
WG2: Neutrino Scattering Physics

Kajetan Niewczas

on behalf of the conveners:
Natalie Jachowicz, Alessandro Lovato, Vishvas Pandey, Gabriel Perdue, Luke Pickering

NuFACT 2018 WG2: Neutrino Scattering Physics 13.08.2018 1 / 13



Accelerator-based neutrino oscillation experiments
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Detected rate of να events

Rνα ∼ Φνµ (Eν)× Pνµ→να ({Θ},Eν)× σνα (Eν)× εdet.
Event rate Incoming flux Oscillation probability Cross section Efficiency

Knowledge of neutrino-nucleus cross sections:

→ allows to reconstruct neutrino energy
from the detected final states,

→ is the crucial uncertainty in oscillation
analyses,

but...

→ is an advanced computational problem,

→ current precision is not exceeding 20%,

→ constraints from ND are not enough.

K. Abe et al., arXiv:1807.07891 (edited)
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Cross section in the factorized scheme
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• Free nucleon scattering: elementary interaction cross section

• Initial nuclear state: modeling nucleons in the nuclear medium
before the weak interaction

• Extra nuclear effects: multiple-nucleon interactions or correlations

• Final state interactions: in-medium outgoing particle propagation
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Complexity of the nuclear response Tom Van Cuyck
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→ after FSI they contribute to different topologies: CC0π, CC1π, etc.
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Uncertainty of neutrino energy reconstruction

→ we need not only inclusive but also exclusive predictions

→ energy is reconstructed using leptonic or hadronic information

"Kinematic" method

Erec
ν =

2(Mn − EB)Eµ − (E2
B − 2MnEB + m2

µ)

2[Mn − EB − Eµ + |~kµ| cos θµ]
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"Calorimetric" method

Erec
ν = Eµ − EB +

∑
nuc.

(Ei −M) +
∑
mes.

Ej
T. LEITNER AND U. MOSEL PHYSICAL REVIEW C 81 , 064614 (2010)
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FIG. 10. (Color online) Reconstructed energy distribution for
the MiniBooNE flux (top panel) and K2K flux (lower panel)
under different detector assumptions. Equation (3) is used for the
reconstruction, but with EB = 0 in the K2K case.

of the ! resonance which is taken to be of δ-function-like
shape in Eq. (4). Overall, the reconstructed energy is centered
around the true energy for both samples, although with a slight
tendency to lower reconstructed energies. Table II lists the
expected values for the reconstructed energy and the standard
deviation. Note that the expected value is closer to the real
energy when using the pion sample and that the standard
deviation is smaller than in the CCQE-like case (calculated
here also with EB = 0).
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FIG. 11. (Color online) Distribution of the reconstructed neutrino
energy according to Eq. (4) for Ereal

ν = 1 GeV. Shown is the
reconstruction based on the CCQE-like sample (before and after FSI
and Cherenkov assumptions) and based on the CC1π+ sample (before
and after FSI).

TABLE II. Expected value E =
∫ ∞

0 dErec
ν

Erec
ν

σ
dσ

dEν
and standard

deviation S = [
∫ ∞

0 dErec
ν

(Erec
ν −E)2

σ
dσ

dEν
]1/2 for the distributions shown

in Fig. 11 for Ereal
ν = 1 GeV.

E [GeV] S [GeV]

from CC1π+, before FSI 0.94 0.16 (17%)
from CC1π+, after FSI 0.95 0.19 (20%)
CCQE-like, before FSI 0.97 0.13 (14%)
CCQE-like, after FSI 0.90 0.21 (23%)

VI. Q2 RECONSTRUCTION

If one assumes a dipole ansatz for the axial form factor
FA, the axial mass MA is the only free parameter in the QE
nucleon hadronic current (see, e.g., Ref. [7] for details; here
we use MA = 1 GeV). MA affects both the absolute value of
the cross section and the shape of the Q2 distribution. Thus,
there are two ways of extracting MA experimentally (we
assume that the vector form factors are known): (1) Q2-
shape-only fit which has the advantage that it does not require
absolute flux normalization, (2) fit to the total cross section.
On nuclei, the extraction of MA is much more complicated.
Nuclear effects change the shape of the Q2 distribution and,
consequently, the extracted MA depends on the model used
to relate measured rates on nuclei to nucleonic form factors.
Furthermore, we saw in the previous section that FSI influence
the CCQE identification. Misidentified events are likely to
follow a different Q2 distribution and also affect the total
cross section, as discussed in connection with Fig. 1.

