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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ In an ideal neutrino oscillation experiment we measure the flux of 
neutrinos before and after oscillations as a function of true neutrino 
energy and obtain the oscillation probability parameters. Chris Marshall3

Neutrino oscillation probability

● The goal of any neutrino oscillation experiment:

● Measure the flux of neutrinos of flavor β at a distance L

● Compare it to the flux of neutrinos of flavor α at the source

● As a function of neutrino energy

● Disappearance (α = β) and appearance (α ≠ β)

Neutrino source Far detector

να
νβ 

distance L

what we want:
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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ We would observe a neutrino interaction rate which depends on the 
beam flux, cross sections and detector acceptance. Unfortunately there is 
a high degree of uncertainty in the cross section component. Chris Marshall3
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● The goal of any neutrino oscillation experiment:

● Measure the flux of neutrinos of flavor β at a distance L

● Compare it to the flux of neutrinos of flavor α at the source

● As a function of neutrino energy

● Disappearance (α = β) and appearance (α ≠ β)
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We measure neutrino interactions, 
not fluxes directly

● Observed interaction rate, N, depends on fluxes, but 
also cross sections (σ), and detector acceptance (ε)

● Cross sections, in particular, are highly uncertain

Neutrino source Far detector
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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ What we actually measure is a function of reconstructed energy 
connected through true neutrino energy by a smearing matrix that 
depends on the detector but also on neutrino interactions. Chris Marshall3
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not fluxes directly
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Energy reconstruction is 
challenging

● And the observed rate is measured as a function of 
reconstructed energy, which is connected to neutrino 
energy Eν by some smearing matrix D

● This matrix dependent on your particular detector, but 
also depends strongly on neutrino interactions

Neutrino source Far detector

να
νβ 

distance L
β 

what we  
measure:
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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ So what we end up with is NOT this scenario. 

Chris Marshall3
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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ What we actually measure does NOT neatly factorize because of the 
dependence on true energy. However techniques that allow disentangling 
neutrino flux and cross sections do aid in constraining the uncertainties.   Chris Marshall3

Neutrino oscillation probability

● The goal of any neutrino oscillation experiment:

● Measure the flux of neutrinos of flavor β at a distance L

● Compare it to the flux of neutrinos of flavor α at the source

● As a function of neutrino energy

● Disappearance (α = β) and appearance (α ≠ β)
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But there is no magical 
“cancellation”

● There are many differences between the observed interaction rates at 
the near and far detectors, which lead to systematic uncertainties:

● Fluxes are different primarily due to oscillations

● Cross sections are strongly energy-dependent, potentially different nucleus, 
or different neutrino flavor

● Even if ND and FD are “functionally identical,” acceptance and energy 
reconstruction will be somewhat different due to the sizes



CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE
➤ One aspect that cannot be emphasized enough is the level of 

uncertainty on the neutrino interaction models. 
 
 
 
 
 
 
 

➤ As in other experiments, NOvA found that the default neutrino 
interaction simulation was missing multi-nucleon processes. 
Current models for MEC (2p2h) still will not match NOvA’s data. 
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FIG. 1: Reconstructed visible hadronic energy distributions for neutrino beam (left) and antineutrino
beam (right), comparing NOvA near detector data and default GENIE 2.12.2 simulation. Data (with
statistical uncertainties) are indicated by black crosses; the stacked histogram is the sum of GENIE’s

predictions for the di↵erent interaction modes.

IV. METHODOLOGY OF CROSS-SECTION MODEL ADJUSTMENT186

As each of the interaction modes produced by GENIE have independent degrees of freedom, and separate187

uncertainties, it is essential to carefully consider how each model might be adjusted in order to improve188

data-MC agreement. Our procedure is as follows. Secs. IVA-IVB detail how we first modify GENIE’s189

predictions by incorporating new advances motivated by theory or external data, attempting to corroborate190

them with NOvA ND data in regions where the various channels are expected to be well separated. After191

these adjustments, the prediction still disagrees with the ND data. As there remains considerable uncertainty192

as to the correct spectral shape of MEC events, we reshape and rescale the MEC component so that its sum193

with the base prediction matches NOvA’s ND data, as described in sec. IVC. While this processes explicitly194

accounts for two-body knockout via MEC, interactions on nuclear pairs formed by short-range correlations195

between nucleons in the nuclear ground state can also result in a similar final state. The simulation does not196

model this explicitly, but as our tuning reshapes the MEC kinematics to match data, such missing processes197

are e↵ectively added. We thus use the more inclusive term “2p2h” (two-particle two-hole, describing the198

ejected particles and the final-state nucleus) to refer to that channel after our fit.199

