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• DUNE is a long-baseline neutrino oscillation experiment 
consisting of:
- A 1.2 MW (upgradable to 2.4 MW) high purity νμ beam

- Up to 4 LAr TPCs at SURF

- A near detector complex featuring a mobile LAr detector

• Many more details from Z. Djurcic tomorrow

DUNE
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Deep underground far detector site 
at SURF (Lead, South Dakota)

● 1490m 
underground 
(4300 mwe)

● Space for 70kt 
LAr detector

150 m

Chapter 5: Standard neutrino oscillation physics program 5–131
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Figure 5.4: Neutrino fluxes at the FD for neutrino mode (left) and antineutrino mode (right).

that dominate the lowest neutrino energy bins. The NA61 experiment at CERN has taken data
that will constrain many higher energy interactions, including pion reinteractions. It also plans
to measure hadrons produced o� of a replica LBNF target, which would provide tight constraints
on all interactions occurring in the target. A similar program at NA61 has reduced flux uncer-
tainties for T2K from 10% to 5% [149], and NOvA is currently analyzing NA61 replica target
data [150]. Another proposed experiment, the LBNF spectrometer, would measure hadrons after
both production and focusing in the horns, e�ectively constraining nearly all hadron production
uncertainties, and could also enable measurement of the impact on focused hadrons of shifted
alignment parameters (which is currently taken from simulations). The neutrino flux uncertain-
ties, as well as their bin-to-bin and flavor-to-flavor correlations, are very sensitive to correlations
in hadron production measurements. None of the currently available measurements have provided
correlations, so the uncertainty estimates make basic assumptions that statistical uncertainties are
not correlated between bins but systematic uncertainties are completely correlated. New hadron
production measurements that cover phase space similar to past measurements but that provide
bin-to-bin correlations would also improve the quality of the estimated neutrino flux uncertainties
at DUNE.

The unoscillated fluxes at the near detector (ND) and FD are similar, but not identical (since the
ND sees a line source, while the FD sees a point source. The relationship is well understood, and
flux uncertainties mostly cancel for the ratio of fluxes between the two detectors. Uncertainties on
the ratio are around 1% or smaller except at the falling edge of the focusing peak, where they rise
to 2%. The far to near flux ratio and uncertainties on this ratio are shown in Fig. 4.8.

The peak energy of neutrino flux falls o� and the width of the peak narrows as the distance from
the beams central axis increases. The flux at these “o�-axis” positions can be understood through
the relationship between the parent pion energy and neutrino energy, as shown in Figure 4.9. For
an o�-axis angle relative to the initial beam direction, the subsequent neutrino energy spectra is
narrower and peaked at a lower energy than the on-axis spectra. At 575 m, the location of the ND
hall, a lateral shift of 1 m corresponds to approximately a 0.1¶ change in o�-axis angle.
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Figure 5.4: Neutrino fluxes at the FD for neutrino mode (left) and antineutrino mode (right).

that dominate the lowest neutrino energy bins. The NA61 experiment at CERN has taken data
that will constrain many higher energy interactions, including pion reinteractions. It also plans
to measure hadrons produced o� of a replica LBNF target, which would provide tight constraints
on all interactions occurring in the target. A similar program at NA61 has reduced flux uncer-
tainties for T2K from 10% to 5% [149], and NOvA is currently analyzing NA61 replica target
data [150]. Another proposed experiment, the LBNF spectrometer, would measure hadrons after
both production and focusing in the horns, e�ectively constraining nearly all hadron production
uncertainties, and could also enable measurement of the impact on focused hadrons of shifted
alignment parameters (which is currently taken from simulations). The neutrino flux uncertain-
ties, as well as their bin-to-bin and flavor-to-flavor correlations, are very sensitive to correlations
in hadron production measurements. None of the currently available measurements have provided
correlations, so the uncertainty estimates make basic assumptions that statistical uncertainties are
not correlated between bins but systematic uncertainties are completely correlated. New hadron
production measurements that cover phase space similar to past measurements but that provide
bin-to-bin correlations would also improve the quality of the estimated neutrino flux uncertainties
at DUNE.

The unoscillated fluxes at the near detector (ND) and FD are similar, but not identical (since the
ND sees a line source, while the FD sees a point source. The relationship is well understood, and
flux uncertainties mostly cancel for the ratio of fluxes between the two detectors. Uncertainties on
the ratio are around 1% or smaller except at the falling edge of the focusing peak, where they rise
to 2%. The far to near flux ratio and uncertainties on this ratio are shown in Fig. 4.8.

The peak energy of neutrino flux falls o� and the width of the peak narrows as the distance from
the beams central axis increases. The flux at these “o�-axis” positions can be understood through
the relationship between the parent pion energy and neutrino energy, as shown in Figure 4.9. For
an o�-axis angle relative to the initial beam direction, the subsequent neutrino energy spectra is
narrower and peaked at a lower energy than the on-axis spectra. At 575 m, the location of the ND
hall, a lateral shift of 1 m corresponds to approximately a 0.1¶ change in o�-axis angle.
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The DUNE ND provides critical 
constraints on systematics

● Large uncertainties on flux, cross sections, 
and detector response require are constrained 
to the few percent level by the ND

● ND-LAr+TMS: measure neutrino 
interactions on the same Ar target, with same 
detector technology as FD

● Some differences in design to mitigate beam 
pile-up

● Steel+scintillator spectrometer to measure 
forward muons

● System moves up to 30m off axis (next slide)

● On-axis detector (SAND) measures neutrino 
interactions on various targets and monitors 
beam stabilityν

PROTON
ACCELERATOR

ν BEAMLINE
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• >1k νe events for 3.5 years of nu-mode running (if NO)
• Very high purity (beam νe is largest background)
- Wrong-sign background is important in anti-nu mode

• Mass Hierarchy (MH) effect is enormous (factor of 2)
- Eventually MH will be known to >10σ regardless of 

other parameters & all plausible uncertainty scenarios

• δCP effect is smaller than MH (~20% from 0 to -π/2)
- Systematics on event rate are important

• Eν shape determines δCP resolution near ±π/2
and disappearance parameter precision (Δm2

32, θ23)
• This requires a precise understanding of 

reconstructed energy
- (driven by the interaction between ν–Ar cross section 

uncertainties and detector uncertainties)
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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Fig. 10 ⌫e and ⌫̄e appearance spectra: reconstructed en-
ergy distribution of selected ⌫e CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering and in-
clude curves for �CP = �⇡/2, 0, and ⇡/2.

ple of through-going, momentum-analyzed muons from
neutrino interactions in the upstream rock, which is not
available with high statistics for the FD. Finally, the re-
construction e�ciency will be inherently di↵erent due
to the relatively small size of the ND. Containment of
charged hadrons will be significantly worse at the ND,
especially for events with energetic hadronic showers or
with vertices near the edges of the FV.
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Fig. 11 ⌫µ and ⌫̄µ disappearance spectra: reconstructed en-
ergy distribution of selected ⌫µ CC-like events assuming 3.5
years (staged) running in the neutrino-beam mode (top) and
antineutrino-beam mode (bottom), for a total of seven years
(staged) exposure. Statistical uncertainties are shown on the
datapoints. The plots assume normal mass ordering.

An uncertainty on the overall energy scale is in-
cluded in the analysis presented here, as well as particle
response uncertainties that are separate and uncorre-
lated between four species: muons, charged hadrons,
neutrons, and electromagnetic showers. In the ND,
muons reconstructed by range in LAr and by curva-
ture in the MPD are treated separately. The energy
scale and particle response uncertainties are allowed to
vary with energy; each term is described by three free
parameters:
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⌫ mode
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Oscillated ⌫̄e 19 33 14 28

Total oscillated 1174 559 1409 735

Beam ⌫e + ⌫̄e CC background 228 235 228 235

NC background 84 84 84 84

⌫⌧ + ⌫̄⌧ CC background 36 36 35 36

⌫µ + ⌫̄µ CC background 15 15 15 15

Total background 363 370 362 370

⌫̄ mode

Oscillated ⌫e 81 39 95 53

Oscillated ⌫̄e 236 492 164 396

Total oscillated 317 531 259 449

Beam ⌫e + ⌫̄e CC background 145 144 145 144

NC background 40 40 40 40

⌫⌧ + ⌫̄⌧ CC background 22 22 22 22

⌫µ + ⌫̄µ CC background 6 6 6 6

Total background 216 215 216 215

Table 6 ⌫e and ⌫̄e appearance rates: integrated rate of se-
lected ⌫e CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, and signal events are shown for both �CP = 0 and
�CP = �⇡/2.

