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Neutrino oscillation experiments

P2f(νµ → νµ) = 1−sin2(2θ) sin2
(
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Nuclear response
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Dimensionality of the problem

kµ

kν

(ω,q)

pn

pp

any binary scattering with on-shell particles

4 four-vectors = 16 variables

- 4 : on-shell relations

- 4 : 4-mom. conservation

- 3 : nucleon rest frame

- 2 : neutrino along ẑ

3 independent variables

→ we can fix incoming energy (Eν )

→ the cross section is rotationally invariant (φµ)

→ the final formula is 1-dimensional, e.g. dσ/dq2
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Dimensionality of the problem

kµ

kν

(ω,q)

pn

pp

pi

scatterings including an off-shell target

3 independent variables

+ 3 : nucleus rest frame

+ 1 : off-shell nucleon

7 independent variables

+ 3 : every on-shell particle

→ we can fix incoming energy (Eν )

→ the cross section is rotationally invariant (φµ)

→ the final formula is at least 5-dimensional
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Computing νA cross section

Monte Carlo generator

→ generate events

→ cover whole phase space

→ useful but approximated

e.g. NuWro
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Figure 4.4: The 12C(e, eÕNaNb) cross section (Na = p, Nb = pÕ, n) at ‘e = 1200 MeV,
‘eÕ = 900 MeV, ◊eÕ = 16¶ and Tp = 50 MeV for in-plane kinematics. Left with SRCs, right
with MECs, the bottom plot shows the (◊a, ◊b) regions with P12 < 300 MeV/c.

Figure 4.5: The 12C(‹µ, µ≠NaNb) cross section (Na = p, Nb = pÕ, n) at ‘‹µ = 750 MeV,
‘µ = 550 MeV, ◊µ = 15¶ and Tp = 50 MeV for in-plane kinematics. Left with SRCs, right
with MECs, the bottom plot shows the (◊a, ◊b) regions with P12 < 300 MeV/c.
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Detailed calculation

→ compute cross sections

→ fixed kinematics

→ precise but expensive

e.g. Ghent group
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Essential assumptions: Born approximation

kµ

kν

(ω,q)

pn

pp
σ ∝ Lµν(kν , kµ)Wµν(pn, q, pp)

Wµν = Jµ†Jν

Jµ =

∫
X

dr eir·q ΨfOµΨi

→ only one boson exchange

→ leptonic (Lµν(kν , kµ)) and hadronic (Wµν(pn, q, pp)) parts
are fully separable

→ nuclear modeling deals with finding proper states Ψi , Ψf
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Essential assumptions: Impulse approximation

kµ

kν

(ω,q)

pn

pp

Ψi,f =
∑

φN ⊗ φA−1

Jµ =

∫
X

dr eir·q ψNOµφi

Jµ =

∫
dp′N

∫
dp

(2π)3/2
×

ψsN(p′N ,pN)Oµ(q, p′N)φ
mj
κ (p)

→ interaction with only one particle of a complex system

→ reduces the problem to finding only single-particle states

→ final wave functions are still under the effect of the nuclear potential
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Essential assumptions: Plane waves

→ no distortions, so one uses asymptotic momenta for final states:

Jµ =
�
�
��Z

Z
ZZ

∫
dp′N

∫
dp

(2π)3/2
ψsN(��@@p

′
N ,pN)Oµ(q,��@@p

′
N )φ

mj
κ (p)

Wµν ∝ Tr(φb(p)φb(p)Oµ(6 pN + M)Oν)

→ Relativistic Plane-wave Impulse approximation

→ one makes a projection to positive energy states

Wµν ∝ |φb(p)|2Tr((6 p + M)Oµ(6 pN + M)Oν)

→ Plane-wave Impulse approximation
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Plane-wave Impulse approximation

k ′µ

kν

(ω,q)

pn

p′p

Factorization in the absence of final-state interactions:

d6σPWIA

dωd|q|dEmdpm
=

G2
F cos2 θC |q|

4πE2
k EpEp′

P(n)(Em,pm)LµνH̃µνδ(ω + M − Em − Ep′)