The neutrino and antineutrino beams are simulated separately, with adjustments to models a↵ecting both200

configurations simultaneously unless otherwise noted. No adjustments are made to the COH interaction201

model or to FSI.202

A. External constraints203

Three modifications to the GENIE default configuration are driven by non-NOvA data:204

1. Adjustment to CCQE mA: GENIE uses the dipole approximation for the axial form factor, with mA,205

the only free parameter, equal to 0.99GeV/c2. Recent re-analysis of the original deuterium data [31]206

suggests mA should be larger. We change GENIE to use the error-weighted mean of the ANL and207

BNL results cited in that work: mA = 1.04GeV/c2.208

2. Nucleon momentum distribution and long-range nuclear mean field e↵ects in CCQE: More sophisticated209

models of the nuclear ground state than the RFG, such as the local Fermi gas employed by Nieves et al.210

(the València model) [32], predict very di↵erent initial nucleon momentum distributions. This di↵ering211

distribution, combined with Pauli suppression, results in shifts to the available kinematic space in QE212

reactions. Long-range interactions of the nuclear potential between nucleons that are analogous to213

charge screening in electromagnetism also modify the kinematics of QE reactions. A popular approach214

5
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FIG. 3: Comparison of ND data to prediction in reconstructed visible hadronic energy using the default
GENIE empirical MEC model (solid red curve) or the València MEC model (dotted black curve) added to
the otherwise fully-adjusted prediction, in neutrino beam (left) and antineutrino beam (right). The various
filled histograms indicate the other components of the prediction, which are tuned as described in sec. IV.

the enhancement of events at low values of q0 compensates for the lack of events at low visible hadronic259

energy seen in Fig. 3. There is a smaller deficit at lower Evis
had, and thus smaller enhancement in q0 in the260

weights, in the antineutrino beam sample. Additionally, we note that the antineutrino weights reduce MEC261

interactions in the higher q0tail, which is evident when looking at the e↵ect the weights have on the 2p2h262

2D energy-transfer/momentum-transfer distributions, shown in Fig. 5.263
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FIG. 4: Weights resulting from the 2p2h fit described in the text applied to simulated Empirical MEC
interactions in order to obtain agreement with NOvA ND data. Shown as a function of simulated

three-momentum and energy transfer, for neutrinos (left) and antineutrinos (right).
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predictions for the di↵erent interaction modes.

IV. METHODOLOGY OF CROSS-SECTION MODEL ADJUSTMENT186

As each of the interaction modes produced by GENIE have independent degrees of freedom, and separate187

uncertainties, it is essential to carefully consider how each model might be adjusted in order to improve188

data-MC agreement. Our procedure is as follows. Secs. IVA-IVB detail how we first modify GENIE’s189

predictions by incorporating new advances motivated by theory or external data, attempting to corroborate190

them with NOvA ND data in regions where the various channels are expected to be well separated. After191

these adjustments, the prediction still disagrees with the ND data. As there remains considerable uncertainty192

as to the correct spectral shape of MEC events, we reshape and rescale the MEC component so that its sum193

with the base prediction matches NOvA’s ND data, as described in sec. IVC. While this processes explicitly194

accounts for two-body knockout via MEC, interactions on nuclear pairs formed by short-range correlations195

between nucleons in the nuclear ground state can also result in a similar final state. The simulation does not196

model this explicitly, but as our tuning reshapes the MEC kinematics to match data, such missing processes197

are e↵ectively added. We thus use the more inclusive term “2p2h” (two-particle two-hole, describing the198

ejected particles and the final-state nucleus) to refer to that channel after our fit.199

The neutrino and antineutrino beams are simulated separately, with adjustments to models a↵ecting both200

configurations simultaneously unless otherwise noted. No adjustments are made to the COH interaction201

model or to FSI.202

A. External constraints203

Three modifications to the GENIE default configuration are driven by non-NOvA data:204

