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Abstract We present a parametrization of the observed en-
hancement in the transverse electron quasielastic (QE) re-
sponse function for nucleons bound in carbon as a func-
tion of the square of the four momentum transfer (0% in
terms of a correction to the magnetic form factors of bound
nucleons. The parametrization should also be applicable to
the transverse cross section in neutrino scattering. If the
transverse enhancement originates from meson exchange
currents (MEC), then it is theoretically expected that any
enhancement in the longitudinal or axial contributions is
small. We present the predictions of the “Transverse En-
hancement” model (which is based on electron scattering
data only) for the v, v, differential and total QE cross sec-
tions for nucleons bound in carbon. The Q% dependence of
the transverse enhancement is observed to resolve much of
the long standing discrepancy in the QE total cross sections
and differential distributions between low energy and high
energy neutrino experiments on nuclear targets.

1 Introduction

A reliable description of the neutrino (v,) and antineu-
trino (v,) quasielastic (QE) and inelastic scattering pro-
cesses (particularly on nuclear targets) is essential for pre-
cision studies of v,, v, oscillation [1-6] parameters such
as mass splitting and mixing angles. In addition to modeling
the v, v, cross sections [7], a reliable model of the hadronic
final states is needed because the hadronic energy response
of v, detectors is not the same for protons, neutrons, pions,
photons, and nuclear fragments. Prescriptions which can be
readily incorporated into existing v, Monte Carlo genera-
tors [8—11] are preferable.
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Models which assume that QE scattering on nuclear tar-
gets can be described in terms of scattering from inde-
pendent nucleons bound in a nuclear potential (e.g. Fermi
gas [12] or spectral functions) do not provide an adequate
representation of measured differential and total QE cross
sections for low energy (=1 GeV) v, scattering on nu-
cleons bound in carbon [13-16] (MiniBooNE) and oxygen
[17, 18] (K2K and T2K). The measured QE total cross sec-
tions are 20% larger than the model and the differential dis-
tributions in Q2 are also inconsistent. The vector and axial
form factors that are used in independent nucleon models
are the free nucleon form factors extracted from electron and
Yy, by, scattering data on hydrogen and deuterium [19].

Although there are more sophisticated calculations of
quasielastic scattering (e.g. relativistic distorted-wave im-
pulse approximation [20]), it is the simple independent nu-
cleon model that has been implemented in the currently
available neutrino cross section Monte Carlos [8—11].

This disagreement between the measured low energy v,
differential and total QE cross sections on nuclear targets
and the predictions from the independent nucleon model
has been attributed to an incomplete description of nu-
clear effects. These additional nuclear effects have been
parametrized as an ad-hoc change in the axial form factor
mass parameter from the value measured for free nucle-
ons [19] (M7 = 1.014 + 0.014 GeV) to M =1.20 +

0.12 GeV (K2K) and M:ﬁ = 1.23 £ 0.20 GeV (Mini-
BooNE).

A recent analysis [15, 16] of newly published differential
QE cross sections from MiniBooNE (for nucleons bound in
carbon) yields larger values of Mf\ﬁc = 1.350 + 0.066 GeV

in the Fermi gas model and Mzﬂ = 1.343 £ 0.060 GeV in
the spectral function model. In that analysis the free nucleon
value M{(ee = 1.014 GeV is excluded at the confidence level
greater than 5o (standard deviations).
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Fig. 1 (a) F4(0%) extracted from vy -deuterium data [19] divided

by G4(0% with Ms = 1.015 GeV. (b) Fa(Q?) from pion elec-

troproduction (corrected for hadronic effects) divided by G’g(Qz)

with My = 1.015 GeV. Thin solid line—duality based fit from ref-
erence [191; short-dashed line—Fa(Q3?) a2—=v2. Dashed-dot line—

Figure 1 shows the world’s data [19] for the nucleon axial
form factor (F A(Qz)) extracted from QE v, v, scattering
on hydrogen and deuterium. Here, the data for F A(QZ) are
shown as a ratio to a nominal dipole Fu(0%) = GAD(QZ) =

% with M4 = 1.015 GeV. On the left side we
A

show the values extracted from v, v, experiments on hy-
drogen and deuterium and on the right side we show the
values extracted from pion electro-production data on hy-
drogen. The average of the measurements of M4 from
vy, V, experiments on hydrogen and deuterium of Mj;’“‘ =
1.016 = 0.026 GeV is in agreement with the average value
of M Zw" =1.014 £ 0.016 GeV extracted from pion electro-
production experiments on hydrogen (after corrections for
hadronic effects). The average of the vy, v, and electro-
production values is [19] MX”’M_“V =1.014 £0.014 GeV.
The thin solid line is a duality based parametrization [19]
of possible deviations from the dipole form. The dashed-
dot line is the prediction of a constituent quark model [25]
and the short-dashed line is the expectation for F(Q?) if
the vector and axial-vector structure functions are equal (eg.

Qelastic-vector Qelastic-axial
Wy =W, ).

It is clearly observed that a dipole axial form factor with
M4 = 1.35 GeV (thick solid red line) is inconsistent with
the measurements on hydrogen and deuterium.

It has been assumed that an “effective” axial mass pro-
vides an adequate description of the missing nuclear correc-
tions. However, a large increase in the axial form factor of
bound nucleons is contrary to theoretical expectations that
M 4 in nuclear targets should be smaller [26, 27] than (or the
same [28]) as in deuterium.

Additionally, the low energy neutrino data appear to be
in disagreement with higher energy neutrino experiments on

@ Springer
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for elastic scattering (x = 1). Here £ = EVE=YaE T=Q"/4M~, and
M is the average nucleon mass

nuclear targets. At high neutrino energies, the total and dif-
ferential QE cross sections on nuclear targets are consistent
with models which assume that the scattering is on indepen-
dent nucleons with free nucleon form factors. For example,
M4 of 0.979 +0.016 GeV has been extracted from a global
analysis [29] of the differential distributions and total QE
cross sections measured in all high energy v,, experiments
on nuclear targets.

