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OUTLINE

? Understanding the neutrino-nucleus cross section at fixed beam
energy between few hundreds MeV and few GeV: lessons from
electron scattering data
. Quasi elestic (zero-pion) events: single nucleon knock out,

two-nucleon knock out and meson-exchange currents
. Resonance production & deep inelastic scattering

? Understanding the flux integrated cross section
? Impact on the determination of oscillation parameters
? Where are we? What next?
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ELECTRON-NUCLEUS SCATTERING AT ∼ 1 GEV

I Large supply of precise data
available

Q2 = 4EeEe′ sin2 θe
2

, x =
Q2

2Mω

I Carbon target

I Different rection mechanisms
contributimg to the mesured
cross sections can be readily
identified

e+A→ e′ +X
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PREAMBLE: THE LEPTON-NUCLEUS X-SECTION

? Double differential cross section of the process `+A→ `′ +X

dσA
dΩk′dk′0

∝ LµνWµν
A

. Lµν is fully specified by the lepton kinematical variables

. The determination of the target response tensor

Wµν
A =

∑
N

〈0|JµA
†|N〉〈N |JνA|0〉δ(4)(P0 + k − PN − k′)

requires a consistent description of the target initial and final states
and the nuclear current. Accurate calculations are feasible in the
non relativistic regime, corresponding to |q| <∼ 500 MeV

. In the kinematical regime in which relativistic effects become
important, approximations are needed to describe the
|q|-dependent current operator and final state
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THE IMPULSE APPROXIMATION (IA)

? At λ = 2π/|q| � dNN , the average NN distance in the target
nucleus

Σ
i

2 2
q,ω q,ω

i
x

. neglect the contribution of the two-nuleon current

JµA(q) =
∑
i

jµi (q) +
∑
j>i

jµij(q) ≈
∑
i

jµi (q)

. write the final state in the factorized form

|N〉 → |p〉 ⊗ |n(A−1),pn〉 .

. at zero-th order, neglect final state interactions (FSI) between the
outgoing nucleon and the spectator particles
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IA QUASI ELASTIC RESULTS COMPARED TO DATA

? Nuclear x-section dσA =

∫
d3kdE dσN P (k, E)

? QE (nucleon-only final states)
only

? Position and width of the
peak are reproduced

? Correlation tail (∼ 10 % of
total strength), corresponding
to events with 2p2h final
states, cleary visible
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CARBON QUASI ELASTIC CROSS SECTION WITHIN IA
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? FSI corrections included [A. Ankowski et al, PRD 91 033005, (2015)]
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TWO-NUCLEON MESON-EXCHANGE CURRENT (MEC)
MEC: Pion exchange
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MEC: �-isobar exchange

p 1 p 2

p1 ’ p2 ’
q

k 2
p b

p 1 p 2

p1 ’ p2 ’
q

k 1 p d

p 1 p 2

p1 ’ p2 ’

q

k 2

pa

p 1 p 2

p1 ’ p2 ’

q

k 1

pc

(a) (b) (c) (d)

The Rarita-Schwinger (RS) expression for the � propagator reads

S��(p, M�) =
/p + M�

k2 � M2
�

 
g�� � ����

3
� 2p�p�

3M2
�

� ��p� � ��p�

3M�

⌘

WARNING
If the condition p2

� > (mN + m⇡)2 the real resonance mass has to be
replaced by M� �! M� � i�(s)/2 where �(s) = (4f⇡N�)2

12⇡m2
⇡

k3p
s (mN + Ek).
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|0〉 → |2p2h〉 TRANSITION PROBABILITY

? Esisting calculations of processes involving 2p2h final states are
based on oversimplified models of the initial and final states

? In interacting many body systems 2p2h states can be excited
through the action of both one- and two-body transition
operators

|〈2p2h| J |0〉|2 = |〈2p2h| J1 |0〉|2 + |〈2p2h| J2 |0〉|2
+ 2 Re 〈2p2h| J1 |0〉?〈2p2h| J2 |0〉

? Within the independent particle model (either FG or shell model)

〈2p2h| J1 |0〉 = 0

? Strong nucleon-nucleon correations lead to the appearance of
sizable interference contributions to the |0〉 → |2p2h〉 transition
probability
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CONTRIBUTION OF THE TWO-NUCLEON CURRENT
? Electromagnetic response of 12C in the transverse channel [PRC

92, 024602 (2015), data from the global analysis of J. Jourdan]

d2σ

dΩe′dEe′
=

(
dσ

dΩe′

)

M

[
Q4

q4
RL(|q|, ω) +

(
1

2

Q2

q2
+ tan2 θ

2

)
RT (|q|, ω)

]

CONTRIBUTION OF TWO-PARTICLE–TWO-HOLE FINAL . . . PHYSICAL REVIEW C 92, 024602 (2015)

FIG. 6. (Color online) Electromagnetic response of carbon in the
transverse channel, at momentum transfer |q| = 570 MeV. The solid
line represents the results of the full calculation, whereas the dashed
line has been obtained including only amplitudes involving the one-
body current. The contributions arising from the two-nucleon current
are illustrated by the dot-dashed and dotted lines, corresponding to
the pure two-body current transition probability and the interference
term, respectively. The experimental data are taken from Ref. [28].