E0
rec = Erec ⇥ (p0 + p1

p
Erec +

p2p
Erec

) (2)

where Erec is the nominal reconstructed energy, E0
rec

is the shifted energy, and p0, p1, and p2 are free fit pa-
rameters that are allowed to vary within a priori con-
straints. Note that the parameters produce a shift to
the kinematic variables in an event, as opposed to sim-
ply assigning a weight to each simulated event. The en-
ergy scale and resolution parameters are conservatively
treated as uncorrelated between the ND and FD. With
a better understanding of the relationship between ND
and FD calibration and reconstruction techniques, it
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NC background 213 213

⌫⌧ + ⌫̄⌧ CC background 53 54
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⌫̄ mode

⌫̄µ Signal 2656 2633

⌫µ CC background 1590 1600

NC background 109 109

⌫⌧ + ⌫̄⌧ CC background 31 31

⌫e + ⌫̄e CC background 2 2

Table 7 ⌫µ and ⌫̄µ disappearance rates: integrated rate of se-
lected ⌫µ CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, with �CP = 0.

Parameter Central value Relative uncertainty

✓12 0.5903 2.3%

✓23 (NO) 0.866 4.1%

✓23 (IO) 0.869 4.0%

✓13 (NO) 0.150 1.5%

✓13 (IO) 0.151 1.5%

�m2

21
7.39⇥10�5 eV2 2.8%

�m2

32
(NO) 2.451⇥10�3 eV2 1.3%

�m2

32
(IO) -2.512⇥10�3 eV2 1.3%

⇢ 2.848 g cm�3 2%

Table 8 Central value and relative uncertainty of neutrino
oscillation parameters from a global fit [9,83] to neutrino os-
cillation data. The matter density is taken from Ref. [84].
Because the probability distributions are somewhat non-
Gaussian (particularly for ✓23), the relative uncertainty is
computed using 1/6 of the 3� allowed range from the fit,
rather than 1/2 of the 1� range. For ✓23, ✓13, and �m2

31
,

the best-fit values and uncertainties depend on whether nor-
mal mass ordering (NO) or inverted mass ordering (IO) is
assumed.

21

Sample Expected Events

�CP = 0 �CP = �⇡
2

NO IO NO IO

⌫ mode

Oscillated ⌫e 1155 526 1395 707

Oscillated ⌫̄e 19 33 14 28

Total oscillated 1174 559 1409 735

Beam ⌫e + ⌫̄e CC background 228 235 228 235

NC background 84 84 84 84

⌫⌧ + ⌫̄⌧ CC background 36 36 35 36

⌫µ + ⌫̄µ CC background 15 15 15 15

Total background 363 370 362 370

⌫̄ mode

Oscillated ⌫e 81 39 95 53

Oscillated ⌫̄e 236 492 164 396

Total oscillated 317 531 259 449

Beam ⌫e + ⌫̄e CC background 145 144 145 144

NC background 40 40 40 40

⌫⌧ + ⌫̄⌧ CC background 22 22 22 22

⌫µ + ⌫̄µ CC background 6 6 6 6

Total background 216 215 216 215

Table 6 ⌫e and ⌫̄e appearance rates: integrated rate of se-
lected ⌫e CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, and signal events are shown for both �CP = 0 and
�CP = �⇡/2.

E0
rec = Erec ⇥ (p0 + p1

p
Erec +

p2p
Erec

) (2)

where Erec is the nominal reconstructed energy, E0
rec

is the shifted energy, and p0, p1, and p2 are free fit pa-
rameters that are allowed to vary within a priori con-
straints. Note that the parameters produce a shift to
the kinematic variables in an event, as opposed to sim-
ply assigning a weight to each simulated event. The en-
ergy scale and resolution parameters are conservatively
treated as uncorrelated between the ND and FD. With
a better understanding of the relationship between ND
and FD calibration and reconstruction techniques, it

Sample Expected Events

NO IO

⌫ mode

⌫µ Signal 7235 7368

⌫̄µ CC background 542 542

NC background 213 213

⌫⌧ + ⌫̄⌧ CC background 53 54

⌫e + ⌫̄e CC background 9 5

⌫̄ mode

⌫̄µ Signal 2656 2633

⌫µ CC background 1590 1600

NC background 109 109

⌫⌧ + ⌫̄⌧ CC background 31 31

⌫e + ⌫̄e CC background 2 2

Table 7 ⌫µ and ⌫̄µ disappearance rates: integrated rate of se-
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a 3.5-year (staged) exposure in the neutrino-beam mode and
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and IO, with �CP = 0.
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Table 8 Central value and relative uncertainty of neutrino
oscillation parameters from a global fit [9,83] to neutrino os-
cillation data. The matter density is taken from Ref. [84].
Because the probability distributions are somewhat non-
Gaussian (particularly for ✓23), the relative uncertainty is
computed using 1/6 of the 3� allowed range from the fit,
rather than 1/2 of the 1� range. For ✓23, ✓13, and �m2

31
,

the best-fit values and uncertainties depend on whether nor-
mal mass ordering (NO) or inverted mass ordering (IO) is
assumed.
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lected ⌫µ CC-like events between 0.5 and 10.0 GeV assuming
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oscillation parameters from a global fit [9,83] to neutrino os-
cillation data. The matter density is taken from Ref. [84].
Because the probability distributions are somewhat non-
Gaussian (particularly for ✓23), the relative uncertainty is
computed using 1/6 of the 3� allowed range from the fit,
rather than 1/2 of the 1� range. For ✓23, ✓13, and �m2
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21

Sample Expected Events

�CP = 0 �CP = �⇡
2

NO IO NO IO

⌫ mode

Oscillated ⌫e 1155 526 1395 707

Oscillated ⌫̄e 19 33 14 28

Total oscillated 1174 559 1409 735

Beam ⌫e + ⌫̄e CC background 228 235 228 235

NC background 84 84 84 84

⌫⌧ + ⌫̄⌧ CC background 36 36 35 36

⌫µ + ⌫̄µ CC background 15 15 15 15

Total background 363 370 362 370

⌫̄ mode

Oscillated ⌫e 81 39 95 53

Oscillated ⌫̄e 236 492 164 396

Total oscillated 317 531 259 449

Beam ⌫e + ⌫̄e CC background 145 144 145 144

NC background 40 40 40 40

⌫⌧ + ⌫̄⌧ CC background 22 22 22 22

⌫µ + ⌫̄µ CC background 6 6 6 6

Total background 216 215 216 215

Table 6 ⌫e and ⌫̄e appearance rates: integrated rate of se-
lected ⌫e CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, and signal events are shown for both �CP = 0 and
�CP = �⇡/2.

E0
rec = Erec ⇥ (p0 + p1

p
Erec +

p2p
Erec

) (2)

where Erec is the nominal reconstructed energy, E0
rec

is the shifted energy, and p0, p1, and p2 are free fit pa-
rameters that are allowed to vary within a priori con-
straints. Note that the parameters produce a shift to
the kinematic variables in an event, as opposed to sim-
ply assigning a weight to each simulated event. The en-
ergy scale and resolution parameters are conservatively
treated as uncorrelated between the ND and FD. With
a better understanding of the relationship between ND
and FD calibration and reconstruction techniques, it

Sample Expected Events

NO IO

⌫ mode

⌫µ Signal 7235 7368

⌫̄µ CC background 542 542

NC background 213 213

⌫⌧ + ⌫̄⌧ CC background 53 54

⌫e + ⌫̄e CC background 9 5

⌫̄ mode

⌫̄µ Signal 2656 2633

⌫µ CC background 1590 1600

NC background 109 109

⌫⌧ + ⌫̄⌧ CC background 31 31

⌫e + ⌫̄e CC background 2 2

Table 7 ⌫µ and ⌫̄µ disappearance rates: integrated rate of se-
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Table 8 Central value and relative uncertainty of neutrino
oscillation parameters from a global fit [9,83] to neutrino os-
cillation data. The matter density is taken from Ref. [84].
Because the probability distributions are somewhat non-
Gaussian (particularly for ✓23), the relative uncertainty is
computed using 1/6 of the 3� allowed range from the fit,
rather than 1/2 of the 1� range. For ✓23, ✓13, and �m2