Recent measurements of the differential and total QE
cross section for nucleons bound in carbon by the NO-
MAD [30, 31] collaboration for v,, v, energies above
4 GeV are also consistent with models which assume that
the scattering is from independent nucleons with free nu-
cleon form factors. The NOMAD analysis yields a value of
M4 (1.05 4 0.02 +0.06 GeV).

Therefore, the results of the higher energy and low energy
v, experiments on nuclear targets appear to be inconsistent
with each other.

In this communication we investigate the transverse en-
hancement observed in QE electron scattering experiments
on nuclear targets. We obtain a parametrization of the en-
hancement and investigate its implication for v,, v, scat-
tering. We show that the Q% dependence of the transverse
enhancement resolves much of the discrepancy between the
low energy and high energy neutrino experiments, in addi-
tion to obviating the need for an ad-hoc nuclear modification
to My.

2 Electron-nucleon scattering

The differential cross section for scattering of an unpolar-
ized charged lepton with an incident energy Ey, final energy
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E’ and scattering angle 6 can be written in terms of the struc-  or,
ture functions F; and 7 as: 5 5
X

o / 2xF =f2<1 + 02 ) — Fr(x, 0%) ©
—(EO’ E ) 0)
d2dE’ N o

42 E" ) In addition, 2x ] is given by
= 0 cos“(0/2)

x [Fa(x, %) /v +2tan*(0/2)F; (x, 0%)/M]

where « is the fine structure constant, M is the nucleon
mass, v = Eg — E’ is the energy of the virtual photon which
mediates the interaction, Q2 = 4EyE’ sin?(0 /2) is the in-
variant four-momentum transfer squared, and x = Q2/2Mv
is the Bjorken scaling variable. We define 7, = vW,, F| =
MW; (and for vy, v, scattering F3 = vWV3).

Alternatively, one could view this scattering process as
virtual photon absorption. Unlike the real photon, the virtual
photon can have two modes of polarization. In terms of the
cross section for the absorption of transverse (o) and lon-
gitudinal (o7 ) virtual photons, the differential cross section
can be written as,

d*c _r 2 2 |
m— [GT(X,Q )+€UL()C,Q )] ()
where,

I oKE' 2 )
_47[2Q2E0<1—e> )
_ % 207

N2

K:M 4)

2M

The quantities I" and € represent the flux and the degree
of longitudinal polarization of the virtual photons respec-
tively, which the quantity R is defined as the ratio oz /o7,
and is related to the structure functions by

4M2x2 Fr
1 — 1= 5
(+ - ) e )

where F, is called the longitudinal structure function. The
structure functions are expressed in terms of o7 and or as
follows:

2y _ 9L _ Fa
R(X’Q )_O'T T2 F

MK
Fi= mUT (6)
vK (o +0o
Fp= LT ™
4M%x?
fL(x,Q2)=f2<1+ sz )—2x]—'1 8)

2.2,02
2x Fi (x, Qz) — ]:2(36, Q2)M

1+ R(x, Q%)
or equivalently
1+v2/Q?
e @) = Wale ) G

In the case of elastic scattering from free nucleons (x =
0?%/2Mv = 1) the structure functions are related to the nu-
cleon form factors by the following expressions [32]:

2
Wff:mc _ B(U - ZQ—M)I|GMP(Q2)|2

2
WfflaSlic — 8(1) — Q—)T|GMn(Q2)|2

2M
and
2 2\12 2\72
elastic __ _ 0 [GEp(O)]" + TG mp(07)]
W2P = (S <V 2M> 1 + .
Welas[ic — 8<V o Q_2> [(;EI’L(Qz)]2 + T[GMI’L(QZ)]Z
2n 2M [

elastic _
R o (x =

Uelastic 4M2 GZ

elastic — 2 2
of 0° \Gy,
Here, 1 = Q2/4M12,’n, where M, ,, are the masses of pro-
ton and neutron. Therefore, G s, and Gy, contribute to the
transverse virtual photo-absorption cross section, and Ggp
and G g, contribute to the longitudinal cross section.

3 Nucleon form factors

The nucleon electromagnetic form factors are best described
by the BBBA2007,5 duality based parametrization [19]. The
deviations from the dipole form factors are parametrized by
multiplicatives functions Ay (&) for each of the proton and
neutron form factors (Ag,(§7), Ayp(§P), Aga(§"), and
Apn(€™)). Here, Ay (&) = 1 for pure dipole form factors.
The variable £ is the target mass scaling variable for elastic
scattering (x = 1), where

g

2
U+ /T+ 1T,
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Fig. 2 Ratios of Gg, (a), Gup/ip (b), Gy (€) and G 1, /1y (d) to

| - — . .
Gp= Ty with My = 0.8426 GeV. The short-dashed line in
each plot is the old Kelly [21] parameterizations (old Galster [22-24]

and 1,, = Q2/4M§’n. Here M, , are the proton
(0.9383 GeV/c?) and neutron (0.9396 GeV/c2) masses, re-
spectively.

1
p(2’) (1+ Q2/M3)?
GEp(QZ) = AEp-dipole(gp) X GZ(QZ)
Grn(0%) = A%, (€) x Gy (€)% (T2 )
Gmp(0%)/1tp = Amp-dipote EF) x G} (0?)
Gun(0%)/1n = A%, (E") x Gup(0%)/1p

Here (), = 2.7928, u, = —1.913, and M} = 0.71 GeV?
(My = 0.8426 GeV). The parameters for the multiplica-
tive functions Ay (§) which describes the ratio to dipole are
given in reference [19]. The parametrizations are compared
to experimental data in Fig. 2.