Owing to short-range correlations, which move strength
from the 1p1h to the 2p2h sector, the resulting occupation of
the momentum eigenstates is reduced by ∼20%.

Interaction effects also affect the initial-state energies of
the knocked-out nucleons [19,20], thus shifting the threshold
of the two-nucleon current contributions with respect to the
predictions of the FG model [25,26].

It has to be pointed out that the correlation contribution
to the carbon spectral function of Ref. [20] is obtained from
nuclear-matter results. Therefore, the use of nuclear matter
overlaps in the matrix elements of the two-nucleon current
entering the interference terms appears to be consistent.

We have used the fully relativistic expression of the two-
nucleon current described in Refs. [25,26], with the same form
factors and ! width.

The solid line of Fig. 6 represents the results of the
full calculation, whereas the dashed line has been obtained
including only the amplitudes involving the one-body current.
The contributions arising from the two-nucleon current are
illustrated by the dash-dotted and dotted lines, corresponding
to the pure two-body current transition probability and the
interference term, respectively. The latter turns out to be
sizable, its contribution being comparable to the total two-body
current response for ω <

∼ 350 MeV. Although our results still
need to be improved and do not include the corrections
taking into account the effects of FSI, in Fig. 6 we have also
included, for comparison, the data resulting from the analysis
of Ref. [28].

IV. CONCLUSIONS

We have analyzed the mechanisms—correlations in the
initial and final states and coupling to MEC—leading to
the excitation of 2p2h final states in the nuclear response to

electromagnetic interactions. In the nonrelativistic regime, in
which highly accurate calculations consistently taking into
account all these mechanisms are feasible, our results confirm
the findings of Ref. [13].

In the transverse channel, the contribution of processes
involving the two-nucleon current is sizable and extends well
into the kinematical region corresponding to energy transfer
ω ∼ ωQE, in which single-nucleon knockout is dominant.

The important role played by interference between the
amplitudes involving one- and two-body currents clearly
implies that correlation effects must be included in any model
aimed at describing the nuclear cross section in the 2p2h
sector. This point was clearly stated, over three decades
ago, in the pioneering work of Ref. [27], the authors of
which also remarked on the inadequacy of the treatment of
correlations based on lowest-order perturbative pion exchange.
However, combining a realistic and consistent description of
correlations and MEC in the kinematical region in which the
nonrelativistic approximation is no longer applicable involves
serious difficulties.

To overcome this problem, we have developed a novel
approach based on the factorization ansatz underlying the
spectral function formalism, widely and successfully em-
ployed to describe the nuclear response in the 1p1h sector.
The preliminary results obtained within this approach, shown
in Fig. 6, provide a fairly good description of the measured
transverse response of carbon at |q| = 570 MeV.

A comparison between the results of Fig. 6 and the
GFMC results of Fig. 1 shows distinctive discrepancies in
both magnitude and energy dependence of the two-body
current contributions. While part of the disagreement is likely
to originate from differences in the two-nucleon currents
employed in Ref. [18], as well as from the nonrelativistic nature
of the GFMC calculations, the large interference contribution
in the region of the QE peak observed in Fig. 1 may arise
from interference between amplitudes involving the one- and
two-body currents and 1p1h final states. A careful analysis of
these terms, which were found to be sizable in the pioneering
work of Ref. [29], is being carried out, and will be discussed
elsewhere.

The main assumption implied in the factorization of
the 2p2h final states is the treatment of the knocked-out
nucleons as free particles, which amounts to neglecting their
interactions, both among themselves and with the specta-
tor nucleons. Antisymmetrization under exchange between
any of the outgoing particles and the spectators is also
disregarded.

The factorized nuclear transition amplitudes involving
the one-nucleon current can be corrected—to include the
effects of final-state interactions in the QE sector—using an
extension of the spectral function formalism, as discussed in
Ref. [30]. The resulting modifications lead to (i) a shift in
energy transfer of the differential cross section, arising from
interactions between the knocked-out nucleon and the mean
field of the recoiling nucleus and (ii) a redistribution of the
strength from the quasifree peak to the tails, resulting from
rescattering processes. Theoretical studies of electron-nucleus
scattering suggest that in the kinematical region relevant to
the MiniBooNE analysis the former mechanism—which does

