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Why is this so important?

Neutrino interactions are intimately related to the study 
of neutrino oscillations.

The neutrino flavour is always determined via its 
interaction.



Why is this so important?

In oscillation experiments we are interested in the flux prediction. 

To do that, we have to know the background in the near detector as a function of 
the energy.

Need at least the relation of cross-sections between background and signal as a 
function of energy.

The flux from near to far is distorted via the oscillation and the dynamics of the 
beam --> it is not trivial to extrapolate from near to far 

neutrinos Near
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Why is this so important?
Neutrino energy reconstruction @ ~1 GeV.

Use the CC-QE:  νμ n --> p μ.

This is a two body final state, E can be obtained with angle and momentum of muon.

The Non-QE background provoques a distortion in the reconstructed spectrum



Why is this so important?

The GeV region is a 
complex admixture of 
neutrino interaction 
thresholds.

Little knowledge of 
cross-sections.

Even less knowledge on 
the details, mainly 
nuclear re-interactions:

event topologies.300 Km --> ~600 MeV
 T2K baseline



What do we need to measure?
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What do we need to measure?
The final lepton kinematics gives information 
on the neutrino energy and q2. But!, there 
are some approximations: 

Assume CCQE

Assume neutron target at rest.

Also provides information on the neutrino-
nucleon cross-section: 

Axial mass, σ(E), etc...



What do we need to measure?

The final hadronic state helps in defining the 
interaction type: CCQE, CC1π,etc…

They also carry “some” information about 
the target nucleons. 

But!, everything is distorted by the nuclear 
re-interactions.

Nuclear re-interactions limit out ability to identify 
the reaction channel.



Nuclear rescattering

Pion reactions

Pion absorption

Pion scattering

Charge exchange

• The nuclear re-scattering also changes the 
π0, that is relevant to νe appearance 

experiments. 

Nuclear 
reinteractions

Nuclear 
reinteractions

Nuclear 
reinteractions

π+

π0π-



CCQE

This is the dominant cross section at low 
energies. 

This is also the experimental way to 
reconstruct the neutrino energy under 
certain assumptions. 



Status of cross-sections



CCQE
The actual models used by experimentalists is the 
Lewelling-Smith with vector and axial form factors. 

The vector form factors are obtained from electron 
scattering. 

The axial form factor is assumed to be dipolar and the 
value measured in neutrino experiments via q2 and/or 
cross-section.

This model seems to work nicely above 1GeV.

Recent calculations show large deviations of this model for 
neutrino energies below 500MeV.

What about the region from 0.5 to 1 GeV ?



MA CCQE
MA is the way to parametrize the q2 dependency of the 
cross section. Effective parameter.

Several assumptions: 

This is the only parameter. 

It is dipolar form factor, while vector form factors 
show a more complex q2 dependency.

The model do not take into account most of the nuclear 
effects that are important at low energies.

It is always related to the description of the vector form 
factors. 

 Next generation should 
depart from dipole mode



MA CCQE

The relevance of MA for oscillations comes 
from the fact that it changes the q2 
distribution and so the acceptance of 
detectors: pμ and θμ.

Different acceptance in near and far detector 
appears as systematics in the oscillation 
parameters.



MA CCQE

Easier to measure at high energy, but: can it be extrapolated to 
lower energies?.

Problems at low energies: 

nuclear effects are important (low q2)

Selection of CCQE:

the larger the q2 the largest the probability to observe the 
proton in the detector.

the usual two track selection bias the sample towards high 
q2 and it does it convolving the nuclear re-interactions.



MA CCQEK2K MiniBoone

Remove events 
below 0.2GeV2

MA= 1.144 ± 0.077(fit)
+0.078 -0.072 (syst)

MA = 1.20 ± 0.12 MA = 1.23 ± 0.20
Phys. Rev. Lett. 100, 032301 (2008)

Phys. Rev. D74, 052002 (2006).

aip conference procc. 967, 117 (2007)



CCQE MA
Recent result from NOMAD at 
higher energies for neutrinos and 
antineutrinos.

