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O UTLINE
? The riddle of the flux integrated neutrino-nucleus cross section
? The issue of degeneracy between different models of the cross
section in the 0π channel
? Electron scattering studies of exclusive channels can be exploited
to resolve the degeneracy
? The (e, e0 p) cross section and the nuclear spectral function
? The Ar, Ti(e, e0 p) experiment at Jefferson Lab
? Summary & outlook
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T HE I SSUE OF F LUX AVERAGE
? The energy-transfer dependence of the cross section of the
process
e + A → e0 + X
at fixed beam energy and electron scattering angle displays a
complex landscape

? A variety of reaction mechanisms—involving both nuclear and
nucleon structure—can be clearly identified
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? Owing to flux average, in neutrino-nucleus interactions, e.g.
νµ + A → µ− + X
different reaction mechanisms may contribute to the cross
section at fixed muon energy and emission angle with
comparable probability

? This feature clearly emerges from the analysis of the available
electron-scattering data
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(M Y O WN TAKE ON ) W HERE W E A RE
? Even considering the 0π sector only, the interpretation of the
signals measured by neutrino detectors requires the
understanding of the different reaction mechanisms contributing
to the neutrino-nucleus cross section: single-nucleon knock out,
coupling to meson-exchange currents (MEC), and excitation of
collective modes
? Over the ∼ 15 years since the first NuINT Workshop—that we
may characterize as the post Fermi-gas age—a number of more
advanced models have been developed
? Electron scattering data, mainly inclusive cross sections, have been
exploited to develop and validate the proposed models
? Several models have achieved the degree of complexity required
for a meaningful comparison between their predictions and the
measured neutrino-nucleus cross sections
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C(νµ , µ− ): VALENCIA M ODEL vs S UPERSCALING
? The degeneracy issue: The models of Nieves et al and
Megias et al provide comparable descriptions of MiniBooNE data
I

Nieves et al

I

Megias et al
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FIG. 3: Muon angle and energy distribution d2 σ/d cos θµ dTµ for 0.80 < cos θµ < 0.90. Experimental data from Ref. [5] and
calculation with MA = 1.32 GeV are multiplied by 0.9. Axial mass for the other curves is MA = 1.049 GeV.

? However, the results of Nieves et al include a significant
0.6 < cosθ
< 0.7
0.5 <excitations
cosθµ < 0.6
contribution
arising
from the collective nuclear
16
(RPA), not taken into acount in the approach of Megias et al

with electron, photon and pion probes and contains no additional free parameters. RPA and multinucleon knockout
have been found to be essential for the description of the data. Our main conclusion is that MiniBooNE data are fully
compatible with former determinations of the nucleon axial mass, both using neutrino and electron beams in contrast
µ
with several previous analyses. The results also suggest that the neutrino
flux could have been underestimated.
Besides, we have found that the procedure commonly used to reconstruct the neutrino energy for quasielastic events
from the muon angle and energy could be unreliable for a wide region of the phase space, due to the large importance
of multinucleon events.
It is clear that experiments on neutrino reactions on complex nuclei have reached a precision level that requires for a
quantitative description of sophisticated theoretical approaches. Apart from being important in the study of neutrino
physics, these experiments are starting to provide very valuable information on the axial structure of hadrons.
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U NRAVELING THE N EUTRINO -N UCLEUS C ROSS S ECTION
? An accurate description of MEC contributions and collective
excitations, providing ∼ 20% of the nuclear cross section, is only
relevant to the extent to which the remaining ∼ 80%, arising
from the single-nucleon knock out, is fully understood. The
ability of the models to explain single-nucleon knock out needs
to be assessed
? Fifty years of (e, e0 p) experiments, in which the scattered electron
and the outgoing proton are detected in coincidence, have
provided a wealth of information on single nucleon knock-out
processes, associated with 1p1h final states, as well as clear-cut
evidence of the coupling between the 1p1h and 2p2h sectors
? The large database of (e, e0 p) cross sections—measured mainly at
Saclay, NIKHEF-K and Jefferson Lab—can be exploited to test
theoretical models of neutrino-nucleus interaction, and appraise
their predictive power
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T HE (e, e0 p) R EACTION
? Consider the process
e + A → e0 + p + (A − 1)
in which both the outgoing electron
and the proton, carrying momentum
p0 , are detected in coincidence, while
the unobserved recoiling nucleus can
be left in a any (bound or continuum)
state |ni with energy En

e!