024602-7

? Sizable interference contribution peaked at ω > ωQE = Q2/2m
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COMPARISON TO MEASURED CROSS SECTIONS
? N. Rocco, PhD Thesis, Sapienza Università di Roma, 2015

e� - 12C inclusive cross section

The contribution given by the interference term and MEC currents turns
out to be sizable in the dip region.
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e� - 12C inclusive cross section

The contribution given by the interference term and MEC currents turns
out to be sizable in the dip region.
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COMPARE e- AND νµ-CARBON QE CROSS SECTIONS

? Double differential CCQE neutrino x-section (MiniBooNE)

dσA
dTµd cos θµ

=
1

NΦ

∫
dEνΦ(Eν)

dσA
dEνdTµd cos θµ
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“FLUX AVERAGED” ELECTRON-NUCLEUS X-SECTION

? The electron scattering x-section off Carbon at θe= 37 deg has
been measured for a number of beam energies

? In the flux-averaged cross section, each bin of kinetic energy and
scatering angle of the outgoing lepton picks up contributions
arising from different reaction mechanisms
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THE ISSUE OF FLUX AVERAGE

? The flux-averaged cross sections at fixed Tµ and cos θµ picks up
contributions at different beam energies, corresponding to
different reaction mechanisms not taken into account in the IA
scheme

. x = 1→ Eν 0.788 GeV , x = 0.5→ Eν 0.975 GeV

. For MiniBooNE flux Φ(0.975)/Φ(0.788) = 0.83
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NEUTRINO ENERGY RECONSTRUCTION

Pα→β = sin2 2θ sin2

(
∆m2L

4Eν

)

1.  disappearance measurement 
2 goals for T2K and NOvA experiments

(1) precision measurement for m2
 and sin2223 through  events

- Accurate neutrino energy reconstruction
(2) e appearance measurement
- Careful rejection of background reactions

Teppei Katori, Indiana University03/05/08 7

mis-reconstruction of neutrino 
energy spoils   disappearance 
signals  

sin2223

m2


Reconstructed neutrino energy (GeV)

T2K collabo.

background

Reconstructed 
neutrino energy 
at far detector

T2K collabo.

fa
r/n

ea
r  

ra
tio

? In the charged current quasi elastic (CCQE) channel, assuming
single nucleon single knock out, the reconstructed of neutrino
energy is

Eν =
m2
p −m2

µ − E2
n + 2EµEn − 2kµ · pn + |pn2|

2(En − Eµ + |kµ| cos θµ − |pn| cos θn)
,

where |kµ| and θµ are measured, while pn and En are the
unknown momentum and energy of the interacting neutron
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DISTRIBUTION OF RECONSTRUCTED NEUTRINO

ENERGY IN THE QE CHANNEL

? Neutrino energy
reconstructed using 2
×104 pairs of (|p|, E)
values sampled from
realistic (SF) and FG
oxygen spectral functions

? The average value 〈Eν〉
obtained from the realistic
spectral function turns out
to be shifted towards
larger energy by
∼ 70 MeV
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IMPACT ON THE DETERMINATION OF OSCILLATION

PARAMETERS
? Analysis carried out by the Virginia Tech group [PRL 111, 221802

(2013); PRD 89, 073015 (2014)]
. Study the impact of nuclear models on the determination of the

atmospheric parameters ∆m2
31 and θ23

. Consider a typical νµ disappearance experiment consisting of two
detectors, identical in terms of both composition and detection
properties
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FIG. 14. (Color online). Double di↵erential CCQE cross section of oxygen, computed using GENIE 2.8.0+ ⌫T with RFGM (a)
and SF (b).

TABLE I. Experimental setup used for the oscillation analysis presented in this work [37].

Baseline Fid. mass Flux peak Beam Power Run. time

Far 295 km 22.5 kt
0.6 GeV 750 kW 5 yrs

Near 1.0 km 1.0 kt
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FIG. 15. (Color online). QE and QE-like cross-sections per
nucleon in 12C as a function of neutrino energy. Di↵erent
curves represent di↵erent channels or di↵erent nuclear models
used to simulate a particular channel.

true neutrino energy in the bin j ends up being recon-
structed in the energy bin i. We reconstruct the neutrino
energy for all QE-like events assuming a pure QE neu-
trino interaction as in Eq. (23). The migration matri-
ces used in this work were produced using both GENIE
2.8.0 and GENIE 2.8.0 + ⌫T . All the migration matrices

TABLE II. Number of events for the QE-like mechanisms in-
cluded in the oscillation analysis performed in this work.

RES non-RES MEC/2p2h Total QE-like

173 8 231 412

produced and used in our oscillation analysis are shown
in Appendix A. Each matrix was produced considering
200,000 interactions for each of the true neutrino energy
bins. We use bins of 100 MeV between 0 and 2 GeV and
we considered only events with no-pion in final state. The
signal events are further corrected for the energy depen-
dent detection e�ciencies after the events are migrated
to reconstructed neutrino energies , as described in more
details in Ref. [35].