MA = 1.05 ± 0.02 ± 0.06 (GeV) from 
q2 and cross-sections.

Picture is not yet clear. MA is large 
for lower energies:

Dipole form factor?

Nuclear effects?

Detector systematics?

This shows the fact the MA is an 
effective parameter with little 
validity across experiments.

hep-ex:08124543



Energy reconstruction

Assumptions: 

single neutron target at rest. 

Known neutrino direction.

Fix bind energy in mn.

Free proton in the nuclear media.

Eν =
mnEµ + m2

p−m2
n−m2

µ

2

mn − Eµ + Pµ cos θµ



Energy reconstruction
In oscillation experiments, the near and far 
detectors follow the same reconstruction 
model cancelling systematics. 

However, systematic shifts in energy 
reconstruction might add a fixed systematic 
error in Δm223.

The systematic shifts might also introduce a 
bias in the q2 reconstruction affecting our 
interpretation of the CCQE physics at 
different neutrino energies.



Energy Bias vs Fermi Motion

Energy bias produced from 
the ignored Fermi Motion.

The bias tends to 0 for 
small Fermi Motion.

What will happen for a 
model beyond Fermi Gas 
model like spectral 
functions ?

Mean

Gaussian Fit



Effect of bind energy
Nominal (27 MeV)

Wrong setting 34 MeV
Nominal (27 MeV)

Mean

Gaussian Fit

Gaussian Fit

Mean



Additional possible effects
The QE interactions has contributions of 
interactions with two nucleons and large 
range correlations (RPA). In this case the 
energy reconstruction might be incorrect.
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– Sizeable reduction of

the strength at the QE

peak, which is slightly

shifted. Neutrino

energy re-construction

uses q0 = −q2/2M ,

problems??

– Enhancement of the

high energy transfer

tail, which partially

compensates the above

reduction and thus the

effect on the total (in-

tegrated) cross section

is smaller.

J. Nieves, IFIC, CSIC & University of Valencia 27

FSI (nucleon nuclear 
dressing) also alters the 
energy reconstruction.

arXiv:0809.5219 [nucl-th]



Experimental effects

Nuclear interactions alter the composition of the final 
state -> change of channel identification. 

Unknown fraction of backgrounds in the signal could 
lead to misinterpretation of observed effects.

systematics in background predictions could be 
large. 



CC1π

Second most important cross section. 

Main background to CCQE reactions.

It might allow the neutrino energy 
reconstruction, at least for the Δ++ 
production that is dominated by the 1232 
resonance.



3 CC channels for neutrino reactions:

Dominant contributions comes from:

CC-resonance

They can be related by isospin relations except for nuclear corrections.

 Theory is built as a mixture of electron data, free parameter and theory as in CCQE.
 One problem is the existence of mass resonances above the 1232 (Axial + Vector) 
 The relative amount of them and the transition to the DIS is poorly known. 

ν p→ l−p π+

ν n→ l−p π0

ν n→ l−n π+

ν p→ l−∆++ → l− p π+

ν n→ l−∆+ → l− p π0

ν n→ l−∆+ → l− n π+

ν̄ p→ l+ ∆0 → l+ p π−

ν̄ p→ l+ ∆0 → l+ n π0

ν̄ n→ l+ ∆− → l+ n π−



CCQE CC1π
New models in the market that predicts a 
sizeable contribution of non-resonant 
contribution to single pion production:

Non-resonant π production

This is known in electron scattering since 

long. 

This is specially relevant at threshold.

Detectable with polarization of final Δ.

 Need to adress this point in future 

experiments.

QE
Resonance

 The intermediate region is not well 
reproduced by QE + Δ

E.Hernandez et al. hep-ph/0701149 



CC-1π measurements
How to measure the non-resonant contribution.

The interference of resonant and non-resonant produce a P violating 
observable. 

This can be used to constrain ratio’s for both π+ and π0.

