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Overview
• Some generic comments on ν-int issues for LBL experiments

• selective examples to illustrate general issues

• Some thoughts on next-generation neutrino near detectors

• (a new workshop series?)

• some other interesting efforts and activities

• Some sociological commentary 

• A pitch . . . . . 

• In the background: physics at the terascale . . . .

• 1 MWatt x 1 MTon = 1 Tera Watt-ton

• 1 G$ x 1 kPerson = 1 Tera $-Person

• how do we ensure that we get the most out of this?
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The Mixed Blessing of large θ13

• CP asymmetry/variation of oscillation 
probability is smaller for larger θ13

• small θ13: 
• smaller rate/larger asymmetry
• background systematics important

• large θ13: 
• larger rate/smaller asymmetry
• need/opportunity to exploit spectrum
• “signal” (νe/µ CC) systematics important
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III. LONG-BASELINE PHYSICS

A. Motivation and Scientific Impact

Long-baseline neutrino oscillation physics is the primary focus for the Long-Baseline Neutrino Experiment (LBNE);
the motivation and scientific impact has been well-discussed in numerous documents [3] so it will not be repeated
here. In each of the following sections, we summarize the motivation for the specific measurement and discuss the
precision expected from current and planned experiments worldwide.

B. Optimization of the LBNE Beam Design

The neutrino beamline is the central component of the Long-Baseline Neutrino Experiment. For several years,
beamline designs have been investigated in an e↵ort to optimize the physics reach of the experiment. In this section,
we report on the most recent work showing the direct impact of di↵erent beam design on the sensitivity to neutrino
oscillation parameters.

The LBNE beamline will be a new neutrino beamline that uses the Main Injector (MI) 120 GeV proton accelerator.
The longest baseline neutrino oscillation experiment currently in operation is the Main Injector Neutrino Oscillation
Search (MINOS) experiment based at Fermilab. It uses the NuMI (Neutrinos at the Main Injector) [4] beamline
from the MI. The NuMI beamline has been operational since Jan 21, 2005 and delivered in excess of 1 ⇥ 1021

protons-on-target (POT) to the MINOS experiment through 2010 [5]. The GEANT [6] based simulation of the NuMI
beamline has been validated using data from the MINOS experiment. The NuMI simulation software has proven to
be a remarkable success at predicting the measured neutrino charged-current (CC) interaction rates observed in the
MINOS near detector with the level of agreement between the data and simulation CC interaction rates within 10%
in the region of interest to the MINOS experiment. The current LBNE beamline design is based on the NuMI design
and uses the same simulation framework.
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FIG. 1. The ⌫

µ

! ⌫

e

oscillation probability for the LBNE to DUSEL baseline of 1300 km for di↵erent mixing parameter with
normal hierarchy (left) and inverted hierarchy (right), is shown as colored curves. The unoscillated CC ⌫

µ

spectrum from an
LBNE candidate beam is shown as the solid black histogram.

The design specifications of the LBNE neutrino beamline is driven by the physics of ⌫
µ

! ⌫
µ

, and ⌫
µ

! ⌫
e

/⌫
⌧

oscillations. In Fig. 1, the ⌫
µ

! ⌫
e

oscillation probability for the LBNE to DUSEL baseline of 1300 km for di↵erent
mixing parameters is shown as colored curves. The total CC ⌫

µ

spectrum from an LBNE candidate beam is shown
as the black solid histogram. In principle, the ideal LBNE neutrino beam would be one that has a wide energy band
that covers the energy region from low energies to the energy of the first (⇡/2) oscillation maximum and minimal flux
beyond the region of interest. Low flux at high neutrino energies is desired to eliminate neutral-current backgrounds
from high energy neutrinos that are not sensitive to oscillations but still produce significant background at low observed
energies in the neutrino detectors.