The QE only event distributions and the resonance,
non-resonance and MEC/2p2h event distributions as
function of reconstructed neutrino energy are shown re-
spectively in Fig. 20 and in Fig. 21 in the Appendix A. In
both Figs. 20 and 21 the oscillation parameters have been
set to their values as in Eq. (25), and they are corrected
for the detection e�ciencies as well. To evaluate the
impact of three di↵erent simulation conditions (RFGM,
RFGM + new Q2 selection and SF) we took the event
rates computed using GLoBES, applied to them the mi-
gration matrices computed with one particular setting of

. Take into account all events identified as QE, including single
nucleon knock out (true QE), “stuck pion” and and 2p2h (QE-like)
events

? Simulations performed using GENIE (Generates Events for
Neutrino Interaction Experiments) and GiBUU (Giessen
Boltzmann Uehling Uhlenbeck)
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ENERGY DISTRIBUTION OF QE EVENTS

9

Baseline Fiducial mass Flux peak Beam Power Running time

Far 295 km 22.5 kt
0.6 GeV 750 kW 5 yrs

Near 1.0 km 1.0 kt

TABLE I: Main details for the experimental setup simulated in this work.
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FIG. 3: (color online) Binned QE-like event rates as a function of the reconstructed neutrino

energy in GeV, computed using Eq. 2. The solid blue (dashed red) lines show the event rates

obtained after migration using the GiBUU (GENIE) event generators. The shaded areas show

the expected event rates coming from the QE-like event sample computed using the GiBUU cross-

section for 16O, as for the solid blue lines, but without including any migration matrices (i.e., taking

MQE
ij = Mnon−QE

ij = δij in Eq. 2). For the shaded areas, a gaussian energy resolution function

with a constant standard deviation of 85 MeV is added to account for the finite resolution of the

detector. Left and right panels show the event rates at the near and far detectors, respectively. All

lines have been obtained for the oscillation parameters in Eq. A1, and detector efficiencies have

already been accounted for.

QE RES non-RES MEC/2p2h Total

GiBUU 870 152 32 214 1268

GENIE 877 221 11 249 1358

TABLE II: Total number of events expected at the far detector, for the different contributions to

the QE-like sample, and for the oscillation parameters in Eq. A1. The expected number of events

are shown for the two event generators under consideration. In both cases oxygen is chosen as the

target nucleus. Efficiencies are already accounted for. The distribution of events for the different

contributions as a function of the reconstructed neutrino energy can be found in App. B.

Tab. II (see also Fig. 9(b) in App. B), the
expected contribution to the QE-like sample
from MEC/2p2h interactions is rather large
for the setup considered in this work as well.
Table II shows that around a ∼ 17% of the

final QE-like sample in our simulated setup
would come from MEC/2p2h interactions. It
is also noticeable the difference between the
number of events (∼ 10%) obtained when the
cross-section is computed using GiBUU or

? Expected number of events at the far detector
A surprise … 

ElectronNNucleus'ScaPering'XIII' Elba,'June'26,'2014'

Number'of'events'predicted'as'func9on'of'reconstructed'neutrino'energy'shiwed'by'10%'for'
pure'QE'and'17%'for'all'the'QENlike'events'
'
•  Due'to'FSI'–'difference'is'in'the'migra9on'matrices'
•  Intrinsic'model'differences'between'GENIE'and'GiBUU'
•  Intrinsic'differences'in'the'model'implementa9ons'

36'

? The observed ∼ 10% shift is likely to be ascribed to a different
description of final state interactions of the knocked out nucleon
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OSCILLATION PARAMETERS

? Three different analyses
. Use different models to generate the events and extract the

oscillation parameters
. Remove the effects of 2p2h events
. Change nuclear target

? In all instances, the bias on the determination of the oscillation
paraeters is found to be comparable to the statistical errors
. Input “true” values

Summary of  results 

ElectronNNucleus'ScaPering'XIII' Elba,'June'26,'2014'

Input “true” Values 

Fitted Values 

42'

. Fitted values 16

True Fitted θ23,min ∆m2
31,min[eV2] χ2

min σa Fig. no.