This is not done since ANL. Next generation might be able to 
measure it again as function of neutrino energy.

when the Argonne bubble chamber cross section data [20]
are fitted. Such corrections would be smaller if the
Brookhaven bubble chamber data [21] were considered.
We will also show that interference between the !P and
the background terms produces parity-violating contribu-
tions to the pion angular differential cross section, which
are intimately linked to T-odd correlations in the contrac-
tion between the leptonic and hadronic tensors. However,
these T-odd correlations do not imply a genuine violation
of time-reversal invariance because of the existence of
strong final state interaction effects.

The paper is organized as follows. After this introduc-
tion, in Sec. II the model for CC neutrino- and
antineutrino-induced reactions is presented. There, some
general definitions involving kinematics and differential
cross sections are given (Sec. II A). The consequences of
isospin symmetry are exploited in Sec. II B, while in the
next subsection the model for the WN ! N0! reaction is
presented. In Sec. III, the findings of the latter section are
extended to the case of NC driven processes. Results are
presented and discussed in Sec. IV and the main conclu-
sions of this work can be found in Sec. V. In Appendix A,
the cross section dependence on the pion azimuthal angle is
discussed in terms of Lorentz, parity, and time-reversal
invariances, and finally in Appendix B, we discuss in
some detail the effects on the neutrino- and antineutrino-
induced cross sections of different relative signs between
the axial and vector W!!N form factors, and between the
resonant and chiral nonresonant contributions.

II. CC NEUTRINO- AND ANTINEUTRINO-
INDUCED REACTIONS

A. Kinematics and differential cross section

We will focus on the neutrino-pion production reaction
off the nucleon driven by charged currents,

 "l"k# $ N"p# ! l%"k0# $ N"p0# $ !"k!#; (1)

though the generalization of the obtained expressions to
antineutrino-induced reactions is straightforward.

The unpolarized differential cross section, with respect
to the outgoing lepton and pion kinematical variables, is
given in the laboratory (LAB) frame (the kinematics is
sketched in Fig. 1) by2
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with ~k and ~k0 the LAB lepton momenta, E0 & " ~k02 $m2
l #1=2

and ml the energy and the mass of the outgoing lepton
(m$ & 105:65 MeV, me & 0:511 MeV), G & 1:1664'
10%11 MeV%2 the Fermi constant, ~k! and E! &
" ~k2! $m2

!#1=2 the LAB momentum and energy of the out-
going pion,3 and L and W the leptonic and hadronic
tensors, respectively. The leptonic tensor is given by [in
our convention, we take %0123 & $1 and the metric g$" &
"$;%;%;%#]
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and it is not orthogonal to q$ even for massless neutrinos,
i.e, L""#

$#q$ & %m2
l k#.

The hadronic tensor includes all sorts of nonleptonic
vertices, and it reads
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2E0
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with M the nucleon mass,4 q & k% k0, and E0
N the energy

of the outgoing nucleon. The bar over the sum of initial and
final spins denotes the average on the initial ones. As for
the one particle states, they are normalized so that h ~pj ~p0i &
"2!#32p0(3" ~p% ~p0#, and finally for the charged current
which couples to the W$ we take

 j$cc$ & #$u)$"1% )5#"cos*C$d $ sin*C$s# (5)

with $u, $d, and $s quark fields, and *C the Cabibbo
angle ( cos*C & 0:974). Note that with all these defini-
tions, the matrix element hN0!jj$cc"0#jNi is dimensionless.
After performing the d3p0 integration, there will still be left
an energy conserving Dirac’s delta function [("p00 $ k0! %
q0 % p0#] in the hadronic tensor, which can be used to
perform the dj ~k!j integration in Eq. (2). Since the quantityR
d"!L

""#
$#"W$#

CC!# is a scalar, to evaluate it we take for

k

θ

kπ

θπ

Z

Xφπ
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FIG. 1 (color online). Definition of the different kinematical
variables used through this work.

2To obtain Eq. (2) we have neglected the four-momentum
carried out by the intermediate W-boson with respect to its mass
(MW), and have used the existing relation between the gauge
weak coupling constant, g & e= sin*W and the Fermi constant:
G=

!!!
2

p
& g2=8M2

W , with e the electron charge, *W the Weinberg
angle, and MW the W-boson mass.