For the axial form factor we use

8a

2\ _ A 2\ _
(0 =6b(C) = G5 g a2

@ Springer
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for Ggp). The solid line is the BBBAO7,5 and the long-dashed line is
BBBAQ743 parametrizations [19], respectively. The values of £ and the
corresponding values of Q2 are shown on the bottom and top axis

where g4 = —1.267, and M4 = 1.014 +0.014 GeV is the
axial mass for free nucleons.

The ratio of longitudinal and transverse cross sections for
free nucleons is given by:

27,2 A2 2
Rpelastic _ 4M*/ 1w, Ap-aipole _ 0481 AEp-dipole
p - 2 2 - 2 2
Q AMp-dipole Q AMp-dipole
2 2542 2
Relastic _ ﬁRelum’c (AEn) ( atp )
n 20 25
i (A2 \1+ b7,

In the dipole approximation with Gg, =0

Relastic ~ 4M2/(M?7 + M%) _ 0.328

deuteron ™ Q2 Q2 (10)

4 Quasielastic electron scattering from nuclear targets

For electron—nucleon and muon—nucleon scattering, scatter-
ing from free nucleons (with no pions in the final state) is
called elastic scattering, and scattering from nucleons bound
in a nuclear target (with no pions in the final state) is called
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QE scattering because the scattering is from quasi-free nu-
cleons.

For charged-current v, -nucleon and v, -nucleon scatter-
ing (with no pions in the final state), the term QE scattering
is used to describe scattering from either free or bound nu-
cleons because the neutrino is transformed to a final state
muon. For neutrino processes, the term elastic scattering is
only used when there is a neutrino in the final state.

Studies of QE electron scattering on nuclear targets indi-
cate that only the longitudinal part of the QE cross section
can be described in terms of a universal response function
of independent nucleons bound in a nuclear potential [33]
(and free nucleon form factors). In contrast, a significant ad-
ditional enhancement with respect to the model is observed
in the transverse part of the QE cross section.

The enhancement in the transverse QE cross section has
been attributed to meson exchange currents (MEC) in a
nucleus [33-38]. Meson exchange currents originate from
nucleon-nucleon correlations (predominantly neutron- pro-
ton). The final state for the MEC process can include one
or two nucleons. If no final state pions are produced, the
process is considered as an enhancement of the QE cross
section. If one or more final state pions are produced, the
process enhances the inelastic cross section.

Within models of meson exchange currents the enhance-
ment is primarily in the transverse part of the QE cross sec-
tion, while the enhancement in the longitudinal QE cross
section is small (in agreement with the electron scattering
experimental data). The conserved vector current hypothesis
(CVC) implies that the corresponding vector structure func-
tion for the QE cross section in v, v, scattering can be ex-
pressed in terms of the structure functions measured in elec-
tron scattering on nuclear targets. Therefore, there should
also be a transverse enhancement in neutrino scattering.

In addition, for some models of meson exchange cur-
rents [36] the enhancement in the axial part of v,, v, QE
cross section on nuclear targets is also small. Therefore, the
axial form factor for bound nucleons is expected to be the
same as the axial form factor for free nucleons.

4.1 Measuring the transverse enhancement at low Q2

The longitudinal response scaling functions extracted by
Donnely et al. [33] for different momentum scales and dif-
ferent nuclei (A = 12, 40 and 56) are essentially described
by one universal curve [33] which is a function of the nu-
clear scaling variable ¥’ only. The function peaks at ¥’ =0
and ranges from ' = —1.2 to /' = 2. In contrast, the trans-
verse response scaling function is larger and increases with
momentum transfer. The response function of the transverse
enhancement excess is shifted to higher ' and peaks at
Y ~0.2.

Carlson et al. [36] uses the measured longitudinal and
transverse response functions to extract the ratio (Rr) of the

integrated response functions for the transverse and trans-
verse components of the QE response functions for values
of ' <0.5and ¥’ < 1.2.

For nucleons bound in carbon, the ratios for ¥" < 0.5 are
1.2, 1.5, 1.65 for values of the 3-momentum transfer g3 of
0.3, 0.5, and 0.6 GeV/c, respectively (q32 = Q2 + v2 where
v = Q?/2M at the QE peak).

The ratios for ¢/ < 1.2 are 1.25, 1.6, 1.8 for g3 values
of 0.3, 0.5, and 0.6 GeV, respectively. (These correspond to
Q2 values of 0.09, 0.15, and 0.33.) At higher values of ¥’
the transverse response functions include both QE scatter-
ing and pion production processes (e.g. A production with
Fermi motion).

Therefore, we use the measured values of Ry for ¥/ <
0.5, where the contribution from pion production process is
small, and apply correction to extract the ratio for the entire
range of v/, as described below.

The excess transverse response function peaks at ¥’ ~
0.2, while the longitudinal response function peaks at
¥’ = 0. A fit of an asymmetric gaussian to the longitu-
dinal response function indicates that the Rr values for
the total response functions integrated over all v are re-
lated to the ratio for v’ < 0.5 by the following expres-
sion:

Re(all — ") =1+ 118 [Rr (¥’ <0.5) — 1]

We obtain Ry (all — ) values of 1.24+0.1, 1.594-0.1, and
1.77 £ 0.1 for Q2 values of 0.09, 0.15, and 0.33 (GeV/c)?,
respectively. We use the difference in the measured values
of Ry for ¥/ < 0.5 and ¥’ < 1.2 as an estimate of the
systematic error. Since the longitudinal response function
is equal to the response function for independent nucleons,
the ratio Ry (all — ') is equivalent to the ratio of the in-
tegrated transverse response function in a nucleus to the
response function for independent nucleons (as a function
of 0?).

The values of R extracted from the data of from Carlson
et al. are shown as a function of Q2 (black points) in Fig. 3.

4.2 Measuring the transverse enhancement at high 0

The technique of using the ratio of longitudinal and trans-
verse QE structure functions to determine the transverse en-
hancement in the response functions for QE scattering is less
reliable for Q2 > 0.5 (GeV/c)?, because at high values of
Q? the longitudinal contribution to the QE cross section is
small (as illustrated in (10)).

