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Analysis of the Q% dependence of charged-current quasielastic processes
in neutrino-nucleus interactions
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We discuss the observed disagreement between the Q distributions of neutrino-nucleus quasielastic
events, measured by a number of recent experiments, and the predictions of Monte Carlo simulations
based on the relativistic Fermi gas model. The results of our analysis suggest that these discrepancies are
likely to be ascribable to both the breakdown of the impulse approximation and the limitations of the
Fermi gas description. Several issues related to the extraction of the Q2 distributions from the experi-
mental data are also discussed, and new kinematical variables, which would allow for an improved

analysis, are proposed.
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L. INTRODUCTION

A number of recent experiments reported a sizable dis-
agreement between the measured Q? distributions of
neutrino-nucleus scattering events and the results of
Monte Carlo (MC) simulations [1-3]. The largest discrep-
ancies occur in the region of low Q2 typically Q* <
0.2 GeV?, where the observed number of charged-current
quasielastic (CCQE) events is significantly lower than MC
predictions. To account for this differences, the
MiniBooNE Collaboration introduced an additional pa-
rameter in the relativistic Fermi gas (RFG) model used in
the MC code [2]. This procedure leads to a modification of
the treatment of Pauli blocking, whose physical interpre-
tation is quite questionable. In Ref. [2] it was also argued
that a more refined treatment of nuclear effects may be
needed. However, the results of Ref. [4] suggest that re-
placing the RFG model with the approach based on the use
of a realistic spectral function (SF) does not lead to a
consistent description of low- and high-Q? data. Note
that, although strictly speaking the spectral function can
also be defined in the RFG model, in which case it reduces
to a collection of §-function peaks, in the following we will
use the acronym SF to indicate a spectral function obtained
from more advanced dynamical models.

The basic assumption underlying MC simulations is the
validity of the impulse approximation (IA), implying that
the scattering process involves only one nucleon, while the
remaining (A — 1) particles act as spectators. This scheme
is likely to be applicable if the space resolution of the
incoming neutrino, A ~ |q|~!, where q is the momentum
transfer, is small compared to the average separation be-
tween nucleons in the target nucleus.

In this paper we analyze possible sources of the ob-
served discrepancies, associated with both the breakdown

PACS numbers: 13.15.4+g, 25.30.Pt

of the IA and the limitations of the RFG model, and point
out some issues related to the extraction of the
Q? distributions from the experimental data.

In Sec. II we discuss the bias of the Q2 reconstruction
from the kinematics of the CCQE events, while Sec. III is
devoted to a quantitative investigation of the limits of
applicability of the TA scheme. In Sec. IV we discuss the
main difficulties involved in the comparison between theo-
retical calculations and experimental data, and put forth the
proposal of new kinematical variables, whose use may
allow for a more effective data analysis. Finally, in
Sec. V, we summarize our results and state the conclusions.

II. UNCERTAINTIES IN THE Q?
RECONSTRUCTION

Consider the yield of CCQE events averaged over the
MiniBooNE neutrino flux. We have compared the distri-
butions of events plotted as a function of Q2 and its
reconstructed value, defined as [1,2]

Orec = —my, + 2E5(E,, — |K'| cosh), (1)

where m,,, k’, and 0 denote the muon mass, momentum,
and scattering angle, respectively. In the above equation

2E, (M, — &) — (e2 —2M, e + mi + AM?)

Erec =
4 2(M, — & — E, + |k'|cosb)

>

2

with AM? = M} — M3, M,, and M, being the neutron and
proton mass, is the reconstructed energy of the incoming
neutrino. Note that Egs. (1) and (2) have to be regarded as
definitions of two quantities used in data analysis and
should not be identified with the true Q> and neutrino
energy.

The results of the calculations, carried out for a carbon
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FIG. 1 (color online). Distributions of CCQE events in carbon
as a function of Q% and QZ.. The calculations have been carried
out for the MiniBooNE flux, using the RFG model (upper
curves) and the SF approach (lower curves).

shown in Fig. 1. In the SF approach Pauli blocking has
been taken into account using realistic nuclear matter
momentum distributions and the local density approxima-
tion, within the scheme discussed in Sec. III. It is apparent
that in both cases the definition of QZ%. in terms of the
measured quantities |k’| and @ allows one to reproduce
quite well the results obtained using the true Q?. However,
as the results shown in Fig. 1 involve a flux average, one
may still ask the question whether the two quantities, Q>
and Q2., are totally equivalent.

