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! Interactions and Oscillations

• Neutrino oscillation experiments 
have now moved into the realm of 
precision physics

• Cross section uncertainties are 
now becoming an important factor 
in interpreting oscillation data

• The next generation of 
accelerator-based neutrino 
experiments all take place at the 
~1 GeV neutrino energy scale

• In the last few years, several new 
cross section measurements have 
been reported at these energies

Source Error (%)

Flux from "+/#+ decay 6.2

Flux from K+ decay 3.3

Flux from K0 decay 1.5

Target and beam models 2.8

! cross sections 12.3

NC "0 yield 1.8

External interactions (“Dirt”) 0.8

Optical model 6.1

DAQ electronics model 7.5

MiniBooNE !e Appearance
Systematic Uncertainties
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! Interactions at the GeV Scale

• The simplest charged current interaction converts a 
neutron to a proton

• Charged Current Quasi-Elastic (CCQE)

• If the W± excites the target nucleon into a 
resonance state, it can produce a nucleon and a pion

• Charged Current Pion Production (CC"+,0)

NCEL

NC"

CC"

CCQE

• A neutral current interaction can result only in the ejection 
of a target nucleon

• Neutral Current Elastic (NCEL)

• Pions can be produced via neutral currents as well

• Neutral Current Pion Production (NC")

• Other higher-mass hadronic states are possible, but are 
suppressed at the ~1 GeV scale
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Charge Current Interactions 
(circa 2006)

• The new generation of 
neutrino oscillation 
experiments will take place at 
the GeV scale

• !# and !e CCQE interactions 
are the signal modes for these 
experiments

• Simple, single lepton 
reconstruction

• Allows for flavor tagging 
the neutrino

• The largest charged current 
background (or additional 
signal?) is CC"+

• Recent experimental results in 
neutrino cross sections have 
focused on CCQE and CC"
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• The differential cross section contains 3 terms that contain all of the complexity of the 
hadronic current:

• Each term is parametrized by 3 form factors

• 2 vector form factors; well determined from electron scattering

• 1 axial-vector form factor assumed to have a dipole form:

• gA is precisely determined in neutron beta decay experiments

• Only remaining free parameter is the axial mass, MA

• Accessible only via weak interactions (not via electron scattering)

• MA can be measured via the shape of the Q2 distribution, or the value of the total cross 
section

CCQE Interactions

CHAPTER 3. NEUTRINO INTERACTIONS

3.2 Neutrino-Nucleon scattering

3.2.1 Llewellyn-Smith formalism for the neutrino experiments

The scattering processes under consideration in this section are the following 2 reactions

(Fig. 3.2),

νl + n→ l− + p, (3.17)

ν̄l + p→ l+ + n. (3.18)

In Appendix C.1, we derive the expression for neutrino-nucleon differential cross section

formula (Eq. C.41),

dσ

dQ2



 νl + n→ l− + p

ν̄l + p→ l+ + n





=
M2GF

2cos2θc

8πEν
2

{
A(Q2)±B(Q2)

(s− u)
M2

+ C(Q2)
(s− u)2

M4

}
, (3.19)

with the expressions for A(Q2), B(Q2), and C(Q2) given in Eqs. C.38, C.39, and C.40.

Here, Eν is an incident neutrino energy, M is a nucleon mass, and s and u are Mandelstam

variables. Now we transform them to the familiar form [20] used in practice. All the

contributions to the weak nucleon current other than the vector and axial vector form

factors arise from the electromagnetic or strong interaction. However, the electromagnetic

and strong interactions are G-parity conserving processes. So one can reasonably omit

terms involving G-parity violating second-class-current form factors (FV
3 and FA

3), which

should not exist within the standard model (Sec. 3.2.8). And, we assume all form factors

are purely real which mean there is no T-violation in any nucleon weak elastic scattering

experiment (Sec. 3.2.8). Also, the ξF2 term may be rewritten as F2 which is more standard

in this (neutrino) community. This also means κpF
EM,p
2 ≡ FEM,p

2 and κnFEM,n
2 ≡ FEM,n

2 .
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CHAPTER 3. NEUTRINO INTERACTIONS

exponential charge distribution, see Sec. 3.2.7), and we have,

Gp,n
E (Q2) =

Gp,n
E (0)

(
1 + Q2

M2
V

)2 , (3.55)

Gp,n
M (Q2) =

Gp,n
M (0)

(
1 + Q2

M2
V

)2 . (3.56)

Then the proton/neutron electromagnetic Dirac and Pauli form factors can be defined,

FEM,p,n
1 (Q2) =

Gp,n
E (Q2) + Q2

4M2 Gp,n
M (Q2)

(
1 + Q2

4M2

) , (3.57)

FEM,p,n
2 (Q2) = −

Gp,n
E (Q2)−Gp,n

M (Q2)(
1 + Q2

4M2

) . (3.58)

Under CVC, (Sec. 3.2.4, Eqs. 3.24 and 3.25), one can derive expressions for the F1 and F2

form factors,

F1(Q2) =
1 + Q2

4M2 (1 + ξ)
(
1 + Q2

4M2

) (
1 + Q2

M2
V

)2 , (3.59)

F2(Q2) =
ξ

(
1 + Q2

4M2

) (
1 + Q2

M2
V

)2 . (3.60)

Likewise, for the neutral current, the Sachs form factors can be defined for the isoscalar

terms (Eq. 3.26, 3.27, 3.28, and 3.29). The physical interpretation for their Q2 → 0 limit is

that the strange quark charge contribution and magnetic moment in the nucleon.

Gs
E(Q2 → 0) = es, strange quark contribution for nucleon electric charge,

Gs
M (Q2 → 0) = µs, strange quark contribution for nucleon magnetic moment.

Of course, these are zero in the constituent quark model [18]. However, some measurements

indicate small but non-zero contributions [23] and we are waiting for further experiments.

The axial vector form factor is also assumed to have a dipole form (Sec. 3.2.7),

FA(Q2) = − gA(
1 + Q2

M2
A

)2 . (3.61)
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Previous CCQE Measurements

• At low energies (~1 GeV), 
measurements were 
provided by bubble 
chamber experiments (D2)

• Typically O(1,000) events 
per experiment

• Often large uncertainties 
from flux determination 
and background 
contamination

• World average from these 
experiments:
MA = 1.026 ± 0.021 GeV



Nuclear Effects
• The new generation of oscillation experiments all use 

nuclear targets

• Introduces more physics to worry about

• Event generators used by experimentalists typically 
describe nucleus as a relativistic Fermi gas

• Theorists typically use more sophisticated models 
(e.g. spectral functions)

• Final states containing a nucleon below the Fermi 
momentum are Pauli-blocked

• Nucleons must overcome a binding energy before 
being freed from the nucleus

• Target nucleons and resulting resonances are off-shell

• After the initial interaction takes place, final state particles 
must traverse the nuclear medium before being observed

• Pion absorption and charge exchange can alter 
the observed interaction channel

• Event generators use impulse approximation

• Neutrinos assumed to interact with a single nucleon

• Not a good approximation in all regions of phase space
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A. Ankowski & J. Sobczyk
PRC 77, 044311 (2008)

ARTUR M. ANKOWSKI AND JAN T. SOBCZYK PHYSICAL REVIEW C 77, 044311 (2008)

FIG. 6. Cross sections of 40Ca(e, e′) scatter-

ing at angle 45.5◦ and miscellaneous values of

electron beam energy [23]. Calculations for the

GSF (solid line) are compared to the results of

Butkevich and Mikheyev [6] (dashed line) and

the Fermi gas model (dotted line). The corre-

sponding values of |q| at the peaks are 602 MeV
(for beam energy 841 MeV), 561 MeV (for

782 MeV), 531 MeV (for 739 MeV), 490 MeV

(for 681 MeV), 453 MeV (for 628 MeV),

395 MeV (for 545 MeV), 342 MeV (for

471 MeV), 297 MeV (for 408 MeV), and

254 MeV (for 350 MeV).

dσweak/dQ2). The purpose of Fig. 8 is to show discrepancy of

our description of argon nucleus and the FGmodel, commonly

used in Monte Carlo simulations.

The results for neutrinos cannot be directly confronted with

experimental data. Therefore, we first identified, in Sec. II B,

the region in the (ω, |q|) plane that is most important for the
800-MeV neutrino scattering. Than we substantiated accuracy

of our approach: we showed in Sec. III A that it describes well

kinematical aspects of nuclear effects. This whole analysis

allows us to expect that using the presented approximation of

the SF, we model neutrino interactions at a similar level of

accuracy as achieved in the case of electron scattering.

IV. DISCUSSION OF PRECISION

Our approach is based on many approximations and in this

section, we would like to understand how uncertain our final

predictions are.
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FIG. 7. (Left panel) Comparison of the cross section of GSF (solid line) and the FG model (dotted line) with experimental points for

Ar(e, e′) at beam energy 700 MeV and scattering angle 32◦ [7]. (Right panel) Same but for oxygen. Note that in both cases the similar accuracy

is obtained. The value of momentum transfer at the peaks is 371 MeV.
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• The neutrino energy is determined from the final state particle kinematics

• If only the outgoing muon 4-momentum is measured, E! is determined assuming:

• The neutrino direction is known (good assumption)

• Detectors are far from the beam source

• The recoiling nucleon mass is known (good assumption)

• Warning:  this is only valid when the impulse approximation is valid

(e.g. multi-nucleon interactions are reconstructed with a bias in E!)

• The target nucleon is at rest (not a very good assumption)

• Adds an irreducible smearing to the neutrino energy resolution

• In some cases, both the muon and proton kinematics are measured

• Above assumptions can be relaxed

Measuring E!CCQE

9

4. adjustment of the CC1π+ model in the event sim-
ulation to reproduce the measured rate; and

5. subtraction of this adjusted CC1π+ background
(along with other predicted backgrounds) from the
CCQE signal to produce a a measurement of the
CCQE interaction cross section.

The details of this procedure are provided in the following
subsections.
In this analysis, the reconstruction of the CC1π+ sam-

ple is for the sole purpose of background estimation. Ded-
icated measurements of the CC1π+ and CC1π0 channels
in MiniBooNE have been reported elsewhere [48–50] in-
cluding detailed reconstruction of the π+ and π0 kine-
matics.

A. Event reconstruction

For this analysis, it is crucial to identify and measure
the muon in the CC interaction. This is accomplished
with an “extended-track” reconstruction algorithm [51]
which uses the charge and time information from all PMT
hits in the first subevent to form a likelihood that is maxi-
mized to determine the best single track hypothesis quan-
tified by the track starting point, starting time, direction,
and kinetic energy. This is performed with both a muon
and electron particle hypothesis from which a (log) like-
lihood ratio is formed to enable particle identification.
The muon kinetic energy, Tµ, and muon scattering

angle,  µ, are extracted from the track reconstruction
assuming a muon hypothesis. These are used to form
the fundamental observable reported here, the double-
differential cross section. For additional reported observ-
ables, the reconstructed neutrino energy EQE

ν and recon-
structed four-momentum transfer Q2

QE are obtained via,

EQE
ν =

2(M ′
n)Eµ − ((M ′

n)
2 +m2

µ −M2
p )

2 · [(M ′
n)− Eµ +

√

E2
µ −m2

µ cos  µ]
, (1)

Q2
QE = −m2

µ + 2EQE
ν (Eµ −

√

E2
µ −m2

µ cos  µ), (2)

where Eµ = Tµ +mµ is the total muon energy and Mn,
Mp, mµ are the neutron, proton, and muon masses. The
adjusted neutron mass, M ′

n = Mn −EB , depends on the
binding energy (or more carefully stated, the separation
energy) in carbon, EB , which for this analysis is set to
34± 9 MeV.
The subscript, “QE”, on these reconstructed quanti-

ties is to call attention to these specific definitions and to
distinguish them from quantities obtained in other ways
such as fits to the underlying true kinematic quantities.
These are kinematic definitions that assume the initial
nucleon (neutron) is at rest and the interaction is CCQE
(“QE assumption”). While these quantities certainly dif-
fer from the underlying true quantities, they are well-
defined, unambiguous, and easily reproduced by others.

