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Introduction



Neutral Current 
Resonant π Production

NC

• Among several resonances, Δ(1232) resonance is 
the main contribution to the “resonant pion 
production”.

• Δ(1232) decays to single pion final state. In neutral 
current mode, four possible processes:

ν ν

Z

Δ+
π0

p p

ν p → ν∆+ → ν p π0

ν n → ν∆0 → ν n π0

ν p → ν∆+ → ν n π+

ν n → ν∆0 → ν p π−

• The resonant pion production is 
typically defined by the hadronic 
invariant mass W<2GeV
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Measurement of NC pion 
production

• In experiments, extracting resonant pion
production cross section is non-trivial
because of Bkg contributions:

• Non-resonant processes: DIS, coherent-π

• Nuclear effect: absorption, inelastic, 
charge exchange (mimic resonant-π event)

• σ(NC res-π) extraction depends on 
modeling of the background processes

• ➜ Experimental observable: σ(NC-1π)

• NC-1π ≡ NC event with a pion exiting target nucleus
• all the FSI effects included (e.g. Multi-π/DIS can be part of signal events)

• NC-1π cross section often more important to modern-day neutrino 
oscillation experiment (later slide)
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Past NC-1π Measurements
• Several measurements in past

• Most of results in the form of cross section ratio, 
e.g. ratio to CC-1π

• Few results in form of absolute cross section
6

Source Target NC/CC Ratio Value Ref
ANL H2 σ(νµ p → νµ p π0)/σ(νµp → µ− p π+) 0.51 ± 0.25∗ [18]
ANL H2 σ(νµ p → νµ p π0)/σ(νµp → µ− p π+) 0.09 ± 0.05∗ [19]
NUANCE free nucleon σ(νµ p → νµ p π0)/σ(νµp → µ− p π+) 0.20 [2]
ANL H2 σ(νµ p → νµ n π+)/σ(νµp → µ− p π+) 0.17 ± 0.08 [18]
ANL H2 σ(νµ p → νµ n π+)/σ(νµp → µ− p π+) 0.12 ± 0.04 [19]
NUANCE free nucleon σ(νµ p → νµ n π+)/σ(νµp → µ− p π+) 0.17 [2]
ANL D2 σ(νµ n → νµ p π−)/σ(νµn → µ− n π+) 0.38 ± 0.11 [21]
NUANCE free nucleon σ(νµ n → νµ p π−)/σ(νµn → µ− n π+) 0.27 [2]
Gargamelle C3H8 CF3Br ΣN=n,p σ(νµ N → νµ N π0)/2 σ(νµn → µ− p π0) 0.45 ± 0.08 [22]
CERN PS Al ΣN=n,p σ(νµ N → νµ N π0)/2 σ(νµn → µ− p π0) 0.40 ± 0.06 [21]
BNL Al ΣN=n,p σ(νµ N → νµ N π0)/2 σ(νµn → µ− p π0) 0.17 ± 0.04∗∗ [23]
BNL Al ΣN=n,p σ(νµ N → νµ N π0)/2 σ(νµn → µ− p π0) 0.248 ± 0.085∗∗ [24]
NUANCE free nucleon ΣN=n,p σ(νµ N → νµ N π0)/2 σ(νµn → µ− p π0) 0.41 [2]
ANL D2 σ(νµ n → νµ p π−)/σ(νµp → µ− p π+) 0.11 ± 0.022 [19]
NUANCE free nucleon σ(νµ n → νµ p π−)/σ(νµp → µ− p π+) 0.19 [2]

Table 2
Measurements of NC/CC single pion cross section ratios. The Gargamelle data has been corrected to
a free nucleon ratio [22]. Also quoted are the free nucleons cross section predictions from NUANCE
assuming mA = 1.032 GeV, mV = 0.84, and sin2 θW = 0.2319 in each case. * In their later paper [19],
Derrick et al. remark that while this result is 1.6σ smaller than their previous result [18], the neutron
background in this case was better understood. ** The BNL NC π0 data was later reanalyzed after
properly taking into account multi-π backgrounds and found to have a larger fractional cross section [24].

Figure 9. NC 1π cross section σ(νµ p → νµ n π+).
Same Monte Carlo settings as in Figure 7.

Figure 10. NC cross section σ(νµ n → νµ p π−).
Same Monte Carlo settings as in Figure 7.

Table and figures form G. Zeller, hep-ex/0312061
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Past NC-1π Measurements
• Several measurements in past

• Most of results in the form of cross section ratio, 
e.g. ratio to CC-1π

• Few results in form of absolute cross section

NC-1π+ (p) NC-1π0 (n) NC-1π0 (p) NC-1π (n) 

Table and figures form G. Zeller, hep-ex/0312061

NC-1π cross sections are extremely sparse, 
compared to CC-1π modes.



Need NC-1π measurement?

• Neutrino oscillation experiments 
need precise knowledge on NC-1π0

• NC-1π0 is the major background for 
νµ→νe oscillation search

• Gamma-rays (from π0) mimic 
electron signal in Cherenkov 
detector, e.g. overlapping two 
rings

• ➜ π0 kinematics is also important to 
determine misidentification rate in νe 
search as well as cross section.

NC-π0

T2K
νe events
(sin2 2θ13=0.1)

νe spectrum (MC)

Exposure /(22.5kt x yr)

- stat. only
- δBG=10%
- δBG=20%
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• Neutrino oscillation experiments 
need precise knowledge on NC-1π0

• NC-1π0 is the major background for 
νµ→νe oscillation search

• Gamma-rays (from π0) mimic 
electron signal in Cherenkov 
detector, e.g. overlapping two 
rings
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determine misidentification rate in νe 
search as well as cross section.

　π0
 γ

 γ

Two rings merged to 1 ring 
in Cherenkov detector

Overlapping rings

π0 event (MiniBooNE)
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Challenge
• Nuclear target

• Oscillation experiment use 
nuclear target (C, O, Fe, Ar)

• ➜ “Nuclear effect”

• Final state interaction

• Modify kinematics/charge of final 
state particles (π, p)

• Vanish particles (absorption)
• e.g. ~40% of π0s interact in the target 

nucleus (NEUT, Carbon target, average over 
SciBooNE flux (Eν~0.7GeV))

• Nuclear effect is not well 
modeled yet

‣ Important to understand ν int. 
with nuclear effect

Z

N 

Z

N 

π is often absorbed in target 
nucleus → NC multi-π events 
indistinguishable from NC-1π.