To clarify this point, in Fig. 2 we show a comparison
between the differential cross sections do/dQ? and
do/dQ>,. obtained from the RFG model at fixed neutrino
energies £, = 1.2, 0.8, and 0.4 GeV. With the exception of
the lowest energy, the maxima are again in very good
agreement. For this reason the cross sections averaged
over a not-too-low-energy flux, like MiniBooNE’s, are in
good agreement.

On the other hand, the cross sections show quite a rich
structure, exhibiting bumps, dips, and knees, which make
the Q2 and Q2 distributions clearly different. While this
structure is somewhat emphasized within the RFG model,
its origin is largely model independent, as it can be traced
back to kinematics. In this context, the most relevant
feature is the location of the single particle strength, ex-
pressed by the average separation energy, which turns out
to be quite close in the RFG and SF models.

In spite of the fact that the structure is not visible in
Fig. 1, as it is washed out by the flux average, the results
shown in Fig. 2 imply that neutrinos of fixed energy
contribute in a slightly different manner to do/dQ?* and
to do/dQ%.. At neutrino energy 0.8 GeV, corresponding to
the peak of the MiniBooNE flux, the difference between
the two cross sections is pronounced.

Before discussing why the replacement of Q° with Q2.
leads to a significant change of the cross section, let us
focus on the mechanism responsible for the observed
structure in the case of do/dQ?. To find the value of Q?
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FIG. 2 (color online). Comparison of the differential cross
sections do/dQ?* and do/dQ%. for neutrino energy 1.2 GeV
(top panel), 0.8 GeV (middle panel), and 0.4 GeV (bottom panel)
calculated within the RFG model.

corresponding to the maximum we note that, due to Pauli
blocking, the cross section may increase with momentum
transfer up to the value |q|. = 2pp, needed to knock out
nucleons sitting at the bottom of the Fermi sea. The energy
transfer can be written as

w=Ep/—Ep+s

=\/M2+(p+q)2—\/M2+p2+a, 3)

where M = (M,, + M,,)/2, while E,, and p (E, and p’ =
p + q) are the neutron (proton) energy and momentum.
The above equation shows that, for any given |p|, knocking
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out nucleons with momenta parallel to q requires the high-
est energy. As a consequence, the momentum and energy
transfer |ql. and w., with

W, = \/M2 + (Bpp)? — \/M2 +pite 4)

correspond to the maximum of the Q? distribution. The
position of the maximum, Q% = 0.146 GeV?, is indepen-
dent of neutrino energy, as long as E, is high enough for w.
and |q|, to lie within the kinematically allowed region, and
not too close to its boundary. The bottom panel of Fig. 2
shows that for £, = 0.4 GeV this condition is not fulfilled.

The knee of the cross section, particularly visible for
E, = 0.8 GeV, results from the phase space shrinkage
above a certain Q2. The boundaries of the kinematically
allowed region in the (w, |q|) plane, determined from the
conditions

E,—-K'l=|ql=E, + K|,
Ip’l — Ipl = lql = Ip| + Ipl, o)
0=lpl =pp

where |k'| = 4[E}, — m% and |p’| = ‘/Elzj, — M2, are
h—pr=lql=h+ pp E,—Il=|ql=E, +1
(6)
with

h = \/(EF + @) — M2,
| = \/(E,, - w)?— mi,

Er = \,MZ + p%,

w = w — E&.

(7)

As illustrated in the upper panel of Fig. 3, where the
kinematically allowed region for £, = 0.8 GeV lies within
the dotted lines corresponding to the above conditions, the
available phase space starts to decrease above Q7 =
0.607 GeVZ. As a consequence, the differential cross sec-
tion also decreases, exhibiting a knee starting at this value
of Q%. Comparison between the results corresponding to
E, = 0.8 and 1.2 GeV shows that as the neutrino energy
gets higher this effect becomes less significant. This pat-
tern can be understood considering that for higher E, the
reduction of the phase space starts at higher |q| and Q?,
where the cross section is smaller. In addition, the shrink-
age of the phase space is less pronounced, as the allowed
Q? range is much broader.