3For m!, we use the isospin averaged pion mass.
4We take the average of the neutron and proton masses.

E. HERNÁNDEZ, J. NIEVES, AND M. VALVERDE PHYSICAL REVIEW D 76, 033005 (2007)

033005-2

ANL

Phys.Rev.D76:033005,200



CC1π
The measurements are based in two methods: 

Detecting the final π+(MiniBoone) and π0(K2K & MiniBoone) final 
states (production+reinteractions). 

Lower systematics.

More difficult interpretation.

Contribution from detector mass reinteractions.

Based on the lepton kinematics: π+(K2K  MiniBoone ). The 
nuclear reinteractions enter in event selection.

Easier to interpret. 

Larger systematics.

Not suitable to check theoretical models.

How many times 
the pion leaves 

nucleus?

How many times 
the pion is 

produced inside 
the nucleus?



CC1π
K2K and MiniBoone uses different methods to 
detect the π+ --> different systematics.
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x and y dimensions. Figure 5 shows the distribution of
vertex-matched tracks for data and MC. For the MC, the
contributions from CCQE, CCpπ+, CCnπ+, and other
nonQE interactions are shown separately.

number of vertex-matched tracks
0 1 2 3 4 5 6

n
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

1000

2000

3000

4000

5000

6000

7000

8000

0 1 2 3 4 5 6
0

1000

2000

3000

4000

5000

6000

7000

8000
CCQE

+!CCp

+!CCn

Other nonQE

DATA

FIG. 5: (Color online) Number of vertex-matched tracks.
Most events are 1-track, i.e. only the SciBar-MRD track.
χ2/d.o.f = 3.46/4 considering the systematic errors discussed
in Section V.

Since the CCQE interaction is a two-body interac-
tion, the direction of the proton can be calculated given
the momentum and direction of the muon. For 2-track
events, we define an angle called ∆θp which is the angle
between the expected proton track (calculated assuming
the event was CCQE) and the observed second track.
Figure 6 shows the distribution of ∆θp for data and
MC. For the MC, the contributions from CCQE, CCpπ+,
CCnπ+, and other nonQE interactions are shown sepa-
rately. There is some apparent discrepancy between data
and MC in Figure 6; however, when systematic uncer-
tainties are taken into account (see Section V), the data
and MC are consistent. 2-track events with ∆θp less
than 20 degrees are considered QE-like, and all other 2-
track events are considered nonQE-like. The cut value
of 20 degrees is chosen to maximize the purity squared
times efficiency of selecting CC1π+ events in the 2-track
nonQE-like sample.

SciBar has the capability to distinguish protons from
muons and pions using dE/dx. The MIP confidence
level (MIPCL) is related to the probability that a par-
ticle is a minimum ionizing particle based on the en-
ergy deposition. The confidence level per layer is the
fraction of events in the muon dE/dx distribution (ob-
tained from cosmic muons) with larger energy deposition
than what is observed in that layer. The total confi-
dence level, MIPCL, is obtained by assuming the con-
fidence level at each layer is independent and calculat-
ing the combined probability. This variable is considered
for vertex-matched tracks other than the SciBar-MRD
track. Tracks with MIPCL less than 0.04 are consid-
ered proton-like and all other tracks are considered pion-
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FIG. 6: (Color online) ∆θp, angle between expected proton
track assuming CCQE and the observed second track for the
2-track sample. χ2/d.o.f = 32.58/30 considering the system-
atic errors discussed in Section V.

like. A MIPCL cut at 0.04 maximizes the purity squared
times efficiency of selecting CC1π+ events in the 2-track
nonQE-like pion-like sample. Figure 7 shows the dis-
tribution of MIPCL for the second track in the 2-track
nonQE-like sample for data and MC. For the MC, the
distributions for protons, pions, and other particles are
shown separately.
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FIG. 7: (Color online) MIP Confidence Level for the second
track in the 2-track nonQE sample in log scale. χ2/d.o.f =
6.36/20 considering the systematic errors discussed in Section
V.

