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Who am I
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• Researcher at SLAC, Stanford University
• Member of DUNE since 2018
• Participant in some other neutrino experiments, such as T2K



OUTLINE

3

• DUNE long baseline physics goals . . .  particularly CP violation
• The role of the DUNE Near Detector
• Quick overview of DUNE Near Detector

• a few important features . . . .
• Review of Requirements
• Summary
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PHYSICS GOALS OF DUNE
• Scope: CP violation in long-baseline neutrino oscillations
• “Initial” goal

- Reach 3 σ significance for maximal CPV (δCP= -π/2)
- Advance world knowledge on DUNE’s primary physics goal 

• “Nominal” goals:
- (3,5) σ observation for (75, 50)% of δCP values (“P5 goal”)
- δCP precision 10°, 20° for δCP = 0,-π/2

• ⟹ Initial/Nominal requirements: 

• n.b.: 
• Additional physics topics where the near detector is relevant/central

• these will not be discussed here
• TDR Staging Assumptions: 

• Beam Power : Year 1: 1.2 MW, Year 6-  2.4 MW 
• Detectors: Y1: 20 kt, Y2-3: 30 kt, Y4-: 40 kt

07.07.204

Chapter 5: Standard neutrino oscillation physics program 5–166

Physics Milestone Exposure (staged years, sin2 ◊23 = 0.580)

5‡ Mass Ordering 1

”CP = -fi/2

5‡ Mass Ordering 2

100% of ”CP values

3‡ CP Violation 3

”CP = -fi/2

3‡ CP Violation 5

50% of ”CP values

5‡ CP Violation 7

”CP = -fi/2

5‡ CP Violation 10

50% of ”CP values

3‡ CP Violation 13

75% of ”CP values

”CP Resolution of 10 degrees 8

”CP = 0

”CP Resolution of 20 degrees 12

”CP = -fi/2

sin2 2◊13 Resolution of 0.004 15

Table 5.11: Exposure in years, assuming true normal ordering and equal running in neutrino and
antineutrino mode, required to reach selected physics milestones in the nominal analysis, using the
NuFIT 4.0 best-fit values for the oscillation parameters. As discussed in Section 5.9.4, there are
significant variations in sensitivity with the value of sin2 ◊23, so the exact values quoted here are strongly
dependent on that choice. The staging scenario described in Section 5.2 is assumed. Exposures are
rounded to the nearest year. For reference, 30, 100, 200, 336, 624, and 1104 kt · MW · year correspond
to 1.2, 3.1, 5.2, 7, 10, and 15 staged years, respectively.

DUNE Physics The DUNE Technical Design Report
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• Predict the observed spectrum of neutrino 
interactions at FD
• Transfer measurements to the FD
• Constrain the cross section model
• Measure the neutrino flux
• Obtain measurements with different fluxes
• Monitor time variation of the neutrino beam
• Operate in high rate environment

DUNE global science requirement DUNE ND Overarching Requirements

ND-O0

ND-O1

ND-O2

ND-O3

ND-O4

ND-O5

ND-O6

MORE FORMALLY

• n.b.:
• The far detector (FD) is a LArTPC
• ND operates in the near detector hall
• What FD measures involves both R and σ

• R depends on what particles emerge, how the detector responds
• each must be modelled accurately to predict the observables

• Backgrounds introduce additional considerations
• Predicting the signal has critical systematic uncertainties that must 

be addressed as shown here

ND measurements shall be of sufficient precision to 
ensure that when extrapolated to FD to predict the FD 
event spectra, the associated systematic error must 
not dominate the measurement precision.

H. A. Tanaka | Requirements for the DUNE Near Detectors
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STRUCTURE OF DUNE ND REQUIREMENTS
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• Overarching:
- Broad statements on needed “deliverables” from the ND for the DUNE long baseline analysis 

• Measurements: 
- What measurements are performed at the ND to fulfill the overarching requirements? and how well?
- These are in principle subsystem agnostic but are assigned to specific subsystems to carry out
- I will introduce 10 measurement requirements (ND-MX) to fulfill the overarching requirements

• Capabilities: 
- What capabilities do the ND systems need to perform the measurements? 
- These capabilities are assigned to specific subsystems which will carry out the measurements
- I will  breeze through these (ND-CX) and leave further discussion to system-specific talks.

• Technical:
- What technical/physical characteristics does the subsystem need to have these capabilities?
- These are still in development . . . . and will be addressed in the following talks

H. A. Tanaka | Requirements for the DUNE Near Detectors



TARGET UNCERTAINTIES:
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normal ordering
δCP=0 δCP=-π/2 Variation

1155 1395 0.21
19 14

Beam 228 228
Other bkg 135 134
Total 1537 1771 0.15

νμ → νe
ν̄μ → ν̄e

νe + ν̄e

FHC (“ -mode”) 3.5 Staged Yearsν

normal ordering
δCP=0 δCP=-π/2 Variation

81 95
236 164 0.44

Beam 145 145
Other bkg 68 68
Total 530 475 0.12

νμ → νe
ν̄μ → ν̄e

νe + ν̄e

RHC (“ -mode”) 3.5 Staged Yearsν̄

• Maximal CPV  is in principle a large effect 
• diluted to ~15% variation in  events by backgrounds

• To detect this, one roughly needs:
- <5% total (stat. + sys.) error to achieve 3 σ significance
- <3% total (stat. + sys.) error to achieve 5 σ significance

• aim for balance of statistical/systematic error
- Initial target for total systematic error: < ~3%
- Nominal target for total systematic error: <  ~2%

• n.b.: 
• T2K/NOvA achieve ~7-8% uncertainty in this metric after 

O(decade) of operation/analysis
• This will guide the measurement requirements in what follows

νe /ν̄e

H. A. Tanaka | Requirements for the DUNE Near Detectors



The DUNE NEAR DETECTOR (ND)
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Chapter 2: Liquid Argon TPC - ND-LAr 2–26

Figure 2.1: Illustration of the ND hall, showing the detector subcomponents. With respect to a beam,
which points from right to left in this image, ND-LAr is the most upstream, immediately downstream
is ND-GAr, which serves ND-LAr as a muon spectrometer. Beyond ND-GAr, is SAND.

of the ND. In Section 2.3, an overview of the ArgonCube R&D program is given, including a1

focus on a multi-tonne scale demonstrator that forms the core component of prototype DUNE2

