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DUNE physics aims
DUNE has a rich physics programme which includes: 

1. Make precise measurements of the oscillation parameters θ23,  θ13 and Δm312.

2. Resolve the neutrino mass hierarchy, i.e. whether m32 > m22 or m32 < m22. 

3. Determine the octant of θ23.

4. Determine whether CP is violated in neutrinos and make a measurement of δCP.

5. Search for τ appearance.

6. Check the unitarity of the PMNS matrix

7. Search for nucleon decay, e.g. p+ -> K+ nubar.

8. Be ready to detect low-energy neutrinos from a core-collapse supernova. 

9. Search for Beyond Standard Model physics, e.g. sterile neutrinos, heavy neutral 
leptons, large extra dimensions, non-standard interactions.

This talk will focus on neutrino oscillation physics (items 1-4) at DUNE.
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DUNE

The Deep Underground 
Neutrino Experiment (DUNE) 
is a large international 
collaboration with >1000 
collaborators from 164 
institutions in 30 countries.

15 Aug 2017 Ed Blucher | DUNE Collaboration Meeting4

The DUNE Collaboration
Today:

1011 collaborators from 164 institutions in 30 nations!!

! Armenia, Brazil, Bulgaria, 
Canada, CERN, Chile, China, 
Colombia, Czech Republic, 
Finland, France, Greece, 
India, Iran, Italy, Japan, 
Madagascar, Mexico, 
Netherlands, Peru, Poland, 
Romania, Russia, South 
Korea, Spain, Sweden, 
Switzerland, Turkey, UK, 
Ukraine, USA

!"#$#%&%'()

Several new groups currently applying for membershipDUNE 
collaboration 

meeting 
August 2017
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DUNE

Far detector at Sanford 
Underground Research 
Facility (SURF)

Neutrino beam and near 
detector at Fermilab

DUNE will make a 
beam of νμ or νμbar 
at Fermilab. This 
beam will pass 
through the near 
detector (574 
metres from target) 
and the far detector 
(1300 km distant).
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DUNE neutrino beam

The DUNE neutrino beam will be made using a proton beam 
that is initially 1.2 MW and can be upgraded to 2.4 MW. 

The neutrino beam will be on axis and have a broad range of 
energies covering both the first and second oscillation 
maxima - these are shown with red arrows   .

For further details, please see talk by Tristan Davenne on 
Monday at 15.30.

Deep Underground Neutrino 
Experiment (DUNE)

Muon neutrino beam from 
Fermilab (LBNF Long-
Baseline Neutrino Facility)
! On-axis, conventional horn-

focused beam
! Beam intensity of 1.2 MW, 

upgradeable to 2.4 MW (for 
120 GeV primary protons)

Near detector (ND) at Fermilab
Far detector (FD) at SURF 
(Sanford Underground 
Research Facility) in South 
Dakota, 1300 km baseline
! 40 kt liquid argon (LAr) TPC          

(4 x 10 kt modules)

July 26, 2017 LWK | Sensitivity of the DUNE Experiment to CP Violation5
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The goal for accumulating 120-GeV protons at the neutrino target with beam power of 1.2 MW is 
1.1!1021 protons-on-target (POT) per year. This assumes 7.5!1013 protons per MI cycle of 1.2 sec [31] 
and a total LBNF efficiency of 0.56. The total LBNF efficiency used in the POT calculation and discussed 
below includes the total expected efficiency and up-time of the accelerator complex as well as the 
expected up-time of the LBNF Beamline. 

The neutrino flux at the far detector site in the absence of oscillations is shown in Figure 6-2 and Figure 
6-3 with the horns focusing positive and negative particles respectively. The  calculations are for a 
120 GeV proton beam, NuMI horns at 230 kA and 6.6 m apart, distance between Horn 1 and the decay 
pipe of 27 m, and decay pipe of  194 m length and 4 m diameter. 
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This chapter describes the reference design for the LBNF primary (proton) beamline. This system will 
extract protons from Fermilab’s Main Injector (MI) synchrotron, using a single-turn extraction method, 
and transport them to the target in the LBNF Target Hall. The nominal range of operation is from 60 to 
120 GeV.  