For this analysis, we consider only 1- and 2-track
events. 2-track events are classified as QE- or nonQE-like
based on ∆θp. 2-track nonQE-like events are classified as
pion- or proton-like based on the MIPCL of the second
track. Thus there are four samples of events: 1-track, 2-
track QE, 2-track nonQE pion, and 2-track nonQE pro-
ton. Table II shows the number of data events in each
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For this analysis, we consider only 1- and 2-track
events. 2-track events are classified as QE- or nonQE-like
based on ∆θp. 2-track nonQE-like events are classified as
pion- or proton-like based on the MIPCL of the second
track. Thus there are four samples of events: 1-track, 2-
track QE, 2-track nonQE pion, and 2-track nonQE pro-
ton. Table II shows the number of data events in each
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CC1π
K2K MiniBoone
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A. Comparison with Neutrino Interaction
Simulation

The MC prediction for the total cross section ratio
is 0.740±0.002(stat). Figure 11 shows the comparison
of the energy-dependent result with the MC prediction.
The vertical bars indicate the total measurement uncer-
tainty, and the horizontal bars indicate the neutrino en-
ergy bin width. The results are consistent with the MC
prediction.
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FIG. 11: (Color online) Comparison between the energy-
dependent cross section ratio measurement and MC predic-
tion. The vertical bars indicate the combination of the fit,
nuclear, and other systematic uncertainties of the measure-
ment.

B. Comparison with Existing Results

In order to make the comparison with previous experi-
mental results meaningful, the measurement is corrected
to obtain the cross section ratios for an isoscalar target.
SciBar is made of polystyrene (C8H8) which has 56 pro-
tons and 48 neutrons. Therefore, the scaling factor is
f = (6/7)Sp + Sn where Sp (Sn) is the cross section of
the pπ+ channel (nπ+) relative to the total CC1π+ cross
section calculated from MC. The obtained value of f is
0.89.

Figure 12 shows the comparison of the energy-
dependent measurement with a previous experimental re-
sult after making the correction described above. Again,
the vertical bars indicate the total uncertainty, and the
horizontal bars indicate the neutrino energy bin width.
The results presented in this paper are consistent with
the previous measurements.
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FIG. 12: (Color online) Energy-dependent cross section ratio
measurement compared to a previous result obtained by the
ANL 12-foot bubble chamber experiment. ANL CC1π+ (with
no hadronic invariant mass cut) and CCQE cross sections used
in the comparison are taken from [12] and [46], respectively.
The vertical bars indicate the combination of the fit, nuclear,
and other systematic uncertainties of the measurement.

VII. CONCLUSIONS

In summary, we have studied the cross section for sin-
gle charged pion production in charged-current neutrino
interactions on a C8H8 nuclear target. The data are col-
lected by the SciBar detector as part of the K2K ex-
periment, corresponding to neutrino interactions in the
! 0.4 − 3 GeV neutrino energy range (see Figure 1).
The cross section for single charged pion production in
the resonance region is measured relative to the charged-
current quasi-elastic cross section to avoid the large un-
certainties in measuring the absolute neutrino flux. We
measure both the total cross section ratio and the cross
section ratio as a function of neutrino energy. The results
are consistent with our MC prediction based on the Rein
and Sehgal model and with the previous experimental
result from ANL [4, 12, 46].

Compared to existing published results, and with ap-
proximately 3,000 single charged pion production inter-
actions, this result is based on the largest event sample in
this neutrino energy range to date, and the first one that
uses a mostly carbon-based target. Compared to pre-
vious K2K neutrino charged-current interaction studies,
this measurement provides a more detailed understand-
ing of the interaction rates of the contributing inelastic
channels, and of their energy dependence. This mea-
surement is therefore an important contribution to the
knowledge of the single pion production cross section in
the few-GeV region, which is the relevant energy region
for several present and future neutrino oscillation exper-
iments.
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MA CC1π
This is not very well measured as CCQE.

CC1π was considered background.

It is still important because it defines the (pμ,θμ) map and 
so the reconstructed energy as CCQE and event acceptance.