31
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the best-fit values and uncertainties depend on whether nor-
mal mass ordering (NO) or inverted mass ordering (IO) is
assumed.
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The DUNE Near Detector
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• The primary tool for controlling flux and cross section 
systematic uncertainties is the Near Detector (ND)

• ND-LAr is a modular, liquid argon detector, and 
serves as the primary neutrino target
- It’s size was chosen for hadronic shower containment, 

and to contain high-angle muons

• The Muon Spectrometer (TMS) is a magnetized 
muon range detector, designed to catch muons 
produced in ND-LAr
- The magnetic field allows for sign selection

• DUNE-PRISM is a movement system for ND-LAr & 
TMS that allows for off-axis neutrino measurements

• The System for on-Axis Neutrino Detection (SAND)
is a magnetized straw tube tracker (& ECal) that 
remains on-axis to monitor the neutrino beam
- Can also measure neutrinos on different nuclear targets

SAND

TMS
ND-LAr

DUNE-PRISM

beam
center



Analysis Design
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• Constrained-Model Approach: use ND data to constrain flux and cross section model parameters

- Then use this constrained model to produce predictions for oscillated far detector data

• Model-Insensitive Approach: propagate ND measurements to a FD prediction in a manner that is insensitive 
to flux and cross section model parameters
- i.e. the model parameters do not get constrained by the fit

- In this case, the fit results do not rely on the model details (GOOD!), but this only works if all reasonable model 
choices are unable to bias the fit results (HARD!)

• Any real analysis will lie on the continuum between these 2 approaches

- Goal is to only constrain parameters using models that we really believe (e.g. ν–e scattering, beamline monitoring)
and avoid constraining parameters in models with large uncertainties (e.g. ν–Ar scattering, beam hadron production)

Constrained-Model
Approach

Model-Insensitive
Approach



DUNE TDR Analysis (Constrained Model Approach)
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• The TDR analysis fits only on-axis near detector data to 
constrain flux and cross section model parameters

• Neutrino flux uncertainties come from fits to hadron production 
experiments, and focusing uncertainties, such as horn current 
and target density
- The flux covariance matrix is decomposed into principal 

components, and the largest 30 are used in the fit
• The cross section model consists of > 50 parameters that affect 

CCQE, low-W Resonant, and high-W DIS (Bodek-Yang) events
- Nucleon and pion final state interaction cross sections are also 

varied
- Most of these parameters are implemented in the same way at the 

ND and FD, with the exception of a few parameters that only effect
FD νe and anti- νe rates

Analysis details are published in Eur. Phys. J. C 80, 978 (2020)
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was no significant change to the sensitivity for a small
number of test cases. By the 10th principal compo-
nent, the eigenvalue is 1% of the largest eigenvalue. As
may be expected, the largest uncertainties correspond
to the largest principal components as shown in Fig-
ure 4. The largest principal component (component 0)
matches the hadron production uncertainty on nucleon-
nucleus interactions in a phase space region not covered
by data. Components 3 and 7 correspond to the data-
constrained uncertainty on proton interactions in the
target producing pions and kaons, respectively. Compo-
nents 5 and 11 correspond to two of the largest focus-
ing uncertainties, the density of the target and the horn
current, respectively. Other components not shown ei-
ther do not fit a single uncertain parameter or may rep-
resent two or more degenerate systematics or ones that
produce anti-correlations in neighboring energy bins.
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Component 5 Target density
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Component 11 Horn current

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-
pected to improve the quality of, and the resulting con-
straints on, these flux uncertainty estimates. Approx-
imately 40% of the interactions that produce neutri-
nos in the LBNF beam simulation have no direct data
constraints. Large uncertainties are assumed for these
interactions. The largest unconstrained sources of un-
certainty are proton quasielastic interactions and pion
and kaon rescattering in beamline materials. The pro-
posed EMPHATIC experiment [24] at Fermilab will be
able to constrain quasielastic and low-energy interac-
tions that dominate the lowest neutrino energy bins.
The NA61 experiment at CERN has taken data that
will constrain many higher energy interactions, and also
plans to measure hadrons produced on a replica LBNF

target, which would provide tight constraints on all in-
teractions occurring in the target. A similar program
at NA61 has reduced flux uncertainties for the T2K ex-
periment from ⇠10% to ⇠5% [25]. Another proposed
experiment, the LBNF spectrometer [26], would mea-
sure hadrons after both production and focusing in the
horns to further constrain the hadron production un-
certainties, and could also be used to experimentally
assess the impact of shifted alignment parameters on
the focused hadrons (rather than relying solely on sim-
ulation).

3 Neutrino interaction model and uncertainties

A framework for considering the impact of neutrino in-
teraction model uncertainties on the oscillation analysis
has been developed. The default interaction model is
implemented in v2.12.10 of the GENIE generator [27,
28]. Variations in the cross sections are implemented
in various ways: using GENIE reweighting parameters
(sometimes referred to as “GENIE knobs”); with ad
hoc weights of events that are designed to parameter-
ize uncertainties or cross-section corrections currently
not implemented within GENIE; or through discrete
alternative model comparisons. The latter are achieved
through alternative generators, alternative GENIE con-
figurations, or custom weightings, which made exten-
sive use of the NUISANCE package [29] in their devel-
opment.

The interaction model components and uncertain-
ties can be divided into seven groups: (1) initial state,
(2) hard scattering and nuclear modifications to the
quasielastic, or one-particle one-hole (1p1h) process,
(3) multinucleon, or two-particle two-hole (2p2h), hard
scattering processes, (4) hard scattering in pion pro-
duction processes, (5) higher invariant mass (W ) and
neutral current (NC) processes, (6) final-state interac-
tions (FSI), (7) neutrino flavor dependent di↵erences.
Uncertainties are intended to reflect current theoretical
freedom, deficiencies in implementation, and/or current
experimental knowledge.

The default nuclear model in GENIE describing the
initial state of nucleons in the nucleus is the Bodek-
Ritchie global Fermi gas model [30]. There are signif-
icant deficiencies that are known in global Fermi gas
models: these include a lack of consistent incorporation
of the high-momentum tails in the nucleon momentum
distribution that result from correlations among nu-
cleons; the lack of correlation between location within
the nucleus and momentum of the nucleon; and an in-
correct relationship between momentum and energy of
the o↵-shell, bound nucleon within the nucleus. They

S. Zeller, JLAB Workshop, May 2015 

Neutrino Interactions 
8 

•  next, let’s talk about some specific neutrino interactions and why they 
  are important 

•  we will start on the left and  
  work our way up in energy 

•  what are some of the issues we face now ~30 years later?   

DUNE



Detector Modeling Uncertainties
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• The fundamental ν–Ar interaction is the same in the ND and FD, 
so some detector error cancelation is possible
- Ionization, recombination, drift velocity may be similar provided that the 

detector conditions are similar (e.g. E-field, Ar purity, etc.)
• However, there are several important differences
- ND pixel readout vs FD wire or strip readout
- Large pileup at ND (10’s of events per spill)
- Geometry: ND has smaller active volume, dead regions within the 

active volume, shorter drifts (less diffusion)
- Different calibration strategies (e.g. ND has plentiful muons; FD has 

~5,000/day and will rely more on calibration systems)
• Currently, a conservative assumption of uncorrelated ND/FD 

energy response uncertainties for each particle type is assumed
- Estimated from calorimetric approaches (Minerva + NOvA) and LAr-

TPCs (LArIAT, MicroBooNE, ArgoNeuT)
• Other uncertainties include fiducial volume size and energy 

resolution(s), and selection uncertainties on the muon 
identification and hadronic energy containment

22

may be possible to correlate some portion of the en-
ergy response. The full list of assumed energy scale un-
certainties is given as Table 9. In addition to the un-
certainties on the energy scale, uncertainties on energy
resolutions are also included. These are treated as fully
uncorrelated between the near and far detectors and are
taken to be 2% for muons, charged hadrons, and EM
showers and 40% for neutrons.