The relation between Q2 and Q2 is by no means simple.
For example, knowing only the energy loss w and the
momentum transfer |q|, in MC simulation we cannot de-
termine Q%.; one additional independent quantity, e.g. the
neutrino or muon energy, is necessary. This implies that

using Q2. we are not describing the intrinsic target re-
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FIG. 3 (color online). Upper panel: curves of fixed Q in the
(w, |ql) plane, superimposed to the kinematically allowed region
(within the dotted boundaries) for 0.8-GeV muon neutrino
scattering. Lower panel: same as in upper panel but for fixed

values of Q2.

sponse: some information on the interaction vertex is also
involved. To calculate Q2. we may use the equality

Q2 + mZ
E, — |k'|cosf = =——F, 8
u — k'l cos 2E, ®)
following from the identity
k-k'= =Yk —K)?—m2], 9)

where k = (E,, k) and k' = (E,, k) are the neutrino and
muon four-momenta, respectively. When we map Q? onto
Q2. using Egs. (1) and (8), the resulting values are shifted
as listed in Table I, which explains why the structures in
do/dQ? and do/Q2. appear at different positions. The

TABLE I. Position of the knees or bumps of the distributions
shown in Fig. 2.

E, (GeV) o (GeV) lq| (GeV) 0% (GeV?) Q. (GeV?)
0.4 0.2536 0.5013 0.187 0.107
0.8 0.5923 0.9788 0.607 0.306
1.2 0.9576 1.4181 1.094 0.494
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FIG. 4 (color online). Comparison of curves of fixed Q> and
Q2. corresponding to the knee (bump) of the differential cross
section do/dQ? (do/Q%L.).

lower panel of Fig. 3 illustrates the reason of the enhance-
ment of the cross section’s knees, which turns them into
bumps: where the phase space for do/dQ? shrinks, we
observe an increase of the allowed range of QZ.; the
behavior in the two variables is thus completely different.
In Fig. 4 we compare the lines of constant Q* =
0.607 GeV? and Q2. = 0.306 GeV? corresponding to
E, = 0.8 GeV. The results clearly show that the two var-
iables, in spite of leading to very similar distributions of
events, are quite different. It clearly appears that the Q% and
Z . distributions are determined by the nuclear response
in different regions of the (w, |q|) plane, the latter being
sensitive to significantly lower values of the momentum
transfer. This feature implies that the Q2. distribution
receives contributions from the kinematical region in
which the validity of the IA may become questionable.

III. BREAKDOWN OF THE IMPULSE
APPROXIMATION

In order to pin down the boundary of the kinematical
region in which the A is applicable, we have studied the
response of nuclear matter (a translationally invariant sys-
tem consisting of equal number of protons and neutrons
subject to strong interactions only) to a scalar probe deliv-
ering momentum q and energy w:

S(q, ) = Y OlpdIn)nlpgl0)s(ew + Ey — E,).  (10)

n

In the above equation, the operator pq = Zpa;Jrqap, ag,
and a, being nucleon creation and annihilation operators,
describes the fluctuations of the target density induced by
the interaction with the probe. The target ground and final
states, |0) and |n), are eigenstates of the nuclear
Hamiltonian H belonging to the eigenvalues E, and E,,
respectively. Note that the scattering cross section of a
scalar probe (e.g. thermal neutrons scattering off liquid
helium) can be written in the simple form
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do (d—")OS(q, o), (11)

dQ
where (do/d()), is the elementary cross section describ-
ing scattering off individual target constituents, while the
response defined in Eq. (10) is an intrinsic property, fully
determined by internal target dynamics.

