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Introduction

Single Pion Production
Introduction to Resonance Interaction

• A neutrino inelastically scatters off target nucleon, with a short-lived resonant state 
of the excited target nucleon created (N*, Δ) which decay into a nucleon and a 
single pion. 

• Theoretically described by Rein-Seghal  
(RS) model, used in event generators like 
GENIE. 

• The most important channel for the current  
and next generation long-baseline neutrino  
experiments in few-GeV energy region  
(NOνA, DUNE). 

• Unfortunately also the least measured.
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• A neutrino inelastically scatters off target nucleon, with a short-lived
resonant state of the excited target nucleon created (N∗, ∆) which
decay into a nucleon and a single pion

• νµ + p → µ− + ∆++ → µ− + p + π+

• νµ + n→ µ− + ∆+ → µ− + n + π+

• νµ + n→ µ− + ∆+ → µ− + p + π0

Xinchun Tian (USC, Columbia) Resonance@DIS 2015 042815 4 / 23
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Introduction

Why Single Pion Production

Rev. Mod. Phys. 84, 1307-1341 (2012)
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To describe such resonance production processes, neu-
trino experiments most commonly use calculations from
the Rein and Sehgal model (R. P. Feynman, 1971; Rein,
1987; Rein and Sehgal, 1981) with the additional inclu-
sion of lepton mass terms. This model gives predictions
for both CC and NC resonance production and a pre-
scription for handling interferences between overlapping
resonances. The cross sections for the production of
numerous different resonances are typically evaluated,
though at the lowest energies the process is dominated
by production of the ∆(1232).

Figures 13-15 summarize the historical measurements
of CC neutrino single pion production cross sections as a
function of neutrino energy. Table X lists corresponding
measurements in antineutrino scattering. Many of these
measurements were conducted on light (hydrogen or
deuterium) targets and served as a crucial verification
of cross section predictions at the time. Measurements
of the axial mass were often repeated using these
samples. Experiments also performed tests of resonance
production models by measuring invariant mass and
angular distributions. However, many of these tests were
often limited in statistics.

 (GeV)E
1 10 210

 / 
nu

cl
eo

n)
2

 c
m

-3
8

) (
10

+
p-

µ 
p 

µ
(

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2

ANL, PRL 30, 335 (1973), H

2
, D

2
ANL, PRD 19, 2521 (1979), H

2
, D

2
ANL, PRD 25, 1161 (1982), H

2
BEBC, NP B264, 221 (1986), H

2
BEBC, NP B343, 285 (1990), D

2
BNL, PRD 34, 2554 (1986), D

FNAL, PRL 41, 1008 (1978)

Br
3

SKAT, ZP C41, 527 (1989), CF

=1.0 GeV)
A

NUANCE (M

FIG. 13 Existing measurements of the cross section for the
CC process, νµ p→ µ− p π+, as a function of neutrino energy.
Also shown is the prediction from (Casper, 2002) assuming
MA = 1.1 GeV.

Compared to their charged current counterparts, mea-
surements of neutral current single pion cross sections
tend to be much more sparse. Most of this data exists in
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FIG. 14 Existing measurements of the cross section for the
CC process, νµ n→ µ− p π0, as a function of neutrino energy.
Also shown is the prediction from (Casper, 2002) assuming
MA = 1.1 GeV.
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FIG. 15 Existing measurements of the cross section for the
CC process, νµ n→ µ− nπ+ as a function of neutrino energy.
Also shown is the prediction from (Casper, 2002) assuming
MA = 1.1 GeV.

the form of NC/CC cross section ratios (Table XI); how-
ever a limited number of absolute cross section measure-
ments were also performed over the years (Figures 16-21).