Since the transverse cross section dominates at large Q>
one can extract the transverse enhancement by compar-
ing the measured QE cross sections to the predictions of
the independent nucleon model directly. However, because
there is overlap between pion production processes and QE

@ Springer
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Fig. 3 The transverse enhancement ratio (R7) as a function of Q2.
Here, R is ratio of the integrated transverse response function for QE
electron scattering on nucleons bound in carbon divided by the inte-
grated response function for independent nucleons. The black points
are extracted from Carlson et al. [36], and the blue bands are ex-
tracted from a fit [43] to QE data from the JUPITER [39] experiment
(Jlab experiment E04-001). The curve is a fit to the data of the form

Rr=1+ AQze*Qz/ B The dashed lines are the upper and lower er-
ror bands

scattering, the contribution from pion production processes
should be accounted for in the extraction process.

We extract the transverse enhancement at higher values
of Q? from a fit to existing electron scattering differential
cross sections on nuclei, including preliminary data from
the JUPITER collaboration [39] (Jefferson lab experiment
E04-001). The fit (developed by P. Bosted and V. Mamyan)
provides a description of inclusive electron scattering differ-
ential cross sections on a range of nuclei with A > 2.Itis an
extension of fits to the free proton [41] and deuteron [42]
cross sections. The fit is utilized for calculations of the ra-
diative corrections for the JUPITER analysis [43]. Experi-
ment E04-001 was designed to provide separations of the
longitudinal and transverse structure functions from a range
of nuclei. These data, therefore, provides a significant con-
straint on this separation in both the quasi-elastic and reso-
nance regions, which are of critical importance for the cur-
rent study. A brief description of the fit is given in [43]
(where plots of the fit residuals to the data sets utilized are
presented).

The inclusive fit is a sum of four components:

— The longitudinal QE contribution calculated for indepen-
dent nucleons (smeared by Fermi motion in carbon)

— The transverse QE contribution calculated for indepen-
dent nucleons (smeared by Fermi motion in carbon)

— The contribution of inelastic pion production processes
(smeared by Fermi motion in carbon).

@ Springer

— A transverse excess (TE) contribution (determined by the
fit)

The QE model used in the Bosted—Mamyan fit is the
super-scaling model [40] of Sick, Donnelly, and Maieron.

Figures 4 and 5 show samples of Bosted-Mamyan fits
to preliminary electron scattering differential cross sections
from JUPITER on a carbon target. Shown are the contribu-
tions from the transverse QE (solid pink), longitudinal QE
(dashed pink), total QE (solid red), inelastic pion produc-
tion processes (solid green), and a transverse excess (TE)
contribution (solid black line).
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Fig.4 Samples of fits [43] to preliminary electron scattering data from
the JUPITER collaboration [39] (Jefferson Lab experiment E04-001)
on a carbon target. Shown are the contributions from the transverse
QE (solid pink), longitudinal QE (dashed pink), total QE (solid red),
inelastic (pion production) processes (solid green), and a transverse
excess (TE) contribution (solid black line). Top: 02 =0.3 GeV/c? at
the QE peak. Bottom: 0% =0.68 GeV/c? at the QE peak
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Fig. 5 Same as Fig. 4. Top: 0% = 1.0 GeV/c? at the QE peak. Bottom:
0% =1.1 GeV/c? at the QE peak

We extract the transverse enhancement ratio as a function
of Q? by integrating the various contributions to the fit up to
W2 =1.5 GeV2. Here

QEtransverse + TE

QEtransverse

Rr=

We assign a conservative systematic error to R to account
for the possibility that a fraction of the transverse excess
events may be produced with a pion in the final state.

Figure 3 shows the values of R as a function of Q%. The
black points are extracted from Carlson et al. [36], and the
higher Q2 blue bands are from the fit to QE data from the
JUPITER collaboration [39]. The data are parametrized by
the expression:

Rr=1+AQ% /B

with A = 6.0 and B = 0.34 (GeV/c)2. The electron scatter-
ing data indicate that the transverse enhancement is maximal
near Q% = 0.3 (GeV/c)? and is small for Q2 greater than
1.5 (GeV/c)?. The upper error band is given by A = 6.7
and B = 0.35 (GeV/c)?, and the lower error band is given
by A =5.3 and B =0.33 (GeV/c)>. This parametrization is
valid for carbon (A = 12) (it is also an approximate repre-
sentation for higher A nuclei).

5 Consequences for v, , v, charged-current QE
scattering on carbon

We assume that there is a corresponding transverse enhance-
ment in the v, v, QE cross sections on nuclear targets. Al-
though motivated by MEC, the analysis is model indepen-
dent since the parameters are taken from electron scattering
data.

In the rest of this paper, the terms cross sections and
differential distributions refer to scattering from nucleons
bound in carbon.

5.1 The “Independent Nucleon (M4 = 1.014)” baseline
model

In modeling v,, v, QE scattering on nuclear targets we
use BBBA2007,5 free nucleon electromagnetic form fac-
tors (with M \2, =0.71), and a dipole axial form factor with
M4 = 1.014 GeV. We apply Pauli blocking corrections to
the differential QE cross section, as implemented in the
NEUGEN Monte Carlo [8—11]. The Pauli blocking factor as
a function of Q2 is shown in Fig. 6. We do not apply Fermi
motion corrections since we only study the total integrated

Fermi Gas Correction
i — -
i //

o
o

o
o

Nuclear Correction

0.4

Fermi Gas Correction

0.2

0.15 0.2

0.25 0.3
Q? (GeV/c)

% 005 0.1

Fig. 6 The Fermi suppression factor (Pauli blocking) used in our stud-
ies as a function of Q2. We use the Pauli blocking factor which is im-
plemented in the NUEGEN Monte Carlo [8—11]
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QE cross section. We refer to this baseline model, which is
shown as orange dotted lines on plots, as the “Independent
Nucleon (M4 = 1.014)” model.

