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Introduction

The Neutrino Fluxes
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Table 2 Bin-wise summary of the acceptance-corrected unfolding re-
sult for zenith angles between 90◦ and 120◦, which corresponds to the
differential flux of atmospheric neutrinos, scaled byE2 and given in
GeV cm−2 sr−1 s−1.

log10(E/GeV) E2Φ σstat.
rel. [%] σsyst.

rel. [%]

2.25 2.45×10−4 ±4.3 +23
−89

2.62 1.13×10−4 ±3.2 +20
−46

3.01 3.80×10−5 ±3.9 +22
−32

3.39 1.12×10−5 ±5.5 +63
−19

3.78 4.45×10−6 ±5.8 +82
−28

4.17 1.61×10−6 ±7.2 +70
−31

4.56 4.15×10−7 ±13.9 +105
−27

4.96 8.76×10−8 ±22.2 +112
−115

5.36 2.22×10−8 +58.2
−29.1

+129
−94

Table 3 Bin-wise summary of the acceptance-corrected unfolding re-
sult for zenith angles between 120◦ and 180◦, which corresponds to
the differential flux of atmospheric neutrinos, scaled byE2 and given
in GeV cm−2 sr−1 s−1.

log10(E/GeV) E2Φ σstat.
rel. [%] σsyst.

rel. [%]

2.25 2.75×10−4 ±3.1 +31
−69

2.62 0.87×10−4 ±3.4 +19
−42

3.01 2.28×10−5 ±4.7 +43
−35

3.39 7.81×10−6 ±5.6 +65
−30

3.78 1.99×10−6 ±7.3 +102
−37

4.17 3.81×10−7 ±17.4 +151
−73

4.56 6.84×10−8 ±36.5 +247
−24

4.96 1.07×10−8 ±52.7 +207
−54

In general, a good agreement between the unfolded dis-
tribution and the theoretical model is observed. The unfold-
ing results for the two angular bins are summarized in Tab.2
and Tab.3

7 Comparison to Previous Experiments

Figure17 shows the results of the measurement presented
in this paper, depicted as red circles, in the wider context
of measurements obtained with previous experiments. We
find that the results derived in this measurement are in good
agreement with both the theoretical models and previous
measurements of the atmosphericνµ flux. Comparing our
results to the spectrum obtained using the AMANDA detec-
tor we find that the measurement extends to energies that are
larger by almost an order of magnitude. The two measure-
ments are found to agree well within their estimated system-
atic uncertainties. Due to the different energy thresholds, the
IceCube and Frejus spectra overlap only between 100 GeV
and 1 TeV. Both measurements agree within their error bars.
Comparing the measurement presented in this paper to the
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Fig. 17 Comparison of the unfolding result obtained using IceCube in
the 59-string configuration to previous experiments. At thelow energy
end of the spectrum the results of the Frejus experiment [7] are depicted
as black squares forνµ , whereas the Frejus results forνe are shown as
hollow squares. The unfolding results obtained with the AMANDA ex-
periment [8] are shown as black triangles. Results from the ANTARES
neutrino telescope [9] are depicted in blue. Theνe spectrum obtained
using IceCube in the 79 string configuration [31] is shown as green
triangles. The results of the analysis presented here are shown as red
circles. Theoretical models are shown for comparison.

results obtained with the ANTARES neutrino telescope [9]
we find that both measurements are fully compatible within
their systematic uncertainties. A gap in experimental data
points exists at energies between 30 GeV and 300 GeV.
Within this energy region neutrino oscillations become im-
portant and, thus, the spectrum becomes more complicated.
This gap can most likely be closed by utilizing the full capa-
bilities of IceCube DeepCore, which has an energy thresh-
old of 10 GeV [32]. The measurement presented here did
not benefit from the more densely instrumented DeepCore
strings, as only one such string had been deployed at the
time of the measurement.
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)
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Figure 1–5: Neutrino fluxes at the Far Detector as a function of energy in the absence of
oscillations with the horns focusing positive particles. In addition to the dominant νµ (ν̄µ) flux,
the minor components are also shown. Note the logarithmic scale.
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Introduction

Flux uncertainty dominates the cross section measurements

“Measurement of Muon Neutrino Quasi-Elastic Scattering on a
Hydrocarbon Target at Eν ∼3.5 GeV”, MINERνA, PRL 111,

022502 (2013).

Q2
QE (GeV2) I II III IV V VI Total

0.0− 0.025 0.06 0.04 0.02 0.04 0.09 0.03 0.13
0.025− 0.05 0.06 0.03 0.02 0.03 0.09 0.02 0.12
0.05− 0.1 0.06 0.03 0.02 0.03 0.09 0.02 0.12
0.1− 0.2 0.06 0.03 0.03 0.02 0.09 0.02 0.11
0.2− 0.4 0.05 0.02 0.03 0.03 0.09 0.01 0.11
0.4− 0.8 0.05 0.03 0.04 0.04 0.09 0.01 0.13
0.8− 1.2 0.08 0.07 0.07 0.15 0.09 0.02 0.22
1.2− 2.0 0.12 0.07 0.07 0.16 0.09 0.02 0.24

Table 1: Fractional systematic uncertainties on dσ/dQ2
QE associated with

(I) muon reconstruction, (II) recoil reconstruction, (III) neutrino interaction
models, (IV) final state interactions, (V) flux and (VI) other sources. The
rightmost column shows the total fractional systematic uncertainty due to
all sources.

