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Coherent pion production
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• Neutrino interacts with nucleons
  coherently, producing a pion
• No nuclear breakup occurs

Charged Current (CC):  νµ+A→µ+A+π+

Neutral Current (NC):  νµ+A→νµ+A+π0

ν (ν)̅ μ± (ν / ν)̅

W± (Z) π±(0)

A

q2

t
A

From the Rein-Sehgal model:
1) σ(CC) = 2 σ(NC)
2) σ(A) ~ A1/3

3) σ( ν ) ~ σ( ν ̅)

Characterized by a small momentum 
transfer to the nucleus, forward going π.

Coherence requires:
 t = (q - pπ)2 < 1/R2

where R is the size of the nucleus.



Past measurements
• Measurements for ν, ν ̅CC and NC modes

• for various nuclear targets

• High energy region: >7GeV (CC), >2GeV (NC)
• R&S model agrees with the high energy results.
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Experiments CC/NC ν / ν ̅ E (GeV) Target
<A>

Aachen-Padova NC ν, ν ̅ 2 Al
<27>

Gargamelle NC ν, ν ̅ 2 Freon  
<30>

CHARM NC ν, ν ̅ 20-30 Glass 
<20.7>

CHARM II CC ν, ν ̅ 20-30 Glass 
<20.7>

BEBC CC  ν ̅ 5-100 Ne/H2 
<20>

SKAT CC, NC ν, ν ̅ 3-20 Freon  
<30>

FNAL 15-ft NC ν 2-100 Ne/H2 
<20>

FNAL 15-ft 
E632 CC ν, ν ̅ 10-100 Ne/H2 

<20>
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Fig. 5. Visible cross section (En >/ 5 GeV) for coherent single charged plon production for neutrino and antmeutrmo induced 
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Plots from Phys.Lett. B313, 267-275 (1993)
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Solid line: Rein-Sehgal model
Dotted line: Bel’kov-Kopeliovich



Recent measurements
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Recent experimental results

• Mostly low energy (<2GeV) region, except NOMAD

• All results of Carbon target 

• Rein-Sehgal model employed for coh-π prediction in 
all four experiments. 6

Exp Detector Target ν/ν̄ Mode Eν (GeV) Publication

K2K-SciBar Scintillator 
Fine-grained CH ν CC 1.3 PRL95, 252301 

(2005)

MiniBooNE Mineral oil
Cherenkov CH2 ν NC 0.8 PLB664, 41 

(2008)

SciBooNE Scintillator 
Fine-grained CH ν CC 0.8 PRD78, 112004 

(2008)

NOMAD Drift 
Chamber

~C 
(<A>=12.8)

ν NC 24.8 PLB682, 177 
(2009)

MiniBooNE Mineral oil
Cherenkov CH2 ν, ν̄ NC 0.8 PRD81, 013005 

(2010)

SciBooNE Scintillator 
Fine-grained CH ν NC 0.8 PRD81, 111102 

(R) (2010)



CC coherent-π
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K2K, SciBooNE



CC coh-π+ measurements
• Two results from K2K and SciBooNE

• Both experiments use the same detector 
(SciBar=Fully-Active Tracking detector)
with different ν beam

• K2K: KEK-PS  <Eν>=1.3GeV

• SciBooNE: FNAL BNB <Eν>=0.8GeV

• Fine-grained detector allows to isolate 
coherent-π from resonant-π (background) 
event-by-event.
• Recoil proton signature
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Technique to Identify coh-π
• Separate CC coherent-π 

from CC resonant-π: 
• Identify recoil proton

• Resonant π has 
nucleon in final state

• No recoiled-nucleon in 
coherent π

• Low energy proton make 
an energy deposit around 
the vertex = vertex activity
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Resonant π (MC)
µ 

π 

Coherent π (MC)

µ 
π 

: SciBar ADC hit (area∝energy deposit)



Technique to Identify coh-π
• Separate CC coherent-π 

from CC resonant-π: 
• Identify recoil proton

• Resonant π has 
nucleon in final state

• No recoiled-nucleon in 
coherent π

• Low energy proton make 
an energy deposit around 
the vertex = vertex activity

9Data deficit at small activity region

mental data [17]. Pion interactions outside the target
nucleus are simulated based on other experimental data
[18].

For the present analysis, the experimental signatures of
CC coherent pion production are the existence of exactly
two tracks, both consistent with minimum ionizing par-
ticles, and small momentum transfer defined as q2 !
"P! # P"$2, where P! and P" are the four momenta of
the muon and the neutrino, respectively. According to the
MC simulation, the dominant background is the CC1#
production, where the proton is below threshold or the
neutron is invisible.

CC candidate events are selected by requiring that at
least one reconstructed track starting in the fiducial volume
is matched with a track or hits in the muon range detector
(MRD) [19] located just behind SciBar (SciBar-MRD
sample). This criterion imposes a threshold for muon mo-
mentum (p!) of 450 MeV=c. According to the MC simu-
lation, 98% of the events selected by this requirement are
CC induced events, and the rest are neutral current (NC)
interactions accompanied by a charged pion or proton
which penetrates into the MRD. The contribution from
"e is negligible (<0:4%). The momentum of the muon is
reconstructed from its range through SciBar and MRD.
The resolutions for p! and the angle with respect to the
neutrino beam direction ($!) are determined to be
80 MeV=c and 1.6%, respectively.