5.2 The “Transverse Enhancement” model

We use our parametrization of Ry to modify G, and Gy,
for bound nucleons as follows. First, we assume that the
enhancement in the transverse QE cross section modifies
Qﬁ‘fl = Gup — Gy, for nucleons bound in carbon with a
form given by

Gﬁgzlear(QZ) — GMn(Qz) X \/m

In all of the studies we keep GEP(QQ), GE,,(QZ) and
F4(Q?%) for bound nucleons the same as for free nucle-
ons. The transverse enhancement leads to an enhancement in
the structure functions WlQelamc, WzQelamc and W3Qelas”c.
The expressions for the v, v, differential QE cross sections
are given in the Appendix. We also apply Pauli blocking as
a function of Q? as shown in Fig. 6. We refer to this model
as the “Transverse Enhancement” model. The predictions
on the plots for the “Transverse Enhancement Model” are
shown with solid red lines. The error bands are shown as
dotted dashed red lines. The ratio of calculated quantities
for the “Transverse Enhancement model” divided by “Inde-
pendent Nucleon” (M 4 = 1.014) are also shown as solid red

lines.
5.3 The “Larger M4 (M4 = 1.3)” model

Since low energy neutrino experiments have used an ad-
hoc Mf\ff ~ 1.3 GeV to account for additional nuclear ef-
fects, we also compare our results to the differential and total
QE cross sections calculated for independent nucleons with
Miﬁ = 1.3 GeV in the following expression:

1

T (1 + 02/ M2) (v

quclear(QZ)

For this model, we use the electromagnetic form factors for
free nucleons, and apply Pauli blocking as described above.
We refer to this model, which is shown as dashed blue lines
on plots, as the “Larger M4 (M4 = 1.3)” model. The ratio of
calculated quantities for the “Larger M4 (M4 = 1.3)” model
divided by the predictions of the “Independent Nucleon”
(M 4 = 1.014) model are also shown as dashed blue lines.

5.4 Results

Figures 7 and 8 show the QE differential cross section
(do/dQ?) as a function of Q2 for vy, vy, energies of 1.0
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Fig. 7 The QE differential cross section (dcr/sz) as a func-
tion of Q2 for v, v, energies of 1.0 GeV (maximum accessible
02 =1.3 (GeV/c)?). Here, the orange dotted line is the prediction

max

of the “Independent Nucleon (M4 = 1.014)” model. The blue dashed
line is the prediction of the “Larger M4 (M4 = 1.3)” model. The red
line is prediction of the “Transverse Enhancement” model. This color
and line style convention is used in all subsequent plots. Top (a): v,
differential QE cross sections. Bottom (b): v, differential QE cross
sections

and 3.0 GeV, respectively. The orange dotted line is the pre-
diction of the “Independent Nucleon (M4 = 1.014)” model,
the blue dashed line is the prediction of the “Larger M4
(M4 = 1.3)” model, and the solid red line is the prediction
of the “Transverse Enhancement” model. The top panels (a)
show v,, differential QE cross sections, and the bottom pan-
els (b) show the v, differential QE cross sections.

Figures 9 and 10 show the ratio of the predictions of the
two models to the predictions of the “Independent Nucleon
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(M4 = 1.014)” model as a function of Q2 for vy, v, ener-
gies of 1.0 GeV, and 3.0 GeV, respectively. The blue dashed
line is the ratio for the “Larger M4 (M4 = 1.3)” model. The
red line is the ratio for the “Transverse Enhancement” mode
(with error bands shown as dotted red lines). The top (a)

Fig. 9 The ratio of the prediction of the two models for the QE dif-
ferential cross section do/dQ? to the prediction of the “Independent
Nucleon (M, = 1.014)” model as a function of Q2 for Yy, Uy en-
ergies of 1.0 GeV (maximum accessible Q,znax = 1.3 (GeV/c)?). The
blue dashed line is the ratio for the “Larger M4 (M4 = 1.3)” model.
The red line is the ratio for the “Transverse Enhancement” model (with
error bands shown as dotted red lines). Top (a): ratio for v, differen-
tial QE cross sections. Middle (b): ratio for v, differential QE cross
sections. Bottom (¢): The v, /v, ratio for the differential QE cross sec-
tions divided by the corresponding v, /v, ratio for the “Independent
Nucleon (M4 = 1.014)” model
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panels show the ratio for do/ dQ2 for v,. The middle (b)
panels show the ratio for do/d Q2 for v,. The bottom (c)
panels show the ratio of predicted ratio of v, /v, do/dQ?
cross sections for the two models (divided by the v, /v, ra-
tio predicted by the “Independent Nucleon (M4 = 1.014)”
model).

For 0? < 0.6 (GeV/c)? the differential QE cross sec-
tion for the “Transverse Enhancement” model is close to
the “Larger M4 (M4 = 1.3)” model. The maximum acces-
sible Q2 for 1 GeV neutrinos is 1.3 (GeV/c)? (as shown in
Fig. 16). Therefore, fits to the neutrino differential QE cross
sections for an incident energy of 1 GeV (e.g. MiniBooNE)
would yield M4 ~ 1.2 GeV. The extracted value of M4 de-
pends on the specific model parameters that are used for
Pauli blocking and the variation of the statistical errors in
the data with Q. For a neutrino energy of 1 GeV, the total
integrated QE cross section predicted by the “Transverse En-
hancement” model is also larger than the total QE cross sec-
tion prediction of the “Independent Nucleon (M4 = 1.014)”
model.