Today, improved measurements and predictions of
neutrino-induced single pion production has become
increasingly important because of the role such pro-
cesses play in the interpretation of neutrino oscillation
data (Walter, 2007). In this case, both NC and CC
processes contribute. NC π0 production is often the
largest νµ-induced background in experiments searching
for νµ → νe oscillations. In addition, CC π production
processes can present a non-negligible complication in
the determination of neutrino energy in experiments
measuring parameters associated with νµ and νµ disap-
pearance. Since such neutrino oscillation experiments
use heavy materials as their neutrino targets, measur-
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the form of NC/CC cross section ratios (Table XI); how-
ever a limited number of absolute cross section measure-
ments were also performed over the years (Figures 16-21).

Today, improved measurements and predictions of
neutrino-induced single pion production has become
increasingly important because of the role such pro-
cesses play in the interpretation of neutrino oscillation
data (Walter, 2007). In this case, both NC and CC
processes contribute. NC π0 production is often the
largest νµ-induced background in experiments searching
for νµ → νe oscillations. In addition, CC π production
processes can present a non-negligible complication in
the determination of neutrino energy in experiments
measuring parameters associated with νµ and νµ disap-
pearance. Since such neutrino oscillation experiments
use heavy materials as their neutrino targets, measur-

• The resonance production is the least measured

• Many of the measurements on light targets (H2 & D2)

• Heavy targets suffer from nuclear effects
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Introduction

Why Single Pion Production - Puzzles

O. Lalakulich and U. Mosel
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FIGURE 7. (Color online) Kinetic energy distribution of the outgoing π+ and momentum distribution of the outgoing π0 for one
pion production at MiniBooNE. Data are from [2, 3]. The curves are as in Fig. 6.
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cross section new, improved data for neutrino-induced
pion production on elementary targets are clearly needed
to resolve the ambiguity in pion production on nuclear
targets. Only when such data have become available the
question of a better determination of the axial coupling
to nucleon resonances can be approached again.

This work is supported by DFG and BMBF.
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• Better agreement between
MiniBooNE and GiBUU w/o FSI

MINERνA, arXiv:hep-ex/1406.6415

5

grees of freedom.

Predictions from NuWro, NEUT, ACS and GiBUU [34]
are shown in Fig. 3. GiBUU, NuWro, and NEUT agree
well with the measured shape of dσ/dTπ, while the ACS
model is strongly disfavored. The GiBUU and ACS cal-
culations incorporate nuclear medium effects in ∆ pro-
duction, propagation, and non-resonant pion produc-
tion, while the event generators do not. It is the in-
clusion of FSI, rather than the incorporation of nuclear
medium modifications [16], that most affects the pre-
dicted dσ/dTπ shapes.

The cross section predictions vary significantly because
each prediction must reconcile the ∼40% differences be-
tween ANL [43] and BNL [31] measurements of neutrino
pion production on deuterium. Most models use an aver-
age of the data; the GiBUU model is based upon the BNL
cross sections. These data are in better agreement with
models that are based on the ANL data or an average of
the two deuterium datasets.

This measurement (MINERvA) of dσ/dTπ is compared
with that of MiniBooNE along with the two correspond-
ing GENIE predictions with FSI for the appropriate neu-
trino fluxes [44] in Fig. 4. MINERvA measures higher
energy and higher Q2 neutrino interactions than does
MiniBooNE, but the kinematical ranges have significant
overlap. MINERvA requires W < 1.4 GeV while Mini-
BooNE does not restrict W; GENIE predicts that 76%
of the MiniBooNE cross section is at W < 1.4 GeV. The
contributions due to ∆ excitation and the non-resonant
backgrounds differ, but the key feature of attenuation
due to pion FSI is expected to be similar. Both the
MINERvA and MiniBooNE results have a similar shape
and magnitude above Tπ = 100 MeV. The shape agree-
ment indicates some consistency in the pion absorption
FSI process, while the agreement in magnitude is not
presently described by any model. The shape disagree-
ment below 100 MeV is also not explained by current
models. The GENIE model predicts the shape but over-
predicts the level of the MINERvA data, while it predicts
the rate but not the shape of the MiniBooNE data [18].
The same trend is seen with the GiBUU calculation, as
shown in Fig. 3 and Ref. [16].