B. CCQE and CC1π+ event selection

The CCQE and CC1π+ candidate events are selected
for this analysis and separated with a sequence of cuts
summarized in Table II.
The first five cuts are designed to efficiently select a

high-purity sample of CCQE and CC1π+ events. Cut 1
rejects events with incoming particles such as cosmic rays
or neutrino-induced events produced in the surrounding
material. It also eliminates events where any of the neu-
trino interaction products escape the main detector vol-
ume. This is important for an accurate muon energy
measurement and to avoid missing muon decays which
leads to higher backgrounds. Cut 1 does reduce the effi-
ciency substantially (Tab. II), however, it is necessary to
reduce background (together with the subsequent cuts).
Cut 2 requires that the primary (muon) is in-time with
the BNB spill window. Cut 3 ensures that the recon-
structed primary muon vertex is located within a fidu-
cial region in the main detector volume sufficiently far
from the PMTs for accurate reconstruction. Cut 4 pro-
vides a minimum muon kinetic energy for reliable recon-
struction and reduces backgrounds from beam-unrelated
muon-decay electrons.
Cut 5 requires that the candidate primary muon is

better fit as a muon than as an electron. Misrecon-
structed and multi-particle events tend to prefer the elec-
tron hypothesis so this cut reduces such contamination.
This also substantially reduces the efficiency for selecting
CC1π+ events as can be seen in Figure 5 where the µ/e
log-likelihood ratio distribution is shown for each of the
2- and 3-subevent samples. This bias is intended as it
selects a sample of CC1π+ with muon kinematics more
closely matched to those CC1π+ that are background
to the CCQE sample. As is shown in Fig. 5, data and
Monte Carlo simulation (MC) agree fairly well to within
the detector errors. The log-likelihood ratio distribution
is quite sensitive to details of an event such as scintil-
lation from hadron recoil via the PMT charge and time
information [51]. The data-MC difference in the number
of events passing Cut 5 in both the 2- and 3-subevent
samples is covered by the full systematic errors consid-
ered in this analysis.
Cut 6 separates the samples into CCQE (2 subevents)

and CC1π+ (3 subevents) candidates. For this analysis,
the second and third subevents are required to contain at
least 20 tank hits to reduce the probability of accidental
coincidences with the initial neutrino interaction (first
subevent). This requirement reduces the efficiency for
identifying the muon-decay electron by ≈ 3%.
Cut 7 utilizes the muon-electron vertex distance, the

measured separation between the reconstructed muon
and electron vertices. This cut requires that the decay-
electron is correctly associated with the primary muon
and is applied to the CCQE (2-subevent) sample only.
This eliminates many CC1π+ events where the second
subevent is a decay-positron from the π+ decay chain and
not the electron from the decay of the primary muon.
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Recent MA Measurements

Experiment Detector Target peak E!

K2K-SciFi Scintillating Fiber + MRD O 1.2 GeV

MiniBooNE Oil Cherenkov C 0.7 GeV

MINOS Scintillating Bars Fe 3, 6, 9 GeV

NOMAD DCs + TRD + ECAL + MRD C 12 GeV

SciBar Scintillating Bars + MRD C 0.7, 1.2 GeV

NOMAD experiment
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Neutrino Flux Predictions

• To measure a neutrino cross section, must 
understand the neutrino flux, %
(i.e. energy spectrum + normalization)

• Protons & target interactions & pion 
production & horn focusing & pion decay to 
neutrinos

• Dominant uncertainty is in pion production (in 
momentum and angle bins)

• Dedicated experiments measure pion production 
on replica targets
(e.g. HARP for K2K & BooNEs;  MIPP for NuMI)

Decay region

50 m 485 m

focusing horn (zoom)

target

proton 

beam
beam stop

LMC!-

!+

' = Ninteractions/%

Beamline for
MiniBooNE & 

SciBooNE

HARP pion momentum spectra
in 6 angular bins



K2K-SciFi CCQE
• CCQE appears as one track (muon only)

or two tracks (muon + proton)

• Two track sample contains CC"+ background

• Since CCQE is a two-body scattering 
process, can separate CC"+ using expected 
proton angle

• Fit Q2 shape for MA

• Only fit above 0.2 GeV2 to avoid poorly 
modeled region

• Notice the excess of simulated events in the 
lowest bin

• Measured MA value is significantly 
higher than previous world average

scribed above because the minimum Q2
rec cut eliminates the

data where these errors are most significant. These effects
will be of interest for future precision experiments and as
models of neutrino-nucleus interactions become more so-
phisticated. We present a description of these effects for the
uniform Fermi gas model, in this case from the calculation
in [26,27]. The three effects are described below and
summarized in Fig. 10 for a 1.0 GeV neutrino. It is the
ratio in this figure that is the basis for R!E!; Q2" in Eq. (8).

The main uncertainty is the amount of Pauli blocking
that should be applied both to the quasielastic and also the
single-pion background. Within the context of the Fermi
gas model, this can be estimated by assuming a different
kf: 215 and 235 in addition to the default value of
225 GeV=c. The effects of this uncertainty on MA do not
appear with the Q2 > 0:2 requirement used in this analysis,
but are as much as 5% for fits that use the lowest Q2 events.

At the upper end of the Q2 distribution, the quasielastic
cross section has a kinematic cutoff whose location de-
pends on the incident neutrino energy. The momentum
distribution in a nucleus smears this step, giving a tail to
the distribution. These high Q2 interactions produce muons
that do not reach the MRD because they are at high angle
or their momentum is too low, so this has no effect on the
present analysis.

The momentum distribution will modify the shape of the
Q2 distribution through the middle region between the two
effects described in the preceding paragraphs. The slope of
the middle region in the second plot in Fig. 10 is approxi-
mately 0:017 !GeV=c"#2. There is also an overall suppres-
sion of the cross section of 2%. The uncertainty
represented by the change in slope can be propagated to
the MA analysis by modifying R!E;Q2" in the fit. The
resulting uncertainty in MA is $0:01 GeV, negligible com-
pared to the other uncertainties in this analysis.

In addition to the estimate of the effects of the nucleus,
this implies a conversion factor that may be used by the
reader to evaluate small changes to the model, as long as
they can be approximated by a shift in the slope of the Q2

distribution as in the preceding paragraph. Likewise, an
adjustment of the slope of the non-QE background of
0:02 !GeV=c"#2 relative to nominal will yield a
%0:01 GeV shift in the fit value of the MQE

A . A variety of
corrections that yield a shift in MA of up to 0.05 GeV are
well reproduced by this approximation.

A final uncertainty from the nuclear model is the nu-
cleon interaction energy. For our Fermi gas model, this
takes the form of an effective binding energy #27$
3 MeV, and is the energy given up to the recoil proton
from the nucleus. This affects the outgoing muon momen-
tum and would contribute $0:02 GeV error to MA, but this
is naturally included by the free muon momentum scale
parameter in this analysis.

These uncertainties are also used to estimate the effect of
the 21.8% aluminum that makes up the fiducial mass. The
neutrino-aluminum interactions are taken to have the same
cross section per nucleon and the same kinematics as for
oxygen. A higher kf appropriate for aluminum only has an
effect in the Pauli blocked region. The increased effective
binding energy is equivalent to a shift in p" of about
3 MeV for this fraction of the interactions, and thus is
negligible for the whole sample.

D. Effect of the new vector form factors

The basic method used to measure the axial-vector mass
here is the same as for previous measurements, listed in
Table VII, but since that time there have been improved
measurements for the shape of the vector form factors from
electron scattering experiments. Changing the shape of the
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FIG. 10. Effect of the nucleon momentum on the shape of the Q2 distribution. The comparison is between the free nucleon and a
uniform Fermi gas model. The effect of Pauli blocking is seen at low Q2, the tail of the momentum distribution at high Q2, an overall
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in the muon momentum scale. Also, the muon thresholds
are somewhat different, and the acceptance model for
short, second tracks in SciFi is calibrated separately for
the two data sets, which could show up in the two-track to
one-track migration.

C. Systematic uncertainties

Here we discuss the systematic errors in detail. The
largest contributions to the systematic error, summarized
in Table VI, are the uncertainty in the muon momentum

scale, and the normalization and uncertainty in the flux for
each energy region. For simplicity, we treat all the errors as
symmetric when quoting a final result because these largest
errors are symmetric. Other, smaller contributions include
the shape of the non-QE background, the non-QE=QE
ratio, and the two-track to one-track migration. A final,
interesting source of uncertainty comes from nuclear ef-
fects, though it contributes only a small amount to this
analysis. The statistical error is estimated by setting all the
other parameters in the fit to their best fit values and
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FIG. 7. The data and the best fit Q2
rec distributions for K2K-1 data (left) and K2K-IIa data (right) for the one-track, two-track QE

enhanced, and two-track non-QE enhanced samples. The shaded region shows the QE fraction of each sample, estimated from the MC.
The contribution from each energy region is summed for each plot. The lowest two data points in each plot are not included in the fit,
due to the large uncertainty in the effects of the nucleus.
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Measured MA=1.20 +/- 0.12

Q2 (data & Best Fit MC)
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(($p > 25°)

Two Track
QE-like

(($p < 25°)Effect of target nucleon momentum

Free nucleon

Bound
nucleon

Bound / Free

demonstrates the kinematic quantity !  ! angle between
predicted and measured second track angle with respect to
the beam. The quantity !  is plotted in this figure with the
data and the baseline MC normalized to the data.

The value for this !  cut is chosen to give good sepa-
ration between the QE and non-QE enhanced samples. We
used the Monte Carlo simulation to estimate the efficiency
for detecting the QE events, after all the cuts described
above. Also we have estimated the purity of each subsam-

ple. These are shown in Table II. After these cuts, the total
number of events in each sample is given in Table III.

D. Muon momentum and angle distributions

An example of the muon momentum and muon angle
distributions for the K2K-I data along with the Monte
Carlo prediction are shown in Figs. 4 and 5. The MC
distribution is normalized to the same number of events.

The yield of events with a muon at angles near the
direction of the beam is particularly difficult to model in
our Monte Carlo simulation; this is also discussed in [18].
A discrepancy was observed in all K2K near detectors,
including SciFi, and is presumed to be from some aspect of
the neutrino interaction model.

The analysis of data from the SciBar detector [14]
indicates that good agreement is achieved if our simulation
has zero CC coherent pion production, and Fig. 5 uses this
assumption. An example of the size of the effect on SciFi

TABLE II. Total reconstruction efficiency [%] for quasielastic
interactions in each data set, the portion of efficiency from each
subsample, and the QE purity of each sample (in parentheses,
[%]), estimated with the MC simulation.

2-track
1-track QE non-QE Total

K2K-I 35 (63) 5 (63) 2 (17) 42
K2K-IIa 38 (61) 5 (61) 2 (15) 45

TABLE III. Number of events in three event samples and two
data periods for the SciFi detector. Only events with recon-
structed Q2 > 0:2 "GeV=c#2 are used for this MA measurement,
and are shown in separate columns and described in Sec. IV.

K2K-I K2K-IIa
Q2 > 0:0 Q2 > 0:2 Q2 > 0:0 Q2 > 0:2

1 track 5933 2864 3623 1659
2 track QE 740 657 451 388
2 track non-QE 1441 789 893 478

Total 8114 4310 4967 2525

muon angle (degrees)
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FIG. 5. Muon angle distribution for all K2K-I one-track and
two-track events. The QE fraction, estimated from the MC
simulation, is shown as the shaded region. Only statistical errors
are shown.
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FIG. 3. The distribution of !  , the difference between the
predicted second track angle and the observed angle for K2K-I
data. The histogram shows the Monte Carlo prediction, while the
hatched region shows the QE fraction. In this analysis, !  !
25$ is used to separate a QE enhanced sample. The inset diagram
shows the definition of !  .
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FIG. 4. Muon momentum distribution for all K2K-1 one-track
and two-track events. The QE fraction, estimated from the MC
simulation, is shown as the shaded region. The errors on the data
are statistical only.
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 MiniBooNE (2008)
• All CCQE events are one track

• The proton is almost always below 
Cherenkov threshold

• Same low-Q2 data deficit seen by K2K

• Introduce a new parameter, ), that 
increases Pauli blocking at low Q2

• Effective parameter used only to 
compensate for inadequate 
modeling

• Still does not completely fix low 
Q2 disagreement

• Fit Q2 shape for MA

• Result is 20% higher than world 
average:  same as K2K Measured MA=1.23 +/- 0.12

where Mn is the target neutron mass, Mp is the outgoing
proton mass, and ! is the energy transfer. In the RFG
model, Ehi is the energy of an initial nucleon on the
Fermi surface and Elo is the lowest energy of an initial
nucleon that leads to a final nucleon just above the Fermi
momentum (and thus obeying the exclusion principle in the
final state). In practice, a simple scaling of Elo was imple-
mented in the MiniBooNE CCQE data fit via Elo !
!"

!!!!!!!!!!!!!!!!!!!!
p2
F #M2

p

q
$!# EB%. The parameter ! adds a degree

of freedom to the RFG model which can describe the
smaller cross section observed in the data at low momen-
tum transfer and is likely compensating for the naive treat-
ment of Pauli blocking in the RFG model.