In the high Q2 region (Q? > 1.2 (GeV/c)?), the predicted
differential QE cross section for the “Transverse Enhance-
ment” model is similar to the prediction of the “Independent
Nucleon (M4 = 1.014)” model. The maximum accessible
0? for 3 GeV neutrinos is 4.9 (GeV/c)2. In order to reduce
the sensitivity to modeling of Pauli blocking, experiments at
higher energy [26, 27] typically remove the lower Q2 points
in fits for M 4. Consequently, fits for the neutrino differen-
tial QE cross sections measured in high energy experiments
would yield a value of M4 which is smaller than 1.014 GeV
because for 02 > 0.5 (GeV/c)? the slope of the differential
QE cross section in the transition region between low and
high Q2 is steeper than for M4 = 1.014 GeV. This is con-
sistent with the fact that the average M4 extracted from high
energy data on nuclear targets [26, 27] is 0.979 £ 0.016.

Figure 11 shows the total QE cross section as func-
tion of energy. The data points are the measurements from
MiniBooNE [13, 14] and NOMAD [30, 31]. The orange
dotted line is the prediction of the “Independent Nucleon
(M4 = 1.014)” model. The blue dashed line is prediction of
the “Larger M4 (M4 = 1.3)”. The red line is the prediction
of the “Transverse Enhancement"’ model (with error bands
shown as dotted red lines). The top (a) panel shows the v,
total QE cross section. The middle (b) panel shows the v,
total QE cross section. The bottom (c) panel shows the ratio
of v, and v, total QE cross sections.

Figure 12 shows the ratio of the predictions for total QE
cross section to the predictions of the “Independent Nu-
cleon (M4 = 1.014)” model as a function energy. The blue
dashed line is the ratio of the predictions for the “Larger
My (M4 = 1.3)” model, and the red line is ratio for the
“Transverse Enhancement” model (with error bands shown
as dotted red lines). The top (a) panel shows the ratio of the
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<« Fig. 11 The total QE cross section as function of energy. The data

points are measurements of MiniBooNE [13, 14] (gray stars) and NO-
MAD [30, 31] (purple circles). The predictions for the “Independent
Nucleon (M4 = 1.014)” model, “Larger M4 (M4 = 1.3) model”, and
“Transverse Enhancement model” are shown. Top (a): v, total QE
cross section. Middle (b): v, total QE cross section. Bottom (¢): QE
vy /vy, total cross section ratio

predictions for the v, total QE cross section. The middle
(b) panel shows the ratio of the predictions for the v, to-
tal QE cross section. The bottom (c) panel shows the pre-
dicted v, /v, cross section ratio divided by the predicted
Vv, /vy ratio for the “Independent Nucleon (M4 = 1.014)”
model. The data points are measurements from MiniBooNE
[13, 14] and NOMAD [30, 31].

As shown in Fig. 11(a) (top), and Fig. 12(a) (top), at low
v,, energies the “Transverse Enhancement” model (red line)
predicts QE cross sections at a level similar to the “Larger
M4 (M4 = 1.3)” model (blue dashed line). Both the “Larger
My (M-1.3)” model and the “Transverse Enhancement”
model predictions are in agreement with the MiniBooNE
QE v, cross sections. However, at higher v, energies the
“Transverse Enhancement” model predicts QE cross sec-
tions which are lower than the prediction of the “Larger M4
(M4 =1.3)". The lower QE v, cross sections at high energy
are consistent with the NOMAD measurements (within ex-
perimental errors).

Similarly, for v, scattering the “Transverse Enhance-
ment” model predicts total QE cross section which are lower
than the predictions of the “Larger M4 (M4 = 1.3)” model
as shown in Fig. 11(b) (middle) and Fig. 12(b) (middle). The
lower QE cross v, sections are consistent with the NOMAD
measurements (within experimental errors).

6 Conclusion

We parametrize the enhancement in the transverse QE cross
section observed in QE electron scattering on nuclear targets
as a correction to the magnetic form factors of bound nucle-
ons. Within models of MEC, MEC processes contribute only
to the transverse QE response function and do not enhance
the longitudinal and axial response functions. We find that
the QE cross sections for v, v, QE scattering predicted by
the “Transverse Enhancement” model agree with the Mini-
BooNE low energy neutrino QE cross sections, and are also
consistent with QE cross sections measured by NOMAD at
higher energies.

The simple two parameter parametrization of Q% depen-
dence of the transverse enhancement as a correction to the
proton and neutron magnetic form factors can easily be in-
corporated into existing Monte Carlo generators [8—11].

At present, v, v, experiments use the “Large M~

model to predict WIQEI'””C, 2Qem‘mc, and W3Qdamc for neu-

@ Springer



Page 12 of 18

Eur. Phys. J. C (2011) 71:1726

vin—p+w

1.5
g I | v MiniBooNE, C,.normalized to CS with M,=1.014
£ [ | «vNomad, C, normalized to CS with M,=1.014
S |
1.4
1.3l
L *
| dr' *
1‘2; B ST TTTLT T T TUTY TY T UE Y ITTTUTUIR SRR A SR
L —
14F
ol
:“ M,=1.30)/(M,=1.014)
[ — (Tranv Enhance in G|, M,=1.014)/(M,=1.014)
0‘911\\H\Jl\\\l\\\\\\l\\\\\\\\\l\\\\l\\\\\
a) 0 1 2 3 4 5 7 8 9 10
E' (GeV)
V+p—n+yu*
s 14 P s
o + evNomad, C
2 L
g I
L ey s s DR S
1‘27 lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
1144
1/
o‘gl'f",(_MA=1.30)/( ,=1.014)
[ — (Trans Enhapce in v, M,=1.014)/(M,=1.014)
T T Y o T S A A A
b) 3 4 5 6 7 8 9 10
E' (GeV)
11 F+p—=n+u)(v+n—p+yu)
< L
= eeses M,=1.30)/(M,=1.014)
® 1,05/ T Enh sV A AN - 14
.E . ‘17 rranvennance in \JM, IVA—I.\I a)/ IVI‘—I.UI )
E e
o (s
£ 1T
> s
B U A B R N UNPTUUOE s STRI EEL L
5] NN N R R Or SPTILL Ly
© 095 % ettt
= N - oot
L L= ornaanst’
0.9 ]
0.85[
0.8}
E7
T e A A v
c) 0-7% 1 2 10
E' (GeV)

@ Springer

<« Fig. 12 The ratios of predicted and measured total QE cross section

to the predictions of the “Independent Nucleon (M4 = 1.014)” model
as a function energy. The ratios for the predictions of the “Larger M4
(M4 = 1.3) model” and “Transverse Enhancement model” are shown.
The data points are the ratios for the measurements of MiniBooNE [13,
14] (gray stars) and NOMAD [30, 31] (purple circles). Top (a): The ra-
tio for v, total QE cross sections. Middle (b): The ratio for v, QE cross
sections. Bottom (c): The v, /v, total QE cross section ratio divided by
the corresponding ratio for the “Independent Nucleon (M4 = 1.014)”
model

trino QE scattering on nuclear targets. A large increase in
M 4 is contrary to theoretical expectations [26-28].