π absorption

ν

π 

ν

NC multi-π
ν

ν

π 
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Recent 
Measurements



Recent measurement

• Four recent measurements of NCπ0:

Exp Mode Target ν/ν̄ Eν (GeV) Publication

K2K-1KT NC-1π0 H2O ν 1.3 PLB619, 255 
(2005)

MiniBooNE NC-1π0 CH2 ν and ν̄ 0.8(ν)
0.7(ν)̄

PRD81, 013005 
(2010)

SciBooNE NC-π0 CH ν 0.8 PRD81, 033004 
(2010)

See H.Tanaka’s (my) talk for coherent-π.
10

Note: NC coh-π measurements are not included in the list.  
See H. Tanaka (my) talk for coh-π measurements.



Measuring cross sections

• Measured quantity:
• Cross section ratio: many systematics are 

canceled, especially beam related.
• Absolute cross section: require good 

understanding of flux and control of flux 
uncertainties.

• Signal definition
• Slightly different definition in each experiment:

• NC-1π0 ≡ NC int. resulting in one π0 exiting 
the target nucleus & no other mesons

• NC-π0 ≡ NC int. in which at least one π0 in 
the final state
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• Water Cherenkov detector
• Signal definition: NC-1π0

• 1st meas. of NC-1π0 in H2O
• Identify event using hit topology

• Two e-like rings
• NC-1π0 purity: 71%

• Resonant: 52%
• Coherent: 10%
• DIS: 4%, FSI(CC/NC-1π±): 3%

• σ(NC-1π0) / σ(CC) = (6.4±0.1±0.7)%
  <Eν>=1.3 GeV

• In agreement with expectation 
(NEUT, R-S): 6.5%

• Momentum distribution disagrees

K2K-1KT σ(NC-1π0)/σ(CC)

K2K-1KT event display

Phys. Lett. B619, 255 (2005)

12

efficiency/smearing corrected, 
Bkg subtracted

Major sys error from DIS modeling (5.1%), Detector related (5.4%)

• ν event generator: NEUT
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Phys. Lett. B619, 255 (2005)
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efficiency/smearing corrected, 
Bkg subtracted

Major sys error from DIS modeling (5.1%), Detector related (5.4%)

• ν event generator: NEUT



MiniBooNE σ(NC-1π0)
• Mineral oil Cherenkov detector
• Signal definition: NC-1π0

• 1st absolute NC-1π0 diff’l cross section
• ν and ν ̄modes

• Identify event using hit topology
• Two e-like rings

• NC-1π0 purity: 73% (ν), 58% (ν ̄)

• Major Bkg components:

• ν mode: NCπ±(23%), CCπ±,0(25%)
• ν ̄mode: NCπ±(13%), WS(56%)

[π± produce π0 outside the target nucleus]

• Discrepancies in normalization and 
shape

MiniBooNE Event Display 
(π0 event)

Phys. Rev. D81, 013005 (2010)
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precisely, we require (5) logðLe=L!Þ> 0:05. The distri-
bution of this difference appears in Fig. 1. The separation
between events with and without a "0 is evident.
Candidates must then favor the pion likelihood over the
electron likelihood: (6) logðLe=L"Þ< 0. Finally, we re-
quire that (7) the invariant mass extracted from the two-
photon fit reside in the interval ½80; 200$ MeV=c2. Figure 1
includes the invariant mass distribution; a distinct peak
around the "0 mass of 134:97 MeV=c2 is visible. Only a
miniscule number of events in the mass peak is predicted to
contain no"0’s. A summary of the effect of each cut on the

predicted purity and efficiency of each sample appears in
Table II.
With 6:46% 1020 protons-on-target (POT) collected in

neutrino mode running, 21 375 events pass the selection
requirements. In antineutrino mode running, 2789 events
pass selection requirements with 3:68% 1020 POT col-
lected. The Monte Carlo underestimates the number of
events passing the cuts in neutrino mode by 10:9ð8Þstat%
and overestimates it in antineutrino mode by 5ð2Þstat%. In
each running mode, the sample collected is the largest set
of NC 1"0 events recorded to date. These samples exceed
the total of all samples collected by previous experiments
by roughly an order of magnitude.

IV. ANALYSIS AND RESULTS

A selection of photon kinematic distributions from the
"0 fit appears in Fig. 2. An incorrect prediction of "0’s in
the final state accounts for the disagreement between data
and Monte Carlo in these distributions rather than any
failure of the reconstruction, which has been separately
vetted [37]. Correcting the Monte Carlo with an in situ
measurement of the rate of "0 production as a function of
momentum—a kinematic that is strongly influenced by
FSI—improves the level of agreement substantially [36].
The photon kinematics are used to derive the "0 kinemat-
ics. The four-momentum of the "0 is simply the sum-
momentum of the two photons. The incoming neutrino is
assumed to be traveling in the beam direction, which is
oriented with the z axis by convention, so the "0 angle is
taken to be the angle relative to the z axis. Using the
partitions appearing in Fig. 3, we generate histograms of
"0 momentum and "0 angle for the NC 1"0 candidates.
The neutrino mode "0 momentum distribution extends to
1:5 GeV=c while the antineutrino mode distribution ex-
tends to 1:1 GeV=c.
Background events arise from wrong-neutrino induced

NC 1"0 production and interactions in the detector mim-
icking the signal signature. Interactions occurring outside
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FIG. 1. (a) Distribution of the difference between the e log-
likelihood and the ! log-likelihood for events passing cuts (1)–
(4) described in the text for neutrino mode running (top) and
antineutrino mode running (bottom). Monte Carlo is depicted by
a dark-gray line and data by black dots. Both data and
Monte Carlo are absolutely normalized to 1020 POT. Error
bars are statistical only. Also shown are the contributions from
events containing no "0 in the detector (translucent light-gray
fill), signal NC 1"0 production (dark-gray fill), and incoherent
(hatched fill) and coherent (gray fill) exclusive NC 1"0 produc-
tion according to identification at the neutrino interaction vertex.
Candidate NC 1"0 events are selected in the region indicated by
the arrows. (b) Distribution of the reconstructed #-# invariant
mass for events passing cuts (1)–(6) described in the text. The
dashed vertical line marks the expected "0 mass.