The adjusted RFG model is then fit to the shape of the
reconstructed Q2 distribution in the MiniBooNE "# CCQE
data:

 Q2 ! $q2 ! $m2
# # 2E""E# $ p# cos$#%> 0; (2)

where m# is the muon mass, E# (p#) is the reconstructed
muon energy (momentum), and $# is the reconstructed
muon scattering angle. The reconstructed neutrino energy
E" is formed assuming the target nucleon is at rest inside
the nucleus:

 E" ! 2"Mn $ EB%E# $ "E2
B $ 2MnEB #m2

# # !M2%
2&"Mn $ EB% $ E# # p# cos$#'

;

(3)

where !M2 ! M2
n $M2

p and EB > 0. A small correction
is applied to E" in both data and simulation to account for
the biasing effects of Fermi smearing. This procedure,
while yielding a more accurate E" estimate, has a negli-
gible impact on the Q2 fit to MiniBooNE CCQE data.
These expressions, with reconstructed muon kinematics,
yield an E" resolution of 11% and a Q2 resolution of 21%
for CCQE events.

The model parameters MA and ! are obtained from a
least-squares fit to the measured data in 32 bins of recon-
structed Q2 from 0 to 1 GeV2. All other parameters of the
model are held fixed to the values listed previously, and a
complete set of correlations between systematic uncertain-
ties is considered. The total prediction is normalized to the
data for each set of parameter values. Thus, the procedure
is sensitive only to the shape of the Q2 distribution, and any
changes in the total cross section due to parameter varia-
tion do not impact the quality of fit. The Q2 distributions of
data and simulation before and after the fitting procedure
are shown in Fig. 2. The %2=dof of the fit is 32:8=30 and the
parameters extracted from the MiniBooNE "# CCQE data
are

 Meff
A ! 1:23( 0:20 GeV; (4)

 ! ! 1:019( 0:011: (5)

While normalization is not explicitly used in the fit, the
new model parameters increase the predicted rate of "#

CCQE events at MiniBooNE by 5.6%. The ratio of de-
tected events to predicted, with the best-fit CCQE model
parameters, is 1:21( 0:24.

In general, varying MA allows us to reproduce the high
Q2 behavior of the observed data events. A fit forMA above
Q2 > 0:25 GeV2 yields consistent results, Meff

A ! 1:25(
0:12 GeV. However, fits varying only MA across the entire
Q2 range leave considerable disagreement at low Q2

(%2=dof ! 48:8=31). The Pauli-blocking parameter ! is
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FIG. 2. Reconstructed Q2 for "# CCQE events including sys-
tematic errors. The simulation, before (dashed curve) and after
(solid curve) the fit, is normalized to data. The dotted curve (dot-
dashed curve) shows backgrounds that are not CCQE (not
‘‘CCQE-like’’). The inset shows the 1& C.L. contour for the
best-fit parameters (star), along with the starting values (circle),
and fit results after varying the background shape (triangle).
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MINOS Preliminary MA
• Neutrino interactions on an iron target

• Events are selected with one muon track and low 
hadronic shower energy

• Once again, strong suppression in the data at low Q2

• Once again, Pauli blocking is modified to account for 
the difference

• Two fits are performed

(fit parameters: MA
CCQE, MA

CC"+, E# scale):

• Fit above 0.3 GeV2 with kFermi fixed to 1

• Fit entire range including kFermi parameter

• Both fits give results consistent with K2K and 
MiniBooNE
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Q2 > 0.3 GeV2 Fit Fit to Full Q2 Range

Parameter
MA

QE

(GeV)
E#-

Scale
MA

CC"+

(GeV)

Best Fit 1.256 0.988 1.065

Effective MA
QE

1.26 +0.12
 -0.10 (fit) +0.08

 -0.12 (syst) GeV

Parameter
MA

QE

(GeV)
E#-

Scale
MA

CC"+

(GeV)
kFermi-
Scale

Best Fit 1.192 0.988 1.112 1.284

Effective MA
QE

1.19 +0.09
 -0.10 (fit) +0.12

 -0.14 (syst) GeV
M. Dorman, NuInt 2009
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Fig. 13. The Q2 distributions in identified QEL events.

2. C is defined in the same way as for the total QEL
cross-section measurement, i.e. we use another process
(DIS) for normalization:

C =
N0

Φ0σ0

(23)

If we sum over the Q2 variable for the investigated
(Eν , Q2) interval, finding the MA parameter from Eq. (18)
becomes nothing else than the numerical resolution of
Eq. (8). Therefore, this variant of the fit can be con-
sidered as a simultaneous fit of the total and differen-
tial cross-sections; henceforth, we shall refer to it as
σ ⊗ dσ/dQ2 fit.

Fig. 13 presents a comparison of the reconstructed Q2

distribution with our MC prediction. The expected back-
ground contamination is also shown.

We can now apply the proposed methods to experi-
mental data and measure the QEL cross-section and axial
mass MA. The numerical results are reported in Section 8,
while the discussion of the corresponding uncertainties is
presented in the next section.

7 Systematic uncertainties

We have studied several sources of systematic uncertain-
ties, which are important for the measurement of the to-
tal QEL cross-section and axial mass parameter. They are
listed below:

1. identification of QEL events; we vary the selection cri-
teria within reasonable limits (L > 0 ± 0.4 for 2-track
sample and θh/π > 0.35 ± 0.03 for 1-track sample).
The final result is found to be practically insensitive to
the exact positions of the muon azimuth ϕµ cut and ad-
ditional requirements for the Pmis

⊥ , α and θh variables:

e.g. in the νµ analysis a more strict cut 0.1π < ϕµ <
0.9π leads to 0.8% variation in the measured cross sec-
tion while a change in the pre-cuts to Pmis

⊥ < 0.9 GeV,
α/π > 0.75 and 0.18π < θh leads to an uncertainty of
0.4%.

2. uncertainty in the total (mainly DIS) charged current
muon neutrino cross-section, which enters both in the
normalization factor σ0/N0 and in the subtraction of
the corresponding DIS background (the experimental
error on 〈σdis〉 is 2.1% for νµ CC and 2.4% for ν̄µ CC);

3. uncertainty in the RES cross section, which determines
the contamination admixture of the single resonant
pion events in the identified QEL sample (we assume
10% error on 〈σres〉 both for neutrino and antineutrino
cases, see e.g. [56]);

4. FSI interactions (we vary τ0 and αF
mod DPMJET pa-

rameters for fixed Mmc
A = 1.03 GeV);

5. uncertainty in the neutrino flux shape (the relative er-
rors for each Eν bin were taken from [30]);

6. neutral current admixture (we assume 5% error for
the corresponding cross section, which can be found in
Table 3);

7. charge misidentification of the primary lepton (recon-
structed νµ CC event is classified as ν̄µ CC and vice-
versa);

8. contamination from coherent pion production (see sub-
section 4.4).

In Table 6 we present our numerical estimations for
systematic uncertainties (in the case of νµ scattering, sys-
tematic errors were calculated for the mixture of 1-track
and 2-track subsamples). One can see that the most im-
portant contributions come from the QEL identification
procedure and from the uncertainty on the non-QEL pro-
cesses contribution to the selected sample of signal events.

The nuclear reinteractions (FSI effect) significantly af-
fect the neutrino sample only (see Table 9), while in the
antineutrino case the influence of the nuclear reinterac-
tions is expected to be negligible. For νµ scattering, the
cross-sections can be calculated separately for both the 1-
track and 2-track subsamples of identified QEL events or
for their mixture. We can then compare the results and
choose whichever one has the minimal total error. In our
case it was obtained for the combined 1-track and 2-track
sample, which was found to be almost insensitive to the
variation of DPMJET parameters (see Section 8 for ex-
planations).

The uncertainty on the shape of the (anti)neutrino
spectrum is important for the measurement of σqel as a
function of neutrino energy Eν . But it does not affect both
the flux averaged cross section 〈σqel〉 and the MA extrac-
tion from the Q2 distribution.

The uncertainty due to the primary lepton misidenti-
fication and neutral currents comes into play through the
subtraction of the corresponding background from the se-
lected DIS sample, that is, from the normalization factor.
The admixture of those events into the identified QEL
events is negligible.

View of tipical QEL candidate event in NOMAD detector

Run 15049 Event 11514Eν = 57.00 GeV

Q
 2

 = 0.60 GeV
 2

W
 2

 = 1.44 GeV
 2

Pt
mis

 = 0.05 GeV
Muon track: P = 56.39 GeV; θ

Proton track: P = 1.02 GeV; θ

Typical examples of data events identified as n p (run 15049 event 11514). Long
track is identified as negatively charged muon, short track is associated with proton.

Eur. Phys. J. C63, 355 (2009)

• Higher neutrino energy (peak: ~12 GeV)

• Magnetic field allows for sign separation of final state particles

• Used known DIS cross section to normalize flux

• No low Q2 deficit in data (as was seen in K2K, MiniBooNE, and SciBooNE)

• MA consistent with previous world average
MA = 1.05 ± 0.06 GeV

• Measurements are consistent for
both neutrinos and anti-neutrinos



MiniBooNE Revisited (2010)
• Uncertainties in the MA/) fit included varying the CC"+ 

background

• This was accomplished by varying MA
CC" within 

existing experimental limits

• Only works if the CC"+ model is correct

• At low Q2, the simulation of CC"+ disagrees strongly 
with the data (revisted in a few slides)

• MiniBooNE can isolate a CC"+ enhanced sample by 
selecting events with a stopped muon decay AND a 
stopped pion decay

• The Q2 shape of the CC"+ sample is extracted from 
data to correct the CCQE background subtraction

• Resulting fit gives ) consistent with 1

• Fit MA value is even higher than before:
MA = 1.35 ± 0.17

• After fitting for MA, the simulated normalization 
disagrees by 8%

• The interaction model is still not perfect
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-
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FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged
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FIG. 7: (color online) Distribution of events in Q2
QE for the

(a) 2 and (b) 3 subevent samples before the application of
the CC1π+ background correction. Data and MC samples
are shown along with the individual MC contributions from
CCQE, CC1π+, and other channels. In (b), the dashed line
shows the CC1π+ reweighting function (with the y-axis scale
on the right) as determined from the background fit proce-
dure.

tion, the µ/e log-likelihood ratio cut (Tab. II and Fig. 5)
is applied for both the 2- and 3-subevent samples, fur-
ther ensuring that the CC1π+ events are the same in
both samples.
The CC1π+ reweighting function (Fig. 7b) is a 4th-

order polynomial in Q2
QE and is determined from the

ratio of data to MC in this sample. The 2-subevent
sample shows good shape agreement between data and
MC. This is because the event model for CCQE was al-
ready adjusted to match data in a previous analysis [11]
that considered only the shape of the Q2

QE distribution.
That analysis did not consider the overall normalization
of events.
In practice, this determination of the CC1π+ reweight-

ing is done iteratively as there is some CCQE background
in the 3 subevent sample. An overall normalization factor
is calculated for the CCQE sample to achieve data-MC
agreement in the 2 subevent sample after subtraction of
the CC1π+ background. This is then applied to deter-
mine the CCQE background in the 3 subevent sample.
The background from other channels is determined from
the simulation and subtracted. This process converges
after two iterations.
This method determines a correction to the CC1π+

rate (as a function Q2
QE) using data from the 3-subevent

sample rather than relying strictly on simulation. This
reweighting is then applied to all simulated CC1π+

events, in particular those that are contained in the 2-
subevent sample and form most of the background for
the CCQE measurement. The error on M1π

A within the
resonant background model is then set to zero and the
resulting error on the CC1π+ background to the CCQE
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FIG. 8: (color online) Distribution of events in Q2
QE for the

(a) 2 and (b) 3 subevent samples after the application of the
data-based CC1π+ background constraint and the new CCQE
model parameters Meff

A and κ as determined from the CCQE
fit procedure described in the text.

signal from CC1π+ production is determined by the co-
herent π-production errors and the π+ absorption un-
certainty. The statistical errors in this procedure are
negligible. Most CC1π+ events that end up in the 2-
subevent (CCQE) sample are due to intranuclear π+ ab-
sorption. This process is modeled in the event simulation
as explained in Sec. III D and is assigned a 25% uncer-
tainty. The coherent π-production process is modeled as
described in Sec. III C and is assigned a 100% uncertainty.
With the measured CC1π+ background incorporated,

a shape-only fit to the 2-subevent (CCQE) sample is per-
formed to extract values for the CCQE model parame-
ters, M eff

A and κ. This exercise is required to have a
consistent description of the MiniBooNE data within the
simulation after adjustment of the background. This pro-
cedure has no effect on the CCQE cross section results
reported here other than very small corrections to the an-
tineutrino background subtraction which uses these pa-
rameters. In this fit, all systematic errors and correla-
tions are considered. The CCQE simulated sample is
normalized to have the same number of events as data
which is the same normalization as determined in the
CC1π+ background determination. The Q2

QE distribu-
tions of data from the 2 and 3 subevent samples is shown
together with the MC calculation in Figure 8. The MC
calculations include all the adjustments described in this
section and agreement with data is good in both samples.
This shape-only fit to the 2-subevent sample yields the

adjusted CCQE model parameters, M eff
A and κ,

M eff
A = 1.35± 0.17 GeV/c2 ;

κ = 1.007± 0.012 ;

χ2/dof = 47.0/38 .