From the SciBar-MRD sample, events with two recon-
structed tracks are selected. The QE candidate events are
rejected by using kinematic information [7]. Events in
which the shorter track is identified as protonlike based
on dE=dx information (non-QE-proton sample) are also
rejected to select the non-QE-pion sample, which includes
the signal candidates. The particle identification capability
is verified using cosmic ray muons and the shorter tracks in
the QE sample, where the latter provides a proton sample
with more than 90% purity. The probability to misidentify
a muon track as protonlike is 1.7% with a corresponding
proton selection efficiency of 90%.

The CC coherent pion candidates are extracted from
the non-QE-pion sample. The background events are sup-
pressed by requiring that the pionlike track goes for-
ward. Even if the additional particles in the background
process are not reconstructed as tracks, they can be de-
tected as a large energy deposit or additional hits around
the vertex. Figure 1(a) shows a distribution of energy
deposited in the vertex strip (Evtx) for the non-QE-pion
sample. The MC prediction for Evtx is verified with the QE
sample, which has no contribution from nonvisible parti-
cles, as shown in Fig. 1(b). We require the events to have
Evtx less than 7 MeV and no additional hits around the
vertex strip.

The value of q2 reconstructed from p! and $! under the
assumption of QE interaction is denoted q2rec and is calcu-
lated using

p" & 1

2

"M2
p #m2

!$ ' 2E!"Mn # V$ # "Mn # V$2
#E! ' "Mn # V$ ' p! cos$!

;

where Mp"n$ is the proton (neutron) mass, m! is the muon
mass, and V is the nuclear potential set to 27 MeV. The q2rec
for coherent pion production events, which is expected to
be very small due to the small scattering angle for muons,
is shifted from the true q2 by 0:008 "GeV=c$2 with a
resolution of 0:014 "GeV=c$2. Events are required to
have a reconstructed q2 of less than 0:10 "GeV=c$2.

The background contamination in the final sample is
estimated by the MC simulation. In order to constrain the
uncertainties, the q2rec distributions of the data in the region
q2rec > 0:10 "GeV=c$2 are fitted with MC expectations. The
one-track sample is used as well as two-track QE, non-QE-
proton, and non-QE-pion samples, and these four samples
are fitted simultaneously. In the fit, the non-QE to QE
relative cross section ratio, the magnitude of the nuclear
effects, and the momentum scale for muons are treated as
free parameters. Figure 2 shows the q2rec distributions of the
data with the MC simulation after the fitting. The %2 value
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FIG. 1 (color online). Distribution of Evtx for (a) a non-QE-
pion sample and (b) a QE sample. Black circles: observed data;
histograms: MC expectation with breakdown of interaction
modes. The statistical %2=DOF in the selected region of (a),
indicated by a vertical line, is 30:1=7 (9:8=7) with (without) CC
coherent pion production.
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FIG. 2 (color online). The q2rec distributions for the (a) one-
track, (b) QE, (c) non-QE-proton, and (d) non-QE-pion samples.
The statistical %2=DOF in the region q2rec < 0:10 "GeV=c$2 of
(c) and (d) are 7:2=2 (2:7=2) and 32:3=2 (1:2=2) with (without)
CC coherent pion production.

PRL 95, 252301 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
16 DECEMBER 2005

252301-3

K2K

SciBooNE



Background rejection
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CHAPTER 7. STUDY OF CHARGED CURRENT COHERENT PION PRODUCTION
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Figure 7.31: ∆θp for the µ + π events in the MRD stopped sample after fitting.
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Figure 7.32: Track angle of the pion candidate with respect to the beam direction for the
µ + π events after the charged current quasi-elastic rejection after fitting.

sample. Events with ∆θp larger than 20 degrees are selected. With this selection, 48% of
charged current quasi-elastic events in the µ+π sample are rejected, while 91% of charged
current coherent pion events pass the cut according to the MC simulation.

Pion track direction cut

Further selections are applied in order to separate charged current coherent pion events
from charged current resonant pion events which are the dominant backgrounds for this
analysis. Fig. 7.32 shows the angular distribution of pion candidates with respect to the
beam direction. In the case of charged current coherent pion events, both the muon and
pion tracks are directed forward. Events in which the track angle of the pion candidate
with respect to the beam direction is less than 90 degrees are selected.
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Figure 7.31: ∆θp for the µ + π events in the MRD stopped sample after fitting.
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Figure 7.32: Track angle of the pion candidate with respect to the beam direction for the
µ + π events after the charged current quasi-elastic rejection after fitting.

sample. Events with ∆θp larger than 20 degrees are selected. With this selection, 48% of
charged current quasi-elastic events in the µ+π sample are rejected, while 91% of charged
current coherent pion events pass the cut according to the MC simulation.

Pion track direction cut

Further selections are applied in order to separate charged current coherent pion events
from charged current resonant pion events which are the dominant backgrounds for this
analysis. Fig. 7.32 shows the angular distribution of pion candidates with respect to the
beam direction. In the case of charged current coherent pion events, both the muon and
pion tracks are directed forward. Events in which the track angle of the pion candidate
with respect to the beam direction is less than 90 degrees are selected.
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Δθp: Opening angle between the 
observed 2nd track and expected 
track assuming CC-QE.