Q2
QE (GeV2) I II III IV V VI Total

0.0− 0.025 0.05 0.04 0.00 0.02 0.11 0.02 0.13
0.025− 0.05 0.05 0.04 0.01 0.01 0.11 0.02 0.13
0.05− 0.1 0.05 0.04 0.01 0.01 0.11 0.01 0.13
0.1− 0.2 0.04 0.04 0.01 0.01 0.11 0.01 0.12
0.2− 0.4 0.03 0.06 0.01 0.02 0.11 0.01 0.13
0.4− 0.8 0.05 0.07 0.02 0.03 0.11 0.01 0.15
0.8− 1.2 0.11 0.11 0.02 0.02 0.11 0.02 0.20
1.2− 2.0 0.13 0.15 0.04 0.04 0.12 0.02 0.23

Table 2: Fractional systematic uncertainties on dσ/dQ2
QE associated with

muon reconstruction (I), recoil reconstruction (II), neutrino interaction mod-
els (III), final state interactions (IV), flux (V) and other sources (VI). The
final column shows the total fractional systematic uncertainty due to all
sources.
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“Measurement of Muon Antineutrino Quasi-Elastic Scattering
on a Hydrocarbon Target at Eν ∼3.5 GeV”, MINERνA, PRL

111, 022501 (2013).

Q2
QE (GeV2) I II III IV V VI Total

0.0− 0.025 0.06 0.04 0.02 0.04 0.09 0.03 0.13
0.025− 0.05 0.06 0.03 0.02 0.03 0.09 0.02 0.12
0.05− 0.1 0.06 0.03 0.02 0.03 0.09 0.02 0.12
0.1− 0.2 0.06 0.03 0.03 0.02 0.09 0.02 0.11
0.2− 0.4 0.05 0.02 0.03 0.03 0.09 0.01 0.11
0.4− 0.8 0.05 0.03 0.04 0.04 0.09 0.01 0.13
0.8− 1.2 0.08 0.07 0.07 0.15 0.09 0.02 0.22
1.2− 2.0 0.12 0.07 0.07 0.16 0.09 0.02 0.24

Table 1: Fractional systematic uncertainties on dσ/dQ2
QE associated with

(I) muon reconstruction, (II) recoil reconstruction, (III) neutrino interaction
models, (IV) final state interactions, (V) flux and (VI) other sources. The
rightmost column shows the total fractional systematic uncertainty due to
all sources.

Q2
QE (GeV2) I II III IV V VI Total

0.0− 0.025 0.05 0.04 0.00 0.02 0.11 0.02 0.13
0.025− 0.05 0.05 0.04 0.01 0.01 0.11 0.02 0.13
0.05− 0.1 0.05 0.04 0.01 0.01 0.11 0.01 0.13
0.1− 0.2 0.04 0.04 0.01 0.01 0.11 0.01 0.12
0.2− 0.4 0.03 0.06 0.01 0.02 0.11 0.01 0.13
0.4− 0.8 0.05 0.07 0.02 0.03 0.11 0.01 0.15
0.8− 1.2 0.11 0.11 0.02 0.02 0.11 0.02 0.20
1.2− 2.0 0.13 0.15 0.04 0.04 0.12 0.02 0.23

Table 2: Fractional systematic uncertainties on dσ/dQ2
QE associated with

muon reconstruction (I), recoil reconstruction (II), neutrino interaction mod-
els (III), final state interactions (IV), flux (V) and other sources (VI). The
final column shows the total fractional systematic uncertainty due to all
sources.
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“Measurement of the νµ charged current quasi-elastic
cross-section on carbon with the T2K on-axis neutrino beam”,

arXiv/hep-ex:1503.07452.
Item High energy region Low energy region

Neutrino flux −11.01% + 13.61% −13.57% + 17.04%

MQE
A −0.89% + 2.25% −0.08% + 0.39%

MRES
A −0.92% + 1.31% −0.82% + 1.10%

CC1π normalization (Eν <2.5 GeV) −0.55% + 0.50% −3.71% + 3.59%
CC1π normalization (Eν >2.5 GeV) −2.69% + 2.69% −1.88% + 1.83%
CC coherent π normalization −1.40% + 1.38% −1.73% + 1.71%
CC other Eν shape −0.86% + 0.85% −0.11% + 0.09%
NC1π0 normalization −0.65% + 0.65% −0.40% + 0.40%
NC coherent π normalization −0.10% + 0.10% −0.09% + 0.09%
NC1π± normalization −0.47% + 0.47% −0.46% + 0.45%
NC other normalization −0.33% + 0.31% −0.75% + 0.74%
π-less ∆ decay −0.54% + 2.10% −1.60% + 3.34%
Spectral function −2.01% + 0.00% −0.00% + 1.21%
Fermi momentum −1.67% + 2.22% −3.71% + 4.43%
Binding energy −0.44% + 0.65% −1.24% + 1.42%
Pion absorption −0.20% + 0.81% −0.80% + 1.20%
Pion charge exchange (low energy) −0.15% + 0.18% −0.22% + 0.28%
Pion charge exchange (high energy) −0.11% + 0.13% −0.11% + 0.11%
Pion QE scattering (low energy) −0.66% + 0.71% −0.84% + 0.79%
Pion QE scattering (high energy) −0.04% + 0.03% −0.09% + 0.09%
Pion inelastic scattering −0.05% + 0.04% −0.29% + 0.25%
Nucleon elastic scattering −0.25% + 0.21% −0.29% + 0.21%
Nucleon single π production −0.15% + 0.11% −0.60% + 0.51%
Nucleon two π production −0.57% + 0.42% −0.01% + 0.01%

Target mass ±0.31% ±0.38%
MPPC dark noise ±0.03% ±0.08%
Hit efficiency ±0.84% ±0.41%
Light yield ±1.47% ±2.22%
Event pileup ±0.02% ±0.06%
Beam-induced external background ±0.00% ±0.00%
Cosmic-ray background ±0.00% ±0.01%
2D track reconstruction ±0.67% ±0.81%
Track matching ±0.45% ±1.13%
3D tracking ±0.21% ±0.15%
Vertexing ±0.30% ±0.43%
Timing cut ±0.00% ±0.00%
Veto cut ±0.82% ±0.64%
Fiducial volume cut ±1.55% ±0.84%
Secondary interaction ±2.45% ±2.37%

Total −12.44% + 15.06% −15.49% + 19.04%
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Introduction

ANL-BNL Puzzle

“Single π production in neutrino-necleus scattering”, PRD 87,
113009 (2013).