In 2008/2009 we specified the following broad requirements for the LBNE beam based on examination of the
oscillation nodes in Fig. 1:

1. We require the highest possible neutrino fluxes to encompass at least the 1st and 2nd oscillation nodes, the
maxima of which occur at 2.4 and 0.8 GeV respectively.

In my opinion:
Large θ13 is definitely a “blessing” overall

s22θ13=0.02

s22θ13=0.09
LBNE

LBNE
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Oscillation Measurements

• With θ13 ~large and non-zero, we are in the era of full “3-flavor mixing”

• all parameters (and their precision) matter

• Entering an era of precision where 3 flavor mixing effects matter

• current sin2θ23 uncertainty in νμ→ νe appearance

• sin2θ13 in νµ disappearance

� ⌘ �m2
31L
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N.B. 
above equations are 
only for illustration
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Spectrum Information

• At both HK and LBNE, spectrum information is important

• In principle, we need a thorough and precise understanding of 

• energy dependence of cross sections

• energy reconstruction (relation between Eν and outgoing particles).

• “kinematic”: assume underlying mechanism and use Eν(pl, θl)
• “calorimetric”: sum energy outgoing particles.

42 III PHYSICS POTENTIAL
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FIG. 20. Top: Reconstructed neutrino energy distribution for several values of �. sin2 2✓13 = 0.1 and normal

hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the case

with � = 0. The error bars represent the statistical uncertainties of each bin for 1.5 (3.5) years of running

in neutrino (anti-neutrino) mode.

3. Sensitivity to the CP asymmetry in the neutrino oscillation

A �2 analysis based on the reconstructed neutrino energy distribution has been performed to

study the sensitivity of the ‘J-PARC to Hyper-K’ experiment to the CP asymmetry in the neutrino

oscillation.

Analysis method A binned �2 is constructed from the Erec

⌫ distribution, with 50 MeV bin

width for the energy range of 0–2 GeV. As the systematic uncertainty, uncertainties in the normal-

izations of signal, background originating from ⌫µ and ⌫µ, those from ⌫e and ⌫e, and the relative

normalization between neutrino and anti-neutrino are taken into account. The �2 is defined as
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where the index i runs over bins of reconstructed neutrino energy, and + and � are applied for

neutrino and anti-neutrino mode, respectively.
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Impact of systematics

• Many studies have assumed “normalization” systematics that scale 
overall event yields but preserve spectrum shape.

• doesn’t capture the full picture, but still very useful
• estimates are becoming more sophisticated

• Even few % systematic errors can have significant impact
• how to incorporate potential ND measurements into sensitivity
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Recent T2K study:

• Explore sensitivity to !CP, θ23 in 
most favorable cases
• 90% CL contours for “full” T2K 

statistics (7.8x1021 POT)

• δ = -π/2, normal hierarchy
• reactor constraint

• systematics as of 2012

3 T2K SENSITIVITY 13
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Figure 9: δCP vs. sin2 2θ13 90% C.L. allowed regions for 7.8×1021 POT. Contours are plotted
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MH. The solid contours are with statistical error only, while the dashed contours include
current systematic errors fully correlated between ν and ν̄.
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Issues
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Recent issues
• ab initio ν-int uncertainties are driven 

to a large extent by:

• data/model discrepancies

• model inadequacies

• Examples:

• MiniBooNE “CCQE” σ
• low energy excess in νe

• Model inadequacy means:

• “inflated” parameter errors 

• “if the data don’t fit, you must . . “

• explore other models to span the 
space of ignorance/mismodeling

30/4/2013 M. Martini,  TRIUMF 29 
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arXiv: 1207.4809  

MiniBooNE Anomaly: Excess of events at low energies  
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Other issues

• Most model issues are with the nuclear environment

• but even nucleon-level scattering data has serious 
discrepancies. 

• Revisit them?

