 0.5, 1.2, 2.1 and 2.9
GeV2 respectively. Since MiniBooNE and J-PARC energies are in the 0.7 GeV
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Figure 10: Comparison between e � e0 � P electron scattering data on carbon
taken with incident electron energy of 2.2. GeV. Here both �nal-state electron
and proton are both detected. Data and two theoretical models are compared
as a function of the recoil proton momentum.

range, these experiments probe the low Q2 < 1 GeV2 region where nuclear ef-
fects are large (see Figures 7 and 9) and where the axial form factor is known
rather well from neutrino data on deuterium (see Figure 11). The low Q2

(Q2 < 1 GeV2) MiniBooNE and J-PARC experiments can begin to investigate
the various nuclear and binding e�ects in carbon.

At higher Q2, as shown by the BBA-2003 �ts, the dipole approximation
can be in error by as much as a factor of two for the vector form factors when
Q2 > 2 GeV2. There is clearly no reason to assume this form will be valid for
the axial form factors. As shown in Figure 11 there is very little data for the
axial form factor in the high Q2 region (where nuclear e�ects are smaller). Both
the low Q2 (Q2 < 1 GeV2) and high Q2 (Q2 > 2 GeV2) regions are accessible
in higher energy experiments such as MINER�A which can span the 2-8 GeV
energy neutrino range. A MINER�A determination of the axial form factor in
the high Q2 region is of keen interest to on-going investigations of the vector
and axial structure of the neutron and proton.
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Figure 11: A comparison of the Q2 distribution using two di�erent sets of form-
factors. The data are from Baker et al. [14]. The dotted curve uses dipole form
factors with Gn

E = 0 and MA = 1:10 GeV . The dashed curve uses the more
accurate BBA-2003 form factors and requireMA = 1:05GeV . It is important to
use the most current information on vector form factors from electron scattering
experiments when extracting the axial form factor from neutrino data.

Figure 12 shows the extracted values and errors of FA in bins of Q2 from
a sample of quasi-elastic interactions recorded in the MINER�A active carbon
target, from a four-year exposure in the NUMI beam. It can be seen that
the high Q2 regime which is inaccessible to MinibooNE and J-PARC, will be
well-resolved in MINER�A.
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