1. Adjustment to CCQE mA: GENIE uses the dipole approximation for the axial form factor, with mA,205

the only free parameter, equal to 0.99GeV/c2. Recent re-analysis of the original deuterium data [31]206

suggests mA should be larger. We change GENIE to use the error-weighted mean of the ANL and207

BNL results cited in that work: mA = 1.04GeV/c2.208

2. Nucleon momentum distribution and long-range nuclear mean field e↵ects in CCQE: More sophisticated209

models of the nuclear ground state than the RFG, such as the local Fermi gas employed by Nieves et al.210
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the otherwise fully-adjusted prediction, in neutrino beam (left) and antineutrino beam (right). The various
filled histograms indicate the other components of the prediction, which are tuned as described in sec. IV.
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FIG. 7: Comparison of fully adjusted simulation to data in the MEC tuning variables Evis
had (top row) and

reconstructed |~q| (middle row), as well as reconstructed E⌫ (bottom row), for neutrino beam (left) and
antineutrino beam (right).
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CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE
➤ Enormous amount of work has gone into characterizing the effects of 

uncertainties on DUNE using experience from current running 
neutrino experiments.   

➤ However, DUNE’s flux sits in an energy regime with a different mix of 
neutrino interaction modes where QE, RES and DIS are all significant.   

➤ Also argon is a bigger, more 
complex nucleus than any 
of the previous oscillation  
experiments has used.  

➤ We are bound to have  
important disagreements in the 
neutrino interaction modeling of  
these.

Chris Marshall48

Event mixture in DUNE oscillation 
sample is different from T2K, NOvA

● DUNE oscillation 
maximum occurs 
where QE, resonant, 
and DIS interactions 
are all significant 

L. Pickering



CHALLENGES FOR NEUTRINO OSCILLATIONS IN DUNE

➤ Not done with the challenges :-(

The E Measurement Problem

11/2/2019 Mike Wilking | DUNE-PRISM2

ν
Ar μ

fully
reconstructed

p
Hadronic energy
measurement nn

Missing energy

π0π+

π+

• Typically, Eν is “measured” via the observed final state

- However, the final state is subject to missing 
energy (e.g. neutrons) & nuclear effects

- This causes smearing of Erec relative to Etrue
(typically feed-down)

• Erec ➜ Etrue translation depends on poorly 
understood neutrino interaction models

- 1p1h, 2p2h, npnh, RPA, pion production, FSI, 
multi-pi transition region, DIS, etc.

2p
2h

M. Wilking



OPPORTUNITIES IN NEUTRINO OSCILLATIONS IN DUNE

➤ The collaboration has spent significant effort in developing a 
ND concept that mitigates many of these concerns. The main 
lesson from these efforts is that demonstrating reduction of 
uncertainties in models that might be wrong is NOT enough.  

➤ It is important to show what happens in the nightmare 
scenarios where you make the wrong assumption about the 
model. These studies are key.Oscillation Parameter Bias

• Despite good agreement in the ND, the 
bias is clearly apparent in the oscillated 
FD spectrum

• 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

11/2/2019 Mike Wilking | DUNE-PRISM6
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Erec distributions for the 
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Oscillation Parameter Bias
• Despite good agreement in the ND, the 

bias is clearly apparent in the oscillated 
FD spectrum

• 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

11/2/2019 Mike Wilking | DUNE-PRISM6

Far Detector Erec

Nominal MC
Fake Data

Erec distributions for the 
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OPPORTUNITIES FOR BEAM TIMING IN DUNE
➤ The DUNE PRISM concept has already demonstrated that there 

is value in adding information about multiple flux components to 
the mix of information to nail down the underlying modeling.  
 
 
 
 
 
 

➤ The same kind of studies that have been valuable to make the 
case for DUNE PRISM could be used here. These would need to 
happen within DUNE. 

➤ Low energy reach is useful if it has sufficient statistics.  

9

FIG. 10: The plots on the top row show the relative time-of-arrival of all neutrinos at the far detector for the zero
bunch width and perfect detector timing (left) and 250 ps bunch width and 100 ps detector timing in 200 ps bins
(right). Time cut ranges that produce the fluxes on the bottom row (red, majenta, indigo, blue, light blue, cyan,
teal) are shown as shaded regions in the time-of-arrival plots on the top row. All plots include pile-up a↵ects from
neighboring 531 MHz bunches. The plots on the bottom row show the simulated LBNF neutrino energy distribution
(outer envelope), overlaid with the fluxes corresponding to increasingly later binned time-cuts relative to the bunch
arrival time. The bins are 200 ps wide in both cases. Both plots are in Forward Horn Current mode, as Reverse

Horn Current versions look identical.