• Need to think “differentially”

• kinematic distributions important in addition to 
overall cross section

• sometimes n-fold-differential

• cross channel correlations

• same physics in different ν-int channels

8

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

Eν = 1 GeV

cos θµ = 0.6
(a)

ν p → µ- p π+
(b)

 0

 0.2

 0.4

 0.6

 0.8

dσ
 /d

E µ
 d

co
sθ

µ
,  

10
-3

8  c
m

2 /G
eV

(c)
ν n → µ- p π0

(d)

 0

 0.2

 0.4

 0.6

 0.8

 1.1  1.2  1.3  1.4  1.5
W, GeV

(e)

Dp
cDp
Np

cNp
CT
pp
pF

 1.1  1.2  1.3  1.4  1.5
W, GeV

ν n → µ- n π+
(f)

incoherent sum
coherent sum

FIG. 4: Double differential cross section dσ/dEµd cos θµ for

various final states for Eν = 1 GeV, cos θ = 0.6. Contribu-

tions of each diagram (a, c, e), as well as their coherent and

incoherent sums (b, d, f) are shown.

previous theoretical results.

The simplest channel to compare with is the scatter-
ing on a proton target, because only one final state, pπ+,
is possible. The full model calculation (solid line) ap-
pears to be slightly above the Delta pole contribution
(dash-dotted line) and coincides with the previous cal-
culation [9] (dashed line labeled “Leitner 09”) at small
neutrino energies.1 With increasing Eν , the “Leitner 09”
curve, as expected, increases more steeply than the full
model curve because the calculation [9] was done with-
out any kinematical cut, while our calculation implies
W (Nπ) < 1.4 GeV. Comparison with Fig. 5 in [14]
shows, as expected, that the integrated cross sections is
also very close to the original HNV result.

1 This implementation is available in the current open-source ver-
sion of GiBUU [16].
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pared with the Delta pole contribution (dash-dotted line) and

previous calculations of Leitner et al [9] (dashed line).

For the reactions on the neutron two final states, nπ+

and pπ0, are possible. For both of them, the full model
cross sections are close to the previous GiBUU results [9],
but have slightly different shapes. Keep in mind, that the
W cuts are different. 2

2 For the pπ0 channel our result is also in agreement with the
original HNV calculation [14] (see Fig. 5 there), while for the
nπ+ channel it is noticeably higher (at Eν = 1.6 GeV our re-
sult 0.12 · 10−38 cm2 versus HNV 0.08 · 10−38 cm2). To un-
derstand this difference we compared our calculations for each
diagram with the corresponding unpublished results of the HNV
group. We found a very good agreement for all diagrams except
cDp, which in our calculations appears to be around 1.7 times
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Energy reconstruction

• To fully utilize spectral information, we 
have to confidence in final state kinematics

• Nuclear dynamics to a large extent 
determines neutrino energy reconstruction

• not just “new” effects like MEC/multi-N but 
“old” stuff like π absorption, final state 
interactions
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FIG. 10. (Color online) Cross section for nucleon knock-out

as a function of neutrino energy for events with 0 pions in the

final state.

as shown by the di↵erence between the dashed and dash-

dotted curves. Unfortunately, most detectors are insensi-

tive to neutrons, thus making the experimental selection

of true QE events practically impossible and forcing one

to use Monte Carlo simulations for reconstruction. Gat-

ing on events with 1 proton, 0 pions and any number of

(undetected) neutrons leads to a an event sample with a

purity at the level of ⇡ 90%.

C. Energy reconstruction
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III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression
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4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.