ND (ProtoDUNE-ND). A dedicated discussion of the physics goals of ProtoDUNE-ND is given3

in Section 2.4. In Section 2.5, a discussion of the optimization of the active volume of ND-LAr4

to achieve good acceptance across the cross-section phase space is given. Expected event rates5

in ND-LAr are presented in Section 2.6. Methods to determine the muon and electron momenta6

resolution scale uncertainties are discussed in Section 2.7. Finally, techniques to constrain the flux7

using neutrino-electron elastic scattering and the low-‹ method are described in Section 2.8.8

2.2 Requirements9

Primary requirements10

• The ND-LAr must be as functionally similar to the FD as is practical given the intensity11

of the beam at the near site. This allows for the cancellation of detector and target related12

systematic uncertainties to the greatest extent possible in comparing what is observed in the13

ND with that seen in the FD (the so-called near-to-far extrapolation).14

• The ND-LAr must be able to measure the neutrino flux using standard techniques with15

su�cient statistics that it can constrain the flux at the FD over periods relevant for oscillation16

analyses.17

• The ND-LAr must have the ability to reconstruct the neutrino energy as well or better than18

DUNE Near Detector Conceptual Design Report

• ND-LAr: 
-  LArTPC in 1 (w) x 3 (h) x 1 (d) m3 modules
-  67 tons of fiducial mass in a 7x5 array

• ND-GAr:
- Magnetized 10 Atm GAr TPC (~1 ton of target)
- Electromagnetic calorimetry and muon detection system
- Downstream muon spectrometry for ND-LAr

• can be temporarily fulfilled with magnetized iron spectrometer 
(TMS) in “initial” requirements.

• SAND: 
- On-axis beam monitoring system
- Plastic scintillator target surrounded by gaseous tracking 

chambers in the KLOE magnet+ECAL system
• DUNE-PRISM

- Movement of ND-LAr/(TMS/ND-GAr) up to 30.5 meters to 
sample off-axis neutrino fluxes

���
���35,17('���������

ND-LArND-GArSAND

TMSDUNE-PRISM

H. A. Tanaka | Requirements for the DUNE Near Detectors



DUNE-PRISM
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• DUNE-PRISM (ND-O4) is an initial requirement
• Neutrino oscillations depend on the true neutrino energy

• (Model dependence/uncertainty in neutrino energy reconstruction)
• Modelling must be correct with respect to  to correctly incorporate oscillations
• It is not sufficient for observables to “agree” in ND and FD

• These are convolutions over the spectrum that can hide/obscure mismodelling. 
• The “Off-axis” effect (aka 2-body decay kinematics) 

• breaks the correlation between the parent pion energy and the child neutrino
• spectrum moves to lower energy and narrows

• The ability to expose the near detector to different neutrino fluxes
• reveals mismodelling that cannot be detected with a single spectrum measurement 
• by sampling multiple positions/fluxes, measures -dependence of observables 

• Plausible mismodelling scenarios can impact the initial goals 

Eν

Eν

NFD(⌫↵ ! ⌫� , EREC) =

Z
dE⌫ ⇥ �(⌫↵, E⌫)⇥ P (⌫↵ ! ⌫� , E⌫)⇥ V ⇥ n⇥R(⌫� , EREC , E⌫)⇥ �(⌫� , E⌫)
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off-axis
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BEAM MONITORING
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• A high intensity neutrino beamline with ~1 MW proton beam is a vibrant environment

Target He Leak Problem
• In-situ leak hunt (Late Jul.~mid. Aug.) 

• A tiny leak found around the target, but not identified the position. 

• Horn1 transferred to Maintenance Area for further inspection (mid. Aug.~late Sep.) 
• He leak hunt in Maintenance Area (from late Sep.) 

• A leak from ceramic break at target U-shape pipe 

• Possibly, deformation by insufficient heat treatment after welding/bending caused sheer 
stress on the ceramic-SUS joint part. 

• U-shape pipe of  spare target also deformed for a couple of  years. 

• Modification/replacement of  the U-shape pipe were needed.

4

Same components
!=

Stable beam

• MINOS Run II and III
taken with same target

0 1000 2000 3000 4000 5000 6000

NT01

NT02

NT03

NT04

NT05

NT06

NT07

MET-01

MET-02

MET-03

MET-05

MINOS

Horn tilt

• Broken bushing caused 
horn to tilt 1-2mm

• Most dramatically, components can fail and stop operations
• However, they also just change without failing, changing the neutrino flux

• As we scale the intensity frontier, beam monitoring will be more 
important than ever 

• each picture has a story that either 
stopped or changed the neutrino beam

H. A. Tanaka | Requirements for the DUNE Near Detectors
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ND-O1/O2: TRANSFER MEASUREMENTS TO FD, CONSTRAIN MODEL
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• ND-M1: address “transferability”  by ensuring relevant FD 
observables can be reproduced in ND
• Presupposes a LArTPC component of the ND (ND-LAr) 

• requirements pertain to events observed in ND-LAr 
• performance must be comparable/better than FD

• ND-M2: address limitations of LArTPC to probe neutrino 
interactions that arise generically from density of LAr
• secondary interactions, thresholds, sign selection, etc.
• more specific issue arise from size constraints of ND-LAr

Chapter 1: Introduction 1–18

Table 1.3: Measurement requirements for ND .

Label Description Spec. Rationale System Ref.
Req.

ND-M1 Classify interactions
and measure outgoing
particles in a LArTPC
with performance com-
parable to or exceeding
that of the FD

N/A The ND must have a LArTPC
with reconstruction capabilities
comparable/exceeding the far de-
tector in order to e�ectively
transfer measurements.

ND-GAr,
ND-LAr

ND-O1,
ND-O2

ND-M2 Measure outgoing par-
ticles in ‹-Ar interac-
tions with uniform ac-
ceptance, lower thresh-
olds than a LArTPC,
and with minimal sec-
ondary interaction ef-
fects

N/A The ND must measure outgoing
recoil particles (fi, p, “) in ‹-Ar
interactions to ensure that sensi-
tive phase space is properly mod-
eled.

ND-GAr ND-O1,
ND-O2

ND-M3 Measure the ‹ flux
using neutrino-electron
scattering

N/A The ND must measure the flux
with ‹-e scattering, a standard
candle that provides a normaliza-
tion measurement.

ND-LAr ND-O3

ND-M4 Measure the neutrino
flux spectrum using the
’low-‹’ method

N/A The ND must identify/measure
low recoil events which have flat
energy dependence in order to
measure the spectrum.