TABLE II. Predicted purity of the NC 1"0 sample and NC 1"0

selection efficiency in neutrino and antineutrino modes after
each cut described in the text. Purity including wrong-sign
induced signal sources is presented parenthetically.

Cut Purity (w= wrong
sign signal ) Efficiency

! !! ! !!

None 5% (5%) 4% (6%) 100% 100%
(1) 1 Subevent 9% (10%) 7% (11%) 78% 78%
(2) NVeto 12% (12%) 11% (15%) 65% 67%
(3) NTank 28% (29%) 27% (38%) 64% 65%
(4)Re 27% (27%) 26% (36%) 63% 62%
(5) logðLe=L!Þ 60% (62%) 50% (71%) 41% 40%
(6) logðLe=L"Þ 61% (63%) 50% (71%) 40% 39%
(7) m## 73% (75%) 58% (82%) 36% 36%

A.A. AGUILAR-AREVALO et al. PHYSICAL REVIEW D 81, 013005 (2010)
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Mγγ

Phys. Rev. D81, 013005 (2010)
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MiniBooNE σ(NC-1π0)
• Mineral oil Cherenkov detector
• Signal definition: NC-1π0

• 1st absolute NC-1π0 diff’l cross section
• ν and ν ̄modes

• Identify event using hit topology
• Two e-like rings

• NC-1π0 purity: 73% (ν), 58% (ν ̄)

• Major Bkg components:

• ν mode: NCπ±(23%), CCπ±,0(25%)
• ν ̄mode: NCπ±(13%), WS(56%)

[π± produce π0 outside the target nucleus]

• Discrepancies in normalization and 
shape

fiducial volume. Dividing each differential rate by the
number of targets and the appropriate integrated flux yields
the flux-averaged cross section per nucleon.

Plots of the resulting absolute differential cross sections
for NC 1!0 production on CH2 appear in Fig. 7 and the
tables in Appendix C. Per our signal definition, these cross
sections include the effects of final state interactions.
Integrating the differential cross sections yields total cross
sections of ð4:76"0:05stat"0:76sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i¼808MeV for "#-induced pro-
duction and ð1:48"0:05stat"0:23sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i ¼ 664 MeV for !"#-induced
production. These cross sections are flux-averaged; hence,
they are specific to the neutrino flux at MiniBooNE [43].
Being the first absolute measurements of NC 1!0 produc-
tion, there are no other measurements with which to
compare.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties can be grouped into three prin-
cipal categories—flux related, cross section related, and
detector related. We gauge the uncertainty in the measure-
ments including bin-to-bin correlations by calculating the
covariance of the measurements over a set of Monte Carlo
excursions wherein underlying parameters are varied
within their uncertainties and correlations.

The same uncertainties affecting the integrated flux
prediction detailed in Sec. IV also affect the Monte Carlo

predictions used in the cross section calculation, e.g. the
background prediction. In total, flux uncertainties produce
a 12.4% overall uncertainty in the "# cross sections and
12.7% in the !"# cross sections.
The cross sections associated with background pro-

cesses are varied within their uncertainties. The relevant
axial masses for quasielastic (QE), incoherent single pion,
coherent single pion, and multipion production are varied
by 6.2%, 25%, 27%, and 40% from their central values
of 1:23 GeV=c2, 1:10 GeV=c2, 1:03 GeV=c2, and
1:30 GeV=c2, respectively. The binding energy and
Fermi momentum values used in the relativistic Fermi
gas model [45] underlying the simulation of QE, NC
elastic, and incoherent pion production are varied by
26% and 14% from their central values of 34 MeV and
220 MeV=c, respectively. The total normalization of QE
scattering, deep inelastic scattering (DIS), and " radiative
processes are varied by 10%, 25%, and 12.2%, respec-
tively. A Pauli blocking scale factor for CC QE events, $
[46], is varied by 0.022 from its central value of 1.022. In
the target nucleus, the cross sections for pion absorption,
pion charge exchange, and " interactions ("N ! N0N),
are varied by 25%, 30%, and 100%, respectively. Pion
scattering cross sections in the mineral oil outside the
target nucleus are varied by 35% for absorption and 50%
for charge exchange. The uncertainty in our pion interac-
tion simulation is validated using external data for inter-
actions on carbon [47–50]. In total, cross section
uncertainties contribute an 8.4% uncertainty in the mea-
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FIG. 7. Flux-averaged absolute differential cross sections for NC 1!0 production on CH2 including the effects of FSI. Data are
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sections appear in Appendix C and are also available at the MiniBooNE website [44].
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fiducial volume. Dividing each differential rate by the
number of targets and the appropriate integrated flux yields
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Plots of the resulting absolute differential cross sections
for NC 1!0 production on CH2 appear in Fig. 7 and the
tables in Appendix C. Per our signal definition, these cross
sections include the effects of final state interactions.
Integrating the differential cross sections yields total cross
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at a mean energy of hE"i ¼ 664 MeV for !"#-induced
production. These cross sections are flux-averaged; hence,
they are specific to the neutrino flux at MiniBooNE [43].
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covariance of the measurements over a set of Monte Carlo
excursions wherein underlying parameters are varied
within their uncertainties and correlations.