368 Gallagher · Garvey · Zeller

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

1.
61

:3
55

-3
78

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 U
ni

ve
rs

ity
 o

f T
or

on
to

 o
n 

03
/0

4/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Neutrino cross section and 
interaction model tuned to 
external measurements

εFAR

Detector simulation to 
determine efficiencies/
backgrounds

Near detector observes the same 
neutrinos prior to neutrino oscillations

φν · σν · εNEAR

12Monday, November 11, 13



Near Detector

Far (θij, Δm2
ij)

νµ→νe (θ23 , θ13)
νµ→νµ/τ  (θ23, Δm2

32)
νµ, νe backgrounds

φν · σν · εFAR · Posc

φν

MC simulation of neutrino 
beamline tuned with external 
data + operational parameters

σν

NS61CH15-Gallagher ARI 17 September 2011 7:22

4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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interaction model tuned to 
external measurements

εFAR

Detector simulation to 
determine efficiencies/
backgrounds

Near detector observes the same 
neutrinos prior to neutrino oscillations

φν · σν · εNEAR
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T2K ND fit

• Fit to ND data introduces anti-correlations between flux normalization 
(Φ) and ν cross section (σ) parameters

• partial cancellation in predicted rate from ~28% to  ~9%

• ~3% due to parameters directly constrained by the ND data

• question of “dominant” uncertainties is non-trivial

!(νµ) !(νe)
"

!(νµ) !(νe)
"

!(νe)

!(νµ)

"

!(νe)

!(νµ)

"

more details in D. Cherdack’s talk
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νµ disappearance

• High precision means we must consider higher order terms

• θ13: now known to be not so small . . . .  sin2θ13 ~ 0.03  

• Precision νµ disappearance will be a testing ground for latest developments 
in ν-int theory/modeling and associated systematics
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FIG. 1. The ND280 momentum data distributions of (a) the
CCQE and (b) CCnQE-enhanced selections. The predicted
total, CCQE, CCnQE and background event distributions
from the ND280 fit are overlaid on both figures.

uncertainties. The reconstructed ND280 µ− momentum
distribution for CCQE and CCnQE selections and pre-
dicted event distributions from the ND280 fit to data is
shown in Fig. 1. For the oscillation fits, the ND280 fit
provides a systematic parameter error matrix which con-
sists of 11 Eνµ SK flux normalizations, 5 Eν̄µ SK flux
normalizations and the 7 common neutrino interaction
parameters. The fractional error on the predicted num-
ber of SK candidate events from the uncertainties in these
23 parameters, as shown in Table I, is 4.2%. Without the
constraint from the ND280 measurements this fractional
error would be 21.8%.
SK Measurements.—The SK far detector νµ candidate

events are selected from fully-contained beam events.
The SK phototube hits must be within ±500 µs of the
expected neutrino arrival time, and there must be low
outer detector activity to reject entering background.
The events must also satisfy: visible energy > 30 MeV,
exactly one reconstructed Cherenkov ring, µ-like particle
ID, reconstructed muon momentum > 200 MeV, and ≤ 1
reconstructed decay electron. The reconstructed vertex
must also be in the fiducial volume (at least 2 m away
from the ID walls). Criteria to remove “flasher” (inter-
mittent light-emitting phototube) backgrounds are also
applied. More details about the event selection and re-
construction in SK are found elsewhere [14].
Assuming a quasi-elastic interaction with a bound neu-

tron and neglecting the Fermi motion, the neutrino en-
ergy is deduced from the detected muon and given by

Ereco =
m2

p − (mn − Eb)2 −m2
µ + 2(mn − Eb)Eµ

2(mn − Eb − Eµ + pµ cos θµ)
, (2)

where pµ, Eµ, and θµ are the reconstructed muon mo-
mentum, energy, and the angle with respect to the beam
direction, respectively; mp, mn, and mµ are masses of
the proton, neutron, and muon, respectively, and Eb =
27 MeV is the average binding energy of a nucleon in
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FIG. 2. The 58 event 1-ring µ-like SK reconstructed energy
spectrum. Top: The expected spectrum assuming no oscilla-
tions, and the best fit from the primary analysis for octant
1. The octant 2 best-fit spectrum is almost identical. Bot-
tom: The ratio of the observed spectrum and best fit to no
oscillations. The fit uses finer binning than is shown here.