In the case of electron- or neutrino-nucleus scattering,
Eq. (10) can be readily generalized, replacing the density
fluctuation operator with the operators describing the elec-
tromagnetic and weak nuclear currents. The resulting re-
sponse tensor reads

W, = > Ol n)nll,1008%(q + po — p,).  (12)

dQ

In the IA regime, Eq. (10) can be rewritten in the form
aqmszmmmpm@@+qw—m (13)

where the hole and particle spectral functions, P, and P,
describe the energy and momentum distributions of the
struck particle in the initial and final states, respectively.
The simplest implementation of the A (usually referred to
as plane wave impulse approximation, or PWIA) is based
on the further assumption that final state interactions (FSI)
between the knocked out nucleon and the spectator parti-
cles can be neglected. As a consequence, the nuclear matter
particle spectral function reduces to

P,(p+q w—E)=[1—3mpin(p +q)]
X 8(w —E+M—Ey.y), (14)

where n(p + q) is the occupation probability of the single
particle state of momentum p + q and E, denotes the
energy of a free nucleon carrying momentum p. Note
that, in the above definition, Pauli blocking of the phase
space available to the struck nucleon is treated in a con-
sistent fashion, using the momentum distribution obtained
from the hole spectral function through

n(p) — f dEP,(p, E). (15)

In most calculations of electron- and neutrino-nucleus
scattering cross sections, 47pyn(p)/3 is replaced with
the RFG result (py — |pl), yielding

P,(p’, &) =[1—0(pr— Ip'DISE + M — Ey)
= 0(lp'l — pr)(E + M — Ep). (16)

It has to be pointed out that the above prescriptions, while
being justified in the case of uniform nuclear matter, are
questionable when applied to nuclei. In nuclear matter, due
to translation invariance, the linear momentum is a good
quantum number that can be used to label single particle
states. As a consequence, the momentum distribution also
provides the occupation probability of the states. In finite
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nuclei, on the other hand, single particle states must be
labeled according to the total angular momentum J. In this
case, for any given p, n(p) receives contributions from
states of different J, and may even exceed unity.

The available results of accurate nuclear matter calcu-
lations can be used to model the particle spectral function
of finite nuclei within the framework of the local density
approximation [5], i.e. using the definition of Eq. (14) with

Yapin) = [ r3mpinadp() o, ()
where p4(r) is the nuclear density distribution, normalized
to unity, and ny,,[p(r), p]is the momentum distribution of
nuclear matter at uniform density p(r). This procedure has
been used in all calculations of nuclear cross sections
discussed in this paper.

Within the nonrelativistic approximation, in which both
the response and the hole spectral function can be eval-
uated using realistic nuclear Hamiltonians, the validity of
the TA can be tested comparing S(q, ) of Eq. (10) to

4
Spwia(q, ) = fd3PdEPh(P, E)I:l - ?P%”(P + ‘l)]
Ip + qf?
) —E———| 18
(o s ) (18)

for different values of the momentum transfer q.

The nuclear matter S(q, @) at equilibrium density, p, =
0.16 fm 3 (corresponding to pr = 262.4 MeV), has been
recently computed using the correlated basis function for-
malism and an effective interaction derived from a state-of-
the-art parametrization of the nucleon-nucleon potential
[6]. To analyze the interplay between short- and long-range
correlations, the response defined as in Eq. (10) has been
evaluated in both the Hartree-Fock and Tamm-Dancoff
approximations.

Figure 5 shows a comparison between the responses of
Ref. [6], obtained using Eq. (10) and the correlated
Hartree-Fock approximation, and those obtained from
Eq. (18) using the nuclear matter hole spectral function
of Ref. [7]. The main difference between the two calcu-
lations lies in the treatment of the target final state. In the
IA scheme the state describing the struck particle is fac-
tored out, while in the approach of Ref. [6] the final
A-nucleon state includes both statistical and dynamical
correlations between the struck particle and the spectators.
To make the comparison fully consistent, the PWIA re-
sponse has been computed including only the contributions
of one-hole final states to P;,(p, E). The results of the Fermi
gas model with nonrelativistic kinetic energy spectrum are
also displayed.