“Reanalysis of bubble chamber measurements of muon-neutrino
induced single pion production”, arXiv/hep-ex:1503.07452.

5
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FIG. 5: The default CCQE cross-section prediction for
νµ −D2, taken from GENIE 2.8 using the default model

parameters.
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CCQE cross-section, are shown in Figure 6. The GE-
NIE ∆++ cross-section has been included for compari-
son, as this resonance makes the biggest contribution.
However, higher order resonances also contribute to the
measurements, particularly at high neutrino energies, so
the measurements are expected to deviate from the GE-
NIE predictions at high Eν . Note that there is no in-
variant mass cut on the distributions used to extract the
νµp→ µ−pπ+ cross-sections produced in this work.

It is interesting to compare the extracted νµp →
µ−pπ+ cross-sections with those published by ANL and
BNL, as shown in Figure 7. In the neutrino energy range
where ANL and BNL disagree most strongly, 1 ≤ Eν ≤ 2
GeV, the extracted BNL cross-section differs significantly
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CC1π+ cross-section from each experiment. Note that
the published cross-section includes the flux

normalization uncertainty.

from the published distribution (Figure 7b), whereas the
extracted ANL results show reasonable agreement with
the published ANL data (Figure 7a).

For completeness, Figure 8 shows the CC-inclusive
cross-sections from both ANL and BNL, produced by
multiplying the CC−inclusive

CCQE ratio by the GENIE CCQE
cross-section. However, we note again that the correction
factor applied to the BNL CC-inclusive dataset was esti-
mated as it was not explicitly given in a BNL publication.

• The long standing ANL-BNL pion production cross section disagree
∼25%

• Reanalysis shows that this may be due to a flux normalization problem
in BNL (See also K. M. Graczyk, et al., PRD 80 093001 (2009))

Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 5 / 22



Introduction

How to produce and constrain the neutrino flux1

• Hadron Cascade model comparisons (15%)
• Geant4 vs FLUKA
• FTFP vs QGSP vs BERT ...

• External measurements (6-10%)
• NA49 pC @ 158 GeV, MIPP pC @ 120 GeV

• In-situ measurements
• Secondary muon fluxes (15-30%)
• Absolute flux: Neutrino-electron NC/CC scattering
• Relative flux: Low-ν

• Tests with modified beamline geometries
• Moving target relative to horn (<7%)
• Turning off the horn ...

1Deborah Harris, CETUP 2014, South Dakota
Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 6 / 22
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Deep Underground Neutrino Experiment (DUNE)

DUNE and LBNF

With a wideband neutrino beam produced by
a proton beam with power of 1.2 MW, this
exposure implies a far detector with fiducal
mass of more than 40 kilotons (kt) of liquid
argon (LAr) and a suitable near detector.

 Report of the Particle Physics Project Prioritization Panel (P5)	 May 2014

Building for Discovery
Strategic Plan for U.S. Particle Physics in the Global Context

Building for Discovery: Strategic Plan for U.S. Particle Physics in the Global Context	 12

2035 timeframe, the far detector situated underground with 
cavern space for expansion to at least 40 kt LAr fiducial vol-
ume, and 1.2 MW beam power upgradable to multi-megawatt 
power. The experiment should have the demonstrated capa-
bility to search for supernova (SN) bursts and for proton 
decay, providing a significant improvement in discovery 
sensitivity over current searches for the proton lifetime.

These minimum requirements are not met by the current LBNE 
project’s CD-1 minimum scope. The long-baseline neutrino 
program plan has undergone multiple significant transforma-
tions since the 2008 P5 report. Formulated as a primarily 
domestic experiment, the minimal CD-1 configuration with a 
small, far detector on the surface has very limited capabilities. 
A more ambitious long-baseline neutrino facility has also been 
urged by the Snowmass community study and in expressions 
of interest from physicists in other regions. To address even 
the minimum requirements specified above, the expertise and 
resources of the international neutrino community are needed. 
A change in approach is therefore required. The activity 
should be reformulated under the auspices of a new interna-
tional collaboration, as an internationally coordinated and 
internationally funded program, with Fermilab as host. There 
should be international participation in defining the program’s 
scope and capabilities. The experiment should be designed, 
constructed, and operated by the international collaboration. 
The goal should be to achieve, and even exceed if physics even-
tually demands, the target requirements through the broadest 
possible international participation.

Key preparatory activities will converge over the next few years: 
in addition to the international reformulation described above, 
PIP-II design and project definition will be nearing completion, 
as will the necessary refurbishments to the Sanford Underground 
Research Facility. Together, these will set the stage for the facility 
to move from the preparatory to the construction phase around 
2018. The peak in LBNF construction will occur after HL-LHC 
peak construction.

Recommendation 13: Form a new international collaboration 
to design and execute a highly capable Long-Baseline 
Neutrino Facility (LBNF) hosted by the U.S. To proceed, a 
project plan and identified resources must exist to meet 

the minimum requirements in the text. LBNF is the highest- 
priority large project in its timeframe. 

The PIP-II project at Fermilab is a necessary investment in 
physics capability, enabling the world’s most intense neutrino 
beam, providing the wideband capability for LBNF, as well as 
high proton intensities for other opportunities, and it is also 
an investment in national accelerator laboratory infrastructure. 
The project has already attracted interest from several potential 
international partners.

Recommendation 14: Upgrade the Fermilab proton accel-
erator complex to produce higher intensity beams. R&D for 
the Proton Improvement Plan II (PIP-II) should proceed 
immediately, followed by construction, to provide proton 
beams of >1 MW by the time of first operation of the new 
long-baseline neutrino facility.