16O. The Ereco distribution of the 58 events satisfying the
selection criteria is shown in Fig. 2. The no-oscillation
hypothesis prediction is the solid line in Fig. 2 and the
MC expectation is 205±17 (syst.) events, of which 77.7%
are νµ+ν̄µ CCQE, 20.7% are νµ+ν̄µ CCnQE, 1.6% are
NC and 0.02% are νe+ν̄e CC. The expected resolution
on reconstructed energy for νµ+ν̄µ CCQE events around
the oscillation maximum is ∼0.1 GeV.
Eight SK detector systematic uncertainties are asso-

ciated with event selection and reconstruction. The SK
energy scale uncertainty is evaluated by comparing en-
ergy loss in data and MC for samples of cosmic-ray stop-
ping muons and associated decay-electrons, as well as
by comparing reconstructed invariant mass for data and
MC for π0s produced by atmospheric neutrinos. The
other seven SK event-selection-related uncertainties are
also evaluated by comparing MC and data results for
atmospheric neutrino samples. The νµ+ν̄µ CCQE ring-
counting-based selection uncertainty is evaluated in three
energy bins, including correlations between energy bins.
Other uncertainties result from additional νµ+ν̄µ CCQE
selection criteria, as well as selection criteria (including
ring-counting) for νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. These uncertainties (8 parameters) produce a
10.1% fractional error on the expected number of SK
events, as listed in Table I.
Systematic uncertainties on pion interactions in the

target nucleus (FSI) and SK detector (SI) are evaluated
by varying underlying pion scattering cross sections in
the NEUT and SK detector simulations. These uncer-
tainties are evaluated separately for νµ+ν̄µ CCQE in
three energy bins, νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. The total FSI+SI uncertainty (6 parameters) on
the predicted SK event rate is 3.5% as listed in Table I.
Oscillation Fits.—The oscillation parameters are esti-

 arXiv:1308.0465 [hep-ex]  arXiv:1308.0465 [hep-ex]
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Near Detector
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Top/down
• Design near detector to

• maximize near/far cancellation

• minimize ν-int model dependence

• Advantages:
• go directly to the issue without 

dealing with detailed ν-int physics

• usually calls for similar/same near/
far detector, simplifies analysis.

• Disadvantages:
• there will always be some model 

dependence

• data may not enlighten us on how 
to improve model (TLI)

• how to estimate systematics 
with model you don’t believe

Bottom/up
• Design near detector to 

• study details of ν-int interactions 

• advance theory and modeling

• Advantages
• more freedom to design detector 

to optimize “information”

• more information to understand 
and verify ν-int model

• Disadvantages:
• may not tell you what you need to 

impact osc. physics immediately

• detector/analysis may be more 
complicated (TMI), substantially 
different from far detector

• Which is better? “both” (and not exclusive)
16Monday, November 11, 13



Neutrino Prism:

• Off-axis effect gives continuously varying 
neutrino energy spectrum vs. angle

• Linear combinations of flux spectrum at various 
angles maps kinematic distribution in a narrow 
neutrino energy band

• “Model independent” measurement

3.5°

2.5°

1.5°

wgt2.5

wgt1.5

wgt
3.5

Linear combination
of 30 slices in
off-axis angle

 Near detectors with a perfectly known, and preferably 

tunable, flux would allow a measurement of neutrino 

energy biases and smearing. 

 How to get this? 

 Observation from 

T2K INGRID team: 

Low and high tails 

of flux similar 

as move off-axis 

 Narrow range of 

neutrino energies 

where flux changes. 

14 January 2013 Hartz-McFarland, Energy and Near Detectors 15 

Can we address the Energy 

Reconstruction Problem? 

see poster by M. Hartz, M. Wilking 
for more details
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NA61

• Flux predictions will continue(?) to be 
a fundamental pillar for neutrino 
cross section/interaction physics

• Hadron production experiment(s) are 
essential for accurate predictions 

• Can we make NA61 the ultimate 
hadron production experiment?