P(n)(Em,pm) - probability density of initial nucleons

LµνH̃µνδ(ω + M − Em − Ep′) - interaction dynamics for a given nucleon
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Cross section in the factorized scheme

νµ

µ

n

p

Neutrino-nucleon
scattering

+

Initial nuclear
state

+

Extra nuclear
effects

+

Final state
interactions

→ Neutrino-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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NuWro blueprint

Initial state Interaction channel FSI

quantum mechanical

semi-classical

SF
hole
spectral
function

effective
spectral function

FG
global
fermi gas

LFG
local
fermi gas

effective momentum
dependent potential

Bodek-Ritchie
fermi gas

CC

NC

QE
quasi
elastic
scattering

RES
resonant
pion
production

DIS
deep
inelastic
scattering

COH
coherent
pion
production

MEC
meson
exchange
current

RPA

Cascade

energy transfer
modification
in the SF model
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New models

User friendly

Wide applicability

Reliable results

Optimized code

Implemented dynamics

Tomasz Golan NuWro @ HEP UW 25 / 61
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■ All major interaction channels
are implemented, for charged and
neutral current, covering
neutrino energy region from
a few hundreds MeV
(Impulse Approximation limit)
to several TeV:

QEL (quasi-)elastic scattering

RES pion production through
a ∆ resonance excitation

DIS more inelastic processes

COH coherent pion production

np-nh two body current contribution
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Collaborators

Wrocław group

• Jan Sobczyk

◦ Tomasz Bonus

◦ Krzysztof Graczyk

◦ Cezary Juszczak

◦ Dmitry Zhuridov

Ghent group

• Natalie Jachowicz

◦ Raúl González Jiménez

◦ Alexis Nikolakopoulos

◦ Jannes Nys

◦ Vishvas Pandey

◦ Tom Van Cuyck

◦ Nils Van Dessel

and many more...
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Backup slides
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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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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

 0

 2

 4

 6

 8

 10

 12

 0  0.2  0.4  0.6  0.8  1  1.2

dσ
/d

Q
2  [1

0-3
8  c

m
2 /G

eV
2 ]

Q2 [GeV2]

νµ on 12C

 MiniBooNE flux

total CCQE-like
CCQE-like (QE induced)
CCQE-like (non-QE ind.)

total reconstructed
QE reconstructed

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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Two nucleon knock-out via meson exchange currents
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Figure 2.4: Feynman diagrams for the two body current contribution.

state interactions it is diÖcult to distinguish between QEL, pion production (with fi

absorbed by the nuclear matter) and np≠nh events in the detector. A good theoretical

model of np ≠ nh contribution within Monte Carlo generators is necessary to find the

evidence of two-body current events in experimental data.

Some of Feynman diagrams for the 2p ≠ 2h interactions are presented in Fig. 2.4.

Some authors refer to contact terms (Fig. 2.4a) and the so called pion-in-flight term

(Fig. 2.4b) as Meson Exchange Currents (MEC) contributions, while another include

also Â-terms (Fig. 2.4c) into MEC. To avoid confusion in this thesis MEC term is no

longer used.

There are four models of np≠ nh available in NuWro:

• Nieves model (Ref. [63]) with the extension to higher energies (Ref. [64]) (only

for CC);

• Marteau-like model (Ref. [65]) (only for CC);

• MEChM-like model (as above with new elementary response functions from Ref.

[66]) (only for CC);

• Transverse Enhancement (TE) model (Ref. [60]) (for both NC and CC).
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state interactions it is diÖcult to distinguish between QEL, pion production (with fi

absorbed by the nuclear matter) and np≠nh events in the detector. A good theoretical

model of np ≠ nh contribution within Monte Carlo generators is necessary to find the

evidence of two-body current events in experimental data.

Some of Feynman diagrams for the 2p ≠ 2h interactions are presented in Fig. 2.4.