The plots in Fig 10 show the energy spectra for the
FHC configuration of the LBNF beam (bottom) and the
time of arrival of neutrinos at the detector (top). The
arrival times of neutrinos were binned in 200 ps wide
bins. The neutrinos that are contained in these time-bins
are plotted as individual curves in the flux/energy plots
(bottom). The left column shows the ideal case where 531
MHz bunches have zero width and the neutrino detector
has perfect timing resolution on the neutrino arrival time.
The right column shows how both distributions smear
when 250 ps bunch RMS bunches are used and 100 ps
timing resolution is assumed at the detector.

Because the 531 MHz bunches are separated by only
1.88 ns, high energy neutrinos that arrive early relative to
the proton bunch will leak into the low energy neutrino
time-bins. Energy discrimination is still possible; how-
ever, this “pile-up” e↵ect adds additional degradation of
energy discrimination at the low neutrino energies. With
a zero RMS bunch width proton bunch, 1.27% of neu-
trinos overlap with neutrinos from the following bunch.

With the 250 ps RMS proton bunches and 100 ps detec-
tor timing resolution, 3.0% of neutrinos from the previ-
ous bunch are overlapping with 3� of the neutrinos in the
next bunch.
Even with smearing e↵ects from finite timing resolu-

tion and the structure of the bunches, it is possible to use
timing cuts to select a subset of the flux peaked in the en-
ergy range of the LBNF second oscillation maximum [31]
and to suppress backgrounds from higher energy neutri-
nos such as neutral current resonant pion events [32].
Studying the time evolution of the flux may also open

the possibility of studying changes in the flavor, sign, or
parent hadron composition of the beam in time. The top
row of figure 11 shows the neutrino flavor composition as
a function of neutrino arrival time relative to the proton
bunch. Smearing is applied using 250 ps bunch widths
and 100 ps detector resolution. The parent hadron and
flavor contributions are shown in the lower two rows nor-
malized to the primary parent or flavor (⇡+ and ⌫µ re-
spectively).
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OPPORTUNITIES FOR BEAM TIMING IN DUNE
➤ DUNE PRISM relies on off-axis fluxes to sum over pion energies 

thus selecting spectra peaked at different energies.  
 
 
 
 
 
 
 

➤ In principle beam spectroscopy is orthogonal to this as it is 
instead relying on pion momentum to select neutrino energy.  

➤ It is important to understand if this is the only effect. 
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FIG. 4: Neutrino energy plotted against the arrival time
of the neutrinos relative to proton bunch center, for
three scenarios. The color scale is intensity in linear
arbitrary units. Top: An idealized case where all

protons strike the target simultaneously. Center: A
scenario where the incident proton bunch has an RMS
of 250 ps. Bottom: The case where the proton incident
bunch has an RMS of 1 ns, consistent with the nominal

RF structure of the LBNF beam.

A. Properties of the present Main Injector proton
bunch

The Fermilab Main Injector [21] is filled with protons
in a single turn from the Recycler ring. The Recycler
serves as an accumulator ring for batches of 8 GeV/c
protons from the Booster synchrotron, operating at 15
Hz at present and at 20 Hz in the future for the LBNF.
Each batch contains 84 RF buckets at 53.1 MHz. The

FIG. 5: An aerial view of the Fermilab Accelerator
complex, including the proposed PIP-II linac (dashed
red line), the Booster and the Main Injector (solid red
lines), and the LBNF extraction line (dashed yellow

line). (Credit: Fermilab)

3.3 km long Recycler circumference is exactly 7 times the
Booster circumference, or 588 buckets, but only 6 of the
7 are filled with beam, leaving an abort and extraction
gap of 84 buckets that gives time for the kicker to direct
the beam into the NuMI target. During every cycle of 1.2
s, the 6+6 Booster batches containing ⇠ 1014 protons are
slip-stacked at 8 GeV/c in the Recycler by injecting them
at a slightly di↵erent energy [22]. When they line-up
longitudinally, are captured by the 53 MHz RF system.
The left side of Figure 6 shows two Booster bunches at the
final moment of slip-stacking, just before being captured
by the Recycler RF system in a single RF bucket [23].
The Recycler beam is then transferred to the Main