Hints from short-baseline experiments suggest possible new 
non-interacting neutrino types or non-standard interactions 
of ordinary neutrinos. These anomalies can be addressed by 
proposed experiments with neutrinos from radioactive sources, 
pion decay-at-rest beams, pion and kaon decay-in-flight beams, 
muon-decay beams, or nuclear reactors. A judiciously selected 
subset of experiments can definitively address the sterile-neu-
trino interpretation of the anomalies and potentially provide 
a platform for detector development and international coor-
dination toward LBNF. These small-scale experiments are in 
addition to the small projects portfolio described above, and 
therefore appear separately in Table 1. The short-term short-base-
line (SBL) science and detector development program and the 
long-term LBNF program should be made as coherent as possible 
in an optimized neutrino program.

Recommendation 15: Select and perform in the short term 
a set of small-scale short-baseline experiments that can 
conclusively address experimental hints of physics beyond 
the three-neutrino paradigm. Some of these experiments 
should use liquid argon to advance the technology and build 
the international community for LBNF at Fermilab. 

As discussed in Section 3.2, RADAR and CHIPS are both ideas 
for new detectors exploiting the existing NuMI beamline to 

Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 8 / 22



A High-Resolution Fine Grained Tracker as a ND for DUNE

Goals of the ND in DUNE

• Constrain the systematic uncertainties in the oscillation
measurements/searches
• Neutrino source : content and spectra of all 4 species, νµ, ν̄µ, νe , ν̄e
• Precise prediction of FD/ND CC spectra for all 4 species and of NC
• Energy scale of neutrino and antineutrino
• Background : π0,± in NC and CC; e/µ/proton/π/K ID

⇒ Measure the 4-momenta of particles in neutrino interactions
providing an “Event-Generator Measurement” for the FD

• A generational advance in the precision neutrino physics
• Cross sections: QE, Resonance, Coherent and DIS
• Neutrino-nucleus interactions and nucleon structure
• Electroweak and isospin physics

• Search for New Physics at short-baseline
• Short-baseline oscillations, include constraining of the background for

FD signal
• Light Dark Matter, Universality, and right-handed currents, etc.

Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 9 / 22
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A High-Resolution Fine Grained Tracker as a ND for DUNE

Quantify the Neutrino Source Using ND

• Precision measurement of all 4 neutrino species

•
(−)
ν µ → µ± as a function of Eν – FD/ND (Eν)

•
(−)
ν e → e± as a function of Eν – FD/ND (Eν) 2

• These considerations imply the following requirements
• Magnetized tracker to ID positive from negative particle – B ∼ 0.4 T
• Low density medium to track e± – ρ ∼ 0.1 g/cm3

• Momentum vectors of hadrons: π±,0, K±,0 and proton

• Large statistics – ∼ 108 neutrino interactions

The proposed FGT builds upon the NOMAD experience

2 νe
νe+ν̄e

∼ 1 in neutrino mode .vs. ν̄e
νe+ν̄e

∼ 0.5 in antineutrino mode
Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 11 / 22



A High-Resolution Fine Grained Tracker as a ND for DUNE

High Reso. Fine-Grain Tracker (Proposed by the Indian & US Groups)

• ∼ 3.5 m × 3.5 m × 6.4 m STT
(ρ ' 0.1 g/cm3)

• 4π ECAL in a dipole magnetic
field (B = 0.4 T)

• 4π MuID (RPC) in dipole and
up/downstream

• Pressurized Ar target ' ×10 FD
statistics

• Trasition Radiation : e±

• dE/dx : π±, K± and proton

• Magnet : + .vs. -

• MuID : µ
⇒ Absolute flux measurement

Magnet	
  
Coils	
  

Forward	
  
ECAL	
  

End	
  
RPCs	
  

Backward	
  ECAL	
  Barrel	
  
ECAL	
  

STT	
  Module	
  

Barrel	
  	
  
RPCs	
  

End	
  
RPCs	
  

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

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

Performance Metric FGT

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

Straw Tube Detector Mass 8 tonnes

Vertex Resolution 0.1 mm

Angular Resolution 2 mrad

Ee Resolution 5%

Eµ Resolution 5%

νµ/ν̄µ ID Yes

νe/ν̄e ID Yes

NCπ0/CCe Rejection 0.1%

NCγ/CCe Rejection 0.2%

CCµ/CCe Rejection 0.01%

3
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Measure Absolute and Relative Flux using ND

νe− → νe− (W. Marciano and Z. Parsa, arXiV: hep-ph/0403168)
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Figure 1: Feynman diagrams for the processes of neutral current (NC) �e-scattering (a), and charged

current (CC) �ee-scattering via the exchange of a W -Boson (b,c).

Kinematics

The kinematics of elastic neutrino electron scattering is fully described by a single variable; for instance
by �e, the angle of the outgoing electron with respect to the neutrino beam. Let E� and Ee be
the energies of the incoming neutrino and outgoing electron respectively, me the electron mass, and
y = Ee=E� be the fractional energy loss of the neutrino in the laboratory system. With the assumption
of me � Ee and the small angle approximation for cos �e one �nds

Ee�
2
e = 2me(1� y); (1)

and, as 0 � y � 1, the experimentally important constraint: Ee�
2
e < 2me:

This means the outgoing electron is scattered in extremely forward direction, which is used experi-
mentally to subtract, on a statistical basis, background events, which have a much broader distribution
in Ee�

2
e . On the other hand this signature makes it impossible to measure directly the y-distribution

of �e-reactions, as reachable resolutions are just in the same order of magnitude as the kinematical
bound.