Conclusions– This letter presents measurements of
neutrino-induced pion production from a CH target and
compares them to models with different FSI treatments
and to MiniBooNE. Both the dσ/dθπ and dσ/dTπ shapes
strongly favor models with FSI. Where pion FSI effects
are expected to be largest, MINERvA and MiniBooNE
have similar shape, but there are also significant normal-
ization and shape discrepancies between the two mea-
surements. These data provide new information about
the neutrino energy dependence of resonant pion produc-
tion and can be used to place strong constraints on FSI.
More generally, they provide an observational foundation
for improving both the background and signal predictions
needed for precise oscillation parameter measurements.

FIG. 4: Comparison between the MINERvA and Mini-
BooNE [14] dσ/dTπ data via the corresponding GENIE 2.6.2
“hA FSI” predictions. Error bars indicate the total uncer-
tainty.
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Resonance production at NOMAD

The NOMAD Detector
Average neutrino energy is ∼ 25 GeV

Eur. Phys. J. C (2009) 63: 355–381 359

Table 2 The same as in
Table 1, but for antineutrino
experiments. The axial mass
value for the NuTeV
experiment [23] was estimated
from the published antineutrino
quasi-elastic cross section
(σ qel

ν̄ = (1.12 ± 0.04(stat) ±
0.10(syst)) × 10−38 cm2); the
systematic error for IHEP SKAT
90 [22] is 0.20 GeV

Experiment Target Events Determined from MA, GeV Ref.

BNL 80 Hydrogen dσ/dQ2 0.9+0.4
−0.3 [5]

BNL 88 Liquid scint. 2919 dσ/dQ2 1.09 ± 0.04 [7]

FermiLab 84 Neon 405 dσ/dQ2 0.99 ± 0.11 [10]

NuTeV 04 Steel 15054 σ 1.29 ± 0.11 [23]

CERN GGM 77 Freon 476 σ 0.69 ± 0.44 [15]

dσ/dQ2 0.94 ± 0.17

CERN GGM 79 Propane/Freon 766 σ 0.84+0.08
−0.09 [16]

dσ/dQ2 0.91 ± 0.04

IHEP 85 Aluminium 854 dσν+ν̄ /dQ2 1.00 ± 0.04 [20]

IHEP SKAT 88 Freon 52 σ ⊗ dσ/dQ2 0.72 ± 0.23 [21]

σ 0.62 ± 0.16

IHEP SKAT 90 Freon dσ/dQ2 0.79 ± 0.11 [22]

σ ⊗ dσ/dQ2 0.71 ± 0.10

Fig. 1 A side-view of the
NOMAD detector

drift chamber volume was 0.1 g/cm3. These chambers pro-
vided an overall efficiency for charged track reconstruction
of better than 95% and a momentum resolution which can be
approximated by the following formula σp

p
≈ 0.05√

L
⊕ 0.008p√

L5
,

where the momentum p is in GeV/c and the track length
L in m. Reconstructed tracks were used to determine the
event topology (the assignment of tracks to vertices), to re-
construct the vertex position and the track parameters at each
vertex and, finally, to identify the vertex type (primary, sec-
ondary, etc.). A transition radiation detector (TRD) [38, 39]
placed at the end of the active target was used for particle
identification. Two scintillation counter trigger planes [40]
were used to trigger on neutrino interactions in the NOMAD
active target. A lead-glass electromagnetic calorimeter [41,

42] located downstream of the tracking region provided an
energy resolution of 3.2%/

√
E[GeV] ⊕ 1% for electromag-

netic showers and was crucial to measure the total energy
flow in neutrino interactions. In addition, an iron absorber
and a set of muon chambers located after the electromag-
netic calorimeter was used for muon identification, provid-
ing a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νμ’s
with an about 7% admixture of ν̄μ and less than 1% of νe

and ν̄e . More details on the beam composition can be found
in [30].