Injector, accelerated to 120 GeV and extracted to the
neutrino production target downstream, creating 9.5 µs
of bunched neutrino beam [24].
In the theory of synchrotron motion in a circular ring,

the number of RF buckets in the ring is called the har-
monic number, h = frf/f0 (=588 for the Main Injector),
where f0 is the revolution frequency around the entire
ring and frf is the frequency of the RF accelerating cav-
ities. The longitudinal position of a particle zi in any
bunch can be written as an RF phase angle that is pe-
riodic with the circumference: zi =

c
hf0

�i =
c

frf
�i. The

longitudinal phase can also be translated into a longitu-
dinal time coordinate in the bunch ti =

1
frf

�i

2⇡ .

The RF phase, �i, of an individual proton in the bunch
changes depending on its momentum. Each proton in the
bunch occupies a point in the phase space (�i, �i), where
�i = (pi� p0)/p0 = �pi/p0 is the momentum fraction rel-
ative to a synchronous particle momentum (beam design
momentum). A particle with � = 0 will not change its
longitudinal position in the bunch over time.
Each MI RF period is about 20 ns long but the protons

This complementarity could make the combination a powerful concept in disentangling flux uncertainties. 



OPPORTUNITIES FOR BEAM TIMING IN DUNE
➤ There are a number of uncertainties that the DUNE PRISM 

scheme is most sensitive to:  

➤ Efficiency correction, geometrical efficiency correction, flux 
systematic uncertainties.  

➤ In particular for the latter, those that might affect off-axis/on-
axis differently, eg focusing vs proton position and horn 
current.   

➤ Additionally, it might sensitive to a few other things yet to be 
studied: interactions in the decay pipe, drain hole in the decay 
pipe, fringe fields.  

➤ Opportunity to understand if some of these can be mitigated by 
doing a timing cross check. 

Do we expect to see this effect off-axis? That would be valuable



OPPORTUNITIES FOR BEAM TIMING IN DUNE
➤ As it was done in the case of 

MiniBooNE a handle on the 
pion/kaon ratio would be very 
useful to the collaboration.  

➤ This could be a unique 
component of what can be 
done with the beam slicing 
concept.  

➤ Flavor ratios might be well 
measured down to few 
percent level but not as 
function of true energy. 
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FIG. 11: Simulated arrival time distributions of neutrino flavors and neutrino parent hadrons. (a) time of arrival
distribution for the most common neutrino flavors given a zero RMS proton bunch width and perfect detector

timing. (b) neutrino flavor arrival times normalized to the most common flavor, ⌫µ. (c) neutrino parent arrival times
normalized to the most common parent, ⇡+. All plots in the right hand column (a’, b’, c’) include the e↵ects of
250 ps bunch widths, 100 ps detector timing resolution, and pile-up from neighboring bunches. All plots are

Forward Horn Current mode.

The results in this section were derived for the far de-
tector but apply equally to the near detector. For the
near detector the stroboscopic approach can be applied
together with prismatic measurements [6, 7] that sample
multiple o↵-axis angles. In combination, the two tech-
niques provide additional constraints on flux and cross-

section uncertainties.

FHC, 250 psec



OPPORTUNITIES FOR BEAM TIMING IN DUNE 

➤ Approaches for beam stroboscopy would be similar to these. I’ll note that 1 
and 2a requires significant and lengthy head-scratching whereas 2b might be 
less applicable if the resulting spectra overlay does not cover enough of the 
phase space with sufficient stats.

Uses of DUNE-PRISM Samples
1. Identify cross section mis-modeling that can produce biased 

oscillation parameter measurements

- By looking off-axis (changing the Eν spectrum), we can identify 
mis-modeling problems that are not apparent on-axis

2. Overcome cross section mis-modeling problems (2 approaches):

a) Standard approach: Develop a cross section model that can 
describe the near detector data

• The bar is now much higher due to samples taken at many 
different neutrino energy spectra

b) Data-driven approach: Take linear combinations of off-axis 
measurements to produce a FD prediction composed of ND data

• Any unknown cross section effects are directly incorporated into 
the far detector spectrum prediction

11/2/2019 Mike Wilking | DUNE-PRISM9

M. Wilking



OPPORTUNITIES FOR BEAM TIMING IN DUNE 
➤ We have seen the first disappearance and appearance spectra per slice.  
 