The principal components of the primary beamline include specialized magnets at the MI-10 extraction 
point to capture all of the protons in the synchrotron and redirect them to the LBNF beamline, a series of 
dipole and quadrupole magnets to transport the proton beam to the target, power supplies for all the 
magnets, a cooling system, beamline instrumentation and a beam-vacuum system for the beam tube.  

Antineutrino fluxes
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DUNE near detector

ArgonCube

15-Aug-2017 Status of ND Design Study4

The near detector (ND) will be a ~30 tonne 
liquid argon time projection chamber with a 
downstream magnetised multi-purpose 
spectrometer at Fermilab. Design of 
spectrometer not yet finalised, it could be a 
straw-tube tracker or a high-pressure gas argon 
time projection chamber. 

Its goals are

1. Constrain systematic uncertainties, e.g. flux 
and cross sections, in oscillation analyses.

2. Make precision measurements of neutrino 
interaction cross sections - for further details, 
please see talk by Hongyue Duyang on Friday at 
12.00.

3. Search for new physics, e.g. sterile neutrinos.  
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DUNE far detector

The far detector (FD) will be a suite 
of four 10 kt liquid argon time 
projection chambers (LArTPCs) at the 
4850 feet underground level in SURF, 
South Dakota. 

Chapter 8: Software and Computing 8–130

Figure 8.2: Examples of accelerator neutrino interactions, simulated by LArSoft in the MicroBooNE
detector. The panels show 2D projections of different event types. The top panel shows a νµ charged-
current interaction with a stopped muon followed by a decay Michel electron; the middle panel shows
a νe charged-current quasi-elastic interaction with a single electron and proton in the final state; the
bottom panel shows a neutral-current interaction with a π0 in the final state that decayed into two
photons with separate conversion vertices.

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report
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current interaction with a stopped muon followed by a decay Michel electron; the middle panel shows
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Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report

νμ CC event in LArTPC  νe CC event in LArTPC

 Ref:  http://docs.dunescience.org/cgi-bin/ShowDocument?docid=183&asof=2016-1-30

LArTPC technology gives excellent 
calorimetric and spatial resolution, 
and provides high-quality tracking of 
charged particles down to low 
momenta. 
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DUNE timeline

DUNE groundbreaking at SURF !!!
21st July 2017

DUNE Timeline 

2017: Far 
Site 

Construction 
Begins 

2018: 
protoDUNEs 

at CERN 

2021: Far 
Detector 

Installation 
Begins 

2024: 
Physics 

Data       
(20 kt) 

2026: 
Neutrino 

Beam 
Available 

DUNE Long-Baseline Physics, APS January 2017 3 

Far Detector 
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Neutrino mass hierarchy

If δCP ≠0 or π, the oscillation probability P(νμ➝νe) is not the same as P(νμbar➝νebar). 
There is also a significant difference between P(νμ➝νe) and P(νμbar➝νebar) due to matter 
effects. 

Due to the 1300 km baseline, the asymmetry due to matter effects is ~40% in region of 
peak flux, which is greater than largest possible asymmetry from CP violation. The sign of 
this difference depends on the mass hierarchy.  This means that the mass hierarchy can be 
resolved by DUNE irrespective of the value of δCP.

Baseline 295 km
Energy 0.6 GeV

Baseline 1300 km
Energy 3.0 GeV

Baseline 295 km
Energy 0.6 GeV

Baseline 810 km
Energy 2.0 GeV
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CP violation

The three terms all oscillate but amplitudes have different energy dependence. Can separate CP 
violation from matter effects using broad range of energies. CP term more important at low energy. 

To search for CP violation or to measure δCP, use difference between νμ➝νe and 
νμbar➝νebar reconstructed spectra; need to disentangle matter effects from those 
due to CP violation. 

(ref: https://arxiv.org/pdf/hep-ph/9703351.pdf)

CDR Status!
Anne Heavey  
DUNE Collaboration Weekly Meeting"
May 15, 2015"

Neutrino energy 
reconstruction in the DUNE 

far detector

 Nick Grant, Tingjun Yang

1

Neutrino Oscillations in Matter

04/05/201620 Mark Thomson | DUNE
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has 3 terms to good approximation (formulae in backup).