GENIE (16O) GENIE (12C) 44◦ 2.49×10−3 2.28 – 4

GiBUU (16O) GENIE (16O)
41.75◦ 2.69×10−3 47.64 – 5(a)

47◦ 2.55×10−3 20.95 5% 5(b)

GiBUU (16O) GiBUU (16O) w/o MEC 42.5◦ 2.44×10−3 22.38 – 6(a)

GENIE (16O) GENIE (16O) w/o MEC 44.5◦ 2.36×10−3 19.54 – 6(b)

TABLE III: Summary of the main impact on the oscillation parameters for the different scenarios

studied in this work. The true values for the disappearance oscillation parameters are θ23 = 45◦

and ∆m2
31 = 2.45× 10−3 eV2. The number of degrees of freedom in the fit is n− p = 16, where n is

the number of energy bins and p is the number of oscillation parameters that are being estimated

from the fit. Here, σa represents the prior uncertainty assumed for an energy calibration error,

whose implementation is described in Sec. VB.

support, which lead to successful simulation
results. We would also like to thank D. Mel-
oni, J. Nieves, N. Rocco and M. Vicente Va-
cas for useful discussions, and O. Benhar for
the precious discussions and for careful read-
ing of this manuscript. This work has been
supported by the U.S. Department of Energy
under award number DE-SC0003915.
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KINEMATIC AND CALORIMETRIC RECONSTRUCTION
? The reconstructed neutrino energy of a generic event can be

written in the form

Eν = E` + E + TA−n +
∑

i

(Ep′
i
−M) +

∑

j

Eh′
j

? Experiments with neutrino beams peaked at Eν ∼ 600–800 MeV,
such as T2K and MiniBooNE, determine Eν from the kinematics
of the outgoing charged lepton

Ekin
ν =

2(nM − εn)E` +W 2 − (nM − εn)2 −m2
`

2(M − ε− E` + |k`| cos θ)

? At energies Eν >∼ 1 GeV inelastic processes become larger and
eventually dominant. In this regime Eν can be reconstructed
measuring the visible energy associated with each event

Ecal
ν = E` + εn +

∑

i

(Ep′
i
−M) +

∑

j

Eh′
j
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IMPACT OF MISSING ENERGY
? The calorimetric technique rests on the ability of fully

reconstructing the final state, which largely depends on the
detector design and performance, as well on the understanding
of nuclear effects that may lead to a sizeable amount of missing
energy, hindering the reconstruction of the neutrino energy
(production of neutrons, pion absorption . . . ) [RM-VT, PRD 92,
073014 (2015)]

? A 20% underestimated
missing energy
introduces a sizable
bias in the extracted
δCP value. [RM-VT,
arXiv:1507.08561; PRD,
in press]
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FIG. 1: (color online). Reconstructed energy distributions
obtained for ⌫e deep-inelastic scattering (DIS) events with
true energy of 2.95 GeV. The distributions neglecting the shift
due to the missing energy (dot-dashed line), and accounting
for its 50% (dashed line) are compared to the full calculations
(solid line).

The bin size is set to 100 MeV in reconstructed neutrino
energy. In this work, however, no near detector is consid-
ered. Instead, we make rather aggressive assumptions for
the systematic uncertainties, and assume that the near
detector will be able to achieve these goals. Two sets of
systematic uncertainties are considered for the signal: a
normalization (bin-to-bin correlated) and a shape (bin-
to-bin uncorrelated) uncertainty. A prior at the 2% level
is considered for both of them, following Ref. [22, 34].
As for the background, only a global normalization un-
certainty, at the 5% level, is considered.

All oscillation parameters are kept fixed in our sensi-
tivity calculations; the conclusions are not expected to
be qualitatively a↵ected if marginalization over the rest
of oscillation parameters is performed. Since the atmo-
spheric parameters are fixed to their current best-fit val-
ues, and we are only interested in the �CP sensitivity,
there is no need to include ⌫µ and ⌫̄µ disappearance chan-
nels in our analysis. Therefore, only the results in the ⌫e

and ⌫̄e appearance channels are included in our fits.
The true event rates are obtained taking into account

realistic detection capabilities which are implemented us-
ing the migration matrices obtained from Monte Carlo
events. Therefore, the neutrino energy is not recon-
structed around the true energy but around a lower value
instead, owing to the energy carried away by unobserved
particles in the final state.

The fitted event rates are smeared using a di↵erent
function. In the ideal case where no missing energy es-
capes detection, the neutrino energy would be smeared
according to a Gaussian distribution centered around the
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FIG. 2: E↵ect of an underestimation of the missing energy
in the calorimetric energy reconstruction on the confidence
regions in the (✓13, �) plane, see text for details. The true
values of the oscillation parameters are indicated by the dot,
and are the same for all contours shown.

true neutrino energy, whose width depends on the energy
smearing of the di↵erent particles observed. In our anal-
ysis, the event rates used to fit the data are smeared
using a linear combination between the two cases de-
scribed above: the actual scenario where migration ma-
trices are used, and the ideal case with a Gaussian smear-
ing around the true energy. By varying the coe�cients in
this linear combination, the e↵ective smearing function
obtained can be deformed smoothly from one situation
to the other. In this way, we introduce a way to manually
tune the amount of unexpected missing energy in the os-
cillation analysis, while at the same time we account for
the e↵ect of realistic energy resolutions of the detector.