The differential and total QE cross sections predicted in
the “Larger M4 (M4 = 1.3)” model are similar to the pre-
dictions of “Transverse Enhancement” model only at low v,
energies.

The assumption made in the “Transverse Enhancement”
model is that the enhancements in the transverse response
functions in v, /v, scattering are the same as measured in
electron scattering, and that there is no additional enhance-
ment in the longitudinal or axial response functions (as ex-
pected in MEC models [36]). Since we only uses parame-
ters from electron scattering data, our analysis is purely phe-
nomenological, and does not rely on a specific MEC model.
Because in electron scattering the transverse enhancement is
only significant at low values of Q, the fractional contribu-
tion of “Transverse Enhancement” to the total neutrino QE
cross section is energy dependent, thus resolving much of
the apparent discrepancy between the low energy and high
energy neutrino QE cross sections on nuclear targets.

In an earlier publication, Martini, Ericson, Chanfray, and
Marteau [37, 38] calculated the contribution of meson ex-
change currents to the differential and total QE cross sec-
tions for v, /v,, energies less than 1.2 GeV. In the compari-
son with our model, we show the Martini et al. predictions
with the random phase approximation (“QE+np-nh RPA”).
For the range 0.5 < E < 1.2 GeV, the predictions of Mar-
tini et al. are similar to the predictions of the “Transverse
Enhancement” model as shown in Figs. 13, and 14. For
E < 0.5, the predictions of Martini et al. are lower than
the predictions of the “Transverse Enhancement” model.
However, for such low energies, the predictions are sensi-
tive to differences in the modeling of Pauli blocking in the
two models. The predictions of the Martini et al. model for
v, /v, scattering for energies greater than 1.2 GeV have not
yet been published.

Figure 15 shows a comparison of the various model for
a larger energy range (0.1 to 100 GeV). The energy de-
pendence for the predictions of the transverse enhancement
model originates from the energy dependence of the max-
imum accessible Q2 (Q%nax) for QE scattering, as shown
in Fig.16. The lower energies have lower Q2 . where the
transverse enhancement is large, while higher energies have

a higher Q2, , where the transverse enhancement is small.
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Fig. 13 Comparison to the QE cross section predicted by the
“QE+np-nh RPA” MEC model of Martini et al. [37, 38] (predic-
tions for this model have only been published for neutrino energies
less than 1.2 GeV). The predictions for the “Independent Nucleon
(M4 = 1.014)” model, “Larger M4 (M4 = 1.3) model”, and “Trans-
verse Enhancement model” are shown. The gray squares are the pre-
dictions of the MEC model of Martini et al. [37, 38]. The data points
are measurements from MiniBooNE [13, 14] (gray stars). Top (a): v,
total QE cross section. Middle (b): v, total QE cross section

The differential cross section at high energy is almost inde-
pendent of energy, as shown in Figs. 17, 18, 19 and 20.

7 Testing the model with neutrino data

The MINERVA high statistics neutrino experiment [51] at
Fermilab is currently taking data with a fully active scintil-
lator target calorimeter in the NUMI beam (with both neu-
trinos and antineutrinos). The QE differential cross sections
would be measured as a function of Q2 at a variety of neu-
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Fig. 14 Comparison to the QE cross section predicted by the
“QE+np-nh RPA” MEC model of Martini et al. [37, 38] (predictions
for this model have only been published for neutrino energies less than
1.2 GeV). Shown are the ratios for the predictions of the “Larger M4
(M4 = 1.3) model” and “Transverse Enhancement model” to the “In-
dependent Nucleon (M4 = 1.014)” QE cross section as a function en-
ergy. The gray squares are the ratios for the predictions of the MEC
model of Martini et al. [37, 38]. The data points are the ratios for the
measurements of MiniBooNE [13, 14] (gray stars). Top (a): The ratio
for v, total QE cross sections. Bottom (b): The ratio for v, QE cross
sections

trino energies within one single experiment, and compared
to the predictions of various models.
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Fig. 15 Comparison of predictions for the v, v, total QE cross sec-
tion at high energies for the “Independent Nucleon (M4 = 1.014)”
model, the “Larger M4 (M4 = 1.3) model”, the “Transverse Enhance-
ment model”, and the “QE+np-nh RPA” MEC model of Martini et
al. [37, 38] (predictions for this model have only been published for
neutrino energies less than 1.2 GeV). The data points are the ratios
for the measurements of MiniBooNE [13, 14] (gray stars) and NO-
MAD [30, 31] (purple circles)

Appendix: v,, v, nucleon/nucleus scattering

At a fixed value of the final state invariant mass W, the dif-
ferential cross section for v, v, scattering at incident en-
ergy E is given [44] by:

do G* L, W[ 1 s
0 7 costle— W
d0%aw 27z < CM{2E2 [+ m]
+Wo + W, —K—L(QZ—}-mz)
E  4E? "
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Fig. 16 The maximum accessible 0? for QE events as a function of
neutrino energy
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Here, g—; cos? Oc =80 x 1079 ¢cm?/GeV2. The final state
muon mass places the following kinematic limits [45—-47]
onx = Q%?/2Mv and y =v/E:

m2
—hr _<x<1 (A.2)
2M(E, —m,)
a—b<y<a+b (A.3)

where the quantities a and b are

a=|:1—m2 +

”<2Mva

m2 2 2912
b=[<1—7"> ] /(2+ Mx/E,)