Figure 9 shows the 1σ contour regions of this fit together

CCQE
Enriched

CC"+

Enriched

Phys. Rev. D81, 092005 (2010)



SciBooNE CCQE

• Measurement of the 
total cross section vs E!

• From normalization 
alone, data appear to 
be consistent with 
higher MA

• Recall, MA 
determines both the 
Q2 shape and the 
total cross section

• Q2 fit results have not 
yet been released
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MiniBooNE, SciBooNE, and NOMAD
Total CCQE Cross Section Results



Nuclear Effects to the Rescue?
• Martini et. al. use a random-phase 

approximation (RPA) model to account for 
multi-nucleon interactions

• Neutrino can simultaneously eject several 
nucleons from the nucleus

• The additional 2- and 3-nucleon contributions 
to the total cross section are large

• The model can explain the MiniBooNE 
CCQE excess while maintaining an MA of 
1.032 GeV

• Much smaller effect in deuterium & effect is 
small on older bubble chamber data

• Can this model also explain the NOMAD data?

• If true, this model has implications for neutrino 
energy reconstruction

• Recoiling nucleon mass assumption is no 
longer valid

Phys. Rev. C80, 065501 (2009)

M. MARTINI, M. ERICSON, G. CHANFRAY, AND J. MARTEAU PHYSICAL REVIEW C 80, 065501 (2009)
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FIG. 20. Ratio of the νµ-induced charged current one π+ pro-

duction to quasi-elastic-like cross section as a function of neutrino

energy. The “observed” data are taken from Ref. [14].

two curves of Fig. 19 and Fig. 20: the one of Fig. 20 is

reduced due to a large 2p-2h component in the Np-Nh cross
section, which increases the denominator. The comparison

with the experiment shows an agreement up to Eν ! 1.2GeV.
Final-state interactions for the pion, which are not included,

are expected to reduce our result at the level of 15%, still

maintaining an agreement.

A new result has been presented at NuInt09 by SciBooNE

[16]. It is the ratio of the total neutral current π0 production
cross section to the total charged current cross section at the

mean neutrino neutrino energy of 1.16GeV. They obtain the
preliminary value:

σ (NCπ0)

σ (CCTOT)
=

[
7.7± 0.5(stat.)+0.4−0.5(sys.)

]
× 10−2. (14)

Our prediction for this quantity, including coherent contribu-

tion and a factor 2/3 for NC incoherent pion production to
single out π0 contribution is:

σ (NCπ0)

σ (CCTOT)
= 7.9× 10−2, (15)

which fully agrees with data.

A general comment on the comparison with data: nearly

all the ratios that have been discussed, except the final-

state-interaction-corrected MiniBooNE result of Fig. 19, are

sensitive to the presence of the np-nh (n = 2, 3) component
in the cross section. Because the size magnitude is not so well

tested, we can investigate what becomes the comparison with

data in the extreme situation when we totally suppress this

contribution. For the last ratio discussed we obtain

σ (NCπ0)

[σ (CCTOT)− σ (CCnp−nh)]
= 9.8× 10−2, (16)

appreciably above the experimental value.

As for the SciBooNE upper limit of the ratio of the π+

coherent to total charged current cross section, our prediction

at Eν = 1.1GeV, which was 0.71× 10−2, without np-nh
becomes 0.89× 10−2, further above the experimental bound
of 0.67× 10−2.

C. Quasielastic cross section

A new preliminary result on absolute cross sections has

been presented by the MiniBooNE collaboration [15]. This

group gives in particular the absolute value of the cross section

for “quasielastic” events, averaged over the neutrino flux and

as a function of neutrino energy. The comparison of these

results with a prediction based on the relativistic Fermi gas

model using the standard value of the axial cut-off mass

MA = 1.03GeV/c2 reveals a substantial discrepancy. In the
same model a modification of the axial cut-off mass from

the standard value to the larger value MA = 1.35GeV/c2 is
needed to account for data. A similar conclusion holds for the

Q2 distribution [8,9]. The introduction of a realistic spectral

function for the nucleon does not alter this conclusion [32].

As a possible interpretation we question here the real

definition of quasielastic events. As already discussed above,

the nuclear medium is not a gas of independent nucleons,

correlated only by the Pauli principle, but there are additional

correlations. The ejection of a single nucleon (denoted as a

genuine quasielastic event) is only one possibility, and one

must in addition consider events involving a correlated nucleon

pair from which the partner nucleon is also ejected. This

leads to the excitation of two-particle–two-hole (2p-2h) states

that have been abundantly discussed throughout this work. In

the spin-isospin channel the correlations, mostly the tensor

ones, add 2p-2h strength to the 1p-1h events [66]. At present,

in neutrino reactions, such events cannot be experimentally

distinguished from the genuine quasielastic events and must

be considered simultaneously. Notice that the standard lower

value of the axial mass, MA = 1.03GeV/c2, results from
deuterium bubble chamber experiments. In this case the effect

of tensor correlation is also present but at a lower level because

deuteron is a dilute system. Our sum of the combined 12C

quasielastic cross section and the 2p-2h one is displayed in

Fig. 21. This prediction fits the experimental data excellently,

better than expected in view of the uncertainties of our 2p-2h
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from Ref. [15].
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" Production
Interactions

• All CC and NC pion production channels are described by the 
Rein-Sehgal model

• Target nucleon is excited into a resonance state that decays to a 
nucleon and a pion

• All 18 resonances below 2 GeV in mass are included in the 
calculation

• Axial form factor is again parametrized by MA

• Final state interactions play a much larger role for pion production 
processes

• Pion absorption and charge exchange interactions alter the 
observed final state
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Previous CC" Measurements
• The plot shows previous CC"+ 

measurements

• At low energies, only data from BNL 
and ANL bubble chambers

• Less than 4,000 signal events 
combined

• These same experiments are 
responsible for all the previous 
CC"0 data as well

• Significant disagreement is evident 
between the BNL and ANL results

• Interactions containing pions are 
much more sensitive to final state 
interactions (e.g. pion absorption and 
charge exchange)

• Comparisons between H2/D2 data 
and heavier nuclei are not 
straightforward

Previous CC"+ Measurements



CC"+/CCQE Ratio 
Measurements

• Measuring the ratio to CCQE 
significantly reduces the 
neutrino flux uncertainties

• Measurements from all 3 
experiments agree with one 
another

• Also consistent with Rein 
Sehgal predictions

• No information on final state 
kinematic distributions

sessed based on comparison to MiniBooNE data. This
contributes less than a 3% error to the measured ratio.
Additional variations testing the sensitivity of the result
to the event selection scheme, reconstruction algorithm,
energy unsmearing method, and predicted !þ momentum
distribution in CC1!þ events are also included in the total
uncertainty shown in Fig. 1. Each of these contributes a
1%–2% uncertainty to the ratio at 1 GeV.

Unlike the result presented in Fig. 1, the ratio reported
by all prior experimental measurements [1–3] has been one
in which the effects of final state interactions (FSI) in the
target nucleus have been removed using MC. Solely for the
purpose of comparison, we now extract a similarly cor-
rected value. The FSI-corrected ratio is defined as the ratio
of CC1!þ to CCQE events at the initial vertex and before

any hadronic reinteractions. Thus, the signal fractions and
cut efficiencies for the FSI-corrected ratio include correc-
tions for intranuclear hadron rescattering based on the
MC’s model for nuclear effects. The measurement pro-
ceeds exactly as for the observed ratio (Fig. 1), except
that now we define CC1!þ and CCQE, rather than
CC1!þ-like and CCQE-like, events as signal for the re-
spective samples. With these definitions, the CCQE
(CC1!þ) sample has a signal fraction of 72% (87%) and
a cut efficiency of 37% (20%) in 500 cm. The FSI-
corrected ratio is shown in Fig. 2. The corrections for final
state interactions have uncertainties associated with them,
introducing additional systematic error to the cross section
ratio. The fractional error on the ratio due to these correc-
tions is roughly 6% in the region of highest statistics.
Here we limit our comparison to those experi-

ments which reported both CCQE and CC1!þ cross sec-
tions, using the same energy bins for each of these inter-
actions, so as to facilitate comparison with our measured
CC1!þ:CCQE ratio. Our result agrees with both Argonne
National Laboratory (ANL), which used a deuterium tar-
get, and the K2K Collaboration, which used C8H8 (Fig. 2).
In order to make this comparison, the MiniBooNE and
K2K results have been rescaled to an isoscalar target. To
perform this correction, we rescale the ratio by a factor of
ð1# rÞsp, where r is the ratio of neutrons to protons in the
target and sp is the fraction of !þ production that is

predicted (by MC) to occur on protons. The resulting
scaling factor is 0.80 for MiniBooNE; for K2K we use
the factor of 0.89 provided in [3]. The results have not been
corrected for their differing nuclear targets nor for the ap-
plication of explicit invariant mass requirements (although
the latter are similar). ANL used an explicit cut on invari-
ant mass W < 1:4 GeV. While no invariant mass cut is
used in this analysis, the MiniBooNE spectrum is such that
CC1!þ events occur only in the region W < 1:6 GeV;

FIG. 2 (color online). FSI-corrected CC1!þ to CCQE cross
section ratio on CH2 compared with results from ANL (D2) [1]
and K2K (C8H8) [3]. The data have been corrected for final state
interactions and rescaled for an isoscalar target.

TABLE II. The MiniBooNE measured CC1!þ to CCQE (as in Fig. 2 but without the isoscalar
correction) and CC1!þ-like to CCQE-like (Fig. 1) cross section ratios on CH2 including all
sources of statistical and systematic uncertainty.

E" (GeV) CC1!þ:CCQE (FSI corrected) CC1!þ-like:CCQE-like (observed)

0:45% 0:05 0:045% 0:008 0:036% 0:005
0:55% 0:05 0:130% 0:018 0:100% 0:011
0:65% 0:05 0:258% 0:033 0:191% 0:019
0:75% 0:05 0:381% 0:047 0:278% 0:028
0:85% 0:05 0:520% 0:064 0:371% 0:040
0:95% 0:05 0:656% 0:082 0:465% 0:053
1:05% 0:05 0:784% 0:100 0:551% 0:066
1:15% 0:05 0:855% 0:114 0:607% 0:077
1:25% 0:05 0:957% 0:132 0:677% 0:091
1:35% 0:05 0:985% 0:141 0:700% 0:097
1:5% 0:1 1:073% 0:157 0:777% 0:109
1:7% 0:1 1:233% 0:207 0:904% 0:137
2:1% 0:3 1:318% 0:247 1:022% 0:161

PRL 103, 081801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

21 AUGUST 2009

081801-4

Phys. Rev. Lett. 103, 081801 (2009)



MiniBooNE CC"+

• Both the muon and the pion are 
reconstructed

• No need to assume a recoiling, on-
shell ( mass (necessary for single 
track reconstruction)

• Low Q2 deficit in data relative to MC, 
as expected

• Excess of ~20% relative to the Rein-
Sehgal prediction (with MA = 1.1 GeV)

• Fermi gas model assumed

89

equivalent to the reconstructed µ/π angle.
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Figure 5.20: The reconstructed angle between the muon and pion directions is shown
versus the larger (i.e. worse reconstructed) of the two reconstructed/true angles,
θ(µrec, µtrue) and θ(πrec,πtrue). The events in the left-most columns represent events
where both tracks have been properly reconstructed. The events where the tracks have
been misidentified appear along the diagonal.