Graphs for normal mass hierarchy

For inverted hierarchy, term 1 
(red) changes sign.

Baseline = 1300 km
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Reconstructed energy spectra

Sensitivities to the mass hierarchy 
and CP violation are obtained by 
using GLoBES to simultaneously 
fit the νμ➝νμ, νμbar➝νμbar, 
νμ➝νe and νμbar➝νebar 
reconstructed spectra. 

Assume 50% of running in 
neutrino mode, 50% in 
antineutrino mode. 

2026 20 kt far detector with 1.2 
MW beam

2027 30 kt far detector

2029 40 kt far detector

2032 Upgrade to 2.4 MW beam
11
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Uncertainties

Neutrino oscillation parameters are allowed to vary in the fits with a Gaussian 
constraint using NuFit 2016 values. 

Effect of systematic uncertainties is approximated using normalisation uncertainties 
in each constituent interaction mode that comprise signal and background in each 
event sample.  

Signal normalisation uncertainty is 5⊕2% in both neutrino and antineutrino modes, 
where 5% is the normalisation uncertainty in the FD νμ sample and 2% is the 
effective uncorrelated uncertainty in the FD νe sample after fits to both ND and FD 
data and external constraints. 

12
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Sensitivities

Sensitivities are calculated using test statistic Δχ2 comparing reconstructed spectra 
for different hypotheses:

Scan over all values of true δCP and use lowest value of Δχ2. Assume mass hierarchy 
and θ23 octant unknown, vary them in fits and use lowest value of Δχ2.

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–19

Sensitivities to the neutrino mass hierarchy and the degree of CP violation are obtained by simul-

taneously fitting the νµ → νµ, ν̄µ → ν̄µ, νµ → νe, and ν̄µ → ν̄e oscillated spectra. It is assumed

that 50% of the total exposure comes in neutrino beam mode and 50% in antineutrino beam mode.

A 50%/50% ratio of neutrino to antineutrino data has been shown to produce a nearly optimal

sensitivity, and small deviations from this (e.g., 40%/60%, 60%/40%) produce negligible changes

in the sensitivity.

The neutrino oscillation parameters are all allowed to vary, constrained by a Gaussian prior with 1σ
width as given by the relative uncertainties shown in Table 3.4. The effect of systematic uncertainty

is approximated using signal and background normalization uncertainties, which are treated as

100% uncorrelated among the four samples. The baseline systematic uncertainty estimates and

the effect of considering larger signal and background normalization uncertainties, as well as some

energy-scale uncertainties are discussed in Section 3.6.

In these fits, experimental sensitivity is quantified using a test statistic, ∆χ2
, which is calculated by

comparing the predicted spectra for alternate hypotheses. These quantities are defined, differently

for neutrino mass hierarchy and CP-violation sensitivity, to be:

∆χ2
MH

= χ2
IH

− χ2
NH

(true normal hierarchy), (3.6)
∆χ2

MH
= χ2

NH
− χ2

IH
(true inverted hierarchy), (3.7)

∆χ2
CP V

= Min[∆χ2
CP

(δtest

CP = 0), ∆χ2
CP

(δtest

CP = π)], where (3.8)
∆χ2

CP
= χ2

δtest
CP

− χ2
δtrue

CP
. (3.9)

Since the true value of δCP is unknown, a scan is performed over all possible values of δtrue

CP . Both

the neutrino mass hierarchy and the θ23 octant are also assumed to be unknown and are varied in

the fits, with the lowest value of ∆χ2
thus obtained used to estimate the sensitivities.

A “typical experiment” is defined as one with the most probable data given a set of input parame-

ters, i.e., in which no statistical fluctuations have been applied. In this case, the predicted spectra

and the true spectra are identical; for the example of CP violation, χ2
δtrue

CP
is identically zero and

the ∆χ2
CP

value for a typical experiment is given by χ2
δtest

CP
.

3.3 Mass Hierarchy

The 1300−km baseline establishes one of DUNE’s key strengths: sensitivity to the matter effect.