_ K
2
E3

m)}/(zﬁ-Mx/Ev)

Or alternatively, for a fixed energy and Q2 there is a
maximum value of W which is given by [48]:

1 m? m? 1 2
2 2 2.2 [ ® 2 2 2
W+(Q )Z[ZS Cl_(s—z—zT)_(Q +§mua+>

2
m
2 “ 2 2
+sa_ <Q + 7a+>]/[a_(Q +m?)],
where s = 2ME + M?, a+ = 1 + M?/s. For QE scattering,
this corresponds to a minimum and maximum accessible Q>
for a given neutrino energy. The maximum accessible Q2
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Fig. 17 Same as Fig. 7 for v, v, energies of 10.0 GeV

(Q,znax) for QE events as a function of neutrino energy is

shown in Fig. 16.
A.1 Quasielastic v, v, scattering

A theoretical framework for quasi-elastic (v, v, )-Nucleon
Scattering has been given by Llewellyn Smith [49, 50].
Here, we use the notation of Llewellyn Smith (except that
F ‘% in our notation is equal to &5 F ‘2, in Llewellyn Smith’s
notation, where & = (up — 1 — wy)). In addition, we use
07 while Llewellyn Smith uses ¢ where
2 2 2 12 f 2

q° =gy —q3 =—4EpL sin 5 =—-0

The hadronic current for QE v, v, scattering is given
by [49, 50]

(p(pD)| I [n(p1))

) do/d@%, v + n — p +u, E=25 GeV

= %

S r
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Fig. 18 Same as Fig. 7 for v, v, energies of 25.0 GeV

ionwg"Fy (g%

=1(p2) [nﬂv (¢%) + T

@ vsFp(q?)

+vvsFa (612) + "

:|M(P1)

where g =k, — k,, and M = (m, + m,)/2. Here, u, and
WUn are the proton and neutron magnetic moments. We as-
sume that there are no second class currents, so the scalar

form factor F; \3, and the tensor form factor F 3 need not be
included. Using the above current, the QE cross section is

doVV _ M?*G? cos? 0,
dQ*  8mwE?

(s —w)B(QH  C(OH(s —u)?
<[at = =) COE ]
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where s —u =4ME, — Q* —m?,.

Q2
A(Q2)= e {(1+r)|]~‘A|2—(l—t)|}'1|

(- t)|]-'2v|2 +4r]-'lv}'2v}

my, 240 m
Twz {
+ (Fa+2Fp)? —4(1 + 1) F}}

|7 +7:2|)
(A.4)

B(Q%) =4t Fa(F + F) ) =4t FaGy (A5)

C(Q) = (1FalP + |7 [+ 7|7 [P)

4>|~ 4>|~

= (1742 +|Fv(@Y)]) (A6)

Where v = Q?/4M?. The form factors FIV(QZ) and
F)' (Q?) are given by:

GY (0% + 2.6V (0%
F(0%) =-E “gi a
1+ el
Gy(0%H —Gr»
‘FZV(Qz)Z K QZE
1+m

From conserved vector current (CVC) Ql‘:f (0?) and QXI(QZ)
are related to the electron scattering form factors GZ-(Q2),

G".(0%), G,(0%), and G7,(0%):

Gr(0%) =Gg(Q) - G1(0%)

G (Q%) =Gy (Q%) - G (Q%)

We also define

F(0Y)f = [GF Q7)) +11Gy ()P

1+7

The axial form factor F4 can be approximated by the dipole

form
~7:A (q ) _ 8A

(1+ 92)2

Where g4 = —1.267.
The pseudoscalar form factor Fp is related to F4 by
PCAC and is given by:

2M*Falq?)
‘FP (qz) = MZ + Q2
T
In the expression for the QE cross section, Fp(g?) is multi-
plied by (m /M )2. Therefore, in v, v, interactions, this ef-
fect is very small except at very low energy, below 0.2 GeV.

In the dipole approximation,
(%)
In our analysis we apply BBBA2007,5 corrections [19] to the
dipole parametrization of the electromagnetic form factors
as described in [19].

By comparing (A.1) and (A.4) and using the following
expressions:

F(Q)+F (0% =
7 (@) +l7 (0

~4.706 G},(0?)

G (Q°)
) =|#v ()

we obtain the following relationships between the structure
functions and form factors for v,, v, QE scattering on free
nucleons:

2
Wit =0(v - 3 )9k 02)

) 2
Wi =5(v— 2 )+ 0| Fa(0)
Q2
Wi =8(v = 33 )| Fv (@)

(- 2)

(- 2)
Wit =o(v- 2 )Fa(@)P

(- 2)

(- 2)

2M
W o =5(v— & 12G11 (0% Fa(0%)]
3-Qelastic M M
vector Q2 1 2 2
W; Qelizmc =48{v— W Z(|‘7:V(Q2)| - |gl\‘2(Q2)| )

v-axial
W4 Qelastic

— (Fa(Q) +275(0%)
v=vector Q2 1 2
WS Qelfmm = (S(l) - m) E‘fV(Q2)|
2N\ 1
Wege =3(v— £ )51 (@)

The vector part of W, and Ws are related to the vector
part of YW, and W), by the following expressions [48]:

2.2 2
WVECI()}” VECI()I”M v WVEC[(H"M
>0t 02
WVECTO}’ vector M‘)
2 -7
Q2
Note that:

2

G%ectorar|gﬁ\2(g2) : axmlo<(1+r)|]:A( )|2
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0} o (G (7))

Therefore, for QE v, and v, scattering only QAYI con-

axial __
o =0

tributes to the vector part of the transverse virtual boson ab-
sorption cross section.
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