5.3.2.1 Neutrino Energy

With reconstructed energies and directions for the both the muon and the pion,

the energy of the incident neutrino can be determined. Assuming the target nucleon

is at rest and the remaining, unmeasured final state particle is a nucleon, the neutrino

energy is specified by 4-momentum conservation,

Eν =
m2

µ + m2
π − 2mN (Eµ + Eπ) + 2pµ · pπ

2 (Eµ + Eπ − |pµ| cos θν,µ − |pπ| cos θν,π − mN )
, (5.25)

where mp, Ep, pp, and |pp| are the mass, energy, 4-momentum, and 3-momentum magni-

tude of particle p in the detector frame, and θν,µ(θν,π) is the angle between the directions

of the muon(pion) and the neutrino. The neutrino direction is determined by the event

vertex location and the mean neutrino emission point from the beam Monte Carlo pre-

diction, although the large distance between the beam and the detector means this
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MiniBooNE CC"0

• Three ring reconstruction (#, *, *) in an 
11m diameter Cherenkov detector (1280 
PMTs)

• The two photons form a "0 mass, and 
(N,*,*) system gives the ( mass

• Data excess above the Rein-Sehgal 
prediction (MA=1.1 GeV) is 56%

• Much larger than other single pion 
channels

• Shape comparison shows same effects at 
low Q2 as seen in CC"+

• Recent preliminary result from K2K also 
reports excess of CC"0 over expected 
value:  (49 ± 16)%
(C. Mariani, NuInt09)

10

C. Discussion1

The total systematic uncertainty, from all sources, on2

the observable CCπ0 total cross-section measurement is3

18.7%. The total uncertainty is found by adding up all4

of the individual error matrices. The largest uncertainty,5

π+ → π0 and π+ → \π in the mineral oil, is 12.9%; the6

flux uncertainties are 10.5%; the remaining detector and7

neutrino cross-section uncertainties are 8.6%. The total8

statistical uncertainty is 3.3%. Clearly, the limiting fac-9

tor on the measurement is the understanding of π+ → π0
10

and π+ → \π in mineral oil. The two simplest ways to11

reduce this uncertainty in future experiments are to im-12

prove the understanding of pion scattering in a medium,13

or to use a fine-grained detector that can observe the14

π+ before the charge-exchange or absorption. Beyond15

that, the largest improvements would come from a better-16

understood neutrino flux.17

VIII. RESULTS18

This report presents measurements of the observable19

CCπ0 cross section as a function of neutrino energy, and20

flux-averaged differential cross sections in Q2, Eµ, cos θµ,21

|pπ0 |, and cos θπ0 . These measurements provide the most22

complete information about this interaction on a nuclear23

target (CH2) at these energies (0.5–2.0 GeV) to date.24

The main result, a measurement of the total observable25

CCπ0 cross section is shown in Fig. 9. The total system-26

atic uncertainty is 18.7%. The cross section is higher at27
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FIG. 9. (color online) The total observable CCπ0 cross sec-
tion as a function of neutrino energy. The uncertainty is dom-
inated by π+ charge-exchange and absorption in the mineral
oil. The total systematic uncertainty on the cross section is
18.7%.28

29

all energies than is expected by the Rein-Sehgal model.30

An enhancement is also observed in other recent charged-31

current cross-section measurements [41, 43]; however, the32

enhancement here is 20% larger.33

The differential cross sections provide some insight into34

the effect of final state interactions. The flux-averaged35

cross section, differential in Q2 (Fig. 10), shows an over-36
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FIG. 10. (color online) The flux-averaged differential cross
section in Q2 with total systematic uncertainty of 16.1%.

37

38

all enhancement along with a low-Q2 suppression. These39

effects may be attributed to a higher effective axial mass40

and additional Pauli blocking. This measurement has41

a total systematic uncertainty of 16.1%. Fig. 11 shows42
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FIG. 11. (color online) The flux-averaged differential cross
section in Eµ with total systematic uncertainty of 15.8%.

43

44

6

and background events with no π0. Both the observable1

CCπ0 and backgrounds with π0 are more µγγ-like than2

events with no π0 in the event. Additionally, as the back-3

grounds with π0 either have multiple pions or the π0 was4

produced away from the event vertex, the likelihood ratio5

for these events tend slightly more toward the generic fit.6

Events with no π0 peak sharply at low ratio. The opti-7

mization rejects non-π0 backgrounds by selecting events8

greater than 0.06 in ratio [38].9
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FIG. 5. The reconstructed γγ mass. Displayed are the data
(with statistical errors), total MC (solid), observable CCπ0

(dashed), backgrounds with π0 in the final state or produced
after the event (dotted), and backgrounds with no π0 (dot-
dashed). The vertical dotted line is the known π0 mass.

10

11

The final cut on the reconstructed γγ mass defines the12

observable CCπ0 event sample. Fig. 5 shows the recon-13

structed γγ mass for both data and MC. No assumption14

was used in the fit that the two photons were from a15

π0 decay; nevertheless, both data and MC peak at the16

known π0 mass. The background MC with π0 in the final17

state, or π0 produced after the event, has a broader peak18

than the signal MC. This broadening occurs for the same19

reasons discussed for the likelihood ratio; these events ei-20

ther produced a π0 away from the µ− vertex, or there are21

multiple pions in the final state. Background events with22

no π0 in the final state show no discernible mass peak and23

pile up at low mass with a long misreconstructed tail to24

high mass. A cut is optimized to select events around25

the known π0 mass [0.09 < mγγ < 0.2 GeV] to reject26

non-π0 backgrounds (low mass cut) and to preserve sig-27

nal (high mass cut) [38]. The addition of these selection28

cuts increases the observable CCπ0 purity to 57% with29

6% efficiency. After all cuts the observable CCπ0 sam-303132

ple contains 5647 events in data while the MC predicts33

4272.7 signal events. Table I summarizes the effects of34

the cuts on the MC sample, while Table II summarizes35

the background fraction of the observable CCπ0 sample.36

TABLE I. The expected efficiency and purity of observable
CCπ0 events as function of applied cut.

cut description efficiency purity

none 100% 3.6%

Two-subevent and Tank and Veto hits 38.2% 5.6%

CCπ0 filter and fiducial volume 27.9% 29.6%

Misreconstruction 10.3% 38.1%

Likelihood ratio and mγγ 6.4% 56.7%

TABLE II. The expected background composition of the
CCπ0 candidate sample by observable mode. The level of
observable CCπ+ events are determined by the method de-
scribed in Section VI A. The symbol X is inclusive of all
nuclear final states and photons, and N ≥ 2 is the number of
pions in the final state. Other backgrounds are inclusive of
DIS, NCπ0, and NCEL.

observable mode description background fraction

CCπ+ νµCH2 → µ−π+X 52.1%

CCQE νµCH2 → µ−X 15.5%

CCmulti-π νµCH2 → µ−(Nπ)X 13.8%

NCmulti-π ν CH2 → ν (Nπ)X 8.8%

others 9.7%

VI. ANALYSIS37

The extraction of observable CCπ0 cross sections from38

the event sample requires a subtraction of background39

events, corrections for detector effects and cut efficiencies,40

a well-understood flux, and an estimation of the num-41

ber of interaction targets. The detailed understanding of42

these quantities also provide for a method to understand43

the systematic errors associated with these corrections.44

A. CCπ+ backgrounds45

The first stage is to subtract the expected background46

contributions from the measured event rate. This stage is47

complicated by the fact that previously measured modes48

(CCQE [41], NCπ0 [42], and CCπ+ [43]) show substantial49

normalization discrepancies with the Nuance predic-50

tion. The single largest background, observable CCπ+, is51

constrained by measurements within the data. The ob-52

servable CCQE in the sample is at a small enough level53

to be unnecessary to constrain by the data. Most of the54

remaining backgrounds are unmeasured.55

The CCπ+ backgrounds are important to constrain56

for two reasons: they contribute the largest single back-57

ground, and π+  π0 and π+  \π in the mineral oil58

has a large uncertainty. By tying the observable CCπ+
59

production to measurements within the data, the uncer-60

tainty on this background is separated into the measured61

CCπ+ production uncertainty and the uncertainty on62

π+  π0 and π+  \π in mineral oil. It should be noted,63

R. Nelson, NuInt09



NC"0 Overview
• Significant background to !e appearance 

searches

• "0&**:  if one * is lost, looks just like an 
electron in a Cherenkov detector

• Can’t measure neutrino energy as is done in CC 
interactions

• Instead, the total cross section is often reported

• A differential cross section in pion 
momentum can also be measured

• Therefore, results are flux integrated

• Hard to apply measurements from one 
experiment to other experiments

• Desirable to measure the rate in-situ or via 
near detector

!"

Z 

N N 

# 

$"

!"

Super-K !e-CCQE Event

Super-K NC"0 Event



K2K and SciBooNE NC"0/CC
• Cherenkov detectors are well suited to measure 

NC"0 interactions

• Both photons will usually produce electrons with 
rings that point back to the interaction vertex

• 'NC"0/'CC = 0.064 ± 0.001stat ± 0.007syst

• Reasonable agreement with Rein Sehgal model using 
MA = 1.1 GeV

Martin Tzanov University  of Colorado Neutrino  2010   

!" NC #0 Cross Section Ratio

K2K Collaboration, Phys.Lett. B619 (2005) 255-262

K2K  measurement - 1kt water Cherenkov

Reconstruction ! 2 $ rings
%NC#0

/%CC= 0.064!0.001(stat.)!0.007(sys.)

MC prediction is 0.065.

Very good #0 reconstruction.

SciBooNE Collaboration, Phys. Rev. D 81, 033004 (2009)

SciBooNE  measurement

Reconstruction:

" 2 $ reconstructed with SciBar and EC

%NC#0
/%CC= (7.7 ! 0.5(stat.) ! 0.5(sys.)) " 10!"

MC prediction 6.8x10-2

• Both photons must convert in either SciBar or the 
downstream energy calorimeter

• Limited acceptance

• 'NC"0/'CC = 0.077 ± 0.005stat ± 0.005syst

• Consistent with K2K result

Martin Tzanov University  of Colorado Neutrino  2010   

!" NC #0 Cross Section Ratio

K2K Collaboration, Phys.Lett. B619 (2005) 255-262

K2K  measurement - 1kt water Cherenkov

Reconstruction ! 2 $ rings
%NC#0

/%CC= 0.064!0.001(stat.)!0.007(sys.)

MC prediction is 0.065.

Very good #0 reconstruction.

SciBooNE Collaboration, Phys. Rev. D 81, 033004 (2009)

SciBooNE  measurement

Reconstruction:

" 2 $ reconstructed with SciBar and EC

%NC#0
/%CC= (7.7 ! 0.5(stat.) ! 0.5(sys.)) " 10!"

MC prediction 6.8x10-2

K2K

SciBooNE

Phys. Lett. B619, 255 (2005)
Phys. Rev. D81, 033004 (2009)



MiniBooNE NC"0

• 4" detector coverage

• 21,375 ! events with 73% purity
(2,789 anti-! events with 58% purity)

• First inclusive differential cross section 
for both neutrinos and anti-neutrinos

• Better agreement with RS model (MA 
= 1.1 GeV) than other single pion 
modes

• No 20-50% normalization 
differences as seen in CC"

• Data spectrum is softer
Martin Tzanov University  of Colorado Neutrino  2010   

MiniBooNE !" !"##$ %&'()*&+&,-
./0&11&,-##$ 02,-'3,+&,-#45#67#

839,'1#:&;3,3-32,#! 2<(&*='<1&7

>&02,(-*)0-32,?

! @$% rings

" ;)11A#*&02,(-*)0-&:##$ ('+B1&#!

@CDE5@#&=&,-(D#FGH#B)*3-AD#GIH#&;;303&,0A

MiniBooNE Collaboration, Phys.Rev.D81:013005,2010

J3*(-#3,01)(3=&#:3;;&*&,-3'1#0*2((#(&0-32,(#

;2*#-K3(#0K',,&1#;2*#<2-K#! ',:#&!'
d(/dp#0, d(/dcos)#0

Phys. Rev. D81, 013005

d'/dp"0



Coherent Pion Production

• In addition to interactions with a single nucleon, pion 
production can interact with the nucleus as a whole

• From charge conservation:  only NC"0 and CC"+

• Require low-Q2 to keep the nucleus intact

• Muon direction is very forward peaked

• No other final state particles

• Various theoretical descriptions; older results were 
checked with Rein and Sehgal

178 C.T. Kullenberg et al. / Physics Letters B 682 (2009) 177–184
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We present a study of exclusive neutral pion production in neutrino–nucleus Neutral Current interactions
using data from the NOMAD experiment at the CERN SPS. The data correspond to 1.44 × 106 muon-
neutrino Charged Current interactions in the energy range 2.5 ! Eν ! 300 GeV. Neutrino events with
only one visible π0 in the final state are expected to result from two Neutral Current processes:
coherent π0 production, ν + A → ν + A + π0 and single π0 production in neutrino–nucleon scattering.
The signature of coherent π0 production is an emergent π0 almost collinear with the incident neutrino
while π0’s produced in neutrino–nucleon deep inelastic scattering have larger transverse momenta. In
this analysis all relevant backgrounds to the coherent π0 production signal are measured using data
themselves. Having determined the backgrounds, and using the Rein–Sehgal model for the coherent π0

production to compute the detection efficiency, we obtain 4630 ± 522(stat) ± 426(syst) corrected
coherent-π0 events with Eπ0 " 0.5 GeV. We measure σ (νA → νAπ0) = [72.6± 8.1(stat) ± 6.9(syst)] ×
10−40 cm2/nucleus. This is the most precise measurement of the coherent π0 production to date.