ND-LAr,
ND-GAr

ND-O3

ND-M5 Measure the wrong sign
contamination

N/A The ND must measure and vali-
date the modeling of wrong-sign
interactions that dilute the oscil-
lation asymmetries at the FD.

ND-GAr ND-O3

ND-M6 Measure the intrinsic
beam ‹e component

N/A The ND must measure and val-
idate the modeling of this irre-
ducible background

ND-LAr,
ND-GAr

ND-O3

ND-M7 Take measurements
with o�-axis fluxes with
spectra spanning region
of interest

0.5-3.0
GeV

The ND must be able to move o�
the beam axis to take data with
di�erent neutrino spectra.

ND-LAr,
ND-GAr,
DUNE-
PRISM

ND-O4

ND-M8 Monitor the beam rate
on-axis

N/A The ND must have a component
that remains on-axis where beam
monitoring is most sensitive and
collects a su�cient number of ‹µ

CC events.

SAND ND-O5

ND-M9 Monitor the beam spec-
trum on-axis

N/A The ND must use spectrum infor-
mation to detect representative
changes in the beam line.

SAND ND-O5

DUNE Near Detector Conceptual Design Report
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each level the requirements are driven by those one step higher in the hierarchy and are fulfilled1

by those one step lower in the hierarchy. Since the fulfillment of the overarching requirements will2

be primarily verified by full oscillation sensitivity studies, this isolation allows the evaluation of3

lower level requirements without full sensitivity studies.4

A few notes regarding the current state of the requirements:5

• The requirements focus on the immediate needs of the long-baseline neutrino oscillation6

analysis. Neutrino interaction/cross section and beyond the standard model physics are an7

important part of the ND and DUNE program overall. However the requirements for these8

physics programs are not reflected in these tables and will be articulated separately. Likewise9

there are many measurements, particularly neutrino interaction studies, that would provide10

important cross checks which are also not in the scope of these requirements.11

• The requirements remain a work in progress and will be continuously developed as simula-12

tion tools and other developments continue. In some cases, the requirements, particularly13

for the higher level overarching and measurement requirements, do not lend themselves to14

quantitative specifications. In other cases, such specifications are still being studied.15

Table 1.2: Overarching requirements for ND.

Label Description Rationale
ND-O0 Predict the observed neutrino spec-

trum at FD
With available external information, the ND must pre-
dict observables at the FD in the presence of oscillation
e�ects.

ND-O1 Transfer measurements to the FD Measurements at the ND must be transferable to the FD
in order to minimize systematic uncertainties

ND-O2 Constrain the cross-section model Systematic errors from cross section modeling couple the
FD response to the neutrino energy/flavor

ND-O3 Measure the Neutrino Flux The ND must constrain the flux beyond what is achieved
by ab initio modeling of the neutrino beam

ND-O4 Obtain measurements with di�erent
fluxes

The ND must verify that model predictions are robust
with di�erent neutrino fluxes.

ND-O5 Monitor time variation of the neu-
trino beam

The ND must detect potential variations in the neutrino
flux.

ND-O6 Operate in high rate environment All ND components must fulfill requirements in the pres-
ence of cosmic, beam-related backgrounds, and pileup.

1.3.1 Overarching Requirements16

The overarching requirements are summarized in Table 1.2. Within these requirements, ND-O017

represents the ultimate goal of the ND in the context of the long-baseline neutrino oscillation18

measurement, namely to predict the expected observables at the FD, which include the number19

selected neutrinos of each flavor, their reconstructed energy and other relevant kinematic vari-20

ables (e.g. energy transfer), and backgrounds, as a function of the oscillation parameters. This21

prediction is compared to the corresponding observations at the FD to extract the oscillation22

parameters. The process is assisted by a priori information about the neutrino flux, neutrino23

DUNE Near Detector Conceptual Design Report

• Capability requirements for ND-M1 (ND-LAr) : based on that currently demonstrated in FD
- Efficiency, purity, Eν resolution for νµ/νe CC events, detection thresholds for individual particles
• Containment requirements for muons and hadrons: 

- muons: requires spectrometer downstream with resolution comparable/better than LAr range
- hadrons: full containment for a fraction of events across phase space of Eν, Ehad→ requirements on ND-LAr active volume

H. A. Tanaka | Requirements for the DUNE Near Detectors



ND-O1/O2: TRANSFER MEASUREMENTS TO FD, CONSTRAIN MODEL
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• Case study of discrepancy in pion production model in two generators (NuWRO, GENIE) 
• introduces large biases/systematics into extraction of δCP 

• ND-LAr will allow a limited correction for these channels (ND-M1)→ large biases/systematics remain
• ND-GAr can make clean channel specific corrections (ND-M2)→ biases significantly reduced

• Takeaways:
• Initial goals can be met without ND-M2

• TMS can deliver the required muon 
spectrometry capabilities for ND-LAr

• Anything beyond detecting maximal 
CPV requires ND-M2 (ND-GAr)

Impact on Initial goal: 
• 3 σ for maximal CP violation: not much
• 5 σ: 30% more exposure (note staging)

Impact on Nominal goals: for non-maximal CP:
• Year 5: 3 σ for 50% δCP requires significantly more exposure
• Year 10: 5 σ for 50% δCP possibly never met

H. A. Tanaka | Requirements for the DUNE Near Detectors



ND-O3: FLUX MEASUREMENTS
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• Expected ab initio uncertainties on absolute neutrino flux is ~5-7%
• Relative flux at ND/FD constrained to ~1.5%

• ND-M3: constrain the total flux* with ν-e scattering
• leptonic “standard candle” providing flux normalization  
• initial: verify ab initio model to ~5%
• nominal: constrain flux to 2% (cf. target of 3% total uncertainty)

• Capability Requirements (ND-LAr) for ND-M3:
• sufficient fiducial mass: very small cross section
• reconstruct forward lone electron (energy/angle resolution)
• reject: photons from π0s, νe CC interactions 

Chapter 1: Introduction 1–18

Table 1.3: Measurement requirements for ND .

Label Description Spec. Rationale System Ref.
Req.

ND-M1 Classify interactions
and measure outgoing
particles in a LArTPC
with performance com-
parable to or exceeding
that of the FD

N/A The ND must have a LArTPC
with reconstruction capabilities
comparable/exceeding the far de-
tector in order to e�ectively
transfer measurements.