 
 
 
 
 
 
 
 
 

➤ Channeling Elizabeth: Quantifying impact on sensitivity is hard and will require DUNE 
LBL analysis with full suite of systematics and clever use of mock data.  

➤  Globes studies can help indicate where the sensitivity to CP is coming from 
and might helpful in optimizing bin slices but not much more than that. 

Unoscillated FD Spectra 7
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FIG. 10: The plots on the top row show the relative time-of-arrival of all neutrinos at the far detector for the zero
bunch width and perfect detector timing (left) and 270 ps bunch width and 100 ps detector timing in 200 ps bins
(right). Time cut ranges that produce the fluxes on the bottom row (red, majenta, indigo, blue, light blue, cyan,
teal) are shown as shaded regions in the time-of-arrival plots on the top row. All plots include pile-up a↵ects from
neighboring 531 MHz bunches. The plots on the bottom row show the simulated LBNF neutrino energy distribution
(outer envelope), overlaid with the fluxes corresponding to increasingly later binned time-cuts relative to the bunch
arrival time. The bins are 200 ps wide in both cases. Both plots are in Forward Horn Current mode, as Reverse

Horn Current versions look identical.

arrival times of neutrinos were binned in 200 ps wide
bins. The neutrinos that are contained in these time-bins
are plotted as individual curves in the flux/energy plots
(bottom). The left column shows the ideal case where 531
MHz bunches have zero width and the neutrino detector
has perfect timing resolution on the neutrino arrival time.
The right column shows how both distributions smear
when 270 ps bunch RMS bunches are used and 100 ps
timing resolution is assumed at the detector.

Because the 531 MHZ bunches are separated by only
1.88 ns, high energy neutrinos that arrive early relative to
the proton bunch will leak into the low energy neutrino
time-bins. Energy discrimination is still possible; how-
ever, this “pile-up” e↵ect adds additional degradation of
energy discrimination at the low neutrino energies. With
a zero RMS bunch width proton bunch, 1.27% of neu-
trinos overlap with neutrinos from the following bunch.
With the 270 ps RMS proton bunches and 100 ps detec-
tor timing resolution, 3.0% of neutrinos from the previ-
ous bunch are overlapping with 3� of the neutrinos in the

next bunch.
Even with smearing e↵ects from finite timing resolu-

tion and the structure of the bunches, it is possible to use
timing cuts to select a subset of the flux peaked in the en-
ergy range of the LBNF second oscillation maximum [31]
and to suppress backgrounds from higher energy neutri-
nos such as neutral current resonant pion events [32].
Studying the time evolution of the flux may also open

the possibility of studying changes in the flavor, sign, or
parent hadron composition of the beam in time. The top
row of figure 11 shows the neutrino flavor composition as
a function of neutrino arrival time relative to the proton
bunch. Smearing is applied using 270 ps bunch widths
and 100 ps detector resolution. The parent hadron and
flavor contributions are shown in the lower two rows nor-
malized to the primary parent or flavor (⇡+ and ⌫µ re-
spectively).
The results in this section were derived for the far de-

tector but apply equally to the near detector. For the
near detector the stroboscopic approach can be applied

Compare to input fluxes 

Reco E (GeV)

FD Appearance Spectra 9

Oscillation probability and 
selection efficiency sculpt 
appearance spectra:

Reco E (GeV)

E. Worcester

non-oscillated appearance



CHALLENGES FOR BEAM TIMING IN DUNE
➤ As it has been done in DUNE PRISM, the uncertainties of the method will need 

to be characterized.  
 
 
 
 
 
 

➤ One one hand this method will be less sensitive to relative acceptance issues as it 
is comparing fluxes in the same detector position. It also does not rely on the off-
axis flux.  

➤ On the other hand issues like beam/bunch timing are new and will need sensible 
guesses as to how well things can be know. Also, is the difference in time coming 
just from pion momentum selection or are there geometric effects at play as well? 