Cross sections

The model independent e�ective neutral current interaction Lagrangian can be written as [5]:

LNCe� = 2
p
2GF (��L


��L)(gL�eL
�eL + gR�eR
�eR) + h:c: (2)

In the limit of small Q2, propagator e�ects can be neglected. L;R denote the chirality of the fermion.
The same can be expressed in terms of the axialvector and vector couplings of the neutral vector boson
to the electron. The relation between the chiral couplings and geV and geA is given by

2gL = gV + gA and 2gR = gV � gA (3)

From the e�ective Lagrangian the di�erential cross section | often called y-distribution | is
readily calculable:

d���;���

dy
=

2G2
Fme

�
E�

�
g2L;R + g2R;L(1� y)2 � gLgR

mey

E�

�
: (4)

The (1�y)2-term originates from angular momentumconservation, and suppresses backward scattering
(y = 1) of (anti)neutrinos o� (left-)right-handed electrons. For high neutrino energies (E� � me) the
term linear in y is negligible.

2

• Cross section is extremely small, but well known

• σ(νµ,τe → νµ,τe) =
G 2
µmeEν

2π [1− 4 sin2 θW + 16
3 sin4 θW ]

• σ(ν̄µ,τe → ν̄µ,τe) =
G 2
µmeEν

2π [ 1
3 − 4

3 sin2 θW + 16
3 sin4 θW ]

• σ(νee → νee) =
G 2
µmeEν

2π [1 + 4 sin2 θW + 16
3 sin4 θW ]

• σ(ν̄ee → ν̄ee) =
G 2
µmeEν

2π [ 1
3 + 4

3 sin2 θW + 16
3 sin4 θW ]

• σ(νµ,τe):σ(ν̄µ,τe):σ(νee):σ(ν̄ee) = 1:0.854:6.077:2.547
• Assuming 1.2 MW beam power, 5 tons ND fiducial mass, 5 years

neutrino running

• 10.5 k νe− → νe− events, 7.8 k νµe, 1.7 k ν̄µ, 1 k
(−)
ν ee

• A clean determination of the neutrino flux at low energy
Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 13 / 22



Measure Absolute and Relative Flux using ND

Absolute Flux: νe− → νe−

• Signal
• Single, forward e−

• Efficiency ∼ 73%

• Background
• νe CCQE & NC

(charge-symmetric)
• Benign, constrained by “e+”

analysis

• Total neutrino energy
• High resolution tracker allows

the reconstruction of Eν from
(Ee , θe)

• Absolute flux : ∼ 2% precision
in 0.5≤ Eν ≤ 10 GeV range.

calc
νE

1 10 210

E
ff

ic
ie

nc
y

0.2

0.4

0.6

0.8

1

1.2 Efficiency

Impurity

 (GeV)ν
calcE

2 4 6 8 10 12 14 16 18 20

E
ve

nt
s

0

50

100

150

200

250

300

350 True
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Measure Absolute and Relative Flux using ND

Inverse Muon Decay 3

dσ(νl e → lνe )

dy
=

G2
µ

π
(2meEν − (m2

l − m2
e )) (1)

dσ(ν̄ee → l ν̄l )

dy
=

G2
µ

π
(2meEν (1− y)2 − (m2

l − m2
e )(1− y)) (2)

y =
El −

m2
l +m2

e
2me

Eν
(3)

0 ≤ y ≤ ymax = 1−
m2

l

2meEν + m2
e

(4)

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

• Cross section is extremely small, but well known

• σ(νµe− → µ−νe ) ' 3σ(ν̄µe− → µ−ν̄µ) '
2G2

µmeEν

π
' 1.5× 10−41 (Eν/GeV) cm2

• Threshold Eν ≥ m2
l −m2

e

2me
' 10.9 GeV

• 5.4k σ(νµe
− → µ−νe) events assuming 1.2 MW beam power, 5 tons

ND fiducial mass, 5 years neutrino running

• A clean determination of the neutrino flux at higher energy

3W. Marciano and Z. Parsa, arXiV: hep-ph/0403168
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Measure Absolute and Relative Flux using ND

Absolute Flux: ν-e CC Scattering (IMD)

• Signal
• Single, forward µ−

• Efficiency ∼ 91%

• Background
• ∼ 20%, dominated by CCQE

1-track
• Constrained by 2-track νµ-CC

analysis after removing the
“proton”

• Total neutrino energy
• High resolution tracker allows

the reconstruction of Eν from
(Eµ, θµ)

• Absolute flux : ∼ 2.5% precision
in 15≤ Eν ≤ 50 GeV range.
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Measure Absolute and Relative Flux using ND

Absolute Flux: ν̄µ Proton QE Scattering
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Ar
gas C

(C3H6)n

Possible to have additional external target

Possible to install multiple nuclear targets in the fine-grained ND tracker

Subtraction of C target from polypropylene (C3H6)n target provides free proton
Collect O(106) ν CC events and O(106) ν̄ CC events with the 700 kW NuMI beam

Complete flavor and valence/sea separation (d/u at large x)

Precision test of Adler sum rule (current algebra)

SA =

∫ 1

0

dx

x

(
F ν̄p

2 − F νp
2

)
= 2

Comparison of pressurized Ar target with H target gives direct measurement of
nuclear effects in Ar

Roberto Petti USC

• Signal
• Single µ+ obtained after subtraction: (C3H6)n [Radiator] - C [Graphite]
• Collect (1.0± 0.0045)× 106 (subtracted) ν̄-H events (∼ 25% QE)
• Collect (3.3± 0.0090)× 106 (subtracted) ν-H events (∼ 0% QE)

• Background
• Dominated by ν̄µ-CC

• Systematic Handle (ancillary, in situ measurement of the background)

• Conduct the analysis on multi-track
(−)
νµ -CC to check the target location

• Estimate a ∼ 3% precision in 0.5≤ Eν ≤ 20 GeV
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Measure Absolute and Relative Flux using ND