1. CC-QE rejection

2. CC resonant π rejection

Select forward-going π
(no backward scattering in coherent-π)

Δθp

Pion angle

SciBooNE example:



CC coherent pion results
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<Eν>= 1.1 GeV

<Eν>= 2.2 GeV

No evidence of CC coherent pion

= (0.04 ± 0.29 (stat.) +0.32
- 0.35 (sys.)) x 10-2

σ(CC coh-π) / σ (CC)

= (0.16 ± 0.17 (stat.) +0.30
- 0.27 (sys.)) x 10-2

= (0.68 ± 0.32 (stat.) +0.39
- 0.25 (sys.)) x 10-2

σ(CC coh-π) / σ (CC)

σ(CC coh-π) / σ (CC)

<Eν>= 1.3 GeV K2K
Phys. Rev. Lett. 95, 252301 (2005)

SciBooNE
Phys. Rev. D78, 112004 (2008)

No evidence of CC coherent pion

which the track angle of the pion candidate with respect to
the beam direction is less than 90 degrees are selected.
Figure 13 shows the reconstructed Q2 distribution for

the !þ " events after the pion track direction cut.
Although a charged current quasielastic interaction is as-
sumed, the Q2 of charged current coherent pion events is
reconstructed with a resolution of 0:016 ðGeV=cÞ2 and a
shift of$0:024 ðGeV=cÞ2 according to the MC simulation.
Finally, events with reconstructed Q2 less than
0:1 ðGeV=cÞ2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228% 12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The ‘‘other’’ background
is comprised of 50% charged current DIS, 32% neutral
current, and 18% !#! events. The selection efficiency for
the signal is estimated to be 10.4%.
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FIG. 11 (color online). "$p for the !þ " events in the MRD
stopped sample after fitting.
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FIG. 12 (color online). Track angle of the pion candidate with
respect to the beam direction for the !þ " events after the
charged current quasielastic rejection after fitting.
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FIG. 13 (color online). Reconstructed Q2 for the !þ " events
in the MRD stopped sample after the pion track direction cut and
after fitting.

TABLE III. Event selection summary for the MRD-stopped
charged current coherent pion sample.

Event selection Data MC Coherent "
Signal BG Efficiency

Generated in SciBar fid.vol. 1939 156 766 100%
SciBar-MRD matched 30 337 978 29 359 50.4%
MRD-stopped 21 762 715 20 437 36.9%
two-track 5939 358 6073 18.5%
Particle ID (!þ ") 2255 292 2336 15.1%
Vertex activity cut 887 264 961 13.6%
CCQE rejection 682 241 709 12.4%
Pion track direction cut 425 233 451 12.0%
Reconstructed Q2 cut 247 201 228 10.4%
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FIG. 14 (color online). Reconstructed Q2 for the !þ " events
in the MRD penetrated sample after the pion track direction cut
after fitting.
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which the track angle of the pion candidate with respect to
the beam direction is less than 90 degrees are selected.
Figure 13 shows the reconstructed Q2 distribution for

the !þ " events after the pion track direction cut.
Although a charged current quasielastic interaction is as-
sumed, the Q2 of charged current coherent pion events is
reconstructed with a resolution of 0:016 ðGeV=cÞ2 and a
shift of$0:024 ðGeV=cÞ2 according to the MC simulation.
Finally, events with reconstructed Q2 less than
0:1 ðGeV=cÞ2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228% 12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The ‘‘other’’ background
is comprised of 50% charged current DIS, 32% neutral
current, and 18% !#! events. The selection efficiency for
the signal is estimated to be 10.4%.
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FIG. 12 (color online). Track angle of the pion candidate with
respect to the beam direction for the !þ " events after the
charged current quasielastic rejection after fitting.
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in the MRD penetrated sample after the pion track direction cut
after fitting.
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Upper limit on cross section
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Measured upper limits on 
σ(CC coherent π)/σ(CC) 
raAos are converted to 
upper limits on absolute 
cross secAons by using 
σ(CC) predicted by MC 
simulaAon.

Rein-Sehgal
w/ lepton mass correction

Alvarez-Ruso et al.

Kartavtsev et al.

➜ Search for ν ̅CC coherent pion production,
     since ν ̅data is expected to be more sensitive 
    to look at CC coherent π production than ν data.

K2K and SciBooNE obtained consistent results.

K2K 90% C.L.

SciBooNE 90% C.L.

SciBooNE:

K2K:

σ(CC coh π)/σ(CC) < 0.67x10-2  <Eν>=1.1GeV
σ(CC coh π)/σ(CC) < 1.36x10-2  <Eν>=2.2GeV

σ(CC coh π)/σ(CC) < 0.60x10-2  <Eν>=1.3GeV
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SciBooNE ν ̄CC coh-π search
• ν ̄mode can be more sensitive to see CC coh-
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• σ(ν coh-π) ~ σ(ν ̄coh-π) while σ(νCC-bkg) > σ(νC̄C-bkg)
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Define signal region: Q2 < 0.1 (GeV/c)2

- 139 events observed
- 80 incoherent (Bkg) events (NEUT)
➜ Data - Bkg = 59 ± 14 (stat)

cf. NEUT prediction: 151 (ν ̄: 130, ν: 21)
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MiniBooNE, NOMAD, SciBooNE



NC coh-π0 measurements
• Four NC coh-π0 measurements with 

three different detectors:

• MiniBooNE (Cherenkov): ν and ν ̄ <Eν>~0.8 GeV

• NOMAD (Drift Chamber): ν <Eν>~25 GeV

• SciBooNE (Fine-grained): ν <Eν>~0.8 GeV

• NC coh-π measurement use π0 angle to 
identify coh-π events
• Forward-going π0

• + vertex activity (SciBooNE)
15



MiniBooNE NC coh-π0

• Mineral oil Cherenkov detector

• Identify event using hit topology

• Two e-like rings

• Select NC-π0 events within Mγγ 
window

• Coherent fraction in NC-1π0:

• 2D [Eπ0(1-cosθπ0), Mγγ] 
template fit

   Ncoh/(Ncoh+Nres) = (19.5±1.1±2.5)%

• Clear evidence of NC coh-π0

• The result corresponds to 65% of 
model prediction (Rein-Sehgal) 16

• Coherent fraction in NC-1π0;           
Ncoh/(Ncoh + Nres) = (19.5±1.1± 2.5)%

• Clear evidence of NC coh-π0 events

• 65% of model prediction (Rein-
Sehgal implemented in NUANCE)

Phys. Lett. B664, 41 (2008)



MiniBooNE NC coh-π0

• Mineral oil Cherenkov detector

• Identify event using hit topology

• Two e-like rings

• Select NC-π0 events within Mγγ 
window

• Coherent fraction in NC-1π0:

• 2D [Eπ0(1-cosθπ0), Mγγ] 
template fit

   Ncoh/(Ncoh+Nres) = (19.5±1.1±2.5)%

• Clear evidence of NC coh-π0

• The result corresponds to 65% of 
model prediction (Rein-Sehgal) 16

• Coherent fraction in NC-1π0;           
Ncoh/(Ncoh + Nres) = (19.5±1.1± 2.5)%

• Clear evidence of NC coh-π0 events

• 65% of model prediction (Rein-
Sehgal implemented in NUANCE)

Coherent
Resonant

Background

Phys. Lett. B664, 41 (2008)



MiniBooNE ν & ν ̄NC-1π0

• New NC-1π0 results for 
both ν and ν ̅beam 
modes.

• ν and ν ̅data suggest:

• Clear evidence of non-
zero NC coh-π

• Forward angular region is 
sensitive to model 
predictions

• Demonstrated comparison 
between data and models 
(in the paper)
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sured !" NC 1#0 production cross sections and 7.7% in the
!!" cross sections.
Uncertainty in the optical model in the detector and

PMT response as well as bias in the unsmearing make up
the detector uncertainties. Optical model uncertainties in-
clude variations in the amount of light production and in
the propagation of light in the detector. A total of 39
parameters are varied. For the PMT response, we assess
one uncertainty by adjusting the discriminator threshold in
the data acquisition simulation from 0.1 PE to 0.2 PE and
another by generating an excursion in the charge-time
correlation of PMT hits. We also assess the estimated
bias in the unsmearing as an error. Since unsmearing
preserves the number of events in a distribution by design,
the bias produces only a small uncertainty on the normal-
ization of the cross section; the error is principally in the
shape. Detector uncertainties constitute a 5.1% uncertainty
in the !" cross section and 4.8% in the !!" cross section.

VI. DISCUSSION

Honing models of single pion production continues to be
of theoretical interest. In particular, elucidating the nature
of coherent pion production is a very active pursuit [3,4,6–
8,10–17]. As an illustration, our own prediction of single
#0 production can be tested against our data.

We predict single #0 production using models by Rein
and Sehgal [2,5] as implemented in NUANCE. The axial
masses for incoherent and coherent pion production are
assumed to be 1:1 GeV=c2 and 1:03 GeV=c2, respectively.
Additionally, we use the NUANCE FSI simulation in lieu of
the pion absorptive factor suggested by R-S for coherent
pion production. Assuming these predictions [51],
MiniBooNE found that coherent pion production com-
prises ð19:5" 1:1stat " 2:5sysÞ% of exclusive NC 1#0 pro-
duction in neutrino mode [36]. This fraction implies a 35%
reduction in R-S coherent pion production (and a corre-
sponding 5% increase in incoherent production) that is
incorporated into our Monte Carlo prediction. Figure 8
compares the differential cross section in #0 angle (the
distribution most sensitive to the production mode) from
data to our Monte Carlo prediction with and without co-
herent pion production. In the forward region above
cos$#0 ¼ 0:6, the %2 between neutrino (antineutrino)
data and the Monte Carlo including coherent pion produc-
tion is 8.23 (13.6) with 9 (5) degrees of freedom, which
corresponds to a p-value of 0.511 (0.018). Without coher-
ent pion production, the %2 worsens to 45.1 (25.7) with
9 (5) degrees of freedom, which corresponds to a p-value
of 8:7% 10&7ð0:0001Þ. Both the neutrino and antineutrino
data clearly favor the model of single #0 production with
nonzero coherent content. Though the model including
coherent pion production is favored, the shape disagree-
ment evident in Fig. 8 substantiates, but does not confirm,
the claims [4,6] that the R-S model [2] is inadequate at
neutrino energies below 2 GeV. Alternative mechanisms,

such as an incorrect prediction of the FSI [52], can account
for the disagreement in part, but they are unlikely to
explain the discrepancy in full, particularly in antineutrino
mode. Used in concert, our measurements in momentum
and angle can be used to evaluate and refine the abundance
of modern models that endeavor to correctly describe
single pion production on nuclei with the effects of other
mechanisms disentangled.
Our measurement is designed to be independent of the

assumed models of single pion production and FSI.
Although, in making a pure !" or !!" measurement with
a contaminated beam, we introduce some dependence on
the assumed single pion production model by subtracting
wrong-sign content. In Appendix A, we characterize this
sensitivity and present an alternative, fully-independent
measurement.
In addition, we assess the cross section for !" and !!"

induced incoherent NC 1#0 production defined at the
initial neutrino interaction vertex as a means to compare
with past measurements. Such an exclusive measurement
is naturally quite sensitive to assumed models of both
single pion production and FSI. We use the same selection
cuts as in the primary analysis. Because coherent NC 1#0

production is a background to this measurement, the result
suffers from a fairly low predicted signal fraction: 57% in
neutrino mode and 34% in antineutrino mode. We use the