To illustrate how the energy reconstruction is a↵ected
by the missing energy, in Fig. 1 we show an example
for deep-inelastic ⌫e scattering at the true energy E⌫ =
2.95 GeV. The solid line presents the reconstructed-
energy distribution calculated from the Monte Carlo sim-
ulations with all detector e↵ects. Should no energy be
missing, the distribution would be centered at the true
value of the neutrino energy, as the dot-dashed curve.
The dashed curve, obtained from linear interpolation be-
tween the dot-dashed and solid lines, represents an inter-
mediate situation in which 50% of the missing energy is
accounted for.

The allowed confidence regions from the oscillation
analysis are shown in the (✓13, �) plane in Fig. 2. In this
figure, the di↵erent contours have been obtained under
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SUMMARY . . .
? Over ghe past decade, the understanding of the mechanisms

contributing to the flux-integrated neutrino-nucleus
cross-sections at energies between few hundreds MeV and few
GeV has significantly improved.

? Both new data (MiniBooNE, Minerν, . . . ) and new theoretical
models have appeared

? The large body of electron-nucleus scattering data is being
exploited to validate theretical models.

? In many instances the prediction of different models, some of
them based on conflicting assumptions, are very close to one
anohter

? Implementation of 21st century models in MC event generators
is slowly starting, but is still in its infancy

? INFN-related groups (Lecce, Pavia, Roma, Torino) have provided
substantial contributions to the development of the field. They
are involved in a number of international collaborations and
their work is widely recognized within the community.
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. . . & OUTLOOK
? The degeneracy between different models must be resolved,

testing their ability to explain selected sets of data. For example,
the longitudinal and transverse electromagnetic responses, or
two-nucleon emission processes [see, e.g. ArgoNeuT, PRD 90,
012008 (2014)].

the four-momentum transfer. This originates from the
a priori undetermined incident neutrino energy. On the
other hand, neutrinos can effectively probe the nucleus for
its SRC content through both one-body and two-body CC
reactions on np SRC pairs and, with the advent of LArTPC
detectors, two-proton knockout topologies can be identified
unambiguously. The two protons can indeed be detected at
any emission angle in the 4π sensitive LAr volume and
down to energies below the Fermi level (detection threshold
in ArgoNeut is T thr

p ¼ 21 MeV, i.e., about 200 MeV=c
momentum, less than kF of Ar).
To elucidate the role of SRC, we consider here the

following neutrino CC interactions leading to two-proton
knockout:

(i) CC RES pionless mechanisms involving a pre-
existing SRC np pair in the nucleus; for example,
(i) via nucleon RES excitation and subsequent two-
body absorption of the decay πþ by a SRC pair
(Fig. 5 [left]), or (ii) from RES formation inside a
SRC pair (hit nucleon in the pair) and de-excitation
through multibody collision within the A-2 nuclear
system (Fig. 5 [center]). Initial state SRC pairs are
commonly assumed to be nearly at rest, i.e.,
~pip ≃ −~pin. The detection of back-to-back pp pairs
in the lab frame can be seen as “snapshots” of the
initial pair configuration in the case of RES proc-
esses with no or low momentum transfer to the pair.
As noticed, four events in our (μ− þ 2p) sample are
found with the proton pair in a back-to-back
configuration in the lab frame [cosðγÞ < −0.95;

Fig. 2]. Visually, the signature of these events gives
the appearance of a hammer, with the muon forming
the handle and the back-to-back protons forming the
head. As an example, the two-dimensional views
from the two wire planes of the LArTPC for one of
these hammer events are reported in Fig. 4. In all
four events, both protons in the pair have a mo-
mentum significantly above the Fermi momentum,
with one almost exactly balanced by the other, i.e.,
~pp1 ≃ −~pp2. All events show a rather large missing
transverse momentum, PTmiss ≳ 300 MeV=c. These
features look compatible with the hypothesis of CC
RES pionless reactions involving pre-existing SRC
np pairs.

(ii) CC QE one-body neutrino reactions, through virtual
charged weak boson exchange on the neutron of a

FIG. 4 (color online). Two-dimensional views of one of the four “hammer events,” with a forward going muon and a back-to-back
proton pair (pp1 ¼ 552 MeV=c, pp2 ¼ 500 MeV=c). Transformations from the TPC wire-planes coordinates (w, t “collection plane”
[top], v, t “induction plane” [bottom]) into lab coordinates are given in [13].

FIG. 5 (color online). Pictorial diagrams of examples of two-
proton knockout CC reactions involving np SRC pairs. Short
range correlated (green symbol) nucleons in the target nucleus are
denoted by open(n)-full(p) dots; wide solid lines (magenta)
represent resonance reaction (RES) nucleonic states, and
(magenta) lines indicate pions.

DETECTION OF BACK-TO-BACK PROTON PAIRS IN … PHYSICAL REVIEW D 90, 012008 (2014)

012008-5

? New electron data will be needed to build accurate models of
neutrino- and antineutrino-argon interactions. A dedicated
(e, e′p) experiment on argon has been approved at JLab and will
take data next September. A second experiment using a titanium
target will be proposed in 2016.