Some authors refer to contact terms (Fig. 2.4a) and the so called pion-in-flight term

(Fig. 2.4b) as Meson Exchange Currents (MEC) contributions, while another include

also Â-terms (Fig. 2.4c) into MEC. To avoid confusion in this thesis MEC term is no

longer used.

There are four models of np≠ nh available in NuWro:

• Nieves model (Ref. [63]) with the extension to higher energies (Ref. [64]) (only

for CC);

• Marteau-like model (Ref. [65]) (only for CC);

• MEChM-like model (as above with new elementary response functions from Ref.

[66]) (only for CC);

• Transverse Enhancement (TE) model (Ref. [60]) (for both NC and CC).
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Ghent model

Nonrelativistic operators solved using multipole expansion

Bound and emitted nucleons are Hartree-Fock wave functions

Final state is accounted for the elastic distortion

Seagull and pion-in-flight diagrams are implemented
→ ∆-currents in progress

is depicted by the white oval and each horizontal line depicts a nucleon in the MF
potential. The nucleon subject to the electromagnetic or weak interaction is the one
that becomes asymptotically free, but it is still under the influence of the MF potential
of the A ≠ 1 system (dashed line). This is the so-called spectator approach (SA).

In the 1N knockout calculations, long-range correlations in the nucleus were accounted
for in a continuum random phase approximation (CRPA). Photo-induced (“,N) and
electron-induced (e, eÕN) single-nucleon knockout interactions from 16O were studied
in [43–45]. These cross section calculations were extended to NC and CC neutrino-
induced interactions at energies relevant for supernova neutrinos in Refs. [46–48]. The
CC neutrino-nucleus cross sections in the CRPA approach were integrated over the
neutrino flux and compared with experimental data from MiniBooNE and T2K in
[49–52]. In this work, the long-range correlations are not considered.
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Figure 1.13: Graphical representation of the 2N knockout model.

The approach used for the 2N knockout calculations is shown schematically in Fig. 1.13.
The left panel shows the complete picture where a nucleon pair is emitted from an
A-body system, leaving an A ≠ 2 system behind. The right panel shows how this is
modeled in this work. The nuclear wave functions are calculated using the same MF
potential. The pair of correlated nucleons subject to the incoming lepton is described
by a two-body current (dashed circle). The two-nucleon version of the spectator ap-
proach is used, which means that the pair of nucleons that interacted with the boson
are the two nucleons which are emitted from the nucleus. Both nucleons are still sub-
ject to the MF potential of the A ≠ 2 system. In Fig. 1.14, it is shown graphically
how two-body currents influence 1N knockout cross sections: only one nucleon of the
two-body current is emitted from the nucleus.

Two-nucleon knockout cross sections were initially studied for photo-induced (“, pn)
and (“, pp) interactions in [53], where only MECs were considered. Later central
and spin-dependent correlations were introduced and electron-induced (e, eÕpn) and
(e, eÕpp) interactions were considered [54,55]. The model describes exclusive 16O(e, eÕpp)
[56,57], semi-exclusive 16O(e, eÕp) [58,59] as well as inclusive 12C(e, eÕ) and 40Ca(e, eÕ)
[60] scattering with a satisfactory accuracy. This thesis is an extension of the model
for electron-scattering interactions described above, accounting for two-body currents
in neutrino-induced 1N and 2N knockout reactions.

Several groups studied these two-body e�ects in inclusive and exclusive eA interactions.
Calculations by Alberico et al. included MECs, �-currents and correlation currents in a
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Intranuclear cascade

Propagates particles
through the nuclear medium

Probability of passing a
distance λ:

P(λ) = e−λ/λ̃

where λ̃ ≡ (ρσ)−1

ρ - local density
σ - cross section

Implemented for nucleons
and pions

T. Golan, C. Juszczak, J.T. Sobczyk,

Phys.Rev. C86 (2012) 015505

Semi-classical – neglects quantum
mechanical effects

νμ

p

νμ

n

π+

π+

πO

Absorption

Charge Exchange
Elastic

Scattering

π+ πO

Pion Production

T. Golan
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