The same uncertainties affecting the integrated flux
prediction detailed in Sec. IV also affect the Monte Carlo

predictions used in the cross section calculation, e.g. the
background prediction. In total, flux uncertainties produce
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gas model [45] underlying the simulation of QE, NC
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220 MeV=c, respectively. The total normalization of QE
scattering, deep inelastic scattering (DIS), and " radiative
processes are varied by 10%, 25%, and 12.2%, respec-
tively. A Pauli blocking scale factor for CC QE events, $
[46], is varied by 0.022 from its central value of 1.022. In
the target nucleus, the cross sections for pion absorption,
pion charge exchange, and " interactions ("N ! N0N),
are varied by 25%, 30%, and 100%, respectively. Pion
scattering cross sections in the mineral oil outside the
target nucleus are varied by 35% for absorption and 50%
for charge exchange. The uncertainty in our pion interac-
tion simulation is validated using external data for inter-
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MiniBooNE σ(NC-1π0)
• Mineral oil Cherenkov detector
• Signal definition: NC-1π0

• 1st absolute NC-1π0 diff’l cross section
• ν and ν ̄modes

• Identify event using hit topology
• Two e-like rings

• NC-1π0 purity: 73% (ν), 58% (ν ̄)

• Major Bkg components:

• ν mode: NCπ±(23%), CCπ±,0(25%)
• ν ̄mode: NCπ±(13%), WS(56%)

[π± produce π0 outside the target nucleus]

• Discrepancies in normalization and 
shape

fiducial volume. Dividing each differential rate by the
number of targets and the appropriate integrated flux yields
the flux-averaged cross section per nucleon.

Plots of the resulting absolute differential cross sections
for NC 1!0 production on CH2 appear in Fig. 7 and the
tables in Appendix C. Per our signal definition, these cross
sections include the effects of final state interactions.
Integrating the differential cross sections yields total cross
sections of ð4:76"0:05stat"0:76sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i¼808MeV for "#-induced pro-
duction and ð1:48"0:05stat"0:23sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i ¼ 664 MeV for !"#-induced
production. These cross sections are flux-averaged; hence,
they are specific to the neutrino flux at MiniBooNE [43].
Being the first absolute measurements of NC 1!0 produc-
tion, there are no other measurements with which to
compare.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties can be grouped into three prin-
cipal categories—flux related, cross section related, and
detector related. We gauge the uncertainty in the measure-
ments including bin-to-bin correlations by calculating the
covariance of the measurements over a set of Monte Carlo
excursions wherein underlying parameters are varied
within their uncertainties and correlations.

The same uncertainties affecting the integrated flux
prediction detailed in Sec. IV also affect the Monte Carlo

predictions used in the cross section calculation, e.g. the
background prediction. In total, flux uncertainties produce
a 12.4% overall uncertainty in the "# cross sections and
12.7% in the !"# cross sections.
The cross sections associated with background pro-

cesses are varied within their uncertainties. The relevant
axial masses for quasielastic (QE), incoherent single pion,
coherent single pion, and multipion production are varied
by 6.2%, 25%, 27%, and 40% from their central values
of 1:23 GeV=c2, 1:10 GeV=c2, 1:03 GeV=c2, and
1:30 GeV=c2, respectively. The binding energy and
Fermi momentum values used in the relativistic Fermi
gas model [45] underlying the simulation of QE, NC
elastic, and incoherent pion production are varied by
26% and 14% from their central values of 34 MeV and
220 MeV=c, respectively. The total normalization of QE
scattering, deep inelastic scattering (DIS), and " radiative
processes are varied by 10%, 25%, and 12.2%, respec-
tively. A Pauli blocking scale factor for CC QE events, $
[46], is varied by 0.022 from its central value of 1.022. In
the target nucleus, the cross sections for pion absorption,
pion charge exchange, and " interactions ("N ! N0N),
are varied by 25%, 30%, and 100%, respectively. Pion
scattering cross sections in the mineral oil outside the
target nucleus are varied by 35% for absorption and 50%
for charge exchange. The uncertainty in our pion interac-
tion simulation is validated using external data for inter-
actions on carbon [47–50]. In total, cross section
uncertainties contribute an 8.4% uncertainty in the mea-
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the flux-averaged cross section per nucleon.

Plots of the resulting absolute differential cross sections
for NC 1!0 production on CH2 appear in Fig. 7 and the
tables in Appendix C. Per our signal definition, these cross
sections include the effects of final state interactions.
Integrating the differential cross sections yields total cross
sections of ð4:76"0:05stat"0:76sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i¼808MeV for "#-induced pro-
duction and ð1:48"0:05stat"0:23sysÞ$10%40 cm2=nucleon
at a mean energy of hE"i ¼ 664 MeV for !"#-induced
production. These cross sections are flux-averaged; hence,
they are specific to the neutrino flux at MiniBooNE [43].
Being the first absolute measurements of NC 1!0 produc-
tion, there are no other measurements with which to
compare.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties can be grouped into three prin-
cipal categories—flux related, cross section related, and
detector related. We gauge the uncertainty in the measure-
ments including bin-to-bin correlations by calculating the
covariance of the measurements over a set of Monte Carlo
excursions wherein underlying parameters are varied
within their uncertainties and correlations.

The same uncertainties affecting the integrated flux
prediction detailed in Sec. IV also affect the Monte Carlo

predictions used in the cross section calculation, e.g. the
background prediction. In total, flux uncertainties produce
a 12.4% overall uncertainty in the "# cross sections and
12.7% in the !"# cross sections.
The cross sections associated with background pro-

cesses are varied within their uncertainties. The relevant
axial masses for quasielastic (QE), incoherent single pion,
coherent single pion, and multipion production are varied
by 6.2%, 25%, 27%, and 40% from their central values
of 1:23 GeV=c2, 1:10 GeV=c2, 1:03 GeV=c2, and
1:30 GeV=c2, respectively. The binding energy and
Fermi momentum values used in the relativistic Fermi
gas model [45] underlying the simulation of QE, NC
elastic, and incoherent pion production are varied by
26% and 14% from their central values of 34 MeV and
220 MeV=c, respectively. The total normalization of QE
scattering, deep inelastic scattering (DIS), and " radiative
processes are varied by 10%, 25%, and 12.2%, respec-
tively. A Pauli blocking scale factor for CC QE events, $
[46], is varied by 0.022 from its central value of 1.022. In
the target nucleus, the cross sections for pion absorption,
pion charge exchange, and " interactions ("N ! N0N),
are varied by 25%, 30%, and 100%, respectively. Pion
scattering cross sections in the mineral oil outside the
target nucleus are varied by 35% for absorption and 50%
for charge exchange. The uncertainty in our pion interac-
tion simulation is validated using external data for inter-
actions on carbon [47–50]. In total, cross section
uncertainties contribute an 8.4% uncertainty in the mea-
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• Inclusive NC-1π0 cross sections
• least model dependence on coh-π 

and FSI

• σ(ν NC-1π0) =
  (4.76±0.05±0.76)x10-40 cm2/nucleon
   <Eν>=808MeV

• σ(ν ̄NC-1π0) =
  (1.48±0.05±0.23)x10-40 cm2/nucleon 
  <Eν>=664MeV



MiniBooNE “incoherent” 
cross section

• Extract exclusive “incoherent” NC-1π0 
cross section

• Subtract NC coherent-π process as a 
background & Efficiency correction at 
initial interaction vertex