This effect leads to a large asymmetry in the νµ → νe versus ν̄µ → ν̄e oscillation probabilities, the

sign of which depends on the mass hierarchy (MH). At 1300 km this asymmetry is approximately

±40% in the region of the peak flux; this is larger than the maximal possible CP-violating asym-

metry associated with δCP, meaning that both the MH and δCP can be determined unambiguously

with high confidence within the same experiment using the beam neutrinos. DUNE’s goal is to

determine the MH with a significance of at least

�
∆χ2 = 5 for all δCP values using beam neutrinos.

Concurrent analysis of the corresponding atmospheric-neutrino samples will improve the precision

with which the MH is resolved.

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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More details of the GLoBES configuration are given in https://arxiv.org/pdf/1606.09550.pdf
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Mass hierarchy sensitivity

Inverted ordering

Sensitivity to determination of mass hierarchy as a function of true value of δCP.
Bands represent range of sensitivity for different values of θ23 (NuFit 2016 90% C.L. range). 
Significance increases with increasing θ23. 
θ13 and Δm312 have smaller effect on significance than θ23.

Normal ordering
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Mass hierarchy sensitivity

Sensitivity to determination of mass hierarchy as a function of time

Normal mass ordering is assumed. 

Bands represent range of sensitivity for  different 
values of θ23 (NuFit 2016 90% C.L. range)

Bands represent difference between 1% and 
3% uncertainty in νe signal normalisation

(300 kt MW years ≈ 7 years running)
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Sensitivity to θ23 octant

Significance with which θ23 octant can be determined as a function of true value of sin2θ23. 
Normal mass ordering is assumed. 
Bands represent range of significance for different values of δCP; band covers least extreme 
80% of values, i.e. best and worst 10% of significances are not shown. 
Yellow shaded band represents 90% C.L. allowed region for value of sin2θ23 from NuFit 2016.  
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Sensitivity to CP violation

Inverted ordering

Significance with which CP violation (δCP ≠0 or π) can be determined as a function of true 
value of δCP. 
Bands represent range of significance for different values of θ23 (NuFit 2016 90% C.L. range). 
Significance decreases with increasing θ23. 
θ13 and Δm312 have smaller effect on significance than θ23.

Normal ordering
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Sensitivity to CP violation

Significance with which CP violation (δCP ≠0 or π) can be determined (left) and δCP 

resolution (right) as a function of time. 

Normal mass ordering is assumed. 

Bands represent resolution for different 
values of θ23 (NuFit 2016 90% C.L. range).

Resolution worsens with increasing θ23

Bands represent difference 
between 1% and 3% uncertainty 

in νe signal normalisation
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Oscillation parameter 
resolution

Resolutions of measurements of sin2θ23, sin22θ13 and Δm312

Normal mass ordering
Bands represent range of resolution for different values of θ23 (NuFit 2016 90% C.L. range). 

Resolution worsens with 
increasing θ23.  

Resolution best at nominal value of θ23, 
worst at highest value of θ23.

Resolution improves with 
increasing θ23.  

19



CDR Status!
Anne Heavey  
DUNE Collaboration Weekly Meeting"
May 15, 2015"

Summary

DUNE will use an on-axis νμ and νμbar beam with a broad range of energies 
including the first and second oscillation maxima.

Due to its long baseline of 1300 km, neutrino oscillations between the DUNE near 
and far detectors will be significantly altered by matter effects. 

These features will enable DUNE to resolve the neutrino mass hierarchy and the 
octant of θ23, search for CP violation in neutrinos and measure δCP in a single 
experiment. DUNE will also make measurements of θ23, θ13 and Δm312, search for τ 
appearance and test the unitarity of the PMNS matrix.

We expect to update the sensitivities presented here with an analysis based on full 
MC simulation, full reconstruction and a more complete systematics treatment by 
2019. 
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BACKUP  SLIDES
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GLoBES inputs
Reference beam flux

80 GeV protons
204 m x 4 m helium-filled decay pipe
1.07 MW
Two-horn system with 1 m target inserted 2/3 of way into horn 1

Optimised beam flux

3 horns, 2 m target entirely in horn 1; this increases flux in oscillation region (including 
second maximum), decreases flux in high-energy tail, increases sensitivity to CP violation.  
For more details, please see talk by Tristan Davenne at 15.30 on Monday.