Particle type Allowed variation

p0 p1 p2

all (except muons) 2% 1% 2%

µ (range) 2% 2% 2%

µ (curvature) 1% 1% 1%

p, ⇡± 5% 5% 5%

e, �, ⇡0 2.5% 2.5% 2.5%

n 20% 30% 30%

Table 9 Uncertainties applied to the energy response of var-
ious particles. p0, p1, and p2 correspond to the constant,
square root, and inverse square root terms in the energy re-
sponse parameterization given in Equation 2. All are treated
as uncorrelated between the ND and FD.

The scale of these assumed uncertainties is mo-
tivated by what has been achieved in recent experi-
ments, including calorimetric based approaches (NOvA,
MINERvA) and LArTPCs (LArIAT, MicroBooNE, Ar-
goNeuT). The DUNE performance is expected to signif-
icantly exceed the performance of these current surface-
based experiments. NOvA [44] has achieved < 1% (5%)
uncertainties on the energy scale of muons (protons).
Uncertainties associated to the pion and proton re-
interactions in the detector medium are expected to
be controlled from ProtoDUNE and LArIAT data, as
well as the combined analysis of low density (gaseous)
and high density (LAr) NDs. Uncertainties in the E field
also contribute to the energy scale uncertainty [85], and
calibration is needed (with cosmics at ND, laser system
at FD) to constrain the overall energy scale. The recom-
bination model will continue to be validated by the suite
of LAr experiments and is not expected to be an issue
for nominal field provided minimal E field distortions.
Uncertainties in the electronics response are controlled
with a dedicated charge injection system and validated
with intrinsic sources, Michel electrons and 39Ar.

The response of the detector to neutrons is a source
of active study and will couple strongly to detector tech-
nology. The validation of neutron interactions in LAr

will continue to be characterized by dedicated measure-
ments (e.g., CAPTAIN [86, 87]) and the LAr program
(e.g., ArgoNeuT [88]). However, the association of the
identification of a neutron scatter or capture to the
neutron’s true energy has not been demonstrated, and
significant reconstruction issues exist, so a large uncer-
tainty (20%) is assigned comparable to the observations
made by MINERvA [89] assuming they are attributed
entirely to the detector model. Selection of photon can-
didates from ⇡0 is also a significant reconstruction chal-
lenge, but a recent measurement from MicroBooNE in-
dicates this is possible and the reconstructed ⇡0 invari-
ant mass has an uncertainty of 5%, although with some
bias [90].

The p1 and p2 terms in Equation 2 allow the energy
response to vary as a function of energy. The energy
dependence is conservatively assumed to be of the same
order as the absolute scale uncertainties given by the p0
terms.

In addition to impacting energy reconstruction, the
E field model also a↵ects the definition of the FD fidu-
cial volume, which is sensitive to electron drift. An ad-
ditional 1% uncertainty is assumed on the total fiducial
mass, which is conservatively treated as uncorrelated
between the ⌫µ and ⌫e samples due to the potential
distortion caused by large electromagnetic showers in
the electron sample. These uncertainties a↵ect only the
overall normalization, and are called FV numu FD and
FV nue FD in Figure 12.

The ND and FD have di↵erent acceptance to CC
events due to the very di↵erent detector sizes. The FD is
su�ciently large that acceptance is not expected to vary
significantly as a function of event kinematics. How-
ever, the ND selection requires that hadronic showers
be well contained in LAr to ensure a good energy reso-
lution, resulting in a loss of acceptance for events with
energetic hadronic showers. The ND also has regions of
muon phase space with lower acceptance due to tracks
exiting the side of the TPC but failing to match to the
MPD, which are currently not used in the sensitivity
analysis.

Uncertainties are evaluated on the muon and hadron
acceptance of the ND. The detector acceptance for
muons and hadrons is shown in Figure 5. Ine�ciency at
very low lepton energy is due to events being misrecon-
structed as neutral current. For high energy, forward
muons, the ine�ciency is only due to events near the
edge of the FV where the muon happens to miss the
MPD. At high transverse momentum, muons begin to
exit the side of the LAr active volume, except when
they happen to go along the 7 m axis. The acceptance
is sensitive to the modeling of muons in the detector.

21

Sample Expected Events

�CP = 0 �CP = �⇡
2

NO IO NO IO

⌫ mode

Oscillated ⌫e 1155 526 1395 707

Oscillated ⌫̄e 19 33 14 28

Total oscillated 1174 559 1409 735

Beam ⌫e + ⌫̄e CC background 228 235 228 235

NC background 84 84 84 84

⌫⌧ + ⌫̄⌧ CC background 36 36 35 36

⌫µ + ⌫̄µ CC background 15 15 15 15

Total background 363 370 362 370

⌫̄ mode

Oscillated ⌫e 81 39 95 53

Oscillated ⌫̄e 236 492 164 396

Total oscillated 317 531 259 449

Beam ⌫e + ⌫̄e CC background 145 144 145 144

NC background 40 40 40 40

⌫⌧ + ⌫̄⌧ CC background 22 22 22 22

⌫µ + ⌫̄µ CC background 6 6 6 6

Total background 216 215 216 215

Table 6 ⌫e and ⌫̄e appearance rates: integrated rate of se-
lected ⌫e CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, and signal events are shown for both �CP = 0 and
�CP = �⇡/2.

E0
rec = Erec ⇥ (p0 + p1

p
Erec +

p2p
Erec

) (2)

where Erec is the nominal reconstructed energy, E0
rec

is the shifted energy, and p0, p1, and p2 are free fit pa-
rameters that are allowed to vary within a priori con-
straints. Note that the parameters produce a shift to
the kinematic variables in an event, as opposed to sim-
ply assigning a weight to each simulated event. The en-
ergy scale and resolution parameters are conservatively
treated as uncorrelated between the ND and FD. With
a better understanding of the relationship between ND
and FD calibration and reconstruction techniques, it

Sample Expected Events

NO IO

⌫ mode

⌫µ Signal 7235 7368

⌫̄µ CC background 542 542

NC background 213 213

⌫⌧ + ⌫̄⌧ CC background 53 54

⌫e + ⌫̄e CC background 9 5

⌫̄ mode

⌫̄µ Signal 2656 2633

⌫µ CC background 1590 1600

NC background 109 109

⌫⌧ + ⌫̄⌧ CC background 31 31

⌫e + ⌫̄e CC background 2 2

Table 7 ⌫µ and ⌫̄µ disappearance rates: integrated rate of se-
lected ⌫µ CC-like events between 0.5 and 10.0 GeV assuming
a 3.5-year (staged) exposure in the neutrino-beam mode and
antineutrino-beam mode. The rates are shown for both NO
and IO, with �CP = 0.

Parameter Central value Relative uncertainty

✓12 0.5903 2.3%

✓23 (NO) 0.866 4.1%

✓23 (IO) 0.869 4.0%

✓13 (NO) 0.150 1.5%

✓13 (IO) 0.151 1.5%

�m2

21
7.39⇥10�5 eV2 2.8%

�m2

32
(NO) 2.451⇥10�3 eV2 1.3%

�m2

32
(IO) -2.512⇥10�3 eV2 1.3%

⇢ 2.848 g cm�3 2%

Table 8 Central value and relative uncertainty of neutrino
oscillation parameters from a global fit [9,83] to neutrino os-
cillation data. The matter density is taken from Ref. [84].
Because the probability distributions are somewhat non-
Gaussian (particularly for ✓23), the relative uncertainty is
computed using 1/6 of the 3� allowed range from the fit,
rather than 1/2 of the 1� range. For ✓23, ✓13, and �m2

31
,

the best-fit values and uncertainties depend on whether nor-
mal mass ordering (NO) or inverted mass ordering (IO) is
assumed.

Eur. Phys. J. C 80, 978 (2020)



TDR Analysis Results
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• If all of the flux, cross section, and detector parameters are exposed 
to the near detector fit, clear overfitting occurs
- The huge ND statistics (>107 events/year) shrink all model parameters 

to negligibly small values
• This would be an example of extreme over-reliance on the MC models

• Instead, the a priori size of the ND detector errors are not allowed to 
be reduced by the fit (due to the simplicity of this model)
- Flux and cross section parameters no longer shrink to  ~0

• While this strategy limits the extent to which the ND data can over-
constrain the model, it still relies on the cross section model having 
the correct form (up to the parameters to be constrained)
- This can be problematic, as important model effects can be hidden 

depending on choices made when accounting for ND data/MC 
discrepancies (next slides)

30

Fig. 21 Resolution in degrees for the DUNE measurement of
�CP, as a function of the true value of �CP, for seven (blue),
ten (orange), and fifteen (green) years of exposure. The width
of the band shows the impact of applying an external con-
straint on ✓13.

many throws of the systematic other oscillation param-
eters, and statistical throws. As seen in Figure 21, the
�CP resolution varies significantly with the true value of
�CP, but for favorable values, resolutions near five de-
grees are possible for large exposure. The DUNE mea-
surement of sin2 2✓13 approaches the precision of reac-
tor experiments for high exposure, allowing a compar-
ison between the two results, which is of interest as a
test of the unitarity of the PMNS matrix.