It is a more difficult measurement because of: 

Non-resonance contribution

Several contributing resonances

large backgrounds from CCQE

effect of nuclear re-interactions in selection



CC1π
There is no measurement 
of the resonance 
production since time of 
bubble chambers.

This is only possible in the 
case of pπ+ final state and 
probably radiative decays.

Also difficult to interpret 
from Nuclear modification 
of Delta’s.

Minerva, Nuint07



Transitions
CCQE-CC1π

contributions from RPA, nNN and non-resonant pion 
production. 

well known and modeled in electron scattering.

we need to establish this experimentally in neutrino 
scattering.



Transitions  & Beyond

CC1π-CCNπ-DIS

Resonances with many pions. 

non-resonant with >2 pions. 

(D)IS at low energies 

Bodek-Yang corrections

high twist

shadowing 

etc..

Based in 
old data 

How to interface with 
nuclear re-
scattering ?



CC-coh π measurements
Recently the measurement of the coherent charged pion production show a 
lower yield than expected (K2K & SciBoone)

Small corrections from muon mass (Phys. Lett. B 657, 207 (2007)) did not compensate 
difference with original Rein-Sehgal (Nucl. Phys. B 223, 29 (1983).)

Some other models(Phys.Rev. D 74, 054007 (2006) ) do not account for the experimental 
result. 

There are other models in the market (Phys.Rev.D79:013002,2009) that predicts lower 
values. 

This is actually very interesting because it links the value directly to the 
amount of resonant production in CC1π via the value of axial form factor 
CA5(0) 

It is also interesting because of predicted the relation NCπ0 and CCπ+ do 
not match the experimental results from MiniBoone.

This can be an interesting laboratory to understand CC interactions at low 
energies.



CC-coh π measurements
Reaction measured at K2K and SciBoone.

The main ingredient is the detection of vertex activity: 

No vertex activity means:

No low energy proton emitted. 

nucleus is not broken.

Phys.Rev.D78:112004,2008. 



CC-coh π measurements
The measurements can be improved by reconstructing the kinetic 
energy of the nucleus (t) . For coherent, this value should be around 
zero.

Cut independent to activity cut. 

This can be done using the muon energy and direction, neutrino 
direction and pion energy and direction. This is a independent and 
more powerful way to identify coherence. 



Neutral currents
Neutral currents are important for sterile neutrino 
oscillation analysis and as background to electron 
neutrino appearance.

There is also an important measurement topic: nuclear 
ΔS. (I won’t mention it but it is very challenging from 
the theoretical and experimental points of view).

The measurement is highly complicated since we have to 
rely on our knowledge of the nuclear recoils and re-
interactions.

From this aspect, the minimum is to measure the NC 
event topologies.



Neutral currents as background
π+ may mimic the signal of a single muon if charge is 
not measured. 

This is specially critical at low energies where the 
muon has low energy similar to the pions in neutral 
currents.

π+ are produced mainly in Δ+ in NC. This is similar to 
the Δ+ in CC and can be related via isospin, but CC 
has a large background from Δ++

Detector with charge identification and PiD might help 
in this analysis.

Do not forget about high mass resonances !!!!



Neutral currents as background

π0 may mimic the signal of a single electron. 

This is specially critical at low energies where the 
electron has low energy similar to the pions in 
neutral currents and one of the gammas from π0 

can be missed.

π0 are produced mainly in Δ0 (~1.9%) and Δ+(~2.3%) 
in NC. CC only has Δ+ production making the 
relation between the NC & CC very difficult. 

NC-π0 detection is experimentally challenging.

Do not forget about high mass resonances !!!!



Neutral current coherent

Very difficult measurement. 

Very little handles beyond the 
kinematics of neutral pion. 

Large background. 

MC-theory model predicting 
the shape of Eπ(1-cosθπ).

Probably need other means to 
constrain non.coherent 
contribution: CC-resonant, etc...

MiniBoone

Resonant

Coherent

Back

Phys. Lett. B. 664, 41 (2008)



What do we need?
Muons. 