• σ(ν NC-1π0) =
   (5.71±0.08stat±1.45sys)x10-40 cm2/nucleon

• σ(ν ̄NC-1π0) =
  (1.28±0.07stat±0.35sys)x10-40 cm2/nucleon

• Found a significant effect of FSI

• Demonstrate coh-π model dependence 
using three different models:

• 1: MiniBooNE NUANCE (65% of R-S model)
• 2: J. E. Amaro et al, PRD79, 013002 (2009)
• 3: L. Alvarez-Ruso et al, PRC76, 068501 (2007)

same selection of unsmearing techniques used in the pri-
mary analysis as well. The nonfiducial fraction is also
predicted to be the same at 7%. Unlike in the inclusive
measurement, the efficiency correction includes a correc-
tion for FSI predicted using Monte Carlo that recovers the
kinematic distributions at the initial neutrino interaction
vertex. This overall efficiency including selection ineffi-
ciency and FSI is predicted to be 24% in both neutrino and
antineutrino modes. After all corrections, we find the cross
section to be ð5:71"0:08stat"1:45sysÞ$10%40cm2=nucleon
for !"-induced incoherent exclusive NC 1#0 production

on CH2 and ð1:28"0:07stat"0:35sysÞ$10%40 cm2=nucleon
for !!"-induced production. These cross sections are aver-

aged over the MiniBooNE flux as well. Here, the signifi-
cance of FSI becomes apparent: the !" incoherent

exclusive NC 1#0 production cross section actually ex-
ceeds the !" inclusive NC 1#0 production cross section.

Repeating the measurement using the models of [3,4]
discussed in Appendix A yields values of ð6:51"
0:08stat " 1:56sysÞ $ 10%40 cm2=nucleon and ð6:20"
0:08stat " 1:52sysÞ $ 10%40 cm2=nucleon, respectively, for
!" induced production, and ð1:78" 0:07stat " 0:42sysÞ $
10%40 cm2=nucleon and ð1:62" 0:07stat " 0:39sysÞ $
10%40 cm2=nucleon, respectively, for !!" induced produc-

tion. The variation in the measurements extracted under
alternative models of coherent pion production illustrate
the model dependence of the extracted incoherent cross
section. These measurements are plotted against prior
measurements and the NUANCE prediction (using R-S) in
Fig. 9. A comparison can be made only to the result of the
reanalysis of the Gargamelle data [24] since the measure-

ment at Aachen-Padova was limited to production on pro-
tons [23].

VII. CONCLUSION

In conclusion, we have used the largest sample of NC
1#0 events collected to date to produce measurements of
absolute differential cross sections of NC 1#0 production
induced by both neutrinos and antineutrinos on CH2 as
functions of both #0 momentum and #0 angle averaged
over the MiniBooNE flux. These measurements, which are
the principal result of this work, can be found in Fig. 7 and
Table IV. The total cross sections have been measured to be
ð4:76" 0:05stat " 0:76sysÞ $ 10%40 cm2=nucleon for !"

interactions at a mean energy of 808 MeV and ð1:47"
0:05stat " 0:23sysÞ $ 10%40 cm2=nucleon for !!" interac-
tions at a mean energy of 664 MeV. These measurements
should prove useful to both future oscillation experiments
seeking to constrain their backgrounds and those develop-
ing models of single pion production seeking to test their
predictions. We have additionally measured total cross
sections for incoherent exclusive NC 1#0 production on
CH2 to compare to a prior measurement. These cross
sections were found to be ð5:71" 0:08stat " 1:45sysÞ $
10%40 cm2=nucleon for !"-induced production and
ð1:28" 0:07stat " 0:35sysÞ $ 10%40 cm2=nucleon for
!!"-induced production.
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APPENDIX A: MEASUREMENT MODEL
DEPENDENCE

Subtraction of wrong-sign induced NC 1#0 signal
events inevitably couples our measurements to the as-
sumed model of NC 1#0 production. For the sake of
example, we considered the effect of substituting the co-
herent pion production models of Refs. [3,4] into our
Monte Carlo prediction. The difference in the angular
distribution of events satisfying the NC 1#0 selection
cuts under these models appears in Fig. 10. Both the
microscopic models demonstrate a sharper peaking in for-
ward direction compared to the MiniBooNE R-S central
value. However, owing to a different choice for the N%"
transition axial form factor CA

5 , Ref. [4] predicts substan-
tially less production than Ref. [3]. In Fig. 11, the ratio of
the angular cross sections extracted assuming the models in
Refs. [3,4] relative to the primary result is shown. Because
of the low wrong-sign contamination, the !" cross section
is relatively insensitive to changes in the model; however
the !!" cross section deviates more significantly under the
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FIG. 9. (a) The flux-averaged total cross sections for
!"-induced incoherent exclusive NC 1#0 production on CH2

corrected for FSI. Points 1, 2, and 3, are the cross sections
extracted using the MiniBooNE implementation of the R-S
model for coherent pion production, the model in [4], and the
model in [3], respectively. The points are placed at the mean
energy of the beam in neutrino mode; the spread is only for
clarity. The curve is the NUANCE prediction using the R-S model.
Also shown for comparison is the measurement made from the
Gargamelle data [24]. The Gargamelle experiment used a pro-
pane and freon ðC3H8 þ CF3BrÞ target. (b) The same for
!!"-induced incoherent exclusive NC 1#0 production. In this

case, there are no external measurements to compare to.
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same selection of unsmearing techniques used in the pri-
mary analysis as well. The nonfiducial fraction is also
predicted to be the same at 7%. Unlike in the inclusive
measurement, the efficiency correction includes a correc-
tion for FSI predicted using Monte Carlo that recovers the
kinematic distributions at the initial neutrino interaction
vertex. This overall efficiency including selection ineffi-
ciency and FSI is predicted to be 24% in both neutrino and
antineutrino modes. After all corrections, we find the cross
section to be ð5:71"0:08stat"1:45sysÞ$10%40cm2=nucleon
for !"-induced incoherent exclusive NC 1#0 production

on CH2 and ð1:28"0:07stat"0:35sysÞ$10%40 cm2=nucleon
for !!"-induced production. These cross sections are aver-

aged over the MiniBooNE flux as well. Here, the signifi-
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exclusive NC 1#0 production cross section actually ex-
ceeds the !" inclusive NC 1#0 production cross section.