ND-GAr,
ND-LAr

ND-O1,
ND-O2

ND-M2 Measure outgoing par-
ticles in ‹-Ar interac-
tions with uniform ac-
ceptance, lower thresh-
olds than a LArTPC,
and with minimal sec-
ondary interaction ef-
fects

N/A The ND must measure outgoing
recoil particles (fi, p, “) in ‹-Ar
interactions to ensure that sensi-
tive phase space is properly mod-
eled.

ND-GAr ND-O1,
ND-O2

ND-M3 Measure the ‹ flux
using neutrino-electron
scattering

N/A The ND must measure the flux
with ‹-e scattering, a standard
candle that provides a normaliza-
tion measurement.

ND-LAr ND-O3

ND-M4 Measure the neutrino
flux spectrum using the
’low-‹’ method

N/A The ND must identify/measure
low recoil events which have flat
energy dependence in order to
measure the spectrum.

ND-LAr,
ND-GAr

ND-O3

ND-M5 Measure the wrong sign
contamination

N/A The ND must measure and vali-
date the modeling of wrong-sign
interactions that dilute the oscil-
lation asymmetries at the FD.

ND-GAr ND-O3

ND-M6 Measure the intrinsic
beam ‹e component

N/A The ND must measure and val-
idate the modeling of this irre-
ducible background

ND-LAr,
ND-GAr

ND-O3

ND-M7 Take measurements
with o�-axis fluxes with
spectra spanning region
of interest

0.5-3.0
GeV

The ND must be able to move o�
the beam axis to take data with
di�erent neutrino spectra.

ND-LAr,
ND-GAr,
DUNE-
PRISM

ND-O4

ND-M8 Monitor the beam rate
on-axis

N/A The ND must have a component
that remains on-axis where beam
monitoring is most sensitive and
collects a su�cient number of ‹µ

CC events.

SAND ND-O5

ND-M9 Monitor the beam spec-
trum on-axis

N/A The ND must use spectrum infor-
mation to detect representative
changes in the beam line.

SAND ND-O5

DUNE Near Detector Conceptual Design Report
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each level the requirements are driven by those one step higher in the hierarchy and are fulfilled1

by those one step lower in the hierarchy. Since the fulfillment of the overarching requirements will2

be primarily verified by full oscillation sensitivity studies, this isolation allows the evaluation of3

lower level requirements without full sensitivity studies.4

A few notes regarding the current state of the requirements:5

• The requirements focus on the immediate needs of the long-baseline neutrino oscillation6

analysis. Neutrino interaction/cross section and beyond the standard model physics are an7

important part of the ND and DUNE program overall. However the requirements for these8

physics programs are not reflected in these tables and will be articulated separately. Likewise9

there are many measurements, particularly neutrino interaction studies, that would provide10

important cross checks which are also not in the scope of these requirements.11

• The requirements remain a work in progress and will be continuously developed as simula-12

tion tools and other developments continue. In some cases, the requirements, particularly13

for the higher level overarching and measurement requirements, do not lend themselves to14

quantitative specifications. In other cases, such specifications are still being studied.15

Table 1.2: Overarching requirements for ND.

Label Description Rationale
ND-O0 Predict the observed neutrino spec-

trum at FD
With available external information, the ND must pre-
dict observables at the FD in the presence of oscillation
e�ects.

ND-O1 Transfer measurements to the FD Measurements at the ND must be transferable to the FD
in order to minimize systematic uncertainties

ND-O2 Constrain the cross-section model Systematic errors from cross section modeling couple the
FD response to the neutrino energy/flavor

ND-O3 Measure the Neutrino Flux The ND must constrain the flux beyond what is achieved
by ab initio modeling of the neutrino beam

ND-O4 Obtain measurements with di�erent
fluxes

The ND must verify that model predictions are robust
with di�erent neutrino fluxes.

ND-O5 Monitor time variation of the neu-
trino beam

The ND must detect potential variations in the neutrino
flux.

ND-O6 Operate in high rate environment All ND components must fulfill requirements in the pres-
ence of cosmic, beam-related backgrounds, and pileup.

1.3.1 Overarching Requirements16

The overarching requirements are summarized in Table 1.2. Within these requirements, ND-O017

represents the ultimate goal of the ND in the context of the long-baseline neutrino oscillation18

measurement, namely to predict the expected observables at the FD, which include the number19

selected neutrinos of each flavor, their reconstructed energy and other relevant kinematic vari-20

ables (e.g. energy transfer), and backgrounds, as a function of the oscillation parameters. This21

prediction is compared to the corresponding observations at the FD to extract the oscillation22

parameters. The process is assisted by a priori information about the neutrino flux, neutrino23
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was no significant change to the sensitivity for a small171

number of test cases. By the 10th principal compo-172

nent, the eigenvalue is 1% of the largest eigenvalue. As173

may be expected, the largest uncertainties correspond174

to the largest principal components as shown in Fig-175

ure 4. The largest principal component (component 0)176

matches the hadron production uncertainty on nucleon-177

nucleus interactions in a phase space region not covered178

by data. Components 3 and 7 correspond to the data-179

constrained uncertainty on proton interactions in the180

target producing pions and kaons, respectively. Compo-181

nents 5 and 11 correspond to two of the largest focus-182

ing uncertainties, the density of the target and the horn183

current, respectively. Other components not shown ei-184

ther do not fit a single uncertain parameter or may rep-185

resent two or more degenerate systematics or ones that186

produce anti-correlations in neighboring energy bins.187

Neutrino energy (GeV)
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Component 0 N+A unconstrained
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Component 5 Target density
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DUNE Simulation

Fig. 4 Select flux principal components are compared to spe-
cific underlying uncertainties from the hadron production and
beam focusing models. Note that while these are shown as
positive shifts, the absolute sign is arbitrary.