9

FIG. 10: The plots on the top row show the relative time-of-arrival of all neutrinos at the far detector for the zero
bunch width and perfect detector timing (left) and 250 ps bunch width and 100 ps detector timing in 200 ps bins
(right). Time cut ranges that produce the fluxes on the bottom row (red, majenta, indigo, blue, light blue, cyan,
teal) are shown as shaded regions in the time-of-arrival plots on the top row. All plots include pile-up a↵ects from
neighboring 531 MHz bunches. The plots on the bottom row show the simulated LBNF neutrino energy distribution
(outer envelope), overlaid with the fluxes corresponding to increasingly later binned time-cuts relative to the bunch
arrival time. The bins are 200 ps wide in both cases. Both plots are in Forward Horn Current mode, as Reverse

Horn Current versions look identical.

The plots in Fig 10 show the energy spectra for the
FHC configuration of the LBNF beam (bottom) and the
time of arrival of neutrinos at the detector (top). The
arrival times of neutrinos were binned in 200 ps wide
bins. The neutrinos that are contained in these time-bins
are plotted as individual curves in the flux/energy plots
(bottom). The left column shows the ideal case where 531
MHz bunches have zero width and the neutrino detector
has perfect timing resolution on the neutrino arrival time.
The right column shows how both distributions smear
when 250 ps bunch RMS bunches are used and 100 ps
timing resolution is assumed at the detector.

Because the 531 MHz bunches are separated by only
1.88 ns, high energy neutrinos that arrive early relative to
the proton bunch will leak into the low energy neutrino
time-bins. Energy discrimination is still possible; how-
ever, this “pile-up” e↵ect adds additional degradation of
energy discrimination at the low neutrino energies. With
a zero RMS bunch width proton bunch, 1.27% of neu-
trinos overlap with neutrinos from the following bunch.

With the 250 ps RMS proton bunches and 100 ps detec-
tor timing resolution, 3.0% of neutrinos from the previ-
ous bunch are overlapping with 3� of the neutrinos in the
next bunch.
Even with smearing e↵ects from finite timing resolu-

tion and the structure of the bunches, it is possible to use
timing cuts to select a subset of the flux peaked in the en-
ergy range of the LBNF second oscillation maximum [31]
and to suppress backgrounds from higher energy neutri-
nos such as neutral current resonant pion events [32].
Studying the time evolution of the flux may also open

the possibility of studying changes in the flavor, sign, or
parent hadron composition of the beam in time. The top
row of figure 11 shows the neutrino flavor composition as
a function of neutrino arrival time relative to the proton
bunch. Smearing is applied using 250 ps bunch widths
and 100 ps detector resolution. The parent hadron and
flavor contributions are shown in the lower two rows nor-
malized to the primary parent or flavor (⇡+ and ⌫µ re-
spectively).

The key will be in understanding the underlying potential uncertainties of the method.  

250 psec bins

stroboscopy



CHALLENGES FOR BEAM TIMING IN DUNE 
➤ Ultimately, to show complementarity/value, we will want to create a study that shows 

something that could go unnoticed by DUNE ND/PRISM but would show up with 
this method.  

➤ This will need a detailed understanding of the complementarity.   

➤ Feasibility of this method for the ND seems ok. 

➤ However using say timing in the muon catcher components vs the main volume of 
detector might expose you to additional acceptance uncertainties. Needs to be 
studied.  

➤ Feasibility of this method for the FD still has to be demonstrated. Potential avenues 
seem to be: dual phase detector or upgrade to future modules.  

➤ The benefit to the analysis is not obvious and must be thought through. It is 
possible that doing multiple ND/FD experiments (as if they were on-
axis+different off-axis angles) and combining them might have some additional 
power (not obvious from Globes study, perhaps because of stats at low end?), but 
the key will be what uncertainty or potential mis-modeling are you mitigating. 



OPEN QUESTIONS

➤ Is the mechanism for the energy selection by time coming 
only for the meson momentum?  

➤ What are the uncertainties this method is most sensitive to? 

➤ Does it work off-axis? 

➤ How do the event counts in the lower energy slice compare to 
the most off-axis positions in DUNE PRISM (in straw man 
run plan)? 

➤ What uncertainty would a pion/kaon (or other flavor) ratio 
measurement have with this method? 

➤ What is the benefit of this method in the Far Detector?