One of the primary physics goals for DUNE is the
simultaneous measurement of all oscillation parameters
governing long-baseline neutrino oscillation, without a
need for external constraints. Figure 24 shows the 90%
constant ��2 allowed regions in the sin2 2✓13–�CP and
sin2 ✓23–�m2

32
planes for seven, ten, and fifteen years of

running, when no external constraints are applied, com-
pared to the current measurements from world data. An
additional degenerate lobe visible at higher values of
sin2 2✓13 and in the wrong sin2 ✓23 octant is present in
the seven and ten year exposures, but is resolved after
long exposures. The time to resolve the degeneracy with
DUNE data alone depends on the true oscillation pa-
rameter values. For shorter exposures, the degeneracy
observed in Figure 24 can be resolved by introducing an
external constraint on the value of ✓13. Figure 25 shows
two-dimensional 90% constant ��2 allowed regions in
the sin2 ✓23–�CP plane with an external constraint on
✓13 applied. In this case, the degenerate octant solution
has disappeared for all exposures shown.

Fig. 22 Resolution of DUNE measurements of �CP (top) and
sin2 2✓13 (bottom), as a function of exposure in kt-MW-years.
As seen in Figure 21, the �CP resolution has a significant
dependence on the true value of �CP, so curves for �CP =
�⇡/2 (red) and �CP = 0 (green) are shown. For �CP, the
width of the band shows the impact of applying an external
constraint on ✓13. No constraint is applied when calculating
the sin2 2✓13 resolution.

Figure 26 explores the resolution sensitivity that is
expected in the sin2 ✓23–�CP and sin2 ✓23–�m2

32
planes

for various true oscillation parameter values, with an
external constraint on ✓13. The true oscillation param-
eter values used are denoted by stars, and the NuFIT
4.0 best fit values are used as the true value of all those
not explicitly shown. Values of sin2 ✓23 = 0.42, 0.5, 0.58
were used in both planes, and additionally, values of

28

matter and CPV e↵ects that occurs near �CP = ⇡/2
(��CP = ⇡/2) for true normal (inverted) ordering.
Studies have indicated that special attention must be
paid to the statistical interpretation of neutrino mass
ordering sensitivities [99–101] because the ��2 metric
does not follow the expected chi-square function for one
degree of freedom, so the interpretation of the

p
��2 as

the sensitivity is complicated. However, it is clear from
Figure 17 that DUNE is able to distinguish the mass
ordering for both true NO and IO, and using the cor-
rections from, for example, Ref. [99], DUNE would still
achieve 5� significance for the central 68% of all throws
shown in Figure 17. We note that for both seven and
ten years (it was not checked for lower exposures), there
were no parameter throws used in generating the plots
(⇠300,000 each) for which the incorrect mass ordering
was preferred.

Figure 18 shows the DUNE Asimov sensitivity to
the neutrino mass ordering when the true values of ✓23,
✓13, and �m2

32
vary within the 3� range allowed by

NuFIT 4.0. As for CPV (in Figure 15), the largest vari-
ation in sensitivity is with the true value of ✓23, but
in this case, the upper octant leads to the best sensi-
tivity. Again, the true values of ✓13 and �m2

32
do not

have a dramatic impact on the sensitivity. The median
Asimov sensitivity tracks the median throws shown in
Figure 17 well for the reasonably high exposures tested
— this was not checked for exposures below seven years
(336 kt-MW-years).

Figure 19 shows the result of Asimov studies assess-
ing the significance with which the neutrino mass or-
dering can be determined for 100% of �CP values, and
when �CP = �⇡/2, as a function of exposure in kt-MW-
years, for true NO. The width of the bands show the
impact of applying an external constraint on ✓13. The
bottom plot shows the impact of varying the true value
of sin2 ✓23 within the NuFIT 4.0 90% C.L. region. As
DUNE will be able to establish the neutrino mass or-
dering at the 5� level for 100% of �CP values after a
relatively short period, these plots only extend to 500
kt-MW-years.

The measurement of ⌫µ ! ⌫µ oscillations depends
on sin2 2✓23, whereas the measurement of ⌫µ ! ⌫e os-
cillations depends on sin2 ✓23. A combination of both
⌫e appearance and ⌫µ disappearance measurements can
probe both maximal mixing and the ✓23 octant. Fig-
ure 20 shows the sensitivity to determining the octant
as a function of the true value of sin2 ✓23, in both NO
and IO. We note that the octant sensitivity strongly
depends on the use of the external ✓13 constraint.

In addition to the discovery potential for neutrino
the mass ordering and CPV, and sensitivity to the ✓23
octant, DUNE will improve the precision on key param-

Fig. 18 Asimov sensitivity to the neutrino mass ordering, as
a function of the true value of �CP, for ten years of exposure.
Curves are shown for variations in the true values of ✓23 (top),
✓13 (middle) and �m2

32
(bottom), which correspond to their

3� NuFIT 4.0 range of values, as well as the NuFIT 4.0 central
value. and maximal mixing.

Eur. Phys. J. C 80, 978 (2020)



Oscillation Parameter Biases in 
Constrained-Model Analyses
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The Eν Measurement Problem
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• Existing Long-Baseline neutrino experiments (T2K & 
NOvA) are limited by our understanding neutrino-nucleus 
interactions (on much better studied C/O targets)
- Very difficult to model GeV-scale nuclear physics

• The observed energy in the detector is always less than 
the incident neutrino energy
- e.g. ~75% of the energy carried by neutrons is lost & nuclear 

binding energy is unobserved

• The “feed-down” of the reconstructed Eν in each true Eν
bin “fills-in” the oscillation dip(s) at the far detector, but is 
difficult to constrain in an on-axis near detector
- (due to the lack of features in the ND energy spectrum)

0

500

1000

1500

N
Ev

en
ts

 (A
rb

itr
ar

y 
U

ni
ts

)

0 1 2 3 4 5 6 7 8 9 10
ERec

0

0.02

0.04

0.06

0.08

0.1

Fr
ac

tio
na

l c
on

tri
bu

tio
n

0

500

1000

1500

N
Ev

en
ts

 (A
rb

itr
ar

y 
U

ni
ts

)

0 1 2 3 4 5 6 7 8 9 10
ERec

0

0.02

0.04

0.06

0.08

0.1

Fr
ac

tio
na

l c
on

tri
bu

tio
n

Eν (GeV)

# 
ν e

Ev
en

ts

Reconstructed Eν for Some True Eν Bins

Tr
ue

 E
ν

Reco Eν

Near Detector νμ

Far Detector νμ



2022/09/28 Mike Wilking | Systematic Errors in DUNE11

• If we knew our cross section model were correct, even with a large 
number of uncertain parameters, our high-statistics, on-axis ND sample 
would precisely (and correctly) constrain all model parameters

• However, we know there are many deficiencies in our cross section
models, which can lead to biases in our extracted oscillation parameters

- In practice, the neutrino flux and cross section model must always be “tuned” 
to make the near detector MC match the ND data

• The problem: there are many degenerate choices for cross section 
model adjustments that can produce agreement in an on-axis ND (even 
if the flux prediction is perfect)

- If we choose the wrong cross section model modifications, we can introduce 
large biases at the far detector, even if the ND model agrees with the data in 
~all observable distributions!