Like the neutrino energy, Q2 is not an observable—it has to
be reconstructed from the measured muon properties. Using
Eq. (3), we obtain the reconstructed Q2 via

Q2 = −m2
µ + 2Eν(Eµ −|k′| cos θµ). (5)

The neutrino energy itself is reconstructed according to Eq. (3),
thus Eq. (5) is also based on the assumption of quasifree
kinematics. Figure 12 shows the CCQE-like Q2 distribution
(solid line) separated into CCQE-induced CCQE-like (dashed
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FIG. 12. (Color online) Flux averaged dσ/dQ2 distribution of
CCQE-like events (solid line) at MiniBooNE conditions. The dashed
line shows the CCQE-like events induced by CCQE, the dash-dotted
line shows the non-QE-induced CCQE-like contribution. In addition,
the reconstructed spectra are shown (dotted and double-dashed line).
Note that the dashed and the double-dashed lines almost overlap.

064614-8

T. Leitner, U. Mosel, Phys.Rev. C81 (2010) 064614
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Still many problems to solve... L. Alvarez-Ruso, arXiv:1706.03621

Contributions to the CC0π topology:

• CCQE axial mass: MA ∼ 1.03 GeV

• 2p2h magnitude in MC generators

• π0 production with its absorption

we have established an important 2p2h
contribution to the MiniBooNE result→

neglected. An example is the relativistic mean field
(RMF) model [19] where the initial nucleons are treated
as single-particle bound states whose wave functions
are solutions of the Dirac equation with a σ-ω mean
field potential. The same energy independent real po-
tential and Dirac equation are used to obtain the dis-
torted wave function of the outgoing nucleons. The fact
that the potential is real makes the model suitable for
inclusive processes, in contrast to those with complex
optical potentials more appropriate for exclusive reac-
tions like A(νl, l−p) because the imaginary (absorptive)
part of the potential accounts for the flux loss towards
other channels (see for instance Figs. 1-2 of Ref. [20]).

Another alternative to the RFG is the so called Lo-
cal Fermi Gas (LFG) where the Fermi momentum de-
pends on the coordinate through the nuclear density pro-
file pF(r) = [(3/2)π2ρ(r)]1/3. The LFG description in-
troduces space-momentum correlations, absent in the
RFG, that render more realistic the nucleon momen-
tum distributions (see Fig. 6 of Ref. [21]). A great
advantage of LFG is that, owing to its simplicity, mi-
croscopic many-body effects such as SF [21, 22] and
long range random phase approximation (RPA) correla-
tions [23, 22, 24] are tractable in a realistic manner.

2.1. The CCQE puzzle
A common feature of all known calculations of the

CCQE integrated cross section on 12C applying the dif-
ferent theoretical techniques outlined above is that they
underestimate recent MiniBooNE data. This surprising
situation is illustrated in Fig. 2 for some of the model
calculations collected in Ref. [25] and also the RFG.
Theoretical results from quite different models lie on
a rather narrow band (narrower than the experimental
errorbars) clearly below the data: at Eν = 0.8 GeV,
σth ∼ 4.5 − 5 while σexp ∼ 7 × 10−38 cm2. The dif-
ferences in the nucleon FF adopted in these calculations
are minor. In particular all take MA ∼ 1 GeV.

Several interpretations of this discrepancy are cur-
rently under debate. One points at the difficulty that
the neutrino-flux determination represents and the pos-
sibility that its absolute normalization has been under-
estimated. On the other hand, according to the Mini-
BooNE collaboration the systematic errors in the flux
estimation have been determined by varying parame-
ters within their uncertainties and accounting for cor-
relations [29] so it is legitimate to expect that the er-
rorbars account for the uncertainties in the flux nor-
malization. Another strategy is to extract MA from
MiniBooNE data. In Ref. [4], a fit to the shape of
the reconstructed Q2 distribution with the RFG model
yielded MA = 1.35 ± 0.17 GeV, which is much higher

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 Eν [GeV]

0

1

2

3

4

5

6

7

8

σ 
[x

 1
0-3

8  c
m

2 ]

Ankowski, SF
Athar, LFG+RPA
Benhar, SF
GiBUU
Madrid, RMF
Martini, LFG+RPA
Nieves, LFG+SF+RPA
RFG, MA=1 GeV
RFG, MA=1.35 GeV
Martini, LFG+2p2h+RPA

CCQE on 12C

Figure 2: (color online) Summary of CCQE total cross sections. Solid
lines denote the models from Refs [18], [26], [27], [28, 21], [19], [24]
and [22] in this order, as reported in Ref. [25]. The dash-dotted and
dotted lines are RFG calculations with pF = 220 MeV, ϵB = 34 MeV
and MA = 1 and 1.35 GeV respectively. The dashed line is the result
of Ref. [24] after adding the 2p − 2h contributions. The data points
are from MiniBooNE [4].