Future hadron production measurements are ex-188

pected to improve the quality of, and the resulting con-189

straints on, these flux uncertainty estimates. Approx-190

imately 40% of the interactions that produce neutri-191

nos in the LBNF beam simulation have no direct data192

constraints. Large uncertainties are assumed for these193

interactions. The largest unconstrained sources of un-194

certainty are proton quasielastic interactions and pion195

and kaon rescattering in beamline materials. The pro-196

posed EMPHATIC experiment [21] at Fermilab will be197

able to constrain quasielastic and low-energy interac-198

tions that dominate the lowest neutrino energy bins.199

The NA61 experiment at CERN has taken data that200

will constrain many higher energy interactions, and also201

plans to measure hadrons produced on a replica LBNF202

target, which would provide tight constraints on all in-203

teractions occurring in the target. A similar program204

at NA61 has reduced flux uncertainties for the T2K ex-205

periment from ⇠10% to ⇠5% [22]. Another proposed206

experiment, the LBNF spectrometer [23], would mea-207

sure hadrons after both production and focusing in the208

horns to further constrain the hadron production un-209

certainties, and could also be used to experimentally210

assess the impact of shifted alignment parameters on211

the focused hadrons (rather than relying solely on sim-212

ulation).213

3 Neutrino interaction model and uncertainties214

A framework for considering the impact of neutrino in-215

teraction model uncertainties on the oscillation analysis216

has been developed. The default interaction model is217

implemented in v2.12.10 of the GENIE generator [24,218

25]. Variations in the cross sections are implemented219

in various ways: using GENIE reweighting parameters220

(sometimes referred to as “GENIE knobs”); with ad221

hoc weights of events that are designed to parameter-222

ize uncertainties or cross-section corrections currently223

not implemented within GENIE; or through discrete224

alternative model comparisons. The latter are achieved225

through alternative generators, alternative GENIE con-226

figurations, or custom weightings, which made exten-227

sive use of the NUISANCE package [26] in their devel-228

opment.229

The interaction model components and uncertain-230

ties can be divided into seven groups: (1) initial state,231

(2) hard scattering and nuclear modifications to the232

quasielastic, or one-particle one-hole (1p1h) process,233

(3) multinucleon, or two-particle two-hole (2p2h), hard234

scattering processes, (4) hard scattering in pion pro-235

duction processes, (5) higher invariant mass (W ) and236

neutral current (NC) processes, (6) final-state interac-237

tions (FSI), (7) neutrino flavor dependent di↵erences.238

Uncertainties are intended to reflect current theoretical239

freedom, deficiencies in implementation, and/or current240

experimental knowledge.241

The default nuclear model in GENIE describing the242

initial state of nucleons in the nucleus is the Bodek-243

Ritchie global Fermi gas model [27]. There are signif-244

icant deficiencies that are known in global Fermi gas245

models: these include a lack of consistent incorporation246

of the high-momentum tails in the nucleon momentum247

distribution that result from correlations among nu-248

cleons; the lack of correlation between location within249

the nucleus and momentum of the nucleon; and an in-250

correct relationship between momentum and energy of251

the o↵-shell, bound nucleon within the nucleus. They252

• ND-M4: use “low-ν” method
• ~constant σ for low-Ehad events to 

measure shape of flux
• initial: no requirements
• nominal: 5% measurement >1 GeV

*decomposition of flavor is needed to verify 
primary  (FHC),  (RHC) flux (see next slide)νμ ν̄μ

H. A. Tanaka | Requirements for the DUNE Near Detectors
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Two ~irreducible backgrounds in FD:
• ND-M5: “wrong-sign” contribution

• much worse in RHC
• initial: (10/40*)% in RHC/FHC
• nominal: (5/20*)% in RHC/FHC

• Capability requirements (ND-LAr, TMS):
• sign-selected measurement of νμ-CC at ND-

LAr in spectrometer
• ND-M6: beam νe component

• Dominant background for νe analysis
• initial: 5%
• nominal: 2%

• Capabilities requirements (ND-LAr):
• fulfilled by related ND-M3 requirements to 

identify ν-e events

Chapter 1: Introduction 1–18

Table 1.3: Measurement requirements for ND .

Label Description Spec. Rationale System Ref.
Req.

ND-M1 Classify interactions
and measure outgoing
particles in a LArTPC
with performance com-
parable to or exceeding
that of the FD

N/A The ND must have a LArTPC
with reconstruction capabilities
comparable/exceeding the far de-
tector in order to e�ectively
transfer measurements.

ND-GAr,
ND-LAr

ND-O1,
ND-O2

ND-M2 Measure outgoing par-
ticles in ‹-Ar interac-
tions with uniform ac-
ceptance, lower thresh-
olds than a LArTPC,
and with minimal sec-
ondary interaction ef-
fects

N/A The ND must measure outgoing
recoil particles (fi, p, “) in ‹-Ar
interactions to ensure that sensi-
tive phase space is properly mod-
eled.

ND-GAr ND-O1,
ND-O2

ND-M3 Measure the ‹ flux
using neutrino-electron
scattering

N/A The ND must measure the flux
with ‹-e scattering, a standard
candle that provides a normaliza-
tion measurement.

ND-LAr ND-O3

ND-M4 Measure the neutrino
flux spectrum using the
’low-‹’ method

N/A The ND must identify/measure
low recoil events which have flat
energy dependence in order to
measure the spectrum.

ND-LAr,
ND-GAr

ND-O3

ND-M5 Measure the wrong sign
contamination

N/A The ND must measure and vali-
date the modeling of wrong-sign
interactions that dilute the oscil-
lation asymmetries at the FD.

ND-GAr ND-O3

ND-M6 Measure the intrinsic
beam ‹e component

N/A The ND must measure and val-
idate the modeling of this irre-
ducible background

ND-LAr,
ND-GAr

ND-O3

ND-M7 Take measurements
with o�-axis fluxes with
spectra spanning region
of interest

0.5-3.0
GeV

The ND must be able to move o�
the beam axis to take data with
di�erent neutrino spectra.

ND-LAr,
ND-GAr,
DUNE-
PRISM

ND-O4

ND-M8 Monitor the beam rate
on-axis

N/A The ND must have a component
that remains on-axis where beam
monitoring is most sensitive and
collects a su�cient number of ‹µ

CC events.

SAND ND-O5

ND-M9 Monitor the beam spec-
trum on-axis

N/A The ND must use spectrum infor-
mation to detect representative
changes in the beam line.