• (Again, this is due to the lack of sharp oscillation features in the ND spectra 2p
2h

ν
Ar μ

fully
reconstructed

p
Hadronic energy
measurement nn

π0π+

π+

Cross Section Model Adjustments

Missing energy



Missing Proton KE Fake Data
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• To demonstrate the problems of inaccurate cross section 
modeling, a fake dataset was produced in which the sharing 
of energy between final state protons and neutrons was 
modified
- 20% of the proton KE was transferred to unseen neutron energy

• The cross section model was then (incorrectly) adjusted to 
produce agreement in on-axis ND observables (via multi-
dimensional reweighting of the model parameters)
- This process is meant to demonstrate the effect of (incorrect) 

model tuning

• The result is a fake dataset that provides model agreement in 
an on-axis near detector (by design), but does *NOT* contain 
the same Etrue → Erec relationship as assumed by the model
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Oscillation Parameter Bias
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• Despite good agreement in the ND, the bias is clearly apparent 
in the oscillated FD spectrum
- The same oscillation parameters produce a different FD Erec shape 

in the nominal MC and the fake data

• A full near + far detector fit of the fake data results in a biased 
measurement of oscillation parameters (well outside of 90% 
C.L. contours)
- The fit quality is very good, since there is Erec agreement (by 

design) in the high-statistics, on-axis near detector

• With only an on-axis near detector, DUNE could get the wrong 
answers for neutrino oscillation parameters with no evidence 
that anything were wrong

Far Detector Erec

Nominal MC
Fake Data

Erec distributions for the 
same osc. parameters

Erec (GeV)



Breaking Degeneracies:
Varying the Near Detector Eν Spectrum
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DUNE-PRISM
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• By changing the off-axis angle of the detector, it is 
possible to sample a continuously changing energy 
spectrum

• This provides a strong constraint on the Etrue → Erec
relationship
- Each off-axis location provides an independent  

“neutrino test beam” measurement with a different 
incident neutrino spectrum
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…

DUNE-PRISM 
Technique

  

● Sanity check with code refactoring: looking back 
at ereco vs enu (total final state energy is better 
than enu, but I hastily did this) 

– Ereco = total deposited energy within Fiducial 
region 
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• By moving the near detector off-axis, we can 
measure increasingly lower Eν spectra


• This allows us to experimentally constrain Erec vs 
Etrue, which is one of the primary analysis 
challenges DUNE must overcome to reach design 
sensitivity


• The length of the ND hall in the off-axis 
direction determines the minimum Eν for 
which Erec vs Etrue can be determined
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Identifying Modeling Issues
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• With DUNE-PRISM, the missing proton KE fake data can be compared to nominal MC at 
many different off-axis positions

• The previously “hidden” modeling problems can clearly be seen off-axis
- ND off-axis spectra span the FD Eν spectrum, so modeling can be verified within the Eν range 

relevant for DUNE oscillation physics
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Overcoming Modeling Issues
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• Constrained-model approach: Develop a model that can describe the 
near detector data
- Now that we have near detector data for many energy spectra across 

the oscillation Eν range, there is less potential for bias
• It is less likely to get the right answer for the wrong reasons

- This may allow for more empirical model corrections (rather than first-
principles modifications), given the much higher bar these models must 
clear (data/MC agreement for all off-axis positions)

- Or, given the historical difficulties in achieving ND data/MC agreement, 
this process still may not adequately converge

• Model-Insensitive Approach: Use the near detector data directly (via 
linear combinations) to compare to the far detector data
- Any unknown modeling effects are directly incorporated into the FD 

spectrum prediction
- However, some errors may not adequately cancel, so additional model 

constraints may be required (e.g. ex-situ data, beam monitoring)
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Toward a More Model-Insensitive Approach:
The DUNE-PRISM Linear Combination Analysis 
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Flux Matching (ND Linear Combinations)
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• The flux predictions at each off-axis position can be linearly 
combined to match any user-defined flux
- The same combination can then be applied to any observable 

distribution (e.g. Erec)

• 2 types of fluxes are of particular interest:
- A Pseudo-monoenergetic flux (e.g. Gaussian)

• Can be used to measure a reconstructed distribution for a known 
true energy (similar to electron scattering)

• e.g. it is now possible to measure neutral current interactions vs Eν
- A far detector oscillated flux

• We can now produce oscillated fluxes at the ND!

• Allows for a direct measurement of the oscillated FD Erec distribution 
at the ND (for any choice of oscillation parameters)

• DUNE-PRISM can match un-oscillated off-axis ND  flux to FD oscillated  flux pretty well (plot below)

• Applying flux match coefficients to off-axis ND  events predicts  spectrum at FD

• This flux matching process has zero dependence on any -Ar interaction model 

!" !"
!" !"

!"

Flux Match at DUNE-PRISM

2



Flux Error Cancelation
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• Since the ND fluxes and the FD flux both come from the 
same beam, there is significant error cancelation
- ND linear combination variations are very similar to FD flux 

variations

• Top plot: a single (large) variation of a hadron production 
uncertainty
- The effect in ND linear combination and FD is almost identical

- Resulting error is the residual difference

• Repeating this procedure for all flux variations results in a 
very small residual error (~1% in the oscillation region)
- Hadron production is (currently) not the dominant uncertainty in 

the linear combination analysis

Chapter 4: DUNE-PRISM 4–155
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Figure 4.21: Cancellation of hadron production systematic variation. The top plot shows the di�erence
between the systematically varied and nominal flux (FD) and the flux formed from the linearly combined
ND fluxes. The bottom plot shows the cancellation achieved as the two variations a�ect the target flux
and the combination flux in the same way. Note that the red dashed lines indicate the region where
the target flux is fit.

This exercise can be repeated for a large number of flux throws to produce a 1‡ uncertainty band
due to hadron production uncertainties in the beam line. Figure 4.22 shows the resulting error
bands for several choices of the the oscillation parameters. The total uncertainty is constrained to
the percent level throughout the oscillation region.

4.6.2 Systematic Uncertainties on Gaussian Fluxes
A similar evaluation of the impact of flux systematic uncertainties can be performed for the matched
Gaussian fluxes. Systematic variations are applied to the ND fluxes, and the resulting variations
in the Gaussian mean, width, and normalization are extracted, as shown in Figure 4.23. The
chosen true neutrino energy for each Gaussian energy spectrum is precisely controlled to better
than 0.5% accuracy. Given the limitations of the available energy spectra at high and low energies,
it is di�cult to produce Gaussian energy spectra with widths precisely 10% of the mean energy,
and the resulting widths can range up to 11% or 12% of the mean energy. However, the variation
of these widths due to hadron production uncertainties is small. Finally, since measurements
with Gaussian fluxes do not involve any a priori near/far cancellation, the full flux normalization
uncertainty is propagated to the constructed Gaussian fluxes.

4.7 Linear Combination Oscillation Analysis
A complete DUNE-PRISM linear-combination analysis is not yet possible, since this requires full
ND simulation and reconstruction tools. However, this section will outline the steps of such an
analysis, and demonstrate that such an analysis is expected to avoid the oscillation parameter
biases outlined in Section 4.3.5.

DUNE Near Detector Conceptual Design Report

Effect of 1 hadron production variation
on the ND linear combination & FD
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Figure 4.22: Cancellation of hadron production systematic variations assuming various oscillation hy-
potheses (top right). Shown are median values (solid line) and 68% containment intervals (bands).
The figure colors correspond to the oscillation hypothesis points on the upper right panel.
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FD Event Rate Prediction
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• The off-axis coefficients 
derived from the flux matching 
are applied to the ND data

• This produces a data-driven 
prediction of the far detector 
oscillated data

• The analysis variable is 
chosen to minimize 
dependence on missing 
energy
- Reconstructed Eν is not used
- ”Evis” excludes energy from 

neutrons and binding energy
• Should mainly be sensitive to 

detector effects (rather than 
cross section modeling)

5. 15/09/2022 Ciaran Hasnip | DUNE-PRISM

FHC Disappearance Prediction

Just the 
RED
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FHC Disappearance Prediction

Just the 
RED

=

Measured ND νμ Events
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Oscillation Fits
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• For each choice of oscillation (and 
systematic error) parameters, the translation 
of ND data to FD prediction is repeated
- Each new prediction is compared to FD data 

to calculate the likelihood

- The ND and FD data always remain 
unchanged throughout this process

• Systematic error (nuisance) parameters are 
constrained very little during the fit
- Constraint comes from FD statistics

- Non-data-driven components of the prediction 
incur the full flux & cross section uncertainties

13. 15/09/2022 Ciaran Hasnip | DUNE-PRISM

Oscillation Fits with PRISM

• PRISM analysis implemented in 
CAFAna

• Fit prediction to 'data' using 
MINUIT2 at each point in oscillation 
parameter space