? The effort aimed at consistently implementig the models in event
generators must go on in a more organized and effective fashion.
Serious sociological problems need to be be solved.
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Backup slides
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SPECTRAL FUNCTION OF 16O
? The spectral function of medium-mass nuclei has obtained

combining (e, e′p) data and results of theoretical nuclear matter
calculations within the Local Density Approximation (LDA)

? shell model states account for ∼ 80% of the strenght
? the remaining ∼ 20% , arising from NN correlations, is located

at high momentum and large removal energy (k� kF , E � ε )
24 / 22



NEUTRINO-NUCLEON INTERACTIONS
? In the regime of momentum transfer (q) discussed in this talk

Fermi theory of weak interaction works just fine

W,Z0

? x-section of the charged-current process ν` + n→ `− +X

dσ ∝ LλµWλµ

. Lλµ is determined by the lepton kinematical variables (more on
this later)

Wλµ = −gλµW1 + pλ pµ
W2

m2
N

+ i ελµαβ qα pβ +
W3

m2
N

+ qλ qµ
W4

m2
N

+(pλ qµ + pµ qλ)
W5

m2
N
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? In principle, the structure functions Wi can be extracted from the
measured cross sections

? In the elastic sector ν` + n→ `− + p they can be expressed in
terms of vector ( F1(q2) and F2(q2)), axial ( FA(q2)) and
pseudoscalar ( FP (q2)) form factors

W1 = 2

[
−q

2

2
(F1 + F2)

2
+

(
2m2

N −
q2

2

)
FA

2

]

W2 = 4

[
F1

2 −
(

q2

4m2
N

)
F2

2 + FA
2

]
= 2W5

W3 = −4 (F1 + F2) FA

W4 = −2

[
F1 F2 +

(
2m2

N +
q2

2

)
F2

2

4m2
N

+
q2

2
FP

2 − 2mN FP FA

]

? according to the CVC hypothesis, F1 and F2 can be related to the
electromagnetic form factors, measured by electron-nucleon
scattering, while PCAC allows one to express FP in terms of the
axial form factor (more on this later)
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VECTOR FORM FACTORS

? Proton data

? Neutron
(deuteron) data

2.2.1 Proton form factor measurements

Figure 4 shows Rosenbluth separation results performed in the 1970’s as the ratio GEp/GD, where GD is the
dipole FF given below by Eq. 14; it is noteworthy that these results strongly suggest a decrease of GEp with
increasing Q2, a fact noted in all four references [Ber71, Pri71, Bar73, Han73]. As will be seen in section
3.4, the slope of this decrease is about half the one found in recent recoil polarization experiments. Left
out of this figure are the data of Litt et al. [Lit70], the first of a series of SLAC experiments which were
going to lead to the concept of “scaling” based on Rosenbluth separation results, namely the empirical relation
µpGEp/GMp ∼ 1. Predictions of the proton FF GEp made in the same period and shown in Fig. 4 are from
Refs. [Iac73, Hoh76, Gar85], all three are based on a dispersion relation description of the FFs, and related to
the vector meson dominance model (VMD).

Figure 5: Data base for GEp obtained by the Rosen-
bluth method; the references are [Han63, Lit70, Pri71,
Ber71, Bar73, Han73, Bor75, Sim80, And94, Wal94,
Chr04, Qat05].

Figure 6: Data base for GMp obtained by the
Rosenbluth method; the references are [Han63, Jan66,
Cow68, Lit70, Pri71, Ber71, Han73, Bar73, Bor75,
Sil93, And94, Wal94, Chr04, Qat05].

A compilation of all GEp and GMp data obtained by the the Rosenbluth separation technique is shown in
Figs. 5 and 6; in these two figures both GEp and GMp have been divided by the dipole FF GD given by:

GD =
1

(1 + Q2/0.71GeV 2)2
with GEp = GD, GMp = µpGD, and GMn = µnGD. (14)

It is apparent from Fig. 5 that the cross section data have lost track of GEp above Q2 ∼ 1 GeV2. It is difficult
to obtainG2

E for large Q2 values by Rosenbluth separation from ep cross section data for several reasons; first,

10
Figure 20: GEn data as in Fig. 18, compared to the
fits [Kel04] (thick line) and [Gal71] (thin solid line).
Platchkov’s fits [Pla90] with 3 differentNN potentials
shown as dotted [Rei68], dot-dashed [Lac81] and long
dashes [Wir84] lines, respectively.