The main goal of the NOMAD experiment was the search
for neutrino oscillations in a wide-band neutrino beam from

sub-detectors performance
Drift Chambers (2.7 tons) Target & tracking δr < 200 µm

ρ = 0.1 g/cm3 δp ∼ 3.5%@p < 10 GeV/c

Transition Radiation Detector (TRD) e± identification 90% e± eff. with π rejection @103

Muon Chambers Muon identification ε ∼ 97%@pµ > 5 GeV/c

Electromagnetic Calorimeter (ECL) Lead glass
σ(E)
E

= (1.04 ± 0.01)% + 3.22±0.07
%

E(GeV)

Hadronic Calorimeter (HCAL) neutron and K0
L veto
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Resonance production at NOMAD

Resonance Topologies in NOMAD Detector

Good resolution to measure the ∆++ productResonance Topologies in NOMAD DetectorWhat we are looking for.

∆++  Candidate Event
Pμ-   = 5.51 GeV
P’pr’  = 1.00 GeV    
P’π+’= 0.236 GeV 
M++ = 1.36 GeV

`π+’

`pr’

 μ-

• Two topologies considered: 

• 3-Track:  νμ + p → μ + p + π+

• 2-Track:  νμ + n → μ + p + π0 
                      νμ + n → μ + n + π+

• Background: CC-DIS.
4

• Two topologies considered
• 3-Track: νµ + p → µ− + ∆++ → µ− + p + π+

• 2-Track: νµ + n→ µ− + ∆+ → µ− + n + π+

νµ + n→ µ− + ∆+ → µ− + p + π0

• Dominate background: CC-DIS
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Resonance production at NOMAD 3-Track Analysis

3-Track Analysis

Introduction

Resonance production at NOMAD
3-Track Analysis
2-Track Analysis
Combined Analysis

Resonance Production at DUNE/LBNF

Summary
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Resonance production at NOMAD 3-Track Analysis

3-Track Analysis

• Selec µ− and (+,+) topology

• Soft kinematic cuts to reduce
DIS background

• Multivariate analysis

3-Track Analysis

• Select one µ- track and two positive 
hadron tracks events. 

• Pre-selection cuts to reduce 
backgrounds, dominated by DIS. 

• Events selected are taken into neural 
network analysis built upon track 
momentums. 

• Normalize background to fit data. 
• Calculate fully-corrected resonance  

event number.

5
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Resonance production at NOMAD 3-Track Analysis

GENIE Prediction Agrees Quite Well With Data
Agreement between Data and MC (GENIE), overall, is satisfactory. But

disagreement seen in specfic kinematic region.

GENIE prediction agrees quite well with data.

Kinematics 

6
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Resonance production at NOMAD 3-Track Analysis

Backward-going Pions

• The pion momentum is most
sensitive to nuclear effects

• Although overall MC agree with
data, backward-going pions are not
well described by GENIE (∼ 34% π
backward going)

• Could provide a handle to constrain
nuclear effects

What we are looking for.

∆++  Candidate Event
Pμ-   = 5.789 GeV
P’pr’ = 0.393 GeV    
P’π+’= 0.157 GeV 
M++ = 1.231 GeV

`π+’

`pr’

 μ-
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Resonance production at NOMAD 2-Track Analysis

2-Track Analysis

Introduction

Resonance production at NOMAD
3-Track Analysis
2-Track Analysis
Combined Analysis

Resonance Production at DUNE/LBNF

Summary
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Resonance production at NOMAD 2-Track Analysis

2-Track Analysis

• µ− and positive track

• Less well constrained than 3-Track ⇒ larger background, larger
systematic errors

• Rate (R2−Track/RCC) and cross section agree between the two
topologies
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Resonance production at NOMAD Combined Analysis

Combined Analysis

Introduction

Resonance production at NOMAD
3-Track Analysis
2-Track Analysis
Combined Analysis

Resonance Production at DUNE/LBNF

Summary
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Resonance production at NOMAD Combined Analysis

3-Track + 2-Track Combined Analysis

• Result shown as ratio of fully-corrected resonance events to inclusive
charged current events

• 2-track result is consistent with 3-track analysis
• Combine 3-track result with 2-track result to reduce statistic uncertainty.