Repeating the measurement using the models of [3,4]
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the model dependence of the extracted incoherent cross
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measurements and the NUANCE prediction (using R-S) in
Fig. 9. A comparison can be made only to the result of the
reanalysis of the Gargamelle data [24] since the measure-

ment at Aachen-Padova was limited to production on pro-
tons [23].

VII. CONCLUSION

In conclusion, we have used the largest sample of NC
1#0 events collected to date to produce measurements of
absolute differential cross sections of NC 1#0 production
induced by both neutrinos and antineutrinos on CH2 as
functions of both #0 momentum and #0 angle averaged
over the MiniBooNE flux. These measurements, which are
the principal result of this work, can be found in Fig. 7 and
Table IV. The total cross sections have been measured to be
ð4:76" 0:05stat " 0:76sysÞ $ 10%40 cm2=nucleon for !"

interactions at a mean energy of 808 MeV and ð1:47"
0:05stat " 0:23sysÞ $ 10%40 cm2=nucleon for !!" interac-
tions at a mean energy of 664 MeV. These measurements
should prove useful to both future oscillation experiments
seeking to constrain their backgrounds and those develop-
ing models of single pion production seeking to test their
predictions. We have additionally measured total cross
sections for incoherent exclusive NC 1#0 production on
CH2 to compare to a prior measurement. These cross
sections were found to be ð5:71" 0:08stat " 1:45sysÞ $
10%40 cm2=nucleon for !"-induced production and
ð1:28" 0:07stat " 0:35sysÞ $ 10%40 cm2=nucleon for
!!"-induced production.
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example, we considered the effect of substituting the co-
herent pion production models of Refs. [3,4] into our
Monte Carlo prediction. The difference in the angular
distribution of events satisfying the NC 1#0 selection
cuts under these models appears in Fig. 10. Both the
microscopic models demonstrate a sharper peaking in for-
ward direction compared to the MiniBooNE R-S central
value. However, owing to a different choice for the N%"
transition axial form factor CA

5 , Ref. [4] predicts substan-
tially less production than Ref. [3]. In Fig. 11, the ratio of
the angular cross sections extracted assuming the models in
Refs. [3,4] relative to the primary result is shown. Because
of the low wrong-sign contamination, the !" cross section
is relatively insensitive to changes in the model; however
the !!" cross section deviates more significantly under the
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FIG. 9. (a) The flux-averaged total cross sections for
!"-induced incoherent exclusive NC 1#0 production on CH2

corrected for FSI. Points 1, 2, and 3, are the cross sections
extracted using the MiniBooNE implementation of the R-S
model for coherent pion production, the model in [4], and the
model in [3], respectively. The points are placed at the mean
energy of the beam in neutrino mode; the spread is only for
clarity. The curve is the NUANCE prediction using the R-S model.
Also shown for comparison is the measurement made from the
Gargamelle data [24]. The Gargamelle experiment used a pro-
pane and freon ðC3H8 þ CF3BrÞ target. (b) The same for
!!"-induced incoherent exclusive NC 1#0 production. In this

case, there are no external measurements to compare to.
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•  does not make a significant 
impact to the incoherent cross 
section measurement.

• Found model dependence on 
incoherent cross section, but the 
effect can be covered by existing 
errors.
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SciBar in the z dimension, and at the center of the SciBar
scintillator plane in the x and y dimensions. Since each
subdetector is read out both vertically and horizontally, two
views are defined: top (x vs z projection) and side (y vs z
projection).

The SciBar detector [16] was positioned upstream of the
other subdetectors. It consists of 14 336 extruded plastic
scintillator strips which serve as the target for the neutrino
beam as well as the active detection medium. Each strip
has a dimension of 1:3! 2:5! 300 cm3. The scintillators
are arranged vertically and horizontally to construct a 3!
3! 1:7 m3 volume with a total mass of 15 tons. SciBar has
about four radiation lengths of material along the beam
direction. Each strip was read out by a wavelength shifting
fiber attached to a 64-channel multianode photomultiplier
tube (PMT). Charge information was recorded for each
channel, while timing information was recorded in groups
of 32 channels by taking the logical or with multihit time-
to-digital converter modules [17].

The gains of all PMT channels, attenuation of wave-
length shifting-fibers, and light yield of each scintillator
were continuously monitored in situ using light-emitting
diode and cosmic-ray data taken between beam spills,
with precision better than 1%. The timing resolution for

minimum-ionizing particles was evaluated with cosmic-
ray data to be 1.6 ns. The average light yield for minimum-
ionizing particles is approximately 20 photo-electrons per
1.3 cm path length, and the typical pedestal width is below
0.3 photoelectron. The hit finding efficiency evaluated with
cosmic-ray data is more than 99.8%. The minimum length
of a reconstructable track is approximately 8 cm (three
layers hit in each view). The track finding efficiency for
single tracks of 10 cm or longer is more than 99%.
The EC is located just downstream of SciBar, and is

designed to measure the electron neutrino contamination in
the beam and tag photons from !0 decay. The EC is a
‘‘spaghetti’’ type calorimeter comprised of 1 mm diameter
scintillating fibers embedded in lead foil [18]. The calo-
rimeter is made of 64 modules of dimensions 262! 8!
4 cm3. The fibers are bundled in two independent groups of
4! 4 cm2 transverse cross section, read at both ends by
Hamamatsu PMTs. The EC comprises one vertical and one
horizontal plane (32 modules each), covering an active
area of 2:65! 2:65 m2. The EC has a thickness of 11
radiation lengths along the beam direction. The charge
information from each PMT was recorded. A minimum-
ionizing particle with a minimal path length deposits ap-
proximately 91 MeV in the EC. The energy resolution for