Relative Flux: Low-ν method (S. R. Mishra, World Sci., 84 (1990), Ed. D. Geesman.)
• Low-ν (Ehad = Eν − Eµ): low energy transfer to the hadronic system
• Relative νµ, ν̄µ flux .vs. energy from low-ν method

N(Eν ,EHad < ν0) = kΦ(Eν)fc(
ν0

Eν
) (5)

• The correction factor fc( ν0
Eν

)→ 1 for ν0 → 0

f (
ν0

Eν
) = 1 + (

ν0

Eν
)
B
A + (

ν0

Eν
)2 C

2A + ...... (6)

where A = G 2
FM/π

∫ 1

0
F2(x)dx , B = −G 2

FM/π
∫ 1

0
(F2(x)∓F3(x))dx ,

C = B − G 2
FM/π

∫ 1

0
F2(x)[(1 + 2Mx/ν)/(1 +R(x ,Q2))−Mx/ν − 1]dx .

• In practice use MC to calculate the correction factor normalized at high
neutrino energy Eν

fc(Eν) =
σ(Eν ,EHad < ν0)

σ(Eν →∞,EHad < ν0)
(7)

where denominator is evaluated at the highest energy accessible in spectrum
• Need precise muon energy scale and good resolution at low-ν values

because a larger fraction of the Eν per event is carried by the muon
• Reliable flux predictions for E ≥ 2ν0

• DUNE spectra require ν0 = 0.25− 0.5 GeV

Xinchun Tian (USC, Columbia) DUNE Flux@DIS 2015 042915 18 / 22



Measure Absolute and Relative Flux using ND

The correction factor fc(Eν)
MINOS, PRD 81, 072002 (2010)
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FIG. 5: The low-ν correction, Sν(ν̄)(ν0, E), applied to the flux sample for neutrinos (left) and

antineutrinos (right). The solid line shows Sν(ν̄)(ν0, E) for ν <1GeV applied from 3-9 GeV (5-

9 GeV for ν), dashed line for ν <2GeV applied from 9-18 GeV, and the dotted line for ν <5 GeV

applied above 18 GeV.

with Eν <9 GeV, ν0 =2 GeV for 9< Eν <18 GeV and ν0 =5 GeV for Eν >18 GeV. Fig. 5

shows the size of the low-ν correction for neutrino and antineutrino samples. The correction

for neutrinos is about 3% at 3 GeV and for antineutrino is about 20% at 5 GeV.

The stronger inelasticity dependence of the antineutrino cross section results in the much

larger correction for antineutrinos. In addition, antineutrino CC interactions have lower

inelasticity on average, which causes a large overlap between the cross section and the flux

samples. The overlap decreases with energy from 90% at 3 GeV to about 60% at 6 GeV for

antineutrinos, whereas for neutrinos it is 60% at 3 GeV and below 30% above 6 GeV [44].

We therefore restrict our analysis to the region above 5 GeV for the antineutrino sample.

The low-ν correction introduces a model dependence and model uncertainty to the flux

determination. We account for this uncertainty in the flux by varying the model parameters

described in Sec. IIC and re-calculating the flux. The change in the correction when the

model is varied is 1% or less because it is a fractional term in which the numerator and

denominator are similarly affected.

Fig. 6 and Table II show the extracted neutrino and antineutrino fluxes in the selected

fiducial volume after normalization. The systematic uncertainties on the extracted flux are

discussed in Sec. IV. We correct the input flux model shown in Fig. 1 by reweighting the

simulation with the ratio of the extracted flux to the original simulated flux. The resulting

corrections to the initial simulated flux are consistent with those obtained by a different

17

A. Bodek et al., EPJC 72, 1973 (2012)A. Bodek, U. Sarica, D. Naples and L. Ren: Methods to Determine Neutrino Flux at Low Energies: 5

terms ofW2 only, and energy dependent corrections ratios
to the W2 component:

σνcut(E) =

∫ νcut

νmin(E)

d2σ

dQ2dν
dQ2dν (10)

= σW2
+ σ2 + σ1 + σ3 + σ4 + σ5,

Here, σW2 ≈ σW2(∞), where

σW2
= Scos

∫ νcut

νmin(E)

W2 dν. (11)

σW2(∞) = Scos

∫ νcut

νmin(E=∞)

W2 dν. (12)

and the small corrections to the QE cross section are:

σ2 = Scos

∫ νcut

νmin(E)

[
− ν
E
− Q2 +m2

µ

4E2

]
W2 dν. (13)

σ1 = Scos

∫ νcut

νmin(E)

−
[

(Q2 +m2
µ)

2E2

]
W1 dν.

σ3 = Scos

∫ νcut

νmin(E)

[
Q2

2ME
− ν

4E

Q2 +m2
µ

ME

]
W3 dν.

σ4 = Scos

∫ νcut

νmin(E)

[
m2
µ

(Q2 +m2
µ)

4M2E2

]
W4 dν.

σ5 = Scos

∫ νcut

νmin(E)

[
−m2

µ

ME

]
W5 dν.

The above can be written in terms of fractional correc-
tions:

σνcut(E) = σW2
(∞) [fC ] , (14)

fC = [fW2 + f2 + f1 + f3 + f4 + f5] ,

fW2 =
σW2

σW2
(∞)

≈ 1,

fi =
σi

σW2
(∞)

.

The energy dependent corrections fW2, f1, f2, f3, f3,
and f4 and f5 can be calculated within a specific models.
The theoretical uncertainty in fC determines the system-
atic uncertainty in the relative flux which can extracted
from the “low-ν” events.

1. fW2 = σW2

σW2
(∞) ≈ 1 is well known and does not con-

tribute to the uncertainty in fC .
2. The energy dependent correction f2 is explicit and

therefore does not contribute to the uncertainty in fC .
3. The contributions of f4 and f5 are small since they

are proportional to the square of the muon mass, and
therefore have a negligible contribution to the uncer-
tainty in fC . (Note that the vector parts of f4 and
f5 are known very well since they can be expressed in
terms of the vector parts of W1 and W2).