That’s easy. 

need good momentum scale.

moderate momentum resolution.

Charged pions.

PID via charge, dE/dx and Michel electrons.

Difficult in dense materials due to hadronic interactions.

Neutral pions

Experimental challenge at low energies.

protons (what do we learn from protons?)

Difficult: short range.



How was it recently 
done ?

K2K

E > 1 GeV. 

Several detectors: water, scintillator, ...

SciBoone

SciBar from K2K at lower energies.

MiniBoone

Scintillator cherenkov at low energies.



K2K

1Kt

water cherenkov. 

low energy muons.

Good efficiency π0

No access to nuclear 
recoils.

4π acceptance.

SciFi & SciBar 

tracker calorimeters

High energy muons.

Bad efficiency π0

Access to high momentum 
nuclear recoils.

forward acceptance.



SciBoone
Muon Range Detector
(MRD)

Electron Catcher (EC)

SciBar

ν 

2m

4m

SciBoone == SciBar++ 

tracker calorimeters

High energy muons.

Bad efficiency π0

Access to high momentum 
nuclear recoils.

forward acceptance.

Better capability for Michel 
electrons: π+ & μ.

SciBoone  ran for neutrinos and 
antineutrinos.



MiniBoone
Cherenkov detector + scintillator 
light.

Low energy muons.

Good π0 efficiency.

Good at identifying π+ via Michel 
Electrons. 

No charge: π+ <-> μ confusion.

Νeutrino and antineutrino run.

Low reconstruction capabilities for 
nuclear recoils (except π0 )



Can we do it better?
Hadroproduction experiments.

neutrino flux shape. 

neutrino absolute flux.

T2K

Minerva (Higher Energy, I do not mention here but: 

nuclear mass dependency 

nice energy range.

We need it for consistent modelling of data.



HadroProduction 
experiment

Measure the production of pions 
(pπ,θπ) in a neutrino beam target 
replica.

Introduce this information in the 
beam MC to compute flux with high 
precision. 

This is very important for oscillation 
physics but also for cross-sections 
since they constrain flux.

We measure always σνΦν.

Shine (NA61) collaboration is 
performing the measurement for 
T2K.

SHINE



T2K (ND280m)
Large statistics neutrino beam. 
(Antineutrinos in the future?) 

Off-axis: narrow spectrum + running of 
energy along the detector.

Advanced near detector: 

tracks with low hadronic recoil 
threshold. 

4π acceptance.

neutral pions.

Magnet: Charge sign.

PID from: dE/dX & Michel 
Electrons.

Good momentum resolution (TPC)



Help from electron 
scattering

Many lessons have been learned in electron scattering. 

Some how we are behind them in our nuclear models.

Already some parameters are incorporated in our monte-carlos:

vector form factors. 

Do we need to be more agressive and request for specific 
measurements?:

i.e. nuclear re-scattering with well define initial conditions. 

To which level we are sensitive to all these details in neutrino 
physics ?. (My personal view is that we need MC to check this 
point).



Conclusions

Still many points open to understand interactions of neutrinos 
below 1GeV. 

Large theoretical effort below ~0.5GeV --> need integration in 
MC. 

Large effort at few GeV region. 

It seems that 0.5 to 1 is a “bit” orphan.

Nuclear effects (initial and final state) are basic for precision 
oscillation experiments. 

Transition regions and non-standard interactions are also relevant 
(RPA, νNN, non resonant pion, etc… ) 



Conclusions

Experimentally we need: 

Good PiD for pions (dE/dx, Michel electrons) and protons. 

Detectors with charge determination. 

low momentum threshold detection (low density). 

Good π0 detection efficiency.

Hadroproduction experiments to decouple σν from Φν.

large statistics and many exclusive channels to relate final 
topologies and interactions into fundamental cross-sections.



Conclusions

Theoretically we need: 

Recipes how to correlate measurements. 

More complete description of cross.sections in Monte Carlos. 

Import electron scattering information and lessons in our models.

Directions (Models) of what is really relevant to be measured. 