electrons was measured to be 14%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
using a test

beam [18]. The detection efficiency for cosmic muons is
96%; the inefficiency stems from gaps between the
modules.
The MRD was installed downstream of the EC and is

designed to measure the momentum of muons produced by
CC neutrino interactions. It had 12 iron plates with thick-
ness 5 cm sandwiched between planes of 6 mm thick
scintillation counters; there were 13 alternating horizontal
and vertical planes read out via 362 individual 2 in. PMTs.
Each iron plate measured 274! 305 cm2. The MRD mea-
sured the momentum of muons up to 1:2 GeV=c using the
observed muon range. Charge and timing information from
each PMT were recorded. Hit finding efficiency was con-
tinuously monitored using cosmic-ray data taken between
beam spills; the average hit finding efficiency is 99%.

C. Data summary

The SciBooNE experiment took data from June 2007
until August 2008. After applying data quality cuts to all
beam events [12], 2:52! 1020 protons on target are usable
for physics analysis, with 0:99! 1020 protons on target
collected in neutrino mode. The analysis presented herein
uses only neutrino mode data.

III. EXPERIMENT SIMULATIONS

A. Neutrino flux prediction

Predictions for the BNB neutrino flux illuminating the
SciBooNE detector are obtained via a GEANT4 simulation
of the beamline. The simulation accounts for all relevant

FIG. 1 (color online). Event display of a typical NC!0 event
candidate in SciBooNE data. The neutrino beam runs from left to
right in this figure, encountering SciBar, the EC, and MRD, in
that order. The circles on SciBar indicate analog-to-digital con-
verter hits for which the area of the circle is proportional to the
energy deposition in that channel. This event display shows the
electromagnetic shower tracks from the pair conversions of the
two !0 decay photons.
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033004-3

SciBooNE Event Display
(NC-π0 candidate)

Phys. Rev. D81, 033004 (2010)
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• Tracking (SciBar) + EM-Cal (EC)

• Signal definition: NC-π0

• Identify “shower-like” tracks in SciBar
• NC-π0 purity: 61% (resonant: 40%, 

coherent: 15%, DIS/Multi-π: 5%)

• σ(NC-π0)/σ(CC) = (7.7±0.5±0.5)x10-2

   <Eν>=1.14 GeV
• In agreement with expectation

(NEUT, R-S): 6.8x10-2

• Cross check with NUANCE

• σ(NC-π0)/σ(CC) = 7.9x10-2 

(NUANCE expectation: 7.1E-2)

• π0 kinematics of expectation (NEUT)
in good agreement with data within error.
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FIG. 10: The distribution of the number of extended tracks
after the EC cut.

FIG. 11: The reconstructed z-vertices of π0s after the require-
ment of at least two extended tracks.

by taking the error weighted average of ztop and zside:

z =

ztop

δztop
2 + zside

δzside
2

1
δztop

2 + 1
δzside

2

, (3)

where δztop(side) is the error on ztop(side) returned by the
track reconstruction algorithm. Figure 11 shows the re-
constructed z-vertices of π0s. The vertex resolution is
approximately 12 cm for all three dimensions. Most
events with a π0 produced in SciBar yield a vertex within
SciBar—but many dirt events yield a vertex position up-
stream of SciBar—so we select events with reconstructed
π0 z-vertex greater than 0 cm.

FIG. 12: The reconstructed mass of π0s after the recon-
structed vertex position cut.

7. Reconstructed π0 Mass

Figure 12 shows the reconstructed mass of the π0 calcu-

lated as
√

2Erec
γ1 Erec

γ2 (1 − cos θrec), where Erec
γ1 and Erec

γ2 are

the reconstructed energies of the extended tracks (Erec
γ1 >

Erec
γ2 ) and θrec is the reconstructed angle between the ex-

tended tracks. The MC simulation describes well the tail
of the distribution, which is background-dominated. We
select events with 50 MeV/c2 < Mrec

π0 < 200 MeV/c2.
The peak value is smaller than the actual π0 mass (135
MeV) due to energy leakage of γs.

8. Event Selection Summary

Table II shows the number of events in data and the
MC at each event selection stage. The numbers for the
MC simulation are normalized to the number of MRD
stopped events. We select 657 events after all cuts. Sub-
tracting the estimated background of 240 events (202 in-
ternal and 38 external) yields 417 signal events. The MC
expectation is 368 events. The purity of NC π0 produc-
tion after all event selection cuts is estimated to be 61%
(40% from single π production via resonance decay, 15%
from coherent π production and 5% from neutrino deep
inelastic scattering). According to our MC simulation,
96% of selected NCπ0 events have one π0 (91 % from a
single π0 without any other mesons and 5 % from a sin-
gle π0 with charged mesons) and 4% have two π0s. The
efficiency for NCπ0 production, defined as:

εNCπ0 =
the number of selected NCπ0 events

the number of generated NCπ0 events
, (4)

is estimated to be 5.3%. The internal background, which
accounts for 33% of this sample, contains CC π0 produc-
tion including secondary π0s (18%), NC secondary π0
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FIG. 21: The π0 momentum distribution after all corrections
described in the text, with statistical (error bars) and sys-
tematic (red boxes) uncertainties. The dashed line shows the
Monte Carlo expectation based on the Rein and Sehgal model.
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FIG. 22: The π0 angular distribution after all corrections de-
scribed in the text, with statistical (error bars) and systematic
(red boxes) uncertainties. The dashed line shows the Monte
Carlo expectation based on the Rein and Sehgal model.