SAND ND-O5

DUNE Near Detector Conceptual Design Report
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each level the requirements are driven by those one step higher in the hierarchy and are fulfilled1

by those one step lower in the hierarchy. Since the fulfillment of the overarching requirements will2

be primarily verified by full oscillation sensitivity studies, this isolation allows the evaluation of3

lower level requirements without full sensitivity studies.4

A few notes regarding the current state of the requirements:5

• The requirements focus on the immediate needs of the long-baseline neutrino oscillation6

analysis. Neutrino interaction/cross section and beyond the standard model physics are an7

important part of the ND and DUNE program overall. However the requirements for these8

physics programs are not reflected in these tables and will be articulated separately. Likewise9

there are many measurements, particularly neutrino interaction studies, that would provide10

important cross checks which are also not in the scope of these requirements.11

• The requirements remain a work in progress and will be continuously developed as simula-12

tion tools and other developments continue. In some cases, the requirements, particularly13

for the higher level overarching and measurement requirements, do not lend themselves to14

quantitative specifications. In other cases, such specifications are still being studied.15

Table 1.2: Overarching requirements for ND.

Label Description Rationale
ND-O0 Predict the observed neutrino spec-

trum at FD
With available external information, the ND must pre-
dict observables at the FD in the presence of oscillation
e�ects.

ND-O1 Transfer measurements to the FD Measurements at the ND must be transferable to the FD
in order to minimize systematic uncertainties

ND-O2 Constrain the cross-section model Systematic errors from cross section modeling couple the
FD response to the neutrino energy/flavor

ND-O3 Measure the Neutrino Flux The ND must constrain the flux beyond what is achieved
by ab initio modeling of the neutrino beam

ND-O4 Obtain measurements with di�erent
fluxes

The ND must verify that model predictions are robust
with di�erent neutrino fluxes.

ND-O5 Monitor time variation of the neu-
trino beam

The ND must detect potential variations in the neutrino
flux.

ND-O6 Operate in high rate environment All ND components must fulfill requirements in the pres-
ence of cosmic, beam-related backgrounds, and pileup.

1.3.1 Overarching Requirements16

The overarching requirements are summarized in Table 1.2. Within these requirements, ND-O017

represents the ultimate goal of the ND in the context of the long-baseline neutrino oscillation18

measurement, namely to predict the expected observables at the FD, which include the number19

selected neutrinos of each flavor, their reconstructed energy and other relevant kinematic vari-20

ables (e.g. energy transfer), and backgrounds, as a function of the oscillation parameters. This21

prediction is compared to the corresponding observations at the FD to extract the oscillation22

parameters. The process is assisted by a priori information about the neutrino flux, neutrino23

DUNE Near Detector Conceptual Design Report

normal ordering
δCP=0 δCP=-π/2

1155 1395
19 14

Beam 228 228
Other bkg 135 134
Total 1537 1771

νμ → νe
ν̄μ → ν̄e

νe + ν̄e

FHC ( ) 3.5 Staged Yearsν

normal ordering
δCP=0 δCP=-π/2

81 95
236 164

Beam 145 145
Other bkg 68 68
Total 530 475

νμ → νe
ν̄μ → ν̄e

νe + ν̄e

RHC ( ) 3.5 Staged Yearsν̄

*FHC requirements are driven by verifying  flux in 
conjunction with  elastic measurement, not the 
wrong sign contribution to the νe appearance

νμ
ν − e
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each level the requirements are driven by those one step higher in the hierarchy and are fulfilled1

by those one step lower in the hierarchy. Since the fulfillment of the overarching requirements will2

be primarily verified by full oscillation sensitivity studies, this isolation allows the evaluation of3

lower level requirements without full sensitivity studies.4

A few notes regarding the current state of the requirements:5

• The requirements focus on the immediate needs of the long-baseline neutrino oscillation6

analysis. Neutrino interaction/cross section and beyond the standard model physics are an7

important part of the ND and DUNE program overall. However the requirements for these8

physics programs are not reflected in these tables and will be articulated separately. Likewise9

there are many measurements, particularly neutrino interaction studies, that would provide10

important cross checks which are also not in the scope of these requirements.11

• The requirements remain a work in progress and will be continuously developed as simula-12

tion tools and other developments continue. In some cases, the requirements, particularly13

for the higher level overarching and measurement requirements, do not lend themselves to14

quantitative specifications. In other cases, such specifications are still being studied.15

Table 1.2: Overarching requirements for ND.

Label Description Rationale
ND-O0 Predict the observed neutrino spec-

trum at FD
With available external information, the ND must pre-
dict observables at the FD in the presence of oscillation
e�ects.

ND-O1 Transfer measurements to the FD Measurements at the ND must be transferable to the FD
in order to minimize systematic uncertainties

ND-O2 Constrain the cross-section model Systematic errors from cross section modeling couple the
FD response to the neutrino energy/flavor

ND-O3 Measure the Neutrino Flux The ND must constrain the flux beyond what is achieved
by ab initio modeling of the neutrino beam

ND-O4 Obtain measurements with di�erent
fluxes

The ND must verify that model predictions are robust
with di�erent neutrino fluxes.

ND-O5 Monitor time variation of the neu-
trino beam

The ND must detect potential variations in the neutrino
flux.

ND-O6 Operate in high rate environment All ND components must fulfill requirements in the pres-
ence of cosmic, beam-related backgrounds, and pileup.

1.3.1 Overarching Requirements16

The overarching requirements are summarized in Table 1.2. Within these requirements, ND-O017

represents the ultimate goal of the ND in the context of the long-baseline neutrino oscillation18

measurement, namely to predict the expected observables at the FD, which include the number19

selected neutrinos of each flavor, their reconstructed energy and other relevant kinematic vari-20

ables (e.g. energy transfer), and backgrounds, as a function of the oscillation parameters. This21

prediction is compared to the corresponding observations at the FD to extract the oscillation22

parameters. The process is assisted by a priori information about the neutrino flux, neutrino23
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Table 1.3: Measurement requirements for ND .

Label Description Spec. Rationale System Ref.
Req.

ND-M1 Classify interactions
and measure outgoing
particles in a LArTPC
with performance com-
parable to or exceeding
that of the FD

N/A The ND must have a LArTPC
with reconstruction capabilities
comparable/exceeding the far de-
tector in order to e�ectively
transfer measurements.

ND-GAr,
ND-LAr

ND-O1,
ND-O2

ND-M2 Measure outgoing par-
ticles in ‹-Ar interac-
tions with uniform ac-
ceptance, lower thresh-
olds than a LArTPC,
and with minimal sec-
ondary interaction ef-
fects

N/A The ND must measure outgoing
recoil particles (fi, p, “) in ‹-Ar
interactions to ensure that sensi-
tive phase space is properly mod-
eled.