νe Appearance
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• The same procedure can be 
used for νe appearance

• Flux match the ND off-axis νμ
spectra to FD νe spectrum
(for a given set of osc. params)
- Analogous to the νμ

disappearance analysis

• Need to correct σ(νe)/σ(νμ)
- This correction is most important 

at low energies (e.g. < 1 GeV)

- Αt higher energies, σ(νe)/σ(νμ) → 1

• We hope to release 4-flavor 
oscillation fits in the near future!
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Analysis Design, Revisited
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• As these more data-driven analysis approaches are developed, there will 
be a need to constrain some parameters from in situ measurements (e.g.
beam monitoring) and external data (e.g. hadron production experiments)

• Relatedly, there may be systematic uncertainties that result in important 
non-canceling uncertainties
- Example: shifting the first target & horn a small amount (~1 mm) in the off-axis 

direction can produce larger effects in the near-off-axis positions relative to the 
effect on-axis
• These beam focusing uncertainties don’t cancel as well as, for example, hadron 

production uncertainties

- As these effects are better understood, mitigating actions may be needed to 
avoid re-introducing dependencies on uncertain cross section models (e.g. more 
precise beam component monitoring; or using mobile detectors to monitor the 
off-axis beam)

Constrained-Model
Approach

Model-Insensitive
Approach?



Summary
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• The sensitivity of long-baseline neutrino experiments can be limited by our knowledge 
of experimental modeling, especially ν–N interaction modeling

• Relying on these models can produce difficult-to-detect biases in the measured 
oscillation parameters

• By taking data at different off-axis positions, and with different horn currents, it is 
possible to construct an analysis that is less sensitive to neutrino interaction modeling
- Systematic error parameters receive weaker constraints, but the analysis becomes less 

sensitive to the details of the models

• When implementing constraints into our oscillation analyses, careful consideration 
should be given to potential over-reliance on uncertain modeling



Backup
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Hadronic Energy Modeling

2022/09/28 Mike Wilking | Systematic Errors in DUNE27

• The hadronic final state in a neutrino-nucleus interaction is 
relatively less-well understood than the leptonic final state

• The average kinetic energy carried by final state protons is 
compared for 2 versions of the GENIE neutrino interaction 
generator, and the most recent version of NEUT

- Differences of ~20% can be seen through the DUNE 
oscillation region (but this is just a comparison of 2 models)

• Significant uncertainties exist in the fraction of hadronic 
energy carried by the various final state hadrons
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TDR Analysis Cross Section Model
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• The cross section
model parameters used 
in the DUNE TDR 
analysis are shown here

• In addition to built-in 
GENIE parameters, 
some additional 
parameters were added 
to account for other 
important effects varied 
in T2K and NOvA
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the non-resonant background to pion production in the
R-S model.

The NOvA experiment [57] developed uncertainties
beyond those provided by GENIE to describe their sin-
gle pion to DIS transition region data. We follow their
findings, and implement separate, uncorrelated uncer-
tainties for all perturbations of 1, 2, and � 3 pion
final states, CC/NC, neutrinos/antineutrinos, and in-
teractions on protons/neutrons, with the exception of
CC neutrino 1-pion production, where interactions on
protons and neutrons are merged, following [50], which
modifies the central value of the model prediction, as
listed in Table 3. This leads to 23 distinct uncertainty
channels with a label to denote the process it a↵ects:
NR [⌫,⌫̄] [CC,NC] [n,p] [1⇡,2⇡,3⇡]. Each channel has an
uncertainty of 50% for W  3 GeV, and an uncertainty
which drops linearly above W = 3 GeV until it reaches
a flat value of 5% at W = 5 GeV, where external mea-
surements better constrain this process.

GENIE includes a large number of final state uncer-
tainties on its final state cascade model [58–60], which
are summarized in Table 2. A recent comparison of the
underlying interaction probabilities used by GENIE is
compared with other available simulation packages in
Ref. [61].

The cross sections include terms proportional to the
lepton mass, which are significant contributors at low
energies where quasielastic processes dominate. Some of
the form factors in these terms have significant uncer-
tainties in the nuclear environment. Ref. [62] ascribes
the largest possible e↵ect to the presence of poorly con-
strained second-class current vector form factors in the
nuclear environment, and proposes a variation in the
cross section ratio of �µ/�e of ±0.01/Max(0.2 GeV, E⌫)
for neutrinos and ⌥0.018/Max(0.2 GeV, E⌫) for an-
tineutrinos. Note the anticorrelation of the e↵ect in
neutrinos and antineutrinos. This parameter is labeled
⌫e/⌫̄e norm.

An additional normalization uncertainty (NC
norm.) of 20% is applied to all NC events at the ND in
this analysis to investigate whether the small contami-
nation of NC events which passed the simple selection
cuts had an e↵ect on the analysis. Although a similar
systematic could have been included (uncorrelated) at
the FD, it was not in this analysis.

Finally, some electron-neutrino interactions occur at
four-momentum transfers where a corresponding muon-
neutrino interaction is kinematically forbidden, there-
fore the nuclear response has not been constrained by
muon-neutrino cross-section measurements. This region
at lower neutrino energies has a significant overlap with
the Bodek-Ritchie tail of the nucleon momentum dis-
tribution in the Fermi gas model [30]. There are signif-

Description 1�

Quasielastic

MQE

A
, Axial mass for CCQE +0.25

�0.15 GeV

QE FF, CCQE vector form factor shape N/A

pF Fermi surface momentum for Pauli blocking ±30%

Low W

MRES

A
, Axial mass for CC resonance ±0.05 GeV

MRES

V
Vector mass for CC resonance ±10%

�-decay ang., ✓⇡ from � decay (isotropic ! R-S) N/A

High W (BY model)

AHT, higher-twist in scaling variable ⇠w ±25%

BHT, higher-twist in scaling variable ⇠w ±25%

CV1u, valence GRV98 PDF correction ±30%

CV2u, valence GRV98 PDF correction ±40%

Other neutral current

MNCRES

A
, Axial mass for NC resonance ±10%

MNCRES

V
, Vector mass for NC resonance ±5%

Table 1 Neutrino interaction cross-section systematic pa-
rameters considered in GENIE. GENIE default central val-
ues and uncertainties are used for all parameters except the
CC resonance axial mass. The central values are the GENIE
nominals, and the 1� uncertainty is as given. Missing GE-
NIE parameters were omitted where uncertainties developed
for this analysis significantly overlap with the supplied GE-
NIE freedom, the response calculation was too slow, or the
variations were deemed unphysical.

icant uncertainties in this region, both from the form
of the tail itself and from the lack of knowledge about
the e↵ect of RPA and 2p2h in this region. Here, a 100%
uncertainty is applied in the phase space present for ⌫e
but absent for ⌫µ (labeled ⌫e phase space (PS)).

The complete set of interaction model uncertainties
includes GENIE implemented uncertainties (Tables 1
and 2), and new uncertainties developed for this e↵ort
(Table 4) which represent uncertainties beyond those
implemented in the GENIE generator.

Tunes which are applied to the default model, using
the dials described, which represent known deficiencies
in GENIE’s description of neutrino data, are listed in
Table 3.

The way model parameters are treated in the anal-
ysis is described by three categories:

– Category 1: expected to be constrained with on-axis
data; uncertainties are implemented in the same way
for ND and FD.
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Description 1�

N. CEX, Nucleon charge exchange probability ±50%

N. EL, Nucleon elastic reaction probability ±30%

N. INEL, Nucleon inelastic reaction probability ±40%

N. ABS, Nucleon absorption probability ±20%

N. PROD, Nucleon ⇡-production probability ±20%

⇡ CEX, ⇡ charge exchange probability ±50%

⇡ EL, ⇡ elastic reaction probability ±10%

⇡ INEL, ⇡ inelastic reaction probability ±40%

⇡ ABS, ⇡ absorption probability ±20%

⇡ PROD, ⇡ ⇡-production probability ±20%

Table 2 The intra-nuclear hadron transport systematic pa-
rameters implemented in GENIE with associated uncertain-
ties considered in this work. Note that the ‘mean free path’
parameters are omitted for both N-N and ⇡-N interactions
as they produced unphysical variations in observable analysis
variables. Table adapted from Ref [28].