• Are there other measurements 
needed/possible to reduce errors?

• (pion scattering/absorption . . )

• test beams for detector performance.
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FIG. 48: The predicted and measured muon momentum
spectrum at ND280 for the inclusive selection (top) and
the fractional flux uncertainty (not including neutrino
interaction uncertainties nor the detector systematic

error) and deviations of the data from the prediction on
that sample (bottom).

of the horn magnetic fields. The systematic uncertain-
ties on the neutrino flux are based on uncertainties from

these experimental measurements that are inputs to the
flux prediction. Taking into account possible correlations
between the systematic uncertainties for di↵erent angular
and momentum bins in the hadron production data, we
estimate the uncertainties on the neutrino flux including
correlations between neutrinos of di↵erent energy and at
di↵erent detectors. The total systematic uncertainty at
the peak energy is approximately 15 % for both the near
and far detector where the dominant source is the hadron
interaction uncertainties. The uncertainty on the ratio of
the flux predictions at the far and near detectors for ⌫

µ

flux is less than 2 % near the flux peak and less than 6 %
for all energies.
The predicted flux with simulated neutrino interac-

tions is compared with the measurements at the near
detectors. The measurements of the beam direction and
event rate are consistent with the prediction.
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e-A scattering and νSTORM

• e-A scattering data may be a fruitful 
testing ground of FSI models

• data over large range of target nuclei

• first results from CLAS

• an enormous effort to understand 
CLAS analysis tools

• Potential of µSR-based neutrino sources 
for ν-int should be further explored

S. Manly, University of Rochester 22

Data-MC comparison 
(Comparison friendly fiducial region, corrected for acceptance and radiative

effects, only statistical errors shown , three variables integrated over)

NUFACT 2013, Beijing, China   
August 19-24, 2013

p, 
Data/MC ratio, all targets

S. Manly, University of Rochester 22
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effects, only statistical errors shown , three variables integrated over)

NUFACT 2013, Beijing, China   
August 19-24, 2013

p, 
Data/MC ratio, all targets
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Data-MC comparison 
(Comparison friendly fiducial region, corrected for acceptance and radiative

effects, only statistical errors shown , three variables integrated over)

NUFACT 2013, Beijing, China   
August 19-24, 2013

p, 
Data/MC ratio, all targets

S. Manly
NuFact 2013
comparison to 
Genie e-A scat.
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Synthesis

• better theory may not immediately result in “improvement”

• worse model may “effectively” better reproduce the data

• better theory may improve certain parts, but leave out other issues

• example: spectral function?

• as a community we need to improve the flow. . . . 

• smoother/porous interface at theory/generator interface

• lots of progress recently, but we need to continue to improve and support

Theory 
development

Model
(ν generator)

ν int data 
analysis

ν Oscillation 
Analysis

adapted from D. Schmitz 
(FNAL W&C)

test beam, 
hadron prod.

e-A scat 
other data
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Looking ahead:André de Gouvêa Northwestern
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We need to do this in

the lepton sector!

What we ultimately want to achieve:

May 26, 2013 Synergisms

A. Gouvȇa
ISOUPS 2013

“this” = “overconstrain” the mixing matrix 
find/rule out new physics
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Theory
• To look for “new” physics, we need know the “old” physics.

• a few “golden modes” (e.g. B→ψK) with minimal theoretical issues

• beyond that, QCD corrections were often very complicated and difficult

• even “silver” modes like b→sγ required extremely complicated 
calculations to predict (beyond-)SM branching fractions

• Enormous effort invested into developing the necessary theoretical tools

• lattice QCD (masses, form factors)

• heavy quark effective theory and other factorization schemes

• sum rules, etc.

• other “work arounds” like ratios, isospin decomposition, etc.

6
The Radiative Decays B ! (⇢/K⇤) �

Probe CKM: Vtd, Vts

• ⇡ 10% inclusive rate predictions

• Exclusive decay rates di�cult.