The results of Fig. 5 clearly show that at |q| < 2pp the
response obtained from Eq. (18) does not exhibit the linear
behavior at low w resulting from the antisymmetrization of
the final state. On the other hand, as the momentum trans-
fer increases, the PWIA response draws closer to the one

PHYSICAL REVIEW D 82, 013002 (2010)

5T T T T T T T 1]
g W [ E
AE-600 MeV -7 7Tl =
: DA :
3E- EE
2 E
1= .z —
O 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 !ﬁl:
0 100 200 300 400
- L L L L L L B B B B BB
‘> 6?450‘Mev ‘/L\‘ | —
| - - ~ —
q) -
&,
3
S
oo
0 50 100 150 200 250
10 LI — T T T T T T T
BESOOMEVJ/‘_-§J\. | A
= . < =
6
4
2
0
0 50 100 150

w [MeV]

FIG. 5 (color online). Energy dependence of the nuclear matter
response S(q, w). Solid lines: correlated Hartree-Fock approxi-
mation [6]. Dashed lines: PWIA results, obtained from Eq. (18)
using the SF of Ref. [7]. Dot-dashed lines: results of the Fermi
gas model (with nonrelativistic energies) at kp = 262.4 MeV,
corresponding to the equilibrium density of nuclear matter. The
panels are labeled according to the value of |q].

obtained in Ref. [6]. At |q| ~ 600 MeV the results of the
two approaches are within 10% of one another in the region
of the maximum. Note that inclusion of dynamical FSI, e.g.
according to the approach of Ref. [8], would produce a
quenching of the PWIA response in the top panel of Fig. 5,
thus bringing the solid and dashed lines in even better
agreement. Theoretical studies of electron-nucleus scatter-
ing [9] suggest that at |q| ~ 600 MeV, the FSI effect at the
quasifree peak is ~10%.

The emerging pattern suggests that the assumptions
underlying the IA are likely to be valid at momenta larger
than ~2pp, while at lower |q| factorization does not
appear to provide an adequate description of the final state.
In addition, it has to be kept in mind that at |q| ~ p; long-
range correlations, involving more than one nucleon, also
play a significant role [6].

Despite the fact that, being based on the nonrelativistic
approximation, the approach of Ref. [6] should not be used
in the calculation of the MiniBooNE event distribution, it
helps to clarify why the Q2 distribution of events mea-
sured by this experiment can be described by the RFG
model [2] and the SF approach only for Q2. = 0.25 GeV?2.

013002-5



ARTUR M. ANKOWSKI, OMAR BENHAR, AND NICOLA FARINA

6 T
[
L/ ,,\,_\ SF, x1.12:
= 4l 7 lal > 0.45 GeV —
< allal —— |
= [} all|q
= 3
g |
5 ol
% 2
1
N
0 02 04 06 08 1

QI?(‘,(', (GCVZ )

FIG. 6 (color online). Comparison of the MiniBooNE parame-
trization of the data (dotted line), labeled as the « fit, to the
spectral function calculation (dashed line). The solid line depicts
the contribution to the latter from the region where the IA is
expected to be valid. The SF results are multiplied by a factor
1.12 to make them match the « fit.

To improve the description at lower Q?, the MiniBooNE
Collaboration introduced the ad hoc additional parameter
k in the RFG model. While the authors of Ref. [2] argue
that this procedure allows for a better treatment of Pauli
blocking, we think that the inclusion of « cannot be justi-
fied on physics ground. Therefore, we refer to the modified
RFG model of Ref. [2] as the « fit.

Figure 6 shows that in the region of lower values of Q2.
the contribution of |q|’s below 2pp is dominant. Hence, to
explain the neutrino-nucleus cross section do/dQ2. at
quantitative level in the whole range of QZ. one needs a
consistent description of both short- and long-range corre-
lations. Unfortunately, due to the difficulties involved in
the treatment of relativistic particles in the final state, such
a description has not been fully developed yet.

IV. EXPERIMENTAL ISSUES

The average axial mass extracted by past experiments
turns out to be significantly lower than the values recently
reported by K2K and MiniBooNE [10]. Although the early
experiments were carried out using a variety of targets,
about 60% of the total number of recorded events were
collected on deuteron. The results of deuteron measure-
ment with highest statistics [11-13] are very consistent
with one another and have small error bars. Compared to
deuteron experiments, those carried out with heavier tar-
gets have much poorer statistics, the typical number of
events being lower by 1 order of magnitude. Moreover,
using a deuteron target allows one to minimize the system-
atic error associated with the treatment of nuclear effects.

A lower value of the axial mass is also supported by the
result recently obtained by the NOMAD Collaboration
[14] using a carbon target.