The Erec
π0 (1 − cos θrec) distribution after the fitting is

shown in Fig. 23. The χ2 per degree of freedom (DOF),
before the fit is 12.0/20 = 0.60, and it is is 8.1/18 =
0.45 after the fit. The statistic error and all systematic
errors described in Sec. VA4 are included in the errors
of Rcoh and Rres. Without the systematic errors, we ob-
tain 0.79±0.30(stat.) and 1.24±0.13(stat.) for Rcoh and
Rres, respectively. The dominant systematic source is the
uncertainty of the gamma ray direction.
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FIG. 23: Erec

π
0 (1 − cos θrec) after fitting. The coherent con-

tribution and other NCπ0 are separately shown for the MC
simulation.

The ratio of the NC coherent π0 production to the total
CC cross sections from the MC prediction based on the
Rein and Sehgal model is 1.21 × 10−2. Hence, the cross
section ratios are measured to be:

σ(NCcohπ0)

σ(CC)
= Rcoh × 1.21 × 10−2,

= (0.94 ± 0.53)× 10−2, (14)

where Rcoh is 0.78±0.44. The mean neutrino energy for
NC coherent π0 events in the sample is estimated to be
1.0 GeV. This result is 1.8 standard deviations above the
no coherent production assumption and consistent with
the MC prediction based on the Rein and Sehgal model.

VI. CONCLUSIONS

In conclusion, we have observed the production of the
NCπ0 events by a muon neutrino beam on a polystyrene
target (C8H8) using the SciBooNE neutrino data set of
0.99 × 1020 protons on target. The ratio of the NCπ0

production to total CC cross sections is measured to
be (7.7 ± 0.5(stat.) ± 0.5(sys.)) × 10−2 at mean neu-
trino energy 1.1 GeV. The MC prediction based on the
Rein and Sehgal model [9] is 6.8 × 10−2. The measured
shapes of the π0 momentum and angular distributions,
as shown in Figures 21 and 22 agree with the MC pre-
diction within uncertainties. The ratio of NC coherent
π0production to the total CC cross section is measured
to be (0.9 ± 0.5 )× 10−2 based on the Rein and Sehgal
model [27], while the MC prediction is 1.21 × 10−2.
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errors described in Sec. VA4 are included in the errors
of Rcoh and Rres. Without the systematic errors, we ob-
tain 0.79±0.30(stat.) and 1.24±0.13(stat.) for Rcoh and
Rres, respectively. The dominant systematic source is the
uncertainty of the gamma ray direction.
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The ratio of the NC coherent π0 production to the total
CC cross sections from the MC prediction based on the
Rein and Sehgal model is 1.21 × 10−2. Hence, the cross
section ratios are measured to be:

σ(NCcohπ0)

σ(CC)
= Rcoh × 1.21 × 10−2,

= (0.94 ± 0.53)× 10−2, (14)

where Rcoh is 0.78±0.44. The mean neutrino energy for
NC coherent π0 events in the sample is estimated to be
1.0 GeV. This result is 1.8 standard deviations above the
no coherent production assumption and consistent with
the MC prediction based on the Rein and Sehgal model.

VI. CONCLUSIONS

In conclusion, we have observed the production of the
NCπ0 events by a muon neutrino beam on a polystyrene
target (C8H8) using the SciBooNE neutrino data set of
0.99 × 1020 protons on target. The ratio of the NCπ0

production to total CC cross sections is measured to
be (7.7 ± 0.5(stat.) ± 0.5(sys.)) × 10−2 at mean neu-
trino energy 1.1 GeV. The MC prediction based on the
Rein and Sehgal model [9] is 6.8 × 10−2. The measured
shapes of the π0 momentum and angular distributions,
as shown in Figures 21 and 22 agree with the MC pre-
diction within uncertainties. The ratio of NC coherent
π0production to the total CC cross section is measured
to be (0.9 ± 0.5 )× 10−2 based on the Rein and Sehgal
model [27], while the MC prediction is 1.21 × 10−2.

Pπ0

Bkg subtracted, smearing 
and efficiency corrected
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Remarks from recent 
measurements

• High statistics, systematic error dominating

• K2K-1KT and MiniBooNE saw a Data/MC 
discrepancies in π0 kinematics.

• Exclusive incoherent NC-1π0 cross section 
[MiniBooNE]

• Significant effect of FSI

• Coh-π model dependence can be covered by 
existing systematic error.

• Results of cross section ratio using different 
event-generators (NEUT, NUANCE) are in 
agreement within error [SciBooNE].

• Major systematic error from neutrino 
interaction model, e.g. DIS/Multi-π cross 
section.

• Results using 
different ν event 
generators (NEUT, 

NUANCE)
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Looking forward
• Recent results on NC-π0 satisfy the requirements 

(~10% precision) from current ν oscillation 
experiments, T2K (and NOvA).

• Next generation experiments, CP violation & mass 
hierarchy measurements require

• σν error should be (much) smaller than 10% (<5%?)

➜ Need σν measurement with more precise control 
of systematic errors on flux and Bkg processes, 
including FSI.

➜ Need reliable predictions/models of multiple 
processes (resonant-π, multi-π, DIS, FSI)

• σν in a wide energy range: 0.5~20 GeV

➜ New experiment!
17



New Experiments

• MINERvA: Fine-grained scintillator, 
FNAL-NuMI, He, C, H2O, Fe, Pb, 
Eν=1~20GeV

• T2K Near Detector: Fine-grained 
scintillator, TPC in Magnet, J-
PARC, C, H2O, Pb, Eν~0.7GeV

• NOvA Near Detector: Liquid 
scintillator tracker, FNAL-NuMI, C, 
Eν~2 GeV

• MicroBooNE: Liquid Argon TPC, 
FNAL-BNB, Ar, Eν~0.7GeV
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NOvA (near)
T2K MINERvA

QE

1π 

DIS 

MiniBooNE, SciBooNE

MicroBooNE

K2K NOMAD

They compliment each other; cover wide energy range, 
several nuclear targets, several detection techniques.



Summary
• Precise knowledge of NC-1π0 is vital in the hunt 

for θ13, δcp and mass hierarchy
• Recent measurements on NC-π0

• K2K, MiniBooNE, SciBooNE
• High statistics, systematics error dominating
• Satisfying the requirements from current 

generation θ13 experiments, T2K, NOvA.
• New experiments can go further!

• MINERvA, T2K near, NOvA near, MicroBooNE
• Important for next generation ν oscillation 

experiment: δcp, mass hierarchy.
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