 2009 Elsevier B.V. All rights reserved.

1. Motivation

Precise measurement of π0 production when a neutrino scat-
ters coherently off a target nucleus, ν + A → ν + A + π0, de-
picted in Fig. 1, is challenging: the cross-section (σ ) of coherent-
π0 (Cohπ0) is 0.003 of the inclusive neutrino charged current
(CC) interactions at Eν $ 25 GeV [1]; the single π0 is notori-
ously refractory to accurate identification in neutrino detectors.
Consequently the past cross-section measurements of Cohπ0 have
been poor, with a precision no better than $ 30% [2–6]; recently
the MiniBOONE experiment has reported the fraction of Cohπ0

in all exclusive NC π0 production [7]. This challenge is the pri-
mary motivation for the present analysis. The second motivation is
utilitarian. Since Cohπ0 is almost collinear with the incident neu-
trino, in massive neutrino detectors a Cohπ0 event will manifest
itself as a forward electromagnetic shower posing a background
for the νe-induced signal. This is relevant to the long baseline
experiments searching for νe appearance with the purpose of mea-
suring the mixing angle Θ13. A precise measurement of Cohπ0,
although conducted at energies higher than those of the long base-
line projects at Fermilab (MINOS/NOνA), will constrain the error
on a model-prediction of this background to the νe appearance. Fi-
nally, the study of coherent pion production provides an insight
into the structure of the weak hadronic current [1,8], and offers
a test of the partially conserved axial-vector current hypothesis
(PCAC) [9]. Ref. [10] presents an excellent review of these topics.

A coherent interaction, Fig. 1, where no charge or isospin is ex-
changed between the ν and the target nucleus (A) which recoils
without breakup, leads to an enhancement in the cross-section. In
the Cohπ0 process the interaction is mediated by a pomeron-like
particle bearing the quantum number of the vacuum. The cross-
section is dominated by the axial vector current. The contribution
of the isovector current to the Cohπ0 process is minimal where Z0

can be viewed as a ρ meson which produces a π0 exchanging an
isoscalar ω with A. This minimal contribution of the isovector cur-

* Corresponding author.
E-mail address: sanjib@sc.edu (S.R. Mishra).

1 Now at University of Warwick, UK.
2 Deceased.
3 Now at Scuola Normale Superiore, Pisa, Italy.
4 Now at Brunel University, Australia.
5 Now at Univ. of Perugia and INFN, Perugia, Italy.
6 Now at Illinois Institute of Technology, USA.

Fig. 1. Diagram of the Cohπ0 process, ν + A → ν + A + π0.

rent to the Cohπ0 arises from two reasons: (a) the cross-section
of the isovector ρ–A interaction is zero in the forward direction,
a direction preferred by the nuclear form factor; and (b) the vec-
tor component has a contribution proportional to (1 − 2sin2 θW )2

reducing the isovector contribution further, the net reduction with
respect to the axial part being a factor of 3.5. The PCAC hypoth-
esis stipulates that for zero-momentum transfer (Q 2 = 0, where
Q 2 is the negative of the square of the four-momentum transfer
from the incident neutrino to the target), the ν–A cross-section
can be related to the π–A cross-section. The ν–A cross section in
the forward direction is related to the strong π–A interaction as
follows:
[
d3σ (νA → νAπ0)

dxdy dt

]

Q 2=0

= G2MEν

π2

1
2
f 2π (1 − y)

[
dσ (π A → π A)

dt

]

yEν=Eπ

. (1)

In Eq. (1) G is the Fermi coupling constant, M is the nucleon mass,
x = Q 2/2Mν and y = ν/Eν , where ν is the energy of the hadronic
system in the final state, are the standard scaling variable, and
fπ = 0.93mπ is the pion decay constant. The variable t quantifies
the coherence (forwardness) and is defined as t = p2

T = (q − Pπ )2,
i.e. the square of the four-momentum transfer to the nucleus. In
a neutral current (NC) event since the emergent neutrino remains
invisible, |t| cannot be measured. Instead the very small transverse
momentum expected in a coherent interaction can be quantified
using the variable ζ defined as: ζπ0 = Eπ0 [1− cos(θπ0 )]. This vari-
able has the property that its distribution depends weakly on the
incident neutrino energy.

For low but non-zero Q 2 values, the hadron dominance
model [11] provides a guide to extend the cross-section formula

!
A

remains
intact

#,!

"forward peaked



Previous Coherent 
Measurements

• All previous data are compiled 
in a single figure

• Cross sections are scaled by 
A1/3 to account for different 
target masses

• NC data has been multiplied 
by two (R-S prediction)

• Once again, older experiments 
generally agree with R-S 
predictions
(MA = 1.3 GeV) for both CC 
and NC coherent production

Phys. Lett. B313, 267 (1993)



Recent Coherent "0 Results
• MiniBooNE searches for an excess of 

forward peaked "0 events

• Coherent "0 / Total "0 =
 (19.5 ± 1.1stat ± 2.5syst)%

• Rein Sehgal prediction = 30%

• SciBooNE can also look for energy deposits 
consistent with nuclear breakup at the event 
vertex

• 'CCcoh"/'CC = (1.16 ± 0.24) *10-2

• Rein Sehgal prediction = 1.21 * 10-2

MiniBooNE Collaboration / Physics Letters B 664 (2008) 41–46 45

Fig. 3. Comparison of data and Monte Carlo in (a) mγ γ invariant mass, and (b) Eπ (1 − cos θπ ) after the coherent fraction fit. The resonant, coherent and background
components are shown scaled by their fit parameters. The full MC fit is the sum of the three components.

where f α
i is the fraction of total events of type α (where α is data,

res, coh, and bg) in the ith bin and σα
i is the statistical uncertainty

on that fraction. Since the fit is to the fractional distributions, it is
a shape only fit and the sum of the fit parameters should be very
close to unity, as is the case for all fits.

The fit is repeated for several different binnings. The number
of bins in each 1D projection is varied independently from 15 to
25, for a total of 121 different binning combinations. The final fit
parameters are formed from the average of the parameters from
the 121 fits. To determine the best overall production parametriza-
tion, the momentum correction and coherent fit are iterated, using
the results of one as a correction to the inputs of the other. This
procedure converges after only two iterations. Fig. 3 shows the fi-
nal fit plotted in the mγ γ and Eπ (1 − cos θπ ) projections. The fit
coherent fraction is defined as:

Fcoh = xcoh

xcoh + xres
× 100%. (2)

The fit finds Fcoh to be (19.5 ± 1.1(stat))%. The MiniBooNE data
clearly favor the presence of a coherent scattering component. The
average confidence level (C.L.) of the fit is 7.14%,while the C.L. ob-
tained when the coherent fraction is fixed to zero (xcoh ≡ 0) is
10−18. The effects of the momentum reweighting are small, but
not insignificant. If the momentum reweighting is not done the fit
coherent fraction is 18.5%.

One should note that the reported coherent fraction is spe-
cific to the MiniBooNE neutrino spectrum and includes scattering
off both carbon and hydrogen nuclei in the mineral oil target. It
has also been measured in the context of the RS-based Nuance
generator [4,5], with the aforementioned modification to the ∆
decay angular distribution. This widely-used model predicts a co-
herent fraction of 30% for MiniBooNE. Of course, more recent cal-
culations of coherent production [10,13,15] do predict a range of
lower coherent fraction values for MiniBooNE. Fig. 4 compares the
measured coherent fraction to the RS/Nuance prediction as a func-
tion of neutrino energy. The plot shows two predictions: one with
both carbon and hydrogen scattering (dashed) and another which
includes only carbon interactions (solid). The effect of hydrogen
scattering is small compared to the precision of the measured co-
herent fraction. Using the MC to correct to a pure carbon target
would yield a measured coherent fraction of (20.3 ± 2.8(stat))%.
The shaded distribution shows the predicted neutrino energy spec-
trum for neutrinos which participate in NC π0 production in Mini-
BooNE.

5. Systematic uncertainties

Systematic uncertainties on the coherent fraction include choice
of binning, background composition, momentum reweighting, neu-

Fig. 4. The coherent fraction vs. neutrino energy predicted by the RS based Nu-
ance compared to this measurement. The solid line includes only carbon interac-
tions, while the dotted line includes scattering off hydrogen with diffractive events
counted as part of the coherent. The measured value is shown with error bars which
indicate the total error on the measurement (vertical) and the spread in the par-
ticipating neutrino energy distribution (horizontal). The shaded distribution is MC
energy for neutrinos which produce NC π0 events in MiniBooNE with arbitrary nor-
malization. The coherent fraction predicted by Nuance integrated over all energies
in MiniBooNE is 30%.

trino flux, choice of analysis cuts, and detector modeling. The
binning systematic is deduced from the RMS on the coherent frac-
tion from the fits to the 121 different binnings. To determine the
background shape uncertainty, background events are divided into
several classes and the production cross section of each class is
randomly varied according to a Gaussian distribution (with stan-
dard deviations from 1 to 40% depending on the estimate of the
uncertainty in each process class). This is repeated 5000 times
and the background shape from each combination of variations
is used in the template fit. The background uncertainty is given
by the RMS of these 5000 fits. The reweighting error is deter-
mined by randomly varying the momentum reweighting function
according to its errors, paying careful attention to bin-to-bin corre-
lations. Estimating this uncertainty proceeds as in the background
case with 5000 random combinations and fits. The flux uncertainty
results from varying parameters in the neutrino beam simulation.
The analysis cuts error is determined by varying the cut point on
the reconstructed variables. Finally, the detector model uncertainty
is determined by fitting, as fake data, 70 data-sized MC samples
which were simulated with random, but properly correlated varia-
tions in several detector response parameters. Since the 70 samples
are statistically independent, the detector model error is:

σdet.model =
√
RMS2 − 〈σfit〉2 (3)

MiniBooNE

4

templates made by dividing the final MC sample into NC
coherent π0, NC resonant π0 and background samples.
Two parameters, Rcoh and Rinc scale the NC coherent
π0 and NC incoherent π0 templates independently. The
background sample is fixed to the value of the MC pre-
diction although the systematic errors on the background
prediction are taken into account. The expected number
of events in the i-th bin in the Erec

π0 (1 − cos θrecπ0 ) distri-
bution is expressed as:

N exp
i = Rcoh ×N coh

i +Rinc ×N inc
i +NBG

i . (3)

The fit minimizes the expression:

χ2 = −2 ln
f(Nobs;N exp)

f(Nobs;Nobs)
, (4)

where Nobs(exp) represents the observed
(expected) number of events in all bins

(Nobs(exp)
1 , Nobs(exp)

2 , . . ., Nobs(exp)
N ) and f(Nobs;N exp) is

the Poisson likelihood to find Nobs events when N exp

events are expected. When the systematic errors for
each bin and their correlation expressed with covariance
matrix Vjk (j, k = 1, 2, . . . , N(= 39))3 are given, the
likelihood is expressed as

f(Nobs;N exp;V ) = A

∫
[

[

N
∏

i=1

dxi
xi

Nobs

i e−xi

Nobs
i !

]

× exp
[

−
1

2

N
∑

j=1

N
∑

k=1

(xj −N exp
j )V −1

jk (xk −N exp
k )

]

]

,(5)

where A is a normalization constant. The details of the
systematic errors and the calculation of the integral are
described in Ref. [9]. The result of the fit is:

Rcoh = 0.96± 0.20, (6)

Rinc = 1.24± 0.13. (7)

The Erec
π0 (1 − cos θrecπ0 ) distribution after the fitting is

shown in Figure 3. The χ2 per degree of freedom (DOF),
before the fit is 30.8/39 = 0.79, and it is 26.6/37 = 0.72
after the fit. Figure 4 shows three contours corresponding
to 68%, 90% and 99% confidence level. The statistical er-
ror and all systematic errors are included in the errors of
Rcoh and Rinc. Without the systematic errors, we obtain
0.98±0.18(stat.) and 1.19±0.10(stat.) for Rcoh and Rinc,
respectively. Hence, the uncertainty of the measurement
is dominated by the statistical uncertainty. Figures 5 and
6 show the distributions of the reconstructed π0 momen-
tum and direction with and without the vertex activity
after fitting.