W+ g

s, db
u,c,t

B K*,r
Vts
Vtd

Electroweak Penguin Transition

Predictions:

• |Vtd/Vts| with 10% uncertainty.

• B ! K⇤�:

Direct CP Violation < 0.5%

• Isospin breaking

• Interference from new physics:

Up to 20% CP Violation in

B ! K⇤�
(Kagan & Neubert)

B[B ! ⇢�]

B[B ! K⇤�]

= S⇢

����
Vtd

Vts

����
2
"

1�m2
⇢/M2

1�m2
K⇤/M

2

#3

⇣2
[1 + �R(⇢/K⇤

)]

Paper/Exp B/10�5 B0 ! K⇤0� B+ ! K⇤+� B0 ! ⇢0� B+ ! ⇢+�

Bosch & Buchalla 7.1 ± 2.5 7.5 ± 2.5 0.16 ± 0.05

Beneke et. al. 7.9 ± 3.5 7.9 ± 3.5

Ali & Parkhomenko 7.2 ± 2.7 7.2 ± 2.7 0.049 ± 0.017 0.085 ± 0.30

CLEO 4.55
+0.72
�0.68 ± 0.34 3.76

+0.89
�0.83 ± 0.28 < 1.7 < 1.3

BELLE 4.96 ± 0.67 ± 0.45 3.89 ± 0.93 ± 0.41 < 1.06 < 0.99

6

Theory

Experiment

circa 2002
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Quarks and Leptons
• LBL experiments should make a similar investment into fundamental 

neutrino interaction physics to deliver on our promises

• The quark sector has a few advantages:

• QCD is “particle physics”. 
• Much of ν-int physics is separated by particle/nuclear divide
• cultural/social/funding/hosting issues

• To a large extent, theory/experimental effort factorized
• i.e. detailed theory wasn’t needed to make the measurement
• we are heavily dependent on the theory (via generators) to tell us what 

to measure, estimate systematic errors, etc. 

• Where there is a clear opportunity, theory has delivered

• fully embrace and support the theory we need, articulate the scientific 
opportunities, and push for it! 
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Conclusions
• Many exciting upcoming opportunities in neutrino physics 

• CP violation, mass hierarchy, θ23 octant . . .  and beyond?

• Our detailed understanding of O(1 GeV) neutrino interactions will play a 
crucial role in getting at the “particle” physics

• can we ensure that we will not be hampered by ν-int uncertainties?
• Good news is that T2K/NOvA give us regular “check-ups” on progress

• Exciting opportunity to make fundamental advances in ν-int

• can we actually reach a denouement on some of the issues? 

• forge /cultivate long-term/continuous collaboration with nuclear theory 

• ensure related/necessary measurements/analyses are carried through

• hadron production, νSTORM?
• test beams, electron/photoproduction data? 
• explore broadly new near detector concepts

• start now . . . ?

24Monday, November 11, 13



25Monday, November 11, 13



T2K νe events

• Near detector constrain can significantly reduce overall rate uncertainty

• Uncertainties now dominated by:

• uncorrelated/unpropagated ν interaction uncertainties

• detector uncertainties

• final state/secondary interactions uncertainties

• “Work in progress”: will continue to improve, but where do we bottom out?

sin22θ13=0.1sin22θ13=0.1 sin22θ13=0sin22θ13=0

νe Prediction 
(Events)

Error from 
Constrained 
Parameters

νe Prediction 
(Events)

Error from 
Constrained 
Parameters

No ND280 
Constraint 22.6 26.5% 5.3 22.0%

ND280 Constraint 
(2012, Runs 1-3) 21.6 4.7% 5.1 6.1%
ND280 Constraint 
(this analysis) 20.4 3.0% 4.6 4.9%
Total error
(all sources) 8.8% 11.1%
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T2K error budget

Black: 2013 
Blue: 2012
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