Description Value

Quasielastic

BeRPA

A controls low Q2 A : 0.59

B controls low-mid Q2 B : 1.05

D controls mid Q2 D : 1.13

E controls high Q2 fall-o↵ E : 0.88

U controls transition from polynomial to exponential U : 1.20

2p2h

q0, q3 dependent correction to 2p2h events

Low W single pion production

Axial mass for CC resonance in GENIE 0.94

Normalization of CC1⇡ non-resonant interaction 0.43

Table 3 Neutrino interaction cross-section systematic pa-
rameters that receive a central-value tune and modify the
nominal event rate predictions.

– Category 2: implemented in the same way for ND
and FD, but on-axis ND data alone is not su�cient
to constrain these parameters. They may be con-
strained by additional ND samples in future analy-
ses, such as o↵-axis measurements.

– Category 3: implemented only in the FD. Examples
are parameters which only a↵ect ⌫e and ⌫e rates

which are small and di�cult to precisely isolate from
background at the ND.

All GENIE uncertainties (original or modified), given
in Tables 1 and 2, are all treated as Category 1. Ta-
ble 4, which describes the uncertainties beyond those
available within GENIE, includes a column identify-
ing which of these categories describes the treatment of
each additional uncertainty.

Uncertainty Mode Category

BeRPA [A,B,D] 1p1h/QE 1

ArC2p2h [⌫,⌫̄] 2p2h 1

E2p2h [A,B] [⌫,⌫̄] 2p2h 2

NR [⌫,⌫̄] [CC,NC] [n,p] [1⇡,2⇡,3⇡] Non-res. pion 1

⌫e PS ⌫e,⌫e inclusive 3

⌫e/⌫e norm ⌫e,⌫e inclusive 3

NC norm. NC 2*

Table 4 List of extra interaction model uncertainties in addi-
tion to those provided by GENIE, and the category to which
they belong in the analysis. Note that in this analysis, the
NC norm. systematic is not applied at the FD, as described
in the text.

4 The Near Detector Simulation and
Reconstruction

The ND hall will be located at Fermi National Acceler-
ator Laboratory (Fermilab), 574 m from where the pro-
tons hit the beam target, and 60 m underground. The
baseline design for the DUNE ND system consists of a
LArTPC with a downstream magnetized multi-purpose
detector (MPD), and an on-axis beam monitor. Addi-
tionally, it is planned for the LArTPC and MPD to be
movable perpendicular to the beam axis, to take mea-
surements at a number of o↵-axis angles. The use of
o↵-axis angles is complementary to the on-axis analysis
described in this work through the DUNE-PRISM con-
cept, originally developed in the context of the J-PARC
neutrino beamline in Ref. [63]. We note that there are
many possible ND samples which are not included in
the current analysis, but which may either help improve
the sensitivity in future, or will help control uncertain-
ties to the level assumed here. These include: neutrino–
electron scattering studies, which can independently
constrain the flux normalization to ⇠2% [64]; addi-
tional flux constraints from the low-⌫ method, which
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Description 1�

N. CEX, Nucleon charge exchange probability ±50%

N. EL, Nucleon elastic reaction probability ±30%

N. INEL, Nucleon inelastic reaction probability ±40%

N. ABS, Nucleon absorption probability ±20%

N. PROD, Nucleon ⇡-production probability ±20%

⇡ CEX, ⇡ charge exchange probability ±50%

⇡ EL, ⇡ elastic reaction probability ±10%

⇡ INEL, ⇡ inelastic reaction probability ±40%

⇡ ABS, ⇡ absorption probability ±20%

⇡ PROD, ⇡ ⇡-production probability ±20%

Table 2 The intra-nuclear hadron transport systematic pa-
rameters implemented in GENIE with associated uncertain-
ties considered in this work. Note that the ‘mean free path’
parameters are omitted for both N-N and ⇡-N interactions
as they produced unphysical variations in observable analysis
variables. Table adapted from Ref [28].

Description Value

Quasielastic

BeRPA

A controls low Q2 A : 0.59

B controls low-mid Q2 B : 1.05

D controls mid Q2 D : 1.13

E controls high Q2 fall-o↵ E : 0.88

U controls transition from polynomial to exponential U : 1.20

2p2h

q0, q3 dependent correction to 2p2h events

Low W single pion production

Axial mass for CC resonance in GENIE 0.94

Normalization of CC1⇡ non-resonant interaction 0.43

Table 3 Neutrino interaction cross-section systematic pa-
rameters that receive a central-value tune and modify the
nominal event rate predictions.

– Category 2: implemented in the same way for ND
and FD, but on-axis ND data alone is not su�cient
to constrain these parameters. They may be con-
strained by additional ND samples in future analy-
ses, such as o↵-axis measurements.

– Category 3: implemented only in the FD. Examples
are parameters which only a↵ect ⌫e and ⌫e rates

which are small and di�cult to precisely isolate from
background at the ND.

All GENIE uncertainties (original or modified), given
in Tables 1 and 2, are all treated as Category 1. Ta-
ble 4, which describes the uncertainties beyond those
available within GENIE, includes a column identify-
ing which of these categories describes the treatment of
each additional uncertainty.

Uncertainty Mode Category

BeRPA [A,B,D] 1p1h/QE 1

ArC2p2h [⌫,⌫̄] 2p2h 1

E2p2h [A,B] [⌫,⌫̄] 2p2h 2

NR [⌫,⌫̄] [CC,NC] [n,p] [1⇡,2⇡,3⇡] Non-res. pion 1

⌫e PS ⌫e,⌫e inclusive 3

⌫e/⌫e norm ⌫e,⌫e inclusive 3

NC norm. NC 2*

Table 4 List of extra interaction model uncertainties in addi-
tion to those provided by GENIE, and the category to which
they belong in the analysis. Note that in this analysis, the
NC norm. systematic is not applied at the FD, as described
in the text.

4 The Near Detector Simulation and
Reconstruction

The ND hall will be located at Fermi National Acceler-
ator Laboratory (Fermilab), 574 m from where the pro-
tons hit the beam target, and 60 m underground. The
baseline design for the DUNE ND system consists of a
LArTPC with a downstream magnetized multi-purpose
detector (MPD), and an on-axis beam monitor. Addi-
tionally, it is planned for the LArTPC and MPD to be
movable perpendicular to the beam axis, to take mea-
surements at a number of o↵-axis angles. The use of
o↵-axis angles is complementary to the on-axis analysis
described in this work through the DUNE-PRISM con-
cept, originally developed in the context of the J-PARC
neutrino beamline in Ref. [63]. We note that there are
many possible ND samples which are not included in
the current analysis, but which may either help improve
the sensitivity in future, or will help control uncertain-
ties to the level assumed here. These include: neutrino–
electron scattering studies, which can independently
constrain the flux normalization to ⇠2% [64]; addi-
tional flux constraints from the low-⌫ method, which

GENIE Xsec Parameters

Additional Xsec Parameters

GENIE FSI Parameters

Eur. Phys. J. C 80, 978 (2020)



Horn Current Variations I
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• It’s difficult to get agreement at high 
energies using only off-axis fluxes
- Highest energy flux available is the

on-axis flux

• By adding a 1 week special run each 
year at a slightly lower horn current (293 
kA -> 280 kA), we gain additional high-
energy information
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Horn Current Variations II

2022/09/28 Mike Wilking | Systematic Errors in DUNE30

• It’s difficult to get agreement at high 
energies using only off-axis fluxes
- Highest energy flux available is the

on-axis flux

• By adding a 1 week special run each 
year at a slightly lower horn current (293 
kA -> 280 kA), we gain additional high-
energy information

- We can now match the far detector 
oscillated spectrum for any choice of 
oscillation parameters
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Impact of ν–Ar Mismodeling on Oscillation Measurements
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• Shouldn’t cross section effects cancel in a near/far ratio?

• No, since the near and far spectra are very different (mostly due to oscillations)

- EREC feed-down has a gradual effect at the ND, but smears oscillation features at the FD

- ν-Ar mismodeling can bias osc. parameter measurements, even with perfect ND data/MC agreement

• To move beyond T2K & NOvA, qualitatively new, data-driven constraints are needed on ETRUE ➔ EREC

Near Detector Measures:
- Large νμ component
- Small νe component

Far Detector Measures:
- νμ disappearance
- νe appearance

νe appearanceνμ disappearance

3.00.5 3.00.5