e

p!
q, ω

? In the absence of final state interactions (FSI) between the
knocked out proton and the residual nucleus—which can be
taken into account as corrections—the measured missing
momentum and missing energy can be identified with the initial
proton momentum and the excitation energy of the recoiling
nucleus, En − E0
pm = p0 − q , Em = ω − Tp0 − TA−1 ≈ ω − Tp0
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(e, e0 p) C ROSS S ECTION AND N UCLEAR S PECTRAL F UNCTION
? In the absence of FSI (to be discussed at a later stage)
dσA
∝ σep P (pm , Em )
dEe0 dΩe0 dEp dΩp
? Kállën-Lehman representation
P( pm , Em ) = PMF (pm , Em ) + Pcorr (pm , Em )
? In the kinematical region corresponding to knock-out from the
< 50 MeV and |p | < 250 MeV)
shell-model states (Em ∼
m ∼
X
P( pm , Em ) ≈ PMF (pm , Em ) =
Zα |φα (pm )|2 Fα (Em − α )
α∈{F }

? According to the nuclear shell model
Zα →

2jα + 1
, Fα (Em −α ) → δ(Em −α ) , Pcorr (pm , Em ) → 0
Z
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P INNING D OWN THE 1 P 1 H S ECTOR
? At moderate missing energy—typically Em
recoiling nucleus is left in a bound state

<
∼

50 MeV—the

? The final state is a 1p1h state of the A-nucleon system
? The missing energy spectrum exhibits spectroscopic lines,
corresponding to knock out from the shell model states.
However the normalization of the shell model states is
suppressed with respect to the predictions of the independent
particle model.
? The momentum distributions of nucleons in the shell model
states can be obtained measuring the missing momentum
spectra at fixed missing energy
? Consider 12 C(e, e0 p)11 B, as an example. The expected 1p1h final
states are
−
−
|11 B(3/2 ), pi , |11 B(1/2 ), pi , . . .
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C(e, e0 p) AT M ODERATE M ISSING E NERGY
I

Missing energy spectrum of
12
C measured at Saclay in the
1970s
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Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV.
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M ODELING THE N UCLEAR S PECTRAL F UNCTION
Z
n(k) =

dE P (k, E)

? Bottom line: the tail of the
momentum distribution, arising
from the continuum contribution
to the spectral function, turns out
to be largely A-independent for
A>2
? Spectral functions of complex (isospin symmetric) nuclei have
been obtained within the Local Density Approximation (LDA)
Z
NM
PLDA (k, E) = PMF (k, E) + d3 r ρA (r) Pcorr
(k, E; ρ = ρA (r))
using the MF contributions extracted from (e, e0 p) data
NM
? The continuum contribution Pcorr
(k, E) can be accurately
computed in uniform nuclear matter at different densities
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D ETERMINATION OF THE S PECTROSCOPIC FACTOR
? The spectroscopic factor of the p-state with j = 3/2 is obtained
from
Z
Z
d3 k
(2j + 1)
Zp =
dE Pexpt (|k|, E) = 0.625
3
Z
∆k (2π)
∆E
with and
∆k ≡ [0–310] MeV

,

∆E ≡ [15–22.5] MeV

? Models based on the mean field approximation predict Zp = 1
? The deviation of Zp from unity implies that dynamical effects not
taken into account within the independent particle picture
reduce the average number of protons occupying the j = 3/2
p-state from 4 to 2.5
? The result obtained from the LDA analysis is within 2% of the
experimental value
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W HERE IS THE M ISSING 1 P 1 H S TRENGTH ?
? The correlation strength in the 2p2h sector arises from processes
> 400 MeV. The
involving high momentum nucleons, with |pm | ∼
relevant missing energy scale can be easily understood
considering that momentum conservation requires

Em = Ethr +

p

|pm |2 + m2 − m

? Scattering off a nucleon belonging to a correlated pair entails a
strong energy-momentum correlation
13 / 20