10 39
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FIG. 8. (a) The differential cross section for inclusive NC 1#0

production as a function of #0 angle in neutrino mode (above)
and antineutrino mode (below). Data is indicated by black dots
with statistical error bars and systematic error boxes. The
Monte Carlo prediction including the R-S single pion production
models [2,5] as implemented in NUANCE adjusted according to
[36] is indicated by the thick black line. The prediction omitting
the coherent portion of NC #0 production is indicated by the
dashed black line. The arrow indicates the region for which a %2

is quoted in the text. The horizontal scale is magnified in the
forward region.
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NOTE: MC distributions 
are absolutely normalized

: MC w/o coh-π
: MC w/ coh-π

NC-1π0 sample



SciBooNE NC coh-π0

18: SciBar hit, area∝energy deposit

SciBar EC MRD

ν νNeutral Current Resonant π0 

has nucleon in final state ➜ 
(no nucleon in coherent π)

νμ

CHAPTER 3. STUDY OF NEUTRAL CURRENT π0 PRODUCTION

3.4.1 Vertex Activity

In the NC coherent pion production, there is no recoil nucleon at the final state since
the π0 is produced by neutrino interaction with a whole nucleus. Meanwhile, the nucleon
recoil occurs in resonant pion production. To separate the NC coherent π0 events from the
NC resonant π0 events, the recoil protons in the final state is used. The recoil protons are
detected by their large energy deposition around the neutrino interaction vertex, so-called
vertex activity. We search for the maximum deposited energy in a scintillator strip around
the reconstructed vertex, an area of 40 cm × 40 cm in both view. The reconstructed
vertex is defined in Section 2.5.10. Since the part of selected two extended tracks (2γ
candidate) is in the search region, we do not count hits associated with original tracks in
the selected two extended tracks. The newly added hits in the extended tracks are counted
as the vertex activity because the newly added hits are far from original tracks by up to 20
cm and could be hits by recoil protons. Figure 3.14 shows the maximum deposited energy
distribution after all selection cuts. The most of the coherent π0 contribution is peaked
at zero while the other π0 production have high energy activity due to recoil protons.
Events with energy deposition more than 2 MeV are considered to have the activity at
the vertex. Table 3.4 shows the number of events for samples with and without the vertex
activity. The number of events in samples with and without the vertex activity in data are
406 and 251 while those in MC are 382 and 227, respectively. Figure 3.15 and 3.16 show
the distributions of the reconstructed π0 momentum and direction with and without the
vertex activity. The π0 events without the vertex activity tends to go forward comparing
to that with the vertex activity, which is another feature of coherent pion production.
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Figure 3.14: The vertex activity after all event selection cuts: The coherent contribution
and other NCπ0 are separately shown in the MC simulation.

3.4.2 Coherent Pion Extraction

The coherent and resonant production have very different distributions of the pion
angle with respect to the beam direction. This fact can be used to separate the relative
contribution of the two production mechanisms.

49

Energy deposit at vertexPhys. Rev. D81, 111102(R) (2010)
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CHAPTER 3. STUDY OF NEUTRAL CURRENT π0 PRODUCTION

3.4.1 Vertex Activity

In the NC coherent pion production, there is no recoil nucleon at the final state since
the π0 is produced by neutrino interaction with a whole nucleus. Meanwhile, the nucleon
recoil occurs in resonant pion production. To separate the NC coherent π0 events from the
NC resonant π0 events, the recoil protons in the final state is used. The recoil protons are
detected by their large energy deposition around the neutrino interaction vertex, so-called
vertex activity. We search for the maximum deposited energy in a scintillator strip around
the reconstructed vertex, an area of 40 cm × 40 cm in both view. The reconstructed
vertex is defined in Section 2.5.10. Since the part of selected two extended tracks (2γ
candidate) is in the search region, we do not count hits associated with original tracks in
the selected two extended tracks. The newly added hits in the extended tracks are counted
as the vertex activity because the newly added hits are far from original tracks by up to 20
cm and could be hits by recoil protons. Figure 3.14 shows the maximum deposited energy
distribution after all selection cuts. The most of the coherent π0 contribution is peaked
at zero while the other π0 production have high energy activity due to recoil protons.
Events with energy deposition more than 2 MeV are considered to have the activity at
the vertex. Table 3.4 shows the number of events for samples with and without the vertex
activity. The number of events in samples with and without the vertex activity in data are
406 and 251 while those in MC are 382 and 227, respectively. Figure 3.15 and 3.16 show
the distributions of the reconstructed π0 momentum and direction with and without the
vertex activity. The π0 events without the vertex activity tends to go forward comparing
to that with the vertex activity, which is another feature of coherent pion production.
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Figure 3.14: The vertex activity after all event selection cuts: The coherent contribution
and other NCπ0 are separately shown in the MC simulation.

3.4.2 Coherent Pion Extraction

The coherent and resonant production have very different distributions of the pion
angle with respect to the beam direction. This fact can be used to separate the relative
contribution of the two production mechanisms.