Expected detector performance 

Based on previous experience, e.g. ICARUS, ArgoNEUT

Cross sections

GENIE
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Systematic uncertainties
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Anticipated systematic uncertainties based on  experience from MINOS and T2K.
Supported by preliminary studies with DUNE fast Monte Carlo.

DUNE goal for total uncertainty in νe sample is <4%. Cancellation of correlated portion of 
uncertainty is expected in four-sample fit, meaning that residual uncorrelated uncertainty in νe sample 
is reduced to 1-2%. For sensitivities used 5⊕2%, uncorrelated between neutrinos and antineutrinos.
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Systematic uncertainties

Absolute normalisation of νμ sample must be known to ∼5% and normalisation of νe 

sample, relative to νμ, νμbar and νebar samples and after applying all constraints from 
external, near and far detector data, must be determined to the few percent level. 

24



CDR Status!
Anne Heavey  
DUNE Collaboration Weekly Meeting"
May 15, 2015"

Background uncertainties

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–44

Total Uncertainties Assigned to the Normalization Parameters

Based on the preceding considerations, the DUNE signal normalization uncertainty is taken to

be 5% ⊕ 2% in both neutrino and antineutrino mode, where 5% is the normalization uncertainty

on the FD νµ sample and 2% is the effective uncorrelated uncertainty on the FD νe sample after

fits to both near and far detector data and all external constraints. These signal normalization

parameters are treated as 100% uncorrelated between neutrinos and antineutrinos. The normal-

ization uncertainties on background to these samples and their respective correlations are given in

Table 3.9. These assumptions for the non-oscillation systematic uncertainties are used to calculate

the sensitivities presented in Section 3.2. The goal for the total uncertainty on the νe sample

in DUNE is less than 4%, so the 5% ⊕ 2% signal normalization uncertainty used for sensitivity

calculations is appropriately conservative. Additionally, cancellation of the correlated portion of

the uncertainty is expected in the four-sample fit, so the residual uncorrelated normalization un-

certainty on the νe sample is expected to be reduced to the 1–2% level, such that the 2% residual

normalization uncertainty used in the sensitivity calculations is also well-justified. Variations on

these assumptions are explored in Section 3.6.3.

Table 3.9: Normalization uncertainties and correlations for background to the νe, ν̄e, νµ, and ν̄µ data
samples

Background Normalization Uncertainty Correlations
For νe/ν̄e appearance:
Beam νe 5% Uncorrelated in νe and ν̄e samples
NC 5% Correlated in νe and ν̄e samples
νµ CC 5% Correlated to NC
ντ CC 20% Correlated in νe and ν̄e samples
For νµ/ν̄µ disappearance:
NC 5% Uncorrelated to νe/ν̄e NC background
ντ 20% Correlated to νe/ν̄e ντ background

3.6.3 Effect of Variation in Uncertainty

Figure 3.23 shows DUNE sensitivity to determination of neutrino mass hierarchy and discovery of

CP violation as a function of exposure for several levels of signal normalization uncertainty. As

seen in Figure 3.23, for early phases of DUNE with exposures less than 100 kt · MW · year, the

experiment will be statistically limited. The impact of systematic uncertainty on the CP-violation

sensitivity for large exposure is obvious in Figure 3.23; the νe signal normalization uncertainty

must be understood at the level of 5% ⊕ 2% in order to reach 5σ sensitivity for 75% of δCP values

with exposures less than ∼900 kt · MW · year in the case of the Optimized Design. Specifically,

the absolute normalization of the νµ sample must be known to ∼5% and the normalization of the

νe sample, relative to the ν̄e, νµ, and ν̄µ samples after all constraints from external, near detector,

and far detector data have been applied, must be determined at the few-percent level. This level

of systematic uncertainty sets the capability and design requirements for all components of the

experiment, including the beam design and the near and far detectors.