ND-GAr ND-O1,
ND-O2

ND-M3 Measure the ‹ flux
using neutrino-electron
scattering

N/A The ND must measure the flux
with ‹-e scattering, a standard
candle that provides a normaliza-
tion measurement.

ND-LAr ND-O3

ND-M4 Measure the neutrino
flux spectrum using the
’low-‹’ method

N/A The ND must identify/measure
low recoil events which have flat
energy dependence in order to
measure the spectrum.

ND-LAr,
ND-GAr

ND-O3

ND-M5 Measure the wrong sign
contamination

N/A The ND must measure and vali-
date the modeling of wrong-sign
interactions that dilute the oscil-
lation asymmetries at the FD.

ND-GAr ND-O3

ND-M6 Measure the intrinsic
beam ‹e component

N/A The ND must measure and val-
idate the modeling of this irre-
ducible background

ND-LAr,
ND-GAr

ND-O3

ND-M7 Take measurements
with o�-axis fluxes with
spectra spanning region
of interest

0.5-3.0
GeV

The ND must be able to move o�
the beam axis to take data with
di�erent neutrino spectra.

ND-LAr,
ND-GAr,
DUNE-
PRISM

ND-O4

ND-M8 Monitor the beam rate
on-axis

N/A The ND must have a component
that remains on-axis where beam
monitoring is most sensitive and
collects a su�cient number of ‹µ

CC events.

SAND ND-O5

ND-M9 Monitor the beam spec-
trum on-axis

N/A The ND must use spectrum infor-
mation to detect representative
changes in the beam line.

SAND ND-O5

DUNE Near Detector Conceptual Design Report

Chapter 5: The DUNE-PRISM Concept 5–135

(ND) would be much simpler: to build a detector that can constrain the undetermined parameters1

of the model. However, in the absence of such a model, this procedure will be subject to unknown2

biases due to the interaction model itself, which are di�cult to quantify or constrain.3

In the DUNE neutrino beam, the peak neutrino energy decreases as the observation angle relative4

to the beam direction increases, as shown in Figure 5.1. This property of conventional neutrino5

beams is used at T2K (44 mrad o�-axis) and NOvA (15 mrad o�-axis) to study neutrino oscillations6

in neutrino beams with narrower energy distributions than would be observed on-axis. The DUNE-7

PRISM (DUNE Precision Reaction-Independent Spectrum Measurement) ND concept exploits this8

e�ect by making measurements at various o�-axis positions with a movable detector, which provides9

an additional degree of freedom for constraining systematic uncertainties in neutrino interaction10

modeling. These measurements allow for a data-driven determination of the relationship between11

true and reconstructed energy that is significantly less sensitive to neutrino interaction models.12

0 1 2 3 4
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0
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4 /G
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 /P
O
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cm

-8
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0
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ND µν

Φ

°0.5°1.5

°2.5

On axis

Figure 5.1: (left) The observed neutrino energy in the lab frame from a decay-in-flight pion as a function
of pion energy and observation angle away from the pion momentum direction. (right) The predicted
DUNE beam muon neutrino flux at the ND site as a function of o�-axis angle. The peak energy
feed-down expected from the pion decay in flight kinematics can be clearly seen.

5.2 Requirements13

DUNE-PRISM provides a powerful technique to deconvolve the flux and cross section model con-14

tributions to the event rate, understand the detector response matrix, and minimize e�ects on the15

oscillation analyses arising from di�erences in the ND and oscillated FD fluxes. The DUNE-PRISM16

capability is described in terms of ND requirements below.17

Primary requirements:18

• The Deep Underground Neutrino Experiment (DUNE) ND must have the capability to take19

data in di�erent fluxes. This will help deconvolve the flux and cross section models.20

• The DUNE ND must have the capability of taking data in di�erent positions on-axis and21

o�-axis. This capability allows for the taking of data with many di�erent fluxes (di�ering22

DUNE Near Detector Conceptual Design Report
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DUNE Sensitivity

All Systematics

Normal Ordering

 = 0.088 unconstrained13θ2sin

90% C.L. (2 d.o.f)

On-axis Only Example:
Shifted visible energy
3 years (staged)
7 years (staged)
"True" value
NuFit 4
Maximal mixing

• ND, FD observations are convolutions over the spectrum of 
incident neutrinos

- breaking degeneracy requires control over incident spectrum 

- ND-M7: move ND-LAr+TMS/ND-GAr to off-axis positions 

• “DUNE-PRISM”

• Case study shows bias in sin2 θ23, , beyond initial 
error budget

- resolvable by taking data off-axis

- DUNE-PRISM is needed for initial goals

• Capability Requirements for ND-M7 (DUNE-PRISM):
- span region of interest (0.5-3.0 GeV)
- maintain uniform measurement capability (~1%)
- place ND-LAr/ND-GAr with sufficient granularity/precision
- minimize downtime for motion (<8 hours)
- regular suite of measurements (~1 year)

P(νμ → νe)

biasbias

Neutrino flux vs. off-axis angle Oscillation parameter bias
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each level the requirements are driven by those one step higher in the hierarchy and are fulfilled1

by those one step lower in the hierarchy. Since the fulfillment of the overarching requirements will2

be primarily verified by full oscillation sensitivity studies, this isolation allows the evaluation of3

lower level requirements without full sensitivity studies.4

A few notes regarding the current state of the requirements:5

• The requirements focus on the immediate needs of the long-baseline neutrino oscillation6

analysis. Neutrino interaction/cross section and beyond the standard model physics are an7

important part of the ND and DUNE program overall. However the requirements for these8

physics programs are not reflected in these tables and will be articulated separately. Likewise9

there are many measurements, particularly neutrino interaction studies, that would provide10

important cross checks which are also not in the scope of these requirements.11

• The requirements remain a work in progress and will be continuously developed as simula-12

tion tools and other developments continue. In some cases, the requirements, particularly13

for the higher level overarching and measurement requirements, do not lend themselves to14

quantitative specifications. In other cases, such specifications are still being studied.15

Table 1.2: Overarching requirements for ND.

Label Description Rationale
ND-O0 Predict the observed neutrino spec-

trum at FD
With available external information, the ND must pre-
dict observables at the FD in the presence of oscillation
e�ects.

ND-O1 Transfer measurements to the FD Measurements at the ND must be transferable to the FD
in order to minimize systematic uncertainties

ND-O2 Constrain the cross-section model Systematic errors from cross section modeling couple the
FD response to the neutrino energy/flavor

ND-O3 Measure the Neutrino Flux The ND must constrain the flux beyond what is achieved
by ab initio modeling of the neutrino beam

ND-O4 Obtain measurements with di�erent
fluxes

The ND must verify that model predictions are robust
with di�erent neutrino fluxes.