M EASURED C ORRELATION S TRENGTH
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? The correlation strength predicted by the LDA model, 0.64, turns
out to be consistent with the experimental result, 0.61 ± 0.06
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D ETOUR : K INEMATIC N EUTRINO E NERGY R ECONSTRUCTION
? In the charged current quasi elastic (CCQE) channel, assuming
single nucleon single knock out, the relevant elementary process
is
ν` + n → `− + p
? The reconstructed neutrino energy is
Eν =

m2p − m2µ − En 2 + 2Eµ En − 2kµ · pn + |pn 2 |
,
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,
distributed according to the spectral function
? Existing simulation codes routinely use |pn | = 0 , En = mn −  ,
with  ∼ 20 MeV for carbon and oxygen, or the predictions of the
Fermi gas model
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R ECONSTRUCTED N EUTRINO E NERGY
? Neutrino energy
reconstructed using 2
×104 pairs of (|p|, E)
values sampled from LDA
(SF) and Fermi gas oxygen
spectral functions
? The average value hEν i
obtained from the realistic
spectral function turns out
to be shifted towards
larger energy by
∼ 70 MeV
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M ORE (e, e0 p) D ATA IS ON ITS WAY
? Jlab experiment E12-12-14-012 has measured the Ar, Ti(e, e0 p)
cross section. These data will allow the determination of the
spectral functions needed for the analysis of both ν and ν̄
interactions in liquid argon detectors
? Collaboration involving 38 physicists, including few theorists,
from 8 institutions
? Approved by the Jefferson Lab PAC42 in July, 2014, with
scientific grade A? Experimental readiness review passed in July, 2016
? Data taking completed in March 2017
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E12-14-012 S CHEDULE
? Inclusive cross sections of C and Ti analysed: December 2017
? First data, including the first measurement of the Ti(e, e0 ) cross
section, submitted for publication by the end of February , 2018
? Inclusive cross section of Ar analysed: Early 2018
? (e, e0 p) analysis: 2018
? First data release: End of 2018
? Spectral functions of Argon and Titanium: Mid 2019
? Final data release: End of 2019
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F IRST E12-14-012 D ATA ( PRELIMINARY )
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S UMMARY & O UTLOOK
? A number of advanced models of the electroweak nuclear cross
section the 0π sector have been developed and extensively tested
? The degeneracy between models based on different physics must
be resolved. The available electron scattering data in exclusive
channels can play a critical role in this context
? (e, e0 p) data at low missing energy and low missing momentum
provide model independent information on single-nucleon
knock out, which is known to provide the dominant contribution
to the cross section in quasi-elastic kinematics
? The determination of the Argon and Titanium spectral functions,
based on the JLab E12-14-012 data, will pave the way to the
development of realistic models of ν and ν̄ interactions in liquid
argon detectors
? Note that, being an intrinsic property of the target, the spectral
function is needed for neutrino energy reconstruction, and
allows to obtain the nuclear cross sections in both elastic and
inelastic channels
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Backup slides
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(b) Same as (a) but for E ¼ 1300 MeV and θ ¼ 37.5 deg.
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C(e, e ): F

vs S

O XYGEN S PECTRAL F UNCTION

? FG model: P (p, E) ∝ θ(pF − |p|) δ(E −

p

|p|2 + m2 + )

? 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 (more on this later)
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Physics Motivation
Experimental Goals
Experimental conditions
Titanium idea

T HE E12-14-012 E XPERIMENT AT J EFFERSON L AB

Physics
motivationof neutrino and antineutrino energy in liquid
? The reconstruction
argon detectors will require the understanding of the spectral

Use few hours of beam time investigating the feasibility of running
functions describing both protons and neutrons
on a titanium target, as suggested by the PAC.
cross section
provides
information
on proton
?The
Theneutron
Ar(e, e0 p)
spectral
functiononly
of argon
is needed
to model
interactions.
The
information
on
neutrons
can
be
obtained
from
quasielastic neutrino scattering. In pion production both neutrons
0
the
Ti(e,
e
p),
exploiting
the
pattern
of
shell
model
levels
and protons take part in charged-current interactions.
40
18 Ar

p’s

48
22 Ti

n’s

p’s
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16
C. Mariani for E12-14-012 Collaboration

Spectral function of 40 Ar through the (e, e0 p) reaction
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JL AB E12-14-012 K INEMATICS
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F IRST E12-14-012 D ATA ( PRELIMINARY )

? Theoretical model based on the spectral function formalism. No
adjustable parameters involved.
26 / 20

E XTENSION TO THE I NELASTIC S ECTOR
? Factorization ansatz and LDA spectral function
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