49
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CHAPTER 3. STUDY OF NEUTRAL CURRENT π0 PRODUCTION

3.4.1 Vertex Activity

In the NC coherent pion production, there is no recoil nucleon at the final state since
the π0 is produced by neutrino interaction with a whole nucleus. Meanwhile, the nucleon
recoil occurs in resonant pion production. To separate the NC coherent π0 events from the
NC resonant π0 events, the recoil protons in the final state is used. The recoil protons are
detected by their large energy deposition around the neutrino interaction vertex, so-called
vertex activity. We search for the maximum deposited energy in a scintillator strip around
the reconstructed vertex, an area of 40 cm × 40 cm in both view. The reconstructed
vertex is defined in Section 2.5.10. Since the part of selected two extended tracks (2γ
candidate) is in the search region, we do not count hits associated with original tracks in
the selected two extended tracks. The newly added hits in the extended tracks are counted
as the vertex activity because the newly added hits are far from original tracks by up to 20
cm and could be hits by recoil protons. Figure 3.14 shows the maximum deposited energy
distribution after all selection cuts. The most of the coherent π0 contribution is peaked
at zero while the other π0 production have high energy activity due to recoil protons.
Events with energy deposition more than 2 MeV are considered to have the activity at
the vertex. Table 3.4 shows the number of events for samples with and without the vertex
activity. The number of events in samples with and without the vertex activity in data are
406 and 251 while those in MC are 382 and 227, respectively. Figure 3.15 and 3.16 show
the distributions of the reconstructed π0 momentum and direction with and without the
vertex activity. The π0 events without the vertex activity tends to go forward comparing
to that with the vertex activity, which is another feature of coherent pion production.
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Figure 3.14: The vertex activity after all event selection cuts: The coherent contribution
and other NCπ0 are separately shown in the MC simulation.

3.4.2 Coherent Pion Extraction

The coherent and resonant production have very different distributions of the pion
angle with respect to the beam direction. This fact can be used to separate the relative
contribution of the two production mechanisms.

49

Energy deposit at vertexPhys. Rev. D81, 111102(R) (2010)



SciBooNE NC coh-π0

18: SciBar hit, area∝energy deposit

SciBar EC MRD

γ→e+e-

γ→e+e-

ν νNeutral Current Resonant π0 

has nucleon in final state ➜ 
(no nucleon in coherent π)

Recoiled proton!

 ν+p→ν+p+π0  
NC resonant π0

νμ

CHAPTER 3. STUDY OF NEUTRAL CURRENT π0 PRODUCTION

3.4.1 Vertex Activity

In the NC coherent pion production, there is no recoil nucleon at the final state since
the π0 is produced by neutrino interaction with a whole nucleus. Meanwhile, the nucleon
recoil occurs in resonant pion production. To separate the NC coherent π0 events from the
NC resonant π0 events, the recoil protons in the final state is used. The recoil protons are
detected by their large energy deposition around the neutrino interaction vertex, so-called
vertex activity. We search for the maximum deposited energy in a scintillator strip around
the reconstructed vertex, an area of 40 cm × 40 cm in both view. The reconstructed
vertex is defined in Section 2.5.10. Since the part of selected two extended tracks (2γ
candidate) is in the search region, we do not count hits associated with original tracks in
the selected two extended tracks. The newly added hits in the extended tracks are counted
as the vertex activity because the newly added hits are far from original tracks by up to 20
cm and could be hits by recoil protons. Figure 3.14 shows the maximum deposited energy
distribution after all selection cuts. The most of the coherent π0 contribution is peaked
at zero while the other π0 production have high energy activity due to recoil protons.
Events with energy deposition more than 2 MeV are considered to have the activity at
the vertex. Table 3.4 shows the number of events for samples with and without the vertex
activity. The number of events in samples with and without the vertex activity in data are
406 and 251 while those in MC are 382 and 227, respectively. Figure 3.15 and 3.16 show
the distributions of the reconstructed π0 momentum and direction with and without the
vertex activity. The π0 events without the vertex activity tends to go forward comparing
to that with the vertex activity, which is another feature of coherent pion production.
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Figure 3.14: The vertex activity after all event selection cuts: The coherent contribution
and other NCπ0 are separately shown in the MC simulation.

3.4.2 Coherent Pion Extraction

The coherent and resonant production have very different distributions of the pion
angle with respect to the beam direction. This fact can be used to separate the relative
contribution of the two production mechanisms.
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CHAPTER 3. STUDY OF NEUTRAL CURRENT π0 PRODUCTION

3.4.1 Vertex Activity

In the NC coherent pion production, there is no recoil nucleon at the final state since
the π0 is produced by neutrino interaction with a whole nucleus. Meanwhile, the nucleon
recoil occurs in resonant pion production. To separate the NC coherent π0 events from the
NC resonant π0 events, the recoil protons in the final state is used. The recoil protons are
detected by their large energy deposition around the neutrino interaction vertex, so-called
vertex activity. We search for the maximum deposited energy in a scintillator strip around
the reconstructed vertex, an area of 40 cm × 40 cm in both view. The reconstructed
vertex is defined in Section 2.5.10. Since the part of selected two extended tracks (2γ
candidate) is in the search region, we do not count hits associated with original tracks in
the selected two extended tracks. The newly added hits in the extended tracks are counted
as the vertex activity because the newly added hits are far from original tracks by up to 20
cm and could be hits by recoil protons. Figure 3.14 shows the maximum deposited energy
distribution after all selection cuts. The most of the coherent π0 contribution is peaked
at zero while the other π0 production have high energy activity due to recoil protons.
Events with energy deposition more than 2 MeV are considered to have the activity at
the vertex. Table 3.4 shows the number of events for samples with and without the vertex
activity. The number of events in samples with and without the vertex activity in data are
406 and 251 while those in MC are 382 and 227, respectively. Figure 3.15 and 3.16 show
the distributions of the reconstructed π0 momentum and direction with and without the
vertex activity. The π0 events without the vertex activity tends to go forward comparing
to that with the vertex activity, which is another feature of coherent pion production.
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Figure 3.14: The vertex activity after all event selection cuts: The coherent contribution
and other NCπ0 are separately shown in the MC simulation.