ND-O5 Monitor time variation of the neu-
trino beam

The ND must detect potential variations in the neutrino
flux.

ND-O6 Operate in high rate environment All ND components must fulfill requirements in the pres-
ence of cosmic, beam-related backgrounds, and pileup.

1.3.1 Overarching Requirements16

The overarching requirements are summarized in Table 1.2. Within these requirements, ND-O017

represents the ultimate goal of the ND in the context of the long-baseline neutrino oscillation18

measurement, namely to predict the expected observables at the FD, which include the number19

selected neutrinos of each flavor, their reconstructed energy and other relevant kinematic vari-20

ables (e.g. energy transfer), and backgrounds, as a function of the oscillation parameters. This21

prediction is compared to the corresponding observations at the FD to extract the oscillation22

parameters. The process is assisted by a priori information about the neutrino flux, neutrino23
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Table 1.3: Measurement requirements for ND .

Label Description Spec. Rationale System Ref.
Req.

ND-M1 Classify interactions
and measure outgoing
particles in a LArTPC
with performance com-
parable to or exceeding
that of the FD

N/A The ND must have a LArTPC
with reconstruction capabilities
comparable/exceeding the far de-
tector in order to e�ectively
transfer measurements.

ND-GAr,
ND-LAr

ND-O1,
ND-O2

ND-M2 Measure outgoing par-
ticles in ‹-Ar interac-
tions with uniform ac-
ceptance, lower thresh-
olds than a LArTPC,
and with minimal sec-
ondary interaction ef-
fects

N/A The ND must measure outgoing
recoil particles (fi, p, “) in ‹-Ar
interactions to ensure that sensi-
tive phase space is properly mod-
eled.

ND-GAr ND-O1,
ND-O2

ND-M3 Measure the ‹ flux
using neutrino-electron
scattering

N/A The ND must measure the flux
with ‹-e scattering, a standard
candle that provides a normaliza-
tion measurement.

ND-LAr ND-O3

ND-M4 Measure the neutrino
flux spectrum using the
’low-‹’ method

N/A The ND must identify/measure
low recoil events which have flat
energy dependence in order to
measure the spectrum.

ND-LAr,
ND-GAr

ND-O3

ND-M5 Measure the wrong sign
contamination

N/A The ND must measure and vali-
date the modeling of wrong-sign
interactions that dilute the oscil-
lation asymmetries at the FD.

ND-GAr ND-O3

ND-M6 Measure the intrinsic
beam ‹e component

N/A The ND must measure and val-
idate the modeling of this irre-
ducible background

ND-LAr,
ND-GAr

ND-O3

ND-M7 Take measurements
with o�-axis fluxes with
spectra spanning region
of interest

0.5-3.0
GeV

The ND must be able to move o�
the beam axis to take data with
di�erent neutrino spectra.

ND-LAr,
ND-GAr,
DUNE-
PRISM

ND-O4

ND-M8 Monitor the beam rate
on-axis

N/A The ND must have a component
that remains on-axis where beam
monitoring is most sensitive and
collects a su�cient number of ‹µ

CC events.

SAND ND-O5

ND-M9 Monitor the beam spec-
trum on-axis

N/A The ND must use spectrum infor-
mation to detect representative
changes in the beam line.

SAND ND-O5

DUNE Near Detector Conceptual Design Report

• Requirements studied with representative potential beam variations 
informed from past experience

- n.b. the requirement is to detect variations, not to diagnose them

• Capability requirements for ND-M8, M9 (SAND):
- pμ/Eν resolution: better than ~1 GeV to resolve features
- higher statistics/mass required if monitoring with pμ only
- sufficient mass: (20/5) tons pμ/Eν based monitoring
- vertexing: place interaction left/right, above/below beam center

• High statistics neutrino-based monitoring needed to 
“quickly” (~1 week) identify variations

- Rate needs to
- On-axis spectrum is important to identify variations

- some variations do not change overall rate
- Due to DUNE-PRISM, a dedicated on-axis monitor is 

required (SAND)

04/29/20 NDDG 8 / 32

Sensitivity calculation

Sign = sign (shift - nominal)

● 2% systematic rate uncertainty included:
 
       

● SigniDcance (sqrt(chi2)) in each bin deDned 
as (shift – nominal)/(stat. error) for each bin 

● Total sqrt(dchi2) is the square root of chi2 
deDned above

ECAL a weekECAL a week

H. A. Tanaka | Requirements for the DUNE Near Detectors
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• Due to the intense 1.2 MW LBNF beam, expect ~0.2 interactions/ton of material
• Backgrounds from external interactions

• hall, inactive detector elements, other detectors, etc.
• Pileup from interactions within the active/fiducial volume of a detector
• Measurement requirement (ND-M10):

• subsystems must be able to verify that the backgrounds are adequately modeled
• Primary means for reducing backgrounds/isolating interactions is timing

• Capability requirements:
• 10 μsec spill with O(100) interactions → 20 nsec on products from an individual interactions

• commensurate inter-detector timing (modules in ND-LAr, between ND-LAr, TMS/ND-GAr)
• ND-GAr has further timing requirements for t0 determination for the TPC (under study)
• KLOE ECAL timing requirements driven by directionality determination
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• Initial and nominal requirements are considered based on the corresponding  DUNE physics goals
• “initial” = 3 σ sensitivity to maximal CP violation
• “nominal” = further goals, including CP coverage at 3,5 σ (“P5”) and δCP precision
• Even “initial” goals require systematic error well beyond what is currently achieved.

• Each source of error must be addressed by DUNE-ND to meet the goals
• ND requirements are hierarchical 

• start with the global science requirement to predict the observed spectrum of neutrino interactions at FD
• overarching → measurements → capabilities (→ technical)
• These have recently been approved by the DUNE Executive Board

• The reference design LBNC and a conceptual design review
• Initial and nominal requirements are presented

• Initial requirements should be satisfied by the proposed “Day 1” system to meet the initial goal of 3 σ 
sensitivity to maximal CP violation
• Notably, the muon spectrometry capabilities requirements of TMS are sufficient

• Reaching nominal goals on CP violation require additional capabilities beyond the “Day 1” system
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