than the world average and the recent NOMAD result
MA = 1.05 ± 0.02(stat) ± 0.06(syst) GeV [6] at high
energies. The integrated cross section computed with
the new value of MA is consistent with the normalized
data as can be seen in Fig. 2 (dotted line). A similar
Q2 fit but using a more elaborated distorted wave IA
model, like the RMF sketched above but taking also
into account nuclear correlations for the initial nucle-
ons and with a different (real) potential for the outgoing
ones, obtained MA = 1.37 GeV [30]. A better descrip-
tion of the low Q2 region compared to the RFG was
also achieved. With a state-of-the-art SF, the best Q2

fit and a good description of muon energy spectrum and
angular distribution were found for an MA as large as
1.6 GeV [31]. With a similar SF but fitting directly the
measured flux-averaged double differential cross sec-
tions ⟨d2σ/dEµd cos θµ⟩ taking into account the flux
uncertainty and introducing a three-momentum cut of
500 MeV to exclude the IA breakdown region, it was
obtained that MA = 1.343 ± 0.060 GeV, lower but still
incompatible with earlier determinations.

A third possibility has been put forward by Martini et
al. [24]. They have studied inclusive νA scattering in a
LFG using RPA and taking into account two-particle-
two-hole (2p − 2h) contributions, in particular some
terms that are not part of the SF (see diagrams 2, 3, 3’
in Fig. 1 of Ref. [24]). As shown in Fig. 2, with 1p− 1h

L. Alvarez-Ruso / Nuclear Physics B (Proc. Suppl.) 229–232 (2012) 167–173 169

Deep and shallow inelastic scattering region (quark-hadron duality)

Implementation of theoretical models in Monte Carlo event generators

→ exciting workshop at ECT* in Trento, Italy in July: https://indico.ectstar.eu/event/19/overview

For a review of neutrino scattering physics see the NuSTEC White Paper!
Prog.Part.Nucl.Phys. 100 (2018) 1-68
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Goals for the meeting

→ Fundamental nuclear physics and neutrino scattering

→ Cross section results

→ Engagement with oscillation physics

→ New projects and exciting developments

→ 8 theoretical talks

→ 12 experimental talks

→ 3 Monte Carlo generator talks

→ 2 joint sessions with WG1

Theory

Monte Carlo

Experiment
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Fundamental nuclear physics and neutrino scattering

Parallel session 1.

• W. Van Orden: Nuclear Theory, Data, and Event Generators

• A. Lovato: Ab Initio Methods

• R. González Jiménez: Theory of neutrino pion production

• A. Kronfeld: Lattice QCD and neutrino cross sections

Parallel session 4.

• J. Morfin: Problems in DIS and SIS

• A. Ankowski: Electron vs Muon Neutrinos

• N. Rocco: Theory of electron scattering and neutrinos
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Cross sections results

Parallel session 2.

• M. Judah: NOvA Cross Sections Results

• C. Wret: T2K Cross Sections Results

• M. Tzanov: LArIAT Cross Section Results

Parallel session 3. (WG1 + WG2)

• X. Lu: MINERvA Cross Section Results

• L. Jiang: MicroBooNE Cross Section Results

• J. Zennamo: FNAL SBN Status

• J. Chaves: CAPTAIN Results
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Engagement with oscillations

Parallel session 3.

• Cross sections results external to oscillation experiments

Parallel session 4.

• A. Bodek: Binding energy in event generators

Parallel session 6. (WG1 + WG2)

• J. Wolcott: NOvA Cross Section Model / Oscillation Needs

• C. Wret: T2K Cross Section Model / Oscillation Needs

• L. Jiang: GENIE Physics Tuning
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New projects and exciting developments

Parallel session 5.

• L. Weinstein: Electron scattering data and neutrinos

• S.-P. Hallsjö: WAGASCI Status

• S. Hedges: Low energy neutrino interactions

Parallel session 7.

• E. Saul Sala: Nucleon axial form-factor from a Bayesian
neural network analysis of scattering data

Parallel session 7.

• L. Pickering: NUISANCE for neutrino cross section fits
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WG2 schedule

Monday

Session 1.

4 talks

Session 2.

3 talks

Tuesday

Session 3.
+ WG1

4 talks

Thursday

Session 4.

4 talks

Session 5.

3 talks

Friday

Session 6.
+ WG1

3 talks
+ discussion

Session 7.

2 talks
+ discussion

14:00 - 16:00 14:00 - 16:00 14:00 - 16:00 14:00 - 16:00

16:30 - 18:00 16:30 - 18:00 16:30 - 18:00
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