Figure 21: The complete data base for GMn, from
cross section and polarization measurements. Shown
as a solid curve is the polynomial fit by Kelly [Kel04];
note that the recent data of [Bro05] are not included
in this fit.

corrections, and the ratio GE/GM even less being a ratio of ratios. Nevertheless polarization data ultimately
will require radiative corrections, particularly as experiments continue into the domain of yet larger Q2. So is
the discrepancy between Rosenbluth and polarization data entirely due to inaccuracy or incompleteness in the
radiative correction? An immediate consequence of the previous statements is that radiative corrections for
elastic ep scattering in general have to be reexamined, as in their presently practiced form they are unable to
reconcile the cross section results with polarization results.

Encouraging progress has been made including the one process certainly neglected in all previous ra-
diative corrections, the exchange of two photons, neither one of them “soft” (this will be further discussed
in section 3.5). Several calculations [Gui03, Afa05a, Blu03] suggest that this one diagram may contribute
significantly to the ε-dependence of the cross section; other considerations lead to the conclusion that the con-
tribution from the two-photon term is too small at the Q2-values of interest [Bys06], and/or leads to a definite
non-linearity in the Rosenbluth plot which has not been seen in the data so far [Tom05].

Following the publication of the JLab recoil polarizationGEp/GMp ratios up to 5.54 GeV2, the entire cross
section data base for the proton has been reanalyzed by Brash et al. [Bra02], leaving all data above Q2 = 1
GeV2 out, using the data from [Jon00, Gay02] above this value ofQ2, and allowing for relative renormalization
of all cross section data so as to minimize the χ2 of a global fit forGMp. The fitting function is the inverse of a
polynomial of order 5. The renormalized values of GMp show less scatter than the original data base, and the
net effect of imposing the recoil polarization results is to re-normalize all GMp data upward by 1.5-3% when
compared with the older Bosted parametrization [Bos95], as shown in Fig. 23.

Another useful fit to the nucleon FFs which gives a good representation of the data is the one by Kelly
[Kel04]. This fit uses ratios of polynomials with maximum powers chosen such that GEp, GMp and GMn

have the asymptotic 1/Q4 behavior required by pQCD; in [Kel04] GEn was also re-fitted with a Galster FF, as

24
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AXIAL FORM FACTOR

? Dipole
parametrization

FA(Q2) =
gA

[1 + (Q2/M2
A)]

2

Axial structure of the nucleon 4

(anti)neutrino scattering off protons [8, 9, 10], off deuterons [11]-[16] and other nuclei (Al,

Fe) [17, 18] or composite targets like freon [19]-[22] and propane [22, 23]. In the left panel

of figure 1 we show the available values for the axial mass MA obtained from neutrino

scattering experiments. As pointed out in [24], references [17, 19, 20, 23] reported
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Figure 1. Axial mass MA extractions. Left panel: From (quasi)elastic neutrino

and antineutrino scattering experiments. The weighted average is MA = (1.026 ±
0.021)GeV. Right panel: From charged pion electroproduction experiments. The

weighted average is MA = (1.069 ± 0.016)GeV. Note that value for the MAMI

experiment contains both the statistical and systematical uncertainty; for other values

the systematical errors were not explicitly given. The labels SP, DR, FPV and BNR

refer to different methods evaluating the corrections beyond the soft pion limit as

explained in the text.

severe uncertainties in either knowledge of the incident neutrino flux or reliability of the

theoretical input needed to subtract the background from genuine elastic events (both

of which gradually improved in subsequent experiments). The values derived in these

papers fall well outside the most probable range of values known today and exhibit

very large statistical and systematical errors. Following the data selection criteria of

the Particle Data Group [4], they were excluded from this compilation. In all cases,

the axial form factor data were parameterized in terms of a dipole, the resulting world

average is

MA = (1.026 ± 0.021) GeV (neutrino scattering) . (9)

The other determinations of the axial form factor are based on the analysis of charged

pion electroproduction off protons, see references [24][25]-[34], slightly above the pion

production threshold (note that the MAMI measurement is presently extended [35] to

lower momentum transfer and to check the cross section at the highest Q2 point reported

in [24]). Such type of analysis is more involved. It starts from the low–energy theorem of

Nambu, Lurié and Shrauner [36, 37] for the electric dipole amplitude E
(−)
0+ at threshold,

. gA from neutron β-decay

. axial mass MA from (quasi) elastic ν- and ν̄-deuteron
experiment
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TWO-BODY CURRENTS WITHIN THE SPECTRAL

FUNCTION FORMALISM

? The generalisation of the factorisation scheme allows for a
consistent treatment of ground state correlations and fully
relativistic two-body currents
. Rewrite the final state |N〉 in the factorized form

|N〉 → |p,p′〉 ⊗ |n(A−2),pn〉

〈N |jijµ|0〉 →
∫
d3kd3k′Mn(k,k′) 〈pp′|jijµ|kk′〉

The amplitude

Mn(k,k′) = {〈n(A−2)|〈k,k′|} ⊗ |0〉

is independent of q , and can be obtained from non relativistic
many-body theory
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