3.4.2 Coherent Pion Extraction

The coherent and resonant production have very different distributions of the pion
angle with respect to the beam direction. This fact can be used to separate the relative
contribution of the two production mechanisms.
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Energy deposit at vertex

energy deposition greater than 2 MeV are considered to
have activity at the vertex. Note that incoherent pion
production with a neutron recoil leaves no vertex activity
unless the neutron kicks off protons in the region where we
search for the energy deposit. Based on our MC simulation,
the fraction of proton recoils in all incoherent !0 events is
reduced from 71% in the sample with vertex activity to
35% in the sample without vertex activity.

IV. DATA ANALYSIS

When a neutrino interacts with the entire nucleus, the
following relation should be satisfied:

1

jtj > R; (1)

where t and R are the four-momentum transfer to the target
nucleus from the neutrino and the radius of target nucleus,
respectively. This means that the cross section decreases
rapidly when 1=jtj become smaller than R. Using Eq. (1),
we can deduce

E!0ð1" cos"!0Þ< 1

R
$ 100 MeV; (2)

following Ref. [8]. In this equation, E!0 and "!0 are the !0

energy and direction with respect to the neutrino beam,
respectively. From this fact, we can determine the fraction
of coherent!0 production using the reconstructed!0 kine-
matic variable Erec

!0 ð1" cos"rec
!0 Þ, where Erec

!0 is the recon-

structed !0 energy calculated as the sum of the
reconstructed energies of two gamma ray candidates and
"rec
!0 is the reconstructed !0 direction with respect to the

neutrino beam axis.
We simultaneously fit two Erec

!0 ð1" cos"rec
!0 Þ distribu-

tions, with and without the vertex activity, with three
templates made by dividing the final MC sample into NC

coherent !0, NC resonant !0 and background samples.
Two parameters, Rcoh and Rinc scale the NC coherent !0

and NC incoherent !0 templates independently. The back-
ground sample is fixed to the value of the MC prediction
although the systematic errors on the background predic-
tion are taken into account. The expected number of events
in the i-th bin in the Erec

!0 ð1" cos"rec
!0 Þ distribution is ex-

pressed as

Nexp
i ¼ Rcoh & Ncoh

i þ Rinc & Ninc
i þ NBG

i : (3)

The fit minimizes the expression

#2 ¼ "2 ln
fðNobs;NexpÞ
fðNobs;NobsÞ ; (4)

where NobsðexpÞ represents the observed (expected) number

of events in all bins ðNobsðexpÞ
1 ; NobsðexpÞ

2 ; . . . ; NobsðexpÞ
N Þ and

fðNobs;NexpÞ is the Poisson likelihood to find Nobs events
whenNexp events are expected. When the systematic errors
for each bin and their correlation expressed with covari-
ance matrix Vjk (j; k ¼ 1; 2; . . . ; Nð¼ 39Þ)3 are given, the
likelihood is expressed as

fðNobs;Nexp;VÞ ¼ A
Z !!YN

i¼1

dxi
x
Nobs

i
i e"xi

Nobs
i !

"
exp

!
" 1

2

XN

j¼1

&
XN

k¼1

ðxj " Nexp
j ÞV"1

jk ðxk " Nexp
k Þ

""
;

(5)

where A is a normalization constant. The details of the
systematic errors and the calculation of the integral are
described in Ref. [7]. The result of the fit is

R coh ¼ 0:96( 0:20; (6)

R inc ¼ 1:24( 0:13: (7)

The Erec
!0 ð1" cos"rec

!0 Þ distribution after the fitting is shown

in Fig. 2. The #2 per degree of freedom, before the fit is
30:8=39 ¼ 0:79, and it is 26:6=37 ¼ 0:72 after the fit.
Figure 3 shows three contours corresponding to 68%,
90%, and 99% confidence level. The statistical error and
all systematic errors are included in the errors of Rcoh and
Rinc. Without the systematic errors, we obtain 0:98(
0:18ðstat:Þ and 1:19( 0:10ðstat:Þ for Rcoh and Rinc, respec-
tively. Hence, the uncertainty of the measurement is domi-
nated by the statistical uncertainty. Figs. 4 and 5 show the
distributions of the reconstructed !0 momentum and di-
rection with and without the vertex activity after fitting.
The ratio of the NC coherent !0 production to the total

CC cross sections from the MC prediction based on the
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FIG. 1 (color online). Vertex activity after all event selections:
the contribution from NC coherent !0, incoherent NC !0 with
recoil neutrons, incoherent NC !0 with recoil protons, internal
backgrounds with a !0 in the final state, internal background
without a !0 in the final state and ‘‘dirt’’ background events are
shown separately for the MC simulation.

3The total number of bins for the two distributions is 40, and
there is one bin without entries. We do not include the empty bin
in the fit.
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NC coh-π0 cross section

19

Clear evidence of NC coherent pion producAon.

cf. NEUT prediction based on Rein-Sehgal model:
σ(NCcohπ0)/σ(CC) = 1.21x10-2

σ(NCcohπ0)

σ(CC)
= (1.16± 0.24)× 10−2

Rein and Sehgal model is 1:21! 10"2. Hence, the cross
section ratios are measured to be

!ðNCcoh"0Þ
!ðCCÞ ¼ Rcoh !