3 The 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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FIG. 3: The E
rec
π
0 (1− cos θrec

π
0 ) distributions after fitting with

(top) and without (bottom) vertex activity.

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 ×

σ(NCcohπ0)MC

σ(CC)MC
,

= Rcoh × 1.21 × 10−2,

= (1.16± 0.24)× 10−2, (8)

where Rcoh is 0.96±0.20. The mean neutrino energy for
NC coherent π0 events in the sample is estimated4 to

4 In the previous paper [9], 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 se-
lection cuts in the MC simulation while, in this paper, we divide

3

ground reject ion, we use the upstream par t of Sci B ar as a
charged par ticle veto and require tha t the reconstructed
ver t ices of both gamma ray candida tes be in Sci B ar. F i-
nally, we require tha t the reconstructed invariant mass
of two gamma ray candida tes be close to the π0 mass.
A ll select ions are identical to those used in the previous
analysis [9] and are described in detail there.

A fter event select ion, 657 events remain. Subtract-
ing the est ima ted background of 240 events (202 internal
and 38 ex ternal) yields 417 signal events. T he M C ex-
pecta tion is 368 events. T he numbers and distributions
obtained by the M C simula tion are normalized with the
C C da ta sample [9]. T he purity of N C π0 product ion
after all event select ions is est ima ted to be 61%. T he
efficiency for N Cπ0 product ion is est ima ted to be 5.3%.
T he efficiency for N C coherent π0product ion, incoherent
π0 product ion1 with recoil neutron and with recoil proton
are est ima ted to be 7.6%, 6.2% and 4.5%2 .

III. COHERENT π
0 EVENT SELECTION

In N C coherent pion product ion, there is no recoil nu-
cleon in the final sta te since the π0 is produced by the
neutrino interact ing with the whole nucleus. C onversely,
a recoiling nucleon should be present in a resonant pion
event . To separa te the N C coherent π0 events from the
N C resonant π0 events, recoil protons in the final sta te
are used. T he recoil protons are detected by their large
energy deposi t ion near the neutrino interact ion ver tex ,
so-called ver tex act ivity. We search for the maximum
deposi ted energy in a scintilla tor strip around the recon-
structed ver tex , an area of 40 cm × 40 cm in each view.
T he choice of 40 cm (±20 cm from the reconstructed ver-
tex) for the area is based on the ver tex resolution which is
approxima tely 12 cm for each direct ion (x,y and z). A π0

a t typical Sci BooN E energies travels, on average, ∼20 nm
before decaying, so the reconstructed intersect ion of the
gamma tracks is a good est ima te of the neutrino inter-
act ion ver tex . F igure 2 shows the maximum deposi ted
energy distribution after all select ions. Most of the co-
herent π0 contribution is peaked a t zero while the other
π0 events have high energy act ivity due to recoil pro-
tons. E vents with energy deposi t ion grea ter than 2 M e V
are considered to have act ivity a t the ver tex . Note tha t
incoherent pion product ion with a neutron recoil leaves
no ver tex act ivity unless the neutron kicks off protons in
the region where we search for the energy deposi t . B ased
on our M C simula tion, the fract ion of proton recoils in all

1 NC incoherent π0 production is defined as all NCπ0 events except
for coherent π

0 production. After event selections, 89% of the
incoherent events come from resonant pion production and the
rest come from deep inelastic scattering.

2 High track multiplicity around the neutrino interaction vertex
due to the proton recoil can cause mis-reconstruction of the
event.

incoherent π0 events is reduced from 71% in the sample
with ver tex act ivity to 35% in the sample without ver tex
act ivity.
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FIG. 2: Vertex activity after all event selections: the con-
tribution from NC coherent π0, incoherent NCπ0 with recoil
neutrons, incoherent NCπ0 with recoil protons, internal back-
grounds with a π

0 in the final state, internal background with-
out a π

0 in the final state and “dirt” background events are
shown separately for the MC simulation.

IV. DATA ANALYSIS

W hen a neutrino interacts with the entire nucleus, the
following rela t ion should be sa tisfied:

1
|t|

> R, (1)

where t and R are the four-momentum transfer to the
target nucleus from the neutrino and the radius of target
nucleus, respect ively. T his means tha t the cross sect ion
decreases rapidly when 1/|t| become smaller than R. Us-
ing E q. 1, we can deduce

Eπ0 (1 − cos θπ0 ) <
1
R

∼ 100 M e V , (2)

following R ef. [10]. In this equa tion, Eπ0 and θπ0 are
the π0 energy and direct ion with respect to the neutrino
beam, respect ively. From this fact , we can determine
the fract ion of coherent π0 product ion using the recon-
structed π0 kinema tic variable Erec

π0 (1 − cos θrecπ0 ), where
Erec

π0 is the reconstructed π0 energy calcula ted as the sum
of the reconstructed energies of two gamma ray candi-
da tes and θrecπ0 is the reconstructed π0 direct ion with re-
spect to the neutrino beam axis.

We simultaneously fit two Erec
π0 (1 − cos θrecπ0 ) distribu-

tions, with and without the ver tex act ivity, with three

SciBooNE
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Fig. 10. Comparison of the Mγ γ distribution between data and the best fitted
(OBG+NC-DIS) with Cohπ0 set to zero.

struction efficiency (7.8%). The ν-sample is dominated by the νµ-
interactions. The Cohπ0 sample is corrected for the small contri-
bution from other neutrino species to yield a pure νµ-contribution.
The correction factor to account for the ν̄µ , νe , and ν̄e contri-
butions to the Cohπ0 interactions is 0.94. The factor takes into
account the different energy spectra for the different ν-flavors (we
assume that the ν and ν̄ induced Cohπ0 cross-sections are the
same). The error in the Cohπ0 cross-section due to this 6% correc-
tion is ! 0.6% and is deemed negligible in this analysis. Thus the
νµ-induced Cohπ0 events are 4630±522(stat)±426(syst) events.
The number of fully corrected νµ-CC in the same fiducial volume
is measured to be 1.44× 106. Our result is:

σ (νA → νAπ0)

σ (νµA → µ−X)

=
[
3.21± 0.36(stat) ± 0.29(syst)

]
× 10−3. (2)

Using the measured inclusive νµ-CC cross-section from [24]
as a function of Eν , the absolute cross-section of Cohπ0 pro-
duction for A = 12.8 at the average energy of the neutrino flux
Eν = 24.8 GeV is determined to be:

Table 4
Compilation of Cohπ0 measurements: We point out that Ref. [10] cites a value of
(2.0 ± 0.4) × 10−3 for Cohπ0/νµ-CC as attributed to [6].

Experiment Nucleus Avg-Eν ,
GeV

σ (Cohπ0),
10−40 cm2

nucleus

Cohπ0

νµ-CC
, 10−3

Aachen–Padova [2] 27 2 (29± 10)
Gargamelle [3] 30 2 (31± 20)
CHARM [4] 20 30 (96± 42)
SKAT [5] 30 7 (79± 28) (4.3± 1.5)
15′ BC [6] 20 20 (0.20± 0.04)
NOMAD 12.8 24.8 (72.6 ± 10.6) (3.21 ± 0.46)

σ
(
νA → νAπ0)

=
[
72.6± 8.1(stat) ± 6.9(syst)

]
× 10−40 cm2/nucleus. (3)

The measurement agrees with the RS prediction of % (78 ×
10−40) cm2/nucleus using A = 12.8 and the CERN-SPS flux.
A comparison of the NOMAD measurement of the Cohπ0 with
other published measurements is summarized in Table 4.

To summarize, we have presented an analysis of the Cohπ0 in-
teraction in the νµ-NC using the two reconstructed photons in the
final state. This is the most precise measurement of the Cohπ0

process.
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Fig. 2. Schematic of the DC tracker and a coherent π0 event candidate in NOMAD where both photons from the π0 decay convert in the DCs. The red crosses represent
drift chamber digitizations that are used in the track-reconstruction, whereas the black ones are not. The upstream (γ 1) and downstream (γ 2) momentum vectors when
extrapolated upstream intersect within the fiducial volume. (For interpretation of the references to color in this figure, the reader is referred to the web version of this Letter.)

for the Cohπ0-like process. The Z0 boson can be viewed as a su-
perposition of axial vector and vector currents. These compose the
weak hadronic current.

2. Beam and detector

The Neutrino Oscillation MAgnetic Detector (NOMAD) exper-
iment at CERN used a neutrino beam [12] produced by the
450 GeV protons from the Super Proton Synchrotron (SPS) inci-
dent on a beryllium target and producing secondary π± , K ± , and
K 0

L mesons. The positively charged mesons were focussed by two
magnetic horns into a 290 m long evacuated decay pipe. Decays
of π± , K ± , and K 0

L produced the SPS neutrino beam. The aver-
age neutrino flight path to NOMAD was 628 m, the detector being
836 m downstream of the Be-target. The SPS beamline and the
neutrino flux incident at NOMAD are described in [13]. The ν-flux
in NOMAD is constrained by the π± and K ± production mea-
surements in proton-Be collision by the SPY experiment [14–16]
and by an earlier measurement conducted by Atherton et al. [17].
The Eν -integrated relative composition of νµ : ν̄µ : νe : ν̄e CC
events, constrained in situ by the measurement of CC-interactions
of each of the neutrino species, is 1.00 : 0.025 : 0.015 : 0.0015.
Thus, 95% of ν-events are due to νµ-interactions with a small ν̄µ-
contamination.

The NOMAD experiment was designed to search for νµ ! ντ

oscillations at %m2 ! 5 eV2, and in large %m2 range it set strin-
gent limit [18] on this search, along with the CHORUS experi-
ment [19]. The NOMAD apparatus [20] was composed of several
sub-detectors. The active target comprised 132 planes of 3× 3 m2

drift chambers (DC) with an average density similar to that of liq-
uid hydrogen (0.1 gm/cm3). On average, the equivalent material
in the DC encountered by particles produced in a ν-interaction
was about half a radiation length and a quarter of an hadronic
interaction length (λ). The fiducial mass of the NOMAD DC-target,
2.7 tons, was composed primarily of carbon (64%), oxygen (22%),
nitrogen (6%), and hydrogen (5%) yielding an effective atomic num-
ber, A = 12.8, similar to carbon. Downstream of the DC, there
were nine modules of transition radiation detectors (TRD), fol-
lowed by a preshower (PRS) and a lead-glass electromagnetic
calorimeter (ECAL). The ensemble of DC, TRD, and PRS/ECAL was

placed within a dipole magnet providing a 0.4 T magnetic field
orthogonal to the neutrino beam line. Two planes of scintillation
counters, T1 and T2, positioned upstream and downstream of the
TRD, provided the trigger in combination with an anti-coincidence
signal, V , from the veto counter upstream and outside the magnet.
Downstream of the magnet was a hadron calorimeter, followed by
two muon-stations each comprising large area drift chambers and
separated by an iron filter placed at 8- and 13-λ’s downstream of
the ECAL, that provided a clean identification of the muons. The
schematic of the detector in the Y–Z view is shown in Fig. 2. The
charged tracks in the DC were measured with an approximate mo-
mentum (p) resolution of σp/p = 0.05/

√
L ⊕ 0.008p/

√
L5 (p in

GeV/c and L in meters) with unambiguous charge separation in
the energy range of interest. The detailed individual reconstruc-
tion of each charged and neutral track and their precise momen-
tum vector measurement enabled a quantitative description of the
event kinematics: the strength and basis of NOMAD analyses. The
experiment recorded over 1.7 million neutrino interactions in its
active drift-chamber (DC) target. These data are unique in that
they constitute the largest high resolution neutrino data sample
with accurate identifications of νµ , ν̄µ , νe , and ν̄e charged current
interactions in the energy range O(1) " Eν " 300 GeV. In addi-
tion, the experiment recorded over 2 million ν-interactions in the
Al-coil and over 20 million in the Fe-scintillator calorimeter, both
upstream of the active-DC target.

3. The Cohπ0 signature and models

The signature for Cohπ0 is a single forward π0 and nothing
else. The π0 will promptly decay into two forward photons (γ ).
In massive neutrino detectors the signal will manifest itself as an
electromagnetic shower, short and compact, with a forward direc-
tion. The accompanying irreducible backgrounds will be νe , ν̄e , and
ν-NC events dominated by π0’s. In NOMAD, however, the Cohπ0

signal will reveal two distinct photons. The photons will either
both convert in the DC target, or one of the photons will convert in
the tracker and the other will be measured in the electromagnetic
calorimeter (ECAL), or both photons will be measured in the ECAL.
In this analysis we focus on the event sample where both photons
convert in the DC target. Fig. 2 shows such an event. The momenta

NOMAD "0 
Event Display

NOMAD

• NOMAD can reconstruct the e+/e- 
separation from photon conversions

• Fit for the normalization of coherent "0 
relative to RS prediction

• ' = (72.6 ± 8.1stat ± 6.9syst) * 10-40 cm/N

• 'RS =~ 78 * 10-40 cm/N



Coherent "+

• Measured at K2K and SciBooNE (both using the 
SciBar detector)

• Once again, select coherent enriched sample by 
requiring little vertex activity

• Search for coherent events at low Q2

• No evidence seen for coherent "+

• SciBooNE coherent CC"+/CC"0 = 0.14 +0.30 -0.28

• Most theoretical models predict
CC"+/CC"0 = 1-2

in the regions with q2rec > 0:10 !GeV=c"2 at the best fit is
73.2 for 82 degrees of freedom.