On the other hand, MiniBooNE collected more events
than all other experiments combined and carried out an
analysis based on the shape of the reconstructed
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Q? distribution. MiniBooNE reported 193 709 events sur-
viving the cuts, of which about 180000 correspond to 0 =
Q2. <1 GeV?. In the analysis not involving the additional
parameter «, two cuts were applied: one at low Q2Z., to
exclude the region where the RFG model is expected to
break down, and one at high QZ%., to exclude the region of
low statistics. After rejection of the events excluded by the
cuts, the data sample employed to extract the axial mass
reduced to ~112 000 events, i.e. ~62% of the total. Note,
however, that this figure is still ~60 times larger than the
number of events typically collected in deuteron
experiments.

A. Identification of CCQE events

The first problem to be addressed in the comparison
between theoretical calculations and experimental results
is background simulation, which is, to a significant extent,
detector dependent.

The extraction of the axial mass requires an accurate
selection of the CCQE events and a quantitative descrip-
tion of the irreducible backgrounds which may change the
topology of the observed event. For example, a
A-production process followed by pion absorption may
be undistinguishable from a CCQE interaction, whereas a
primary CCQE process may yield pions due to final state
interactions. Therefore, a more complete theoretical analy-
sis should account for intranuclear cascade in a consistent
way.

Although cascade calculations including nucleon-
nucleon correlations have not been developed yet, we can
gauge the relevance of these effects using the results of a
comparison of the MC generators employed in the analysis
of neutrino experiments, reported in Ref. [15]. The pre-
dicted ratio between true and observed CCQE events turns
out to be in the range 82%-89% for a 1-GeV v, beam and
oxygen target. On the other hand, the fraction of events
misidentified as inelastic due to pion produced in final state
interactions is typically 0.5%—-3%. The uncertainty in the
modeling of pion production and absorption may be partly
responsible for the disagreement between the values of the
axial mass reported by K2K and MiniBooNE and those
resulting from different experiments.

Scattering off a correlated pair of nucleons may also be
misinterpreted as pion production, as it produces two had-
ron tracks in the final state. However, even neglecting
nucleon absorption this background does not exceed 3%
of the CCQE events in the MiniBooNE kinematical range,
and is therefore not likely to be significant. Because of the
weaker Q% dependence, resulting from the higher nucleon
removal energy, a proper interpretation of these events may
only marginally increase the value of axial mass extracted
from the analysis.

The effect of FSI, negligible in light nuclei and not taken
into account in this paper, is expected to make the

2 . distribution flatter, quenching its maximum and redis-

013002-6



ANALYSIS OF THE Q? DEPENDENCE OF CHARGED- ...

tributing strength toward higher values of the four-
momentum transfer [9]. This behavior is due to the fact
that FSI couple one-hole states to one-particle-two-hole
states, thus leading to an increase of the average removal
energy. As a result, the neutrino-nucleon interaction takes
place at higher Q. Hence, part of the discrepancy between
the results of K2K and MiniBooNE, on the one hand, and
deuteron-based experiments, on the other hand, may be
ascribable to FSI effects.

It is also very important to realize that the influence of
reaction mechanisms beyond the IA cannot be minimized
increasing the beam energy [16]. It turns out that low
momentum transfers (|q| =< pp) provide almost the same
contributions to the CCQE cross section for neutrino en-
ergy 0.4 and 100 GeV. In the absence of a fully consistent
theoretical description of all the relevant mechanisms, the
most reasonable option for the experimental analysis ap-
pears to be a cutoff, to reject events with |q| < 2pp.

It should be kept in mind that in the region where the IA
is not valid the cross section may not scale with the number
of nucleons. As a consequence, the axial mass (or any other
parametrization of the axial form factor) extracted from
neutrino-nucleus data at low Q2. may turn out to be target
dependent.

B. Proposal of new kinematical variables

The axial mass is currently extracted from experimental
data using the shape of the Q2. distribution of CCQE
events. However, as pointed out in Sec. II, Q2. cannot be
directly measured; its definition [see Eq. (2)] involves the
nucleon separation energy and depends on the applied
approximations, e.g. the assumption that the struck nu-
cleon be at rest.