4. The only non-negligible uncertainty originates from
the modeling of the contributions of f1 and f3 (pri-
marily from f3).
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Fig. 4. Top panel: Neutrino partial charged cross sections per
nucleon for “low-ν” events determined from the GENIE Monte
Carlo[12]. Also shown are the measurements of MINOS on
iron (per nucleon corrected for the excess number of neutrons).
Bottom panel: The fraction of “low-ν” neutrino events in the
GENIE[12] Monte Carlo as compared with the measurements
of MINOS (color online).

The technique does not depend on the modeling ofW2

because the σW2 cross section is the same at all energies.
All energy dependent corrections are expressed in terms of
ratios to σW2

. In quark parton language, the uncertainty
in f1 is related to the uncertainty in the longitudinal struc-
ture function at low Q2 and the uncertainty in f3 is related
to the uncertainty in level of antiquarks in the nucleon at
low Q2. For QE scattering and resonance production the
structure functions are expressed in terms of form factors.

3.1 Partial charged current cross sections

The top panel of Fig. 4 shows the partial neutrino charged
current cross section per nucleon for “low-ν” events (for ν

6 A. Bodek, U. Sarica, D. Naples and L. Ren: Methods to Determine Neutrino Flux at Low Energies:
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Fig. 5. Same as Fig. 4 for the case of antineutrinos. (color
online).

cuts of 0.25, 0.5, 1, 2 and 5 GeV) as a function of energy as
determined by the GENIE[12] Monte Carlo for a carbon
target. The top panel of Fig. 5 shows the corresponding
partial charged current cross sections for antineutrinos.

Also shown are the measurements of the partial charged
current cross sections on iron from the MINOS collabora-
tion (for ν cuts of 1, 2 and 5 GeV). The MINOS cross
sections for iron have been corrected for the excess num-
ber of neutrons in iron. Note that the nuclear corrections
to the structure functions in iron nucleus are larger than
in carbon. Therefore, the partial cross sections on carbon
and on iron may not be the same.

At high energies (as shown in Fig. 4 and 5) the partial
cross sections for a fixed νcut are independent of energy
and are approximately equal for neutrinos and antineu-
trino. The fact that these partial charged current cross
section are relatively independent of energy is the basis
for the “low-ν” method.

The bottom panels of figures 4 and 5 show the fraction
of “low-ν” events predicted by the GENIE Monte Carlo
as compared with the measurements in MINOS. In order
to use the technique at low energies the fractions must
be smaller than 0.6. Therefore, at the lowest energies we
must use ν cuts of 0.25 and 0.50 GeV.

MINOS is a sampling target calorimeter which has
poor resolution at low hadron energy. Therefore, “low-ν”
samples with ν < 0.25 GeV and ν < 0.5 GeV cannot be
defined reliably. On the other hand, since the MINERvA
detector is a fully active target calorimeter, “low-ν” sam-
ples with ν < 0.25 GeV and ν < 0.5 GeV can be used.

3.2 Absolute normalization

Since the neutrino energy range for MINERvA is limited
to lower energies, we propose that the MINERvA charged
current cross section measurements be normalized to the
cross section in the energy range between 10 to 20 GeV
(e.g. at a mean energy of 15.1 GeV). The absolute level of
the charged current cross section at this energy range has
been measured by both the MINOS and NOMAD collab-
orations.

The MINOS total cross section measurement for an
isoscalar iron target at a neutrino energy of 15.1 GEV is

σMINOS
ν /E = 0.708± 0.020× 10−38cm2/GeV

per nucleon in iron. Here the total error of 0.02 is the
combined statistical, systematic and normalization errors
of 0.008± 0.012± 0.015, respectively.

The NOMAD cross section measurement for an isoscalar
carbon target at a neutrino energy of 15.1 GEV is

σNOMAD
ν /E = 0.698± 0.025× 10−38cm2/GeV

per nucleon in carbon.
The MINOS total cross section measurement for an

isoscalar iron target at an antineutrino energy of 15.1 GEV
is

σMINOS
ν̄ /E = 0.304± 0.012× 10−38cm2/GeV

per nucleon in iron. Here, the total error of 0.012 is the
combined statistical, systematic and normalization errors
of 0.007± 0.007± 0.006, respectively.

Alternatively, it may be possible for MINERvA to nor-
malize to the partial cross sections measured by MINOS
for ν < 1 GeV and ν < 2 GeV at 15.1 GeV. These partial
cross sections (which were used by MINOS to determine
their relative flux) are relatively constant between 10 and
20 GeV. However, the MINOS partial cross sections are
measured on iron. The MINERvA target is solid scintil-
lator (i.e. carbon), and the partial cross sections for iron
and carbon can be different. For a neutrino energy of 15.1
GeV MINOS measured the following isoscalar partial cross
sections on iron (per nucleon):

σMINOS
ν (15.1) = 1.729± 0.049× 10−38cm2(ν < 2 GeV)
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Measure Absolute and Relative Flux using ND

Relative Flux: Low-ν method@DUNE with FGT
• Study relative νµ, ν̄µ fluxes in DUNE with EHad < ν0 =0.5 GeV

• Use standalone simulation with DUNE spectra and parameterized detector
smearing

• Perform empirical fits to modified νµ & ν̄µ spectra in ND (fake data)
• Extract modified fluxes and extrapolate to FD

• Considered several systematic uncertainties
• Cross sections QE, Res, DIS
• Variations in ν0 correction
• Muon and hadronic energy scales

• Overall uncertainty on FD/ND flux ratio ∼1-2%

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

78

precision better than ⇠ 5% on the relative flux. The angular resolution of the LAr detector for electrons ⇠ 8� does
not allow a precise measurement of the spectrum due to multiple scattering and shower development.