Also the combined analysis is less sensitive to some systematics
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Resonance production at NOMAD Combined Analysis

3-Track + 2-Track Combined Analysis

9

3-Track Analysis + 2-Track Analysis

• Similar analysis with 2-track sample which is statistically independent from 3-track:  
(muon tack + one positive hadron track). 

• Result shown as ratio of fully-corrected resonance events to inclusive charged-
current events. 

• 2-track result is consistent with 3-track analysis.  
• Combine 3-track result with 2-track result to reduce statistic uncertainty. Also the 

combined analysis is less sensitive to some systematics. 

• Result shown as ratio of fully-corrected resonance events to inclusive
charged current events

• 2-track result is consistent with 3-track analysis
• Combine 3-track result with 2-track result to reduce statistic uncertainty.

Also the combined analysis is less sensitive to some systematics
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Resonance production at NOMAD Combined Analysis

Cross-Section and Systematics
Cross-Section and Systematics

• Systematic uncertainties come from resonance modeling (MA, MV, MFP), 
signal selections(pre-selection cuts, NN) and flux measurement. 

• Cross-section measurement agrees with GENIE prediction  
(MA = 1.12 GeV, MV = 0.84 GeV). 

Statistics
Systematics

10

• Cross-section measurement agrees with GENIE prediction (MA = 1.12
GeV, MV = 0.84 GeV)

• Systematic uncertainties ±5.3%
• MC modeling (MA, MV , MFP) – ±3.2%
• Event selections (pre-selection cuts, NN) – ±1.2%
• Flux – ± 2.5% overall (4.1% in lowest two bins)
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Resonance production at NOMAD Combined Analysis

Resonance Cross-Section
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Resonance Production at DUNE/LBNF

Sensitivity Study of Resonance Production in a Fine Grain Straw Tube
Tracker (STT) - the proposed DUNE Near Detector

• The DUNE ND will have a much a higher resolution and statistics
(×50) than NOMAD, but lower energy (∼ 1/4)

Xinchun Tian (USC, Columbia) Resonance@DIS 2015 042815 21 / 23



Resonance Production at DUNE/LBNF

The proposed High Resolution DUNE/LBNF Near Detector

FIG. 1: A schematic drawing of the fine-grained tracker design.

TABLE I: A summary of the performance for the FGT configuration.

Performance Metric FGT

Straw Tube Detector Volume 3.5m x 3.5m x 6.4m

Straw Tube Detector Mass 8 tonnes

Vertex Resolution 0.1 mm

Angular Resolution 2 mrad

Ee Resolution 5%

Eµ Resolution 5%

νµ/ν̄µ ID Yes

νe/ν̄e ID Yes

NCπ0/CCe Rejection 0.1%

NCγ/CCe Rejection 0.2%

CCµ/CCe Rejection 0.01%

3• Built on the NOMAD experience

• Determination of the beam flux at the Near Site and the measurement of
νe-appearance backgrounds (Primary purpose)

• Precision Standard Model neutrino physics measurements, such as precise
measurement of neutrino-nucleus cross sections, the weak mixing angle
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Resonance Production at DUNE/LBNF

Resonance Production at DUNE ND
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• Preliminary study shows, for 3-track Resonance, the average signal
efficiency is 33% with 23% background

• The projected precision has statistical error only, systematical
uncertainties under investigation
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Summary

Summary

• We have conducted a measurement of resonance interaction using
NOMAD data.

• Kinematics like Q2, invariant mass, hadron momentums are
consistent with GENIE prediction.

• Backward-going pions are poorly predicted by GENIE.

• The most precise measurement of resonance interaction in 2.5 GeV
200 GeV.

• An important benchmark to validate the proposed DUNE/ELBNF
Fine-Grained Tracker near detector, which has a similar design as
NOMAD.
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