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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Uncertainty in energy scale

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–46

Signal and background normalization uncertainties remain relatively unimportant for the mass

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of

δCP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is

difficult to determine whether one is observing δCP = +π/2 in the normal hierarchy or δCP = −π/2
in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by

energy-scale uncertainty. Figure 3.24 shows the impact on MH and CP-violation sensitivity of

one possible energy-scale variation, in which energy bins are adjusted by N[E]→N[(1+a)E], while

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;

more comprehensive study of energy-scale uncertainty is in progress and will be included in future

analyses of experimental sensitivity.
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Figure 3.24: Expected sensitivity of DUNE to determination of the neutrino mass hierarchy (left) and

discovery of CP violation, i.e. δCP �= 0 or π, (right) as a function of the true value of δCP, assuming

equal running in neutrino and antineutrino mode, for a range of values assigned to the “a” parameter

in the energy-scale variation described in the text. In the MH figure, the case with no energy-scale

systematic provides a significance of at least
√

∆χ2 = 5 for all values of δCP. In the CPV figure,

the case with no energy-scale systematic provides a significance of at least 3σ for 75% of δCP values.

(See Figures 3.8 and 3.14 for the possible range of exposures to achieve this level of significance.)

Sensitivities are for true normal hierarchy; neutrino mass hierarchy and θ23 octant are assumed to be

unknown.

3.6.4 Ongoing and Planned Studies of Systematic Uncertainty

Detailed evaluation of systematic uncertainties for DUNE is ongoing. In many cases plans for

studies have been developed but have not yet been executed. In general, each systematic will

be studied both by propagating its uncertainty to oscillation analyses to evaluate the resultant

degradation of the sensitivity and by ensuring the considered variations give proper coverage,

i.e., truly encapsulating the lack of knowledge of the processes/effects in question. Estimates of

systematic uncertainty for the propagation studies will be varied between the constraints available
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Signal and background normalization uncertainties remain relatively unimportant for the mass

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of

δCP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is

difficult to determine whether one is observing δCP = +π/2 in the normal hierarchy or δCP = −π/2
in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by

energy-scale uncertainty. Figure 3.24 shows the impact on MH and CP-violation sensitivity of

one possible energy-scale variation, in which energy bins are adjusted by N[E]→N[(1+a)E], while

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;

more comprehensive study of energy-scale uncertainty is in progress and will be included in future

analyses of experimental sensitivity.
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Figure 3.24: Expected sensitivity of DUNE to determination of the neutrino mass hierarchy (left) and

discovery of CP violation, i.e. δCP �= 0 or π, (right) as a function of the true value of δCP, assuming

equal running in neutrino and antineutrino mode, for a range of values assigned to the “a” parameter

in the energy-scale variation described in the text. In the MH figure, the case with no energy-scale

systematic provides a significance of at least
√

∆χ2 = 5 for all values of δCP. In the CPV figure,

the case with no energy-scale systematic provides a significance of at least 3σ for 75% of δCP values.

(See Figures 3.8 and 3.14 for the possible range of exposures to achieve this level of significance.)

Sensitivities are for true normal hierarchy; neutrino mass hierarchy and θ23 octant are assumed to be

unknown.

3.6.4 Ongoing and Planned Studies of Systematic Uncertainty

Detailed evaluation of systematic uncertainties for DUNE is ongoing. In many cases plans for

studies have been developed but have not yet been executed. In general, each systematic will

be studied both by propagating its uncertainty to oscillation analyses to evaluate the resultant

degradation of the sensitivity and by ensuring the considered variations give proper coverage,

i.e., truly encapsulating the lack of knowledge of the processes/effects in question. Estimates of

systematic uncertainty for the propagation studies will be varied between the constraints available
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Adjust energy bins from n(E) to n[(1+a)E].
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Uncertainties in oscillation 
parameters

Effect of uncertainty in sin22θ13 
on mass hierarchy sensitivity

Effect of uncertainty in Δm312 
on mass hierarchy sensitivity

Effect of uncertainty in sin2θ23 
on mass hierarchy sensitivity
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Uncertainties in oscillation 
parameters

Effect of uncertainty in sin22θ13 
on CP violation sensitivity

Effect of uncertainty in Δm312 
on CP violation sensitivity
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Particle response and 
thresholds

Parametrised detector response for individual final-state particles
Evaluating DUNE Sensitivities II