!ðNCcoh"0ÞMC

!ðCCÞMC
;

¼ Rcoh ! 1:21! 10"2;

¼ ð1:16& 0:24Þ ! 10"2; (8)

where Rcoh is 0:96& 0:20. The mean neutrino energy for
NC coherent "0 events in the sample is estimated4 to be
0.8 GeV. The fractional error of this cross section ratio is
21% while the previous result’s fractional error is 60%
(ð0:68& 0:41Þ ! 10"2). Hence, the result has been im-
proved by a factor of 3 with the new analysis using vertex
activity. This result is 5.8 standard deviations above the no
coherent production assumption. The measured cross sec-
tion is also consistent with the MC prediction based on the
Rein and Sehgal model [4]. The result is evidence of non-
zero coherent pion production via neutral current interac-
tions at mean neutrino energy 0.8 GeV.
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FIG. 3. The contours corresponding to 68%, 90%, and 99%
confidence level for the fitted values of the scaling parameters;
the number of degrees of freedom is 2.
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FIG. 2 (color online). The Erec
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"0 Þ distributions after
fitting with (top) and without (bottom) vertex activity.
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FIG. 4 (color online). Reconstructed "0 momentum distribu-
tions after fitting with the vertex activity (top) and without vertex
activity (bottom).

4In the previous paper [7], the mean neutrino energy was
1.0 GeV despite using the same event sample as this paper.
This is due to a different definition of average neutrino energy. In
the previous paper, we used mean neutrino energy of all events
passing the selection cuts in the MC simulation while, in this
paper, we divide the selected neutrino energy distribution by the
coherent cross section for each neutrino energy bin before
calculating the average of the distribution. The latter method
matches SciBooNE’s CC coherent result [3]
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tion is also consistent with the MC prediction based on the
Rein and Sehgal model [4]. The result is evidence of non-
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4In the previous paper [7], the mean neutrino energy was
1.0 GeV despite using the same event sample as this paper.
This is due to a different definition of average neutrino energy. In
the previous paper, we used mean neutrino energy of all events
passing the selection cuts in the MC simulation while, in this
paper, we divide the selected neutrino energy distribution by the
coherent cross section for each neutrino energy bin before
calculating the average of the distribution. The latter method
matches SciBooNE’s CC coherent result [3]
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MiniBooNE & SciBooNE 
consistency

• SciBooNE performed a consistency test with 
MiniBooNE results

• MiniBooNE result:
       Coherent-π fraction in NC-1π0 events

• SciBooNE evaluated the same quantity using 
on the NC-π0 sample:

• SB and MB consistent with each other, within 
error.
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Rcoh = (17.9±4.1(stat+sys))%

Rcoh = (19.5±1.1(stat)±2.5(sys))%



NOMAD NC coh-π0

• Drift Chamber target
(<A>=12.8 ~ Carbon target)

• <Eν>~25 GeV

• Major background: NC DIS

• Magnetized detector

• Momentum reconstruction of 
e+e- from γ-conversion in DC
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Phys. Lett. B682: 177 (2009) 

: NC coherent-π0

: Outside-background

: DIS



NOMAD NC coh-π0

• Template fit to extract 
coh-π cross section

• Eγ(1-cosθγ) and 2γ 
opening angle

• Clear evidence of NC 
coh-π0

• Good agreement with 
past measurements and 
R-S prediction

22

: NC coherent-π0

: Outside-background

: DIS

cf. Rein-Sehgal model: σ(NCcohπ0)/σ(CC) = 3.5x10-3

γγ opening angle Eγ1(1-cosθγ1)

σ(NCcohπ0) = (72.6±8.1(stat)±6.9(sys))x10-40 cm2/nucleus

cf. Rein-Sehgal model: σ(NCcohπ0) = 78x10-40 cm2/nucleus 

= (3.21±0.36(stat)±0.29(sys))x10-3σ(NCcohπ0)
σ(νµCC)

<Eν>=24.8 GeV

Phys. Lett. B682: 177 (2009) 



Quick digest of recent results
• CC coherent-π+: No evidence at low energy 

(<2GeV)
• K2K, SciBooNE: consistent with each other
• BUT SciBooNE ν ̄CC coh-π search seeing non-zero

CC coh-π events? (analysis underway)

• NC coherent-π0: Clear evidence
• MiniBooNE, SciBooNE: consistent with each other
• NOMAD: Consistent with past measurements at

high energy

• Puzzle in CC/NC coh-π at low energy...
• R-S model predict σ(CC:π+)/σ(NC:π0)~2 

• Need a bridge between low and high energies for 
CC and NC modes ➜ New experiments!
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The Future is Here
• T2K and MINERvA are 

taking data!

• Both detectors designed to 
measure cross sections

• Cover wide energy range: 
~0.7 - 20 GeV

• Various targets:
• MINERvA: He, C, Water, Fe, Pb

• T2K Near Detector: C, H2O

• ➜ Can measure A-dependence of 
coh-π production.
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• T2K Near Detector

• Fine-grained scintillator, TPC in 
Magnet, C, H2O, Eν~0.7GeV

• MINERvA

• Fine-grained scintillator 
detector, FNAL-NuMI, He, C, 
H2o, Fe, Pb, Eν=1~20GeV



Summary
• Recent coherent-π measurements

• CC: K2K, SciBooNE

• NC: MiniBooNE, NOMAD, SciBooNE

• High statistics, systematic error dominating
(major systematics from background modeling: resonant-π, 
multi-π, DIS, and their FIS)

• Reliable predictions of backgrounds are important to 
extract coherent-π.

• Both theoretical and experimental efforts are needed 

• Next generation experiments, T2K and MINERvA, 
can complete the comprehensive study of coherent-
π production.
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