Figure 3 shows the q2rec distribution for the final CC
coherent pion sample. The number of events in each se-
lection step is summarized in Table I together with the
signal efficiency and purity. In the signal region, 113 co-
herent pion candidates are found. The neutrino energy
spectra for coherent pion events and the efficiency as a
function of neutrino energy, estimated using the MC simu-
lation, are shown in Figs. 4(a) and 4(c), respectively. The
total efficiency is 21.1%. The expected number of back-
ground events in the signal region is 111.4. After subtract-
ing the background and correcting for the efficiency, the
number of coherent pion events is measured to be 7:64#
50:40 !stat", while 470 events are expected from the MC
simulation. Hence, no evidence of coherent pion produc-
tion is found in the present data set.

The total number of CC interactions is estimated by
using the SciBar-MRD sample. As shown in Table I,
10 049 events fall into this category. Based on the MC
simulation, the selection efficiency and purity for CC
interactions in the sample are estimated to be 56.9% and
98.0%, respectively. The expected neutrino energy spectra
and the energy dependence of the selection efficiency for
CC events are shown in Figs. 4(b) and 4(d), respectively.
The total number of CC events is obtained to be !1:73#
0:02 !stat"" $ 104. We derive the cross section ratio of CC
coherent pion production to the total CC interaction to be
!0:04# 0:29 !stat"" $ 10%2.

Systematic uncertainties for the cross section ratio are
summarized in Table II. The major contributions come
from uncertainties of nuclear effects and the neutrino
interaction models. The uncertainty due to nuclear effects
is estimated by varying the cross sections of pion absorp-
tion and elastic scattering by #30% based on the accuracy
of the reference data [17]. The uncertainties in QE and
CC1! interactions are estimated by changing the axial-
vector mass by #0:10 GeV=c2 [13]. For DIS, the effect of
the Bodek and Yang correction is evaluated by changing
the amount of correction by #30%. The q2rec distribution of
the non-QE-proton sample [Fig. 2(c)] indicates an addi-
tional deficit of background events in the region q2rec <
0:10 !GeV=c"2. CC1! interaction dominates events in this
region; its cross section has significant uncertainty due to
nuclear effects. We estimate the amount of possible deficit
in the same manner as described in Ref. [7] with the one-
track, QE, and non-QE-proton samples. We find that a 20%
suppression of CC1! events for q2true < 0:10 !GeV=c"2 is
allowed, which varies the cross section ratio by &0:14$
10%2. This variation is conservatively treated as a system-
atic uncertainty. We also consider the uncertainties of the
event selection, where the dominant error comes from
track counting, detector response such as scintillator

TABLE I. The number of events, the MC efficiency, and purity
of coherent pion events after each selection step.

Data
Efficiency

(%)
Purity
(%)

SciBar-MRD 10 049 77.9 3.6
Two track 3396 35.5 5.1
Non-QE pion 843 27.7 14.8
Second track direction 773 27.3 15.8
No activity around the vertex 297 23.9 28.2
q2rec ' 0:10 !GeV=c"2 113 21.1 47.1
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FIG. 4. Top: The neutrino energy spectra for (a) the coherent
pion and (b) total CC events. The hatched histograms show the
selected events. Bottom: The efficiencies as a function of neu-
trino energy for (c) the coherent pion and (d) total CC events. All
of them are estimated by the MC simulation.

TABLE II. The summary of systematic uncertainties in the
(CC coherent pion)/(total CC interaction) cross section ratio.

Error source Uncertainty of " ratio ($10%2)

Nuclear effects &0:23 %0:24
Interaction model &0:10 %0:09
CC1! suppression &0:14 ( ( (
Event selection &0:11 %0:17
Detector response &0:09 %0:16
Energy spectrum &0:03 %0:03
Total &0:32 %0:35
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FIG. 3 (color online). The reconstructed q2 distribution in the
final sample.
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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$0:024 ðGeV=cÞ2 according to the MC simulation.
Finally, events with reconstructed Q2 less than
0:1 ðGeV=cÞ2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228% 12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The ‘‘other’’ background
is comprised of 50% charged current DIS, 32% neutral
current, and 18% !#! events. The selection efficiency for
the signal is estimated to be 10.4%.
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FIG. 11 (color online). "$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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SciBooNE Low E

which the track angle of the pion candidate with respect to
the beam direction is less than 90 degrees are selected.

F igure 13 shows the reconstructed Q2 distribution for
the !þ " events after the pion track direction cut.
A lthough 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 M C simulation.
F inally, 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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TA B L E III. E vent selection summary for the MRD-stopped
charged current coherent pion sample.

E vent selection Data M C Coherent "
Signal B G E fficiency

Generated in Sci Bar fid.vol. 1939 156 766 100%
Sci Bar-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%
C C Q E 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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after fitting.
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• Martini This model [24] is part of a program that calculates quasielastic, pion production, and coherent pion 

production in a unified format. The emphasis is on nuclear medium effects with a full 2p-2h treatment including 

nucleons and A's. With their approach, FSI are automatically included. 

The following table gives some relevant characteristics of the microscopic models. 

TABLE 2. The cross section is thought to be dominated by the weak A diagram with 
strength of C^(0). 

Authors ciio) comment 

Alvarez-Ruso, Geng, Vicente-Vacas 
Elemandez, Nieves, Valverde 

Martini, Chanfray, Ericson, Marteau 
Nakamura, Sato, Lee, Szczerbinska, Kubodera 

Goldberger-Treiman value 
fit to ANL data 

Goldberger-Treiman value 
'bare + pion cloud' model 

Comparison of results for coherent reactions 

Total cross section data is available at neutrino energies relevant to this study from a few experiments. Even though 

the CC process has a larger cross section in all models due to isospin factors, the published CC measurements of 

K2K [47] and SciBooNE [57] are both upper limits and the NC measurements are more definitive [46, 56]. The 

predictions of all theoretical models are shown in Figure. 8. The Monte Carlo models use the older Rein-Sehgal 

model [43], extended as necessary; the values (except GENIE) tend to be larger than the lower energy data by a factor 

of 3-4 while agreement is good at higher neutrino energies. The other models are in approximate agreement with the 

total cross section data at lower energies. Some were published before the data was published. 

The MC models have striking features. The total cross section is large and the distributions have structure due to 

the resonances in the TtN cross sections used. This stracture is not seen in the other calculations. Within the Rein-

Sehgal model, differences in implementation are possible. For example, GENIE and NUANCE use more modem nN 

cross sections and absorption factors. In addition, the NUANCE coherent result has been scaled down to get better 

agreement with MiniBoone data [46]. As a result, the MC models don't agree in magnitude. 

With such a significant differences in the formulations of the PCAC and microscopic calculations, the hope is to 

see a difference in predictions. However, distributions in pion energy at 3 neutrino energies (Figure. 9) are similar in 

each case; high quality data will be needed to distinguish them. Predictions of pion energy distributions at constant 

pion angle and neutrino energy, displayed in Figure. 10, show strong forward peaking in all models; this feature comes 

directly from the dominance of the coherent process at Q^ '^ 0. The Nakamura, et al. result shows a more rapid falloff 

with angle. 

Microscopic models use different assumptions for the role of resonant vs. nonresonant processes, e.g. Cj (0) of 1.2 

for Alvarez-Ruso, et al. and '-^0.8-0.9 for Nakamura, et al. and Hernandez, et al. The Alvarez-Ruso result larger than 

the others by about a factor of 2. 
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Various theory and !-generator values for
coherent CC and NC pion production



Experimental Summary
• Recent experiments are shedding light on the low Q2 mystery 

in CCQE interactions

• Much of the burden has been shifted to CC"+ interactions

• At low energies, MA values are higher than previous world 
average

• At higher energies, NOMAD has reported a very precise 
measurement that agrees with the previous average

• CC" measurements all show an excess over prediction as well 
as a faster-than-expected falloff at low Q2

• Data excess is significantly larger for CC"0 interactions

• Coherent "0 production is reasonably consistent with 
expectations

• Coherent "+ production has not been observed in recent 
experiments

• Upper limit on coherent "+/"0 ratio is ~3' lower than 
prediction

• Additional cross sections have also been measured

• MiniBooNE NCEL:  arXiv:1007.4730

• MINOS CC Inclusive:  Phys.Rev.D 81, 072002 (2010)
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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$0:024 ðGeV=cÞ2 according to the MC simulation.
Finally, events with reconstructed Q2 less than
0:1 ðGeV=cÞ2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228% 12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The ‘‘other’’ background
is comprised of 50% charged current DIS, 32% neutral
current, and 18% !#! events. The selection efficiency for
the signal is estimated to be 10.4%.
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FIG. 11 (color online). "$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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The Path Forward
• From an experimental point of view, we need model-independent 

measurements of final state particle kinematics

• Fits to MA and model-dependent nuclear corrections are more difficult to 
interpret as inputs to neutrino event generators

• Input from the theory community

• Need help to explain observed anomalies

• Still need to extrapolate observations to unmeasured regions of phase space

Morgan 

Wascko

MiniBooNE’s final !µ 

CCQE result

• Flux averaged double 
differential CCQE cross 
section

• Most complete, and least 
biased, information possible 
about the cross section based 
on the muon kinematics

• Also being pursued for 
multi-particle final states

• Crucial input for theorists!

PhysRevD 81 092005 (2010)
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Future Experiments
• Miner!a (FNAL)

• Finely segmented, fully active scintillator tracker

• Surrounded by calorimeters to detect escaping 
photons

• Variety of targets:  He, C, Fe, Pb

• Wide range in neutrino energy:  0.7 - 30 GeV

• T2K ND280 (J-PARC)

• Thin, active, scintillator target

• Time projection chambers immediately upstream and 
downstream provide precise momentum and particle 
identification measurements

• Also surrounded by energy calorimeters

• MicroBooNE (FNAL)

• Liquid argon time projection chambers

• Single electrons are distinguishable from photon 
conversions

• NC"0 backgrounds are eliminated
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•MicroBooNE is a proposed Liquid Argon Time Projection Chamber (LArTPC) detector to run in 
the on-axis Booster and off-axis NuMI beam on the surface at Fermilab.

•Combines timely physics with hardware R&D necessary for the evolution of LArTPCs.

!Cold Electronics

!Long Drift

!Purity test (purge with gas before beginning run)

!MiniBooNE low-energy excess

!Low-Energy Cross-Sections

!R&D Physics for larger LArTPC detectors.

Stage 1 approval from 
Fermilab directorate in June 

2008! 

35

Figure 4.1: Single vessel design with multi-layered insulation.

drivers on the top of the feedthroughs. This will enable location of the readout electronics close

to the detector but not necessarily right at the feedthrough location. The change is partially

motivated by being closer to a system that can be extrapolated to a large system.

Significant progress has been made in refining the design of the experiment. Prototypes

of preamps have been built, the readout chain has been established, and Cryostat design has

progressed. By completing this detailed design work and related tests now, we anticipate

reducing the time scheduled for design work in the future.

In the following we give a summary of the main changes to the design.

4.1 Cryostat and Cryogenics

In the time since the November ’07 PAC meeting we have carried out a detailed study of three

different cryostat designs to determine which approach would minimize construction costs while

12m

2.6m

2.5m

!Joint NSF/DOE Project
!NSF MRI for TPC and PMT systems



Conclusion

• Interest in neutrino interaction cross sections has increased dramatically in the last few 
years

• Becoming a limiting factor in interpreting neutrino oscillation data

• Although useful for oscillation experiments (to achieve sensitivity to (m223), neutrino 
cross sections at the ~1 GeV energy scale is particularly difficult to understand

• Fortunately, there are now large improvements in experimental precision

• From 103 events/experiment to 105

• New puzzles have been uncovered

• MA non-universality?

• CC"+ discrepancy at low Q2?

• Where are the coherent CC"+ events at low E!?

• Exciting time in neutrino interaction physics

• Many new experiments are beginning to take data

• An active and engaged theory community is making quick progress