04/05/201694 Mark Thomson | DUNE
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Uncertainty in MA

Uncertainties in MAQE and MARes reduce sensitivity to CP violation if only νe sample 
considered (blue dotted line). However this reduction is much less if all four samples 
fitted together (red dotted line). Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–50
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Figure 3.25: An example CP violation sensitivity calculated using inputs from the FastMC in a fit to
all four (νe, νe, νµ, νµ) samples (red) and a fit to the νe appearance sample only (blue), for the case
of no systematic uncertainty (solid) and the case in which both MQE,CC

A and MRES,CC
A are allowed to

vary with a 1σ uncertainty of 20% (dashed). This example was taken from an earlier DUNE study, so
the absolute sensitivity can not be compared with the DUNE sensitivities presented in this document.

evaluate the remaining uncertainties, by comparisons to data and alternate models, are considered
high priority not only by the DUNE collaboration, but by the global neutrino community. It is
reasonable to expect that model improvements and new data will provide DUNE with improved
inputs and reduced uncertainties compared to current knowledge. Following the plan described
in the preceding paragraphs, DUNE collaborators will actively participate in the global effort to
improve understanding of neutrino interactions, will propagate what is learned in the intermediate
neutrino program to DUNE analyses, and will evaluate the effect of remaining uncertainties on
the DUNE analyses.

3.7 Optimization of the LBNF Beam Designs

The LBNF neutrino facility at Fermilab utilizes a conventional horn-focused neutrino beam pro-
duced from pion and kaon decay-in-flight. It will aim the neutrino beam toward the DUNE far
detector located 1300 km away at the Sanford Underground Research Facility. The design of the
LBNF neutrino beamline is a critical component for the success of DUNE. As demonstrated in
earlier sections, the optimization of the beam design can have significant impact on the exposures
needed to achieve the desired physics goals independent of additional improvements to the ac-
celerator complex such as upgrades to 2.4 MW and improvements to uptime and efficiency, and
reductions in systematic uncertainties. The reference beam design is described in detail in Volume
3: The Long-Baseline Neutrino Facility for DUNE. In this section a summary of the ongoing efforts

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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CP violation
Neutrino Oscillations in Matter

04/05/201619 Mark Thomson | DUNE
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(matter effect)   α A ⇒ α E

(matter effect) α AL/E ⇒ α L

(CP effect)  α L/E

The three terms all oscillate but amplitudes have different energy dependence. Can separate CP 
violation from matter effects using broad range of energies. CP term more important at low energy. 

To search for CP violation or to measure δCP, use difference between νμ➝νe and 
νμbar➝νebar reconstructed spectra; need to disentangle matter effects from those 
due to CP violation. 

Neutrino Oscillations in Matter

04/05/201620 Mark Thomson | DUNE

H




|ν1�
|ν2�
|ν3�


 = i

d
dt




|ν1�
|ν2�
|ν3�


 =




E1 0 0
0 E2 0
0 0 E3







|ν1�
|ν2�
|ν3�


 + V |νe�

! !""#$%&'%()*#+)&,'-).#&/%&'01)&/+23)('4/-)0)502'1&#%'0%)&,0&)'-
%#&)6'0(#%01)'%)&,/)70-'-)#*)&,/)20--)/'(/%-&0&/-

! 8#2.1'"0&/-)&,/)-'2.1/).'"&$+/)9999

A = 2
√

2GFneE = 7.6 × 10−5eV2 · ρ

g cm−3 ·
E

GeV

P(νµ → νe) − P(νµ → νe) =

16A
∆m2

31
sin2


∆m2

31L
4E


 c2

13s2
13s2

23(1 − 2s2
13)

− 2AL
E

sin


∆m2

31L
4E


 c2

13s2
13s2

23(1 − 2s2
13)

− 8
∆m2

21L
2E

sin2


∆m2

31L
4E


 sin δ · s13c2

13c23s23c12s12

!"#$

%&

%&

'()

%&

:,0&);/)2/0-$+/

<2011

=+#.#+&'#%01)&#)>

:,0&);/);0%&

≈

where (ref: https://arxiv.org/pdf/hep-ph/9703351.pdf)
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