A third independent method to determine the relative flux as a function of energy is using the quasi-elastic inter-
actions on a deuterium target in the limit of Q2 ! 0. The precision achievable with this technique is the same as the
corresponding absolute flux measurement discussed in the previous Section.

μν

FIG. 74. Ratio FD/ND as determined in the ND with the low-⌫0 method for the ⌫µ flux and a ND located at a distance of
500 m.

c. Flavor Content of the Beam: ⌫µ, ⌫̄µ, ⌫e, ⌫̄e As discussed in the previous Section, the low-⌫0 method allows
the prediction of both the relative ⌫µ and ⌫̄µ at the FD location from the measure of the ⇡+/K+/µ+(⇡�/K�/µ�)
content of the beam at ND. In addition, with a ND capable of identifying ⌫̄e CC interactions we can directly extract
the elusive K0

L content of the beam. Therefore, an accurate measurement of ⌫µ, ⌫̄µ and ⌫̄e CC interactions provides
an absolute prediction of the ⌫e content of the beam, which is an irreducible background for the ⌫e appearance search
in the FD:

⌫e ⌘ µ+(⇡+ ! ⌫µ) � K+(! ⌫µ) � K0
L (11)

⌫̄e ⌘ µ�(⇡� ! ⌫̄µ) � K�(! ⌫̄µ) � K0
L (12)

The µ component is well constrained from ⌫µ(⌫̄µ) CC data at low energy, while the K± component is only partially
constrained by the ⌫µ(⌫̄µ) CC data at high energy and requires external hadro-production measurements of K±/⇡±

ratios at low energy from MIPP. Finally, the K0
L component can be constrained by the ⌫̄e CC data and by external

dedicated measurements at MIPP. The relative contributions to the ⌫e spectrum are 87% (54%) for the µ+, 10%
(33%) for the K+ and 3% (15%) for the K0

L in the energy range 1(5)  E⌫  5(15) GeV. Based on the NOMAD
experience, we expect to achieve a precision of  0.1% on the flux ratio ⌫e/⌫µ. Taking into account the projected
precision of the ⌫µ flux discussed in the previous Section, this translates into an absolute prediction for the ⌫e flux
at the level of 2%. It should be pointed out that while the scintillator based ND option will be able to measure
the ⌫µ, ⌫̄µ, ⌫e + ⌫̄e flavor content of the beam it will not be able to distinguish between ⌫e and ⌫̄e. The non-prompt
backgrounds in the ⌫e + ⌫̄e and in the ⌫̄µ would also be larger.

Finally, the fine-grained ND can directly identify ⌫e CC interactions from the LBNE beam. The relevance of this
measurement is twofold: a) it provides an independent validation for the flux predictions obtained from the low-⌫0

method and b) it can further constrain the uncertainty on the knowledge of the absolute ⌫e flux.
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backgrounds in the ⌫e + ⌫̄e and in the ⌫̄µ would also be larger.
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method and b) it can further constrain the uncertainty on the knowledge of the absolute ⌫e flux.

H. Duyang (USC)

APPLICATION TO LBNE ND

✦ Study relative νµ, ν̄µ, νe fluxes in LBNE with EHad < ν0 = 0.5 GeV :

● Use standalone simulation with LBNE spectra and parameterized detector smearing;

● Perform empirical fits to modified νµ and ν̄µ CC spectra in the ND (fake data);

● Extract modified fluxes and extrapolate to the FD.

=⇒ Focus on the predictions for the FD/ND ratio of fluxes

✦ Considered several systematic uncertainties:

● Cross-sections QE, RES, DIS;

● Variations in ν0 correction;

● Muon and hadronic energy scales δEµ, δEHad.

=⇒ Overall uncertainty on FD/ND flux ratio ∼ 2%

Roberto Petti USC
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Measure Absolute and Relative Flux using ND

Absolute and Relative Flux in DUNE using ND

• Absolute flux
• Leptonic channel

• Neutrino electron NC scattering : expect a ∼ 2% precision in
0.5≤ Eν ≤ 10 GeV

• Neutrino electron CC scattering : expect a ∼ 2.5% precision in Eν ≥
11 GeV

• 2nd channel
• ν̄µ + p → µ+ + n : estimate a ∼ 3% precision in 0.5≤ Eν ≤ 20 GeV

• Coherent channel (νµ +A → νµ +A+ ρ0)

• Relative flux
• Low ν0 method

• (−)
νµ + N → µ± + X : expect a FD/NC ratio at ∼1-2% precision in
0.5≤ Eν ≤50 GeV

• Coherent π/ρ channel

• (−)
ν µA → µ±π∓(ρ∓)A : estimate a high precision in the ν̄µ/νµ ratio in

0.5≤ Eν ≤50 GeV
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Measure Absolute and Relative Flux using ND

Conclusion

The ND complex, with a high resolution FGT, will:

• Determination of the relative abundance and of the energy spectrum
of the four neutrino species in DUNE beam: νµ, ν̄µ, νe , ν̄e
• Extrapolation to FD and predictions of FD/ND(Eν) fluxes to ∼ 1%

• Determination of the absolute νµ and ν̄µ fluxes to ∼ 2% for
oscillation measurements
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Measure Absolute and Relative Flux using ND

MINERνA: νe− → νe− (Jaewon Park, FNAL W&C)

• ν-e scattering events after background subtraction and efficiency
correction
• 123.8±17.0 (stat.)±9.1 (syst)
• Total uncertainty: 15%

• Projected precision in Medium Energy Era, a.k.a, NOνA era
• Statistical uncertainty ∼2%
• Total systematic uncertainty on this measurement ∼7%
• Total uncertainty ∼7.3%
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