It may be convenient replacing Q2. with the new, model
independent, variable

B =E, — |k’| cosb, (19)
whose definition only involves measured quantities. From

kK _Q*+my
E 2E,

14

B = (20)

v
it follows that the S distribution exhibits the same behavior
as the Q2. distribution, and can be comparably useful in
the extraction of the axial mass or in the analysis of nuclear
effects. Figure 7 shows the distributions obtained for the
MiniBooNE flux as a function of S.

An even better choice appears to be provided by the
variable

1
m, + 8 '
Figure 8, showing the ¢ distributions of the MiniBooNE

data obtained using different approaches, clearly illustrates
that the main advantage of using ¢ lies in the fact that the

¢ = 21
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FIG. 7 (color online). Distribution of the MiniBooNE data
calculated using the « fit (dashed line), the RFG model (dotted
line), and the SF approach (solid line) as a function of the
variable 3, defined in Eq. (19).

10* events-GeV
O = N W e gty = 00 ©

¢ (1/GeV)

FIG. 8 (color online). Same as in Fig. 7, but plotted as a
function of the variable ¢, defined in Eq. (21).

deviations of the « fit from the RFG model, reflecting the
breakdown of the IA, show up in the high ¢ tail of the
distribution. As a consequence, a single cut at ¢ =
3 GeV™! allows one to reject both the region of low
statistics and the region where effects beyond the IA are
expected to be important. Hence, the extraction of the axial
mass from the ¢ distribution would be based on a larger
data sample. Moreover, the dependence of the
¢ distribution on the axial mass turns out to be only visible
at ¢ > 1.6 GeV ™!, corresponding to the region of highest
statistics. Note that in the case of the Q2 distribution the
situation is reversed.

V. CONCLUSIONS

In this paper, we have analyzed possible sources of the
observed disagreement between the Q2. distributions of
CCQE events reported by several recent experiments and
the prediction of Monte Carlo simulations.

As far as the treatment of nuclear effects is concerned,
our work suggests that, in addition to the known limitations
of the RFG model, discussed in, e.g., Refs. [9,17], the most
critical feature of present analyses is the assumption that
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the IA scheme be applicable over the whole range of Q2.
Electron scattering studies have provided ample evidence
that the IA breaks down in the region of low momentum
transfer, which turns out to provide a significant fraction of
the observed CCQE events, independent of neutrino
energy.

The failure of the IA is clearly exposed by the compari-
son between the full nuclear matter response and the TA
result, discussed in Sec. III, showing that at momentum
transfers |q| < 2pp the contributions of more complex
reaction mechanisms become important, or even dominant.

While our calculations focus on the effects of factoriza-
tion of the final state, it must be pointed out that different
mechanisms should also be considered. For example, me-
son exchange currents, which are long known to provide
appreciable contributions to the electron-nucleus cross
section at the quasielastic peak and beyond, are also ex-
pected to contribute to the background in the case of
neutrino-nucleus scattering.

The development of a consistent treatment of scattering
processes at low and high momentum transfer within a
formalism easily implementable in MC simulation, while
being feasible, involves severe difficulties, and will require
a significant effort in the years to come. On the other hand,
we believe that introducing ad hoc modifications of the
available models, lacking a sound physical interpretation,
will not help to clarify the origin of the disagreement
between theoretical predictions and observations.

Among the issues related to data analysis, identification
of CCQE processes appears to be prominent. The discus-

PHYSICAL REVIEW D 82, 013002 (2010)

sion of Sec. IVA, based on the results of MC simulations,
indicates that it may be at least partly responsible for the
disagreement between the values of the axial mass recently
reported by K2K and MiniBooNE and those obtained from
different measurements.

Improving event identification will require a more real-
istic description of FSI, combining the intranuclear cas-
cade approach with a fully realistic description of the target
nucleus, and including the relevant inelastic channels lead-
ing to pion production. The key elements needed to pursue
this project, i.e. in-medium nucleon and pion cross sections
and nuclear wave functions including correlation effects,
can be extracted from the available data and from theoreti-
cal results of accurate many-body calculations.

Finally, we suggest that data analysis might be improved
using a new kinematical variable which, unlike QZ, can be
defined in terms of measured quantities only. In addition,
using the new variable would allow one to reject both the
region of low statistics and the region where effects beyond
the IA are expected to be important with a single cut. As a
result, the extraction of the axial mass would be based on
higher event statistics.
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