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Overview, Main Points

• I will focus on “conventional” accelerator-based long-baseline (LBL) experiments

- Similar considerations apply to other neutrino oscillation experiments


- Energy ranges, signatures differ significantly so practically many things are different


- Near detectors (by construction) must always be considered in the context of the overall experiment


• We are in the ~3rd generation of long-baseline experiments

- In each generation, goals have become more ambitious 


• Discovery  several phases of precision measurement


• Next up: CP violation and mass ordering

- Requires control over all oscillation parameters


• Control over systematic uncertainties becomes increasingly more demanding

- Always a crucial element of the experiment


- Learn as much from previous experience


- Confront new issues arising from more ambitious goals

→
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BACKGROUND

Long baseline oscillation experiment with “conventional beam”

1

2
3

4

• O(GeV) sign-selected neutrino beam 
produced from pion decays


• Intercepted by near detector ND at O(1) km 
before oscillation effects


• Observed O(102-3) km at far detector (FD) 
where enough time has elapsed for oscillations

νμ/ν̄μ

• Current/future experiments require tera watt-tons-years of 
exposure

- O(106) W proton source for neutrino beam

- O(104-5) tons FD target mass

- O(101) years of operation

• Systematic control in predicting observed FD rate/spectrum 

at ~percent level  ND→
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OBSERVABLES:

What we observe in the far detector:


       


- : Initial flux of neutrinos of flavor , energy  (~  in case of LBL)


- : cross section for  interacting via charged-current process X (~  in case of LBL)


- : “response” of detector to  CC interaction with energy , channel X resulting in its 
selection and reconstructed energy 


- : probability of  for energy , oscillation parameters , baseline 


- : integral over initial  spectrum


•  Oscillation parameters extracted by comparing observed spectrum against prediction vs. 


• n.b. in a measurement era, predicting/modelling the signal for given  is essential

- Understanding backgrounds is essential, but systematics in predicting the signal are just as fundamental 

Nβ(EREC) = ∫ dEν Φα(Eν) × P(να → νβ, Eν; Θ, L) × σβX(Eν) × RβX(Eν, EREC)

Φα(Eν) α Eν μ
σβX(Eν) νβ μ/e
RβX(Eν, EREC) νβ Eν

EREC

P(να → νβ, Eν; Θ, L) να → νβ Eν Θ L

∫ dEν να

Θ
Θ
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TARGET UNCERTAINTY

• Systematic uncertainties are extremely complicated

- Nonetheless, useful to get a very rough sense of what is needed


• Consider observing CPV in the case where it its effect is maximal


- At 1st oscillation max,  effects at most ~30% variation in  


- Due to spectrum, backgrounds, etc.  rate varies by at most ~20%


• For “definitive” observation at “5 σ”


- total uncertainties in predicting  candidates should be < 4%


- systematic uncertainty should be considerably smaller than this

• This would be “low hanging fruit” in the CPV program


- Further goals require more stringent systematics at ~2% level

- e.g. 5 σ significance over 50% of  values,  precision on , etc.


• All this depends/varies/complicated by numerous things


- Underlying parameter values, spectrum information,  vs. , etc.


- Like I said, it’s complicated!

δCP P(νμ → νe)
νμ → νe

νμ → νe

δCP 10∘ δCP

νμ → νe ν̄μ → ν̄e
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FIG. 133. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 133. The e↵ect of �CP is clearly seen using the reconstructed neutrino

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.

By using not only the total number of events but also the reconstructed energy distribution, the

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.

Figure 134 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.

5. Analysis method

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-
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FIG. 130. Oscillation probabilities of ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e (right) as a function of the neutrino energy

with a baseline of 295 km. sin2 2✓13 = 0.1, �CP = �90�, and normal hierarchy are assumed. Contribution

from each term of the oscillation probability formula is shown separately.

Also shown in Fig. 129 are the case of normal mass hierarchy (�m2
32 > 0) with solid lines and

inverted mass hierarchy (�m2
32 < 0) with dashed lines. There are sets of di↵erent mass hierarchy

and values of �CP which give similar oscillation probabilities, resulting in a potential degeneracy if

the mass hierarchy is unknown. By combining information from experiments currently ongoing [43–

45, 84, 179] and/or planned in the near future [39, 40, 46–48], it is expected that the mass hierarchy

will be determined by the time Hyper-K starts to take data. If not, Hyper-K itself has a sensitivity

to the mass hierarchy by the atmospheric neutrino measurements as described in the next section.

Thus, the mass hierarchy is assumed to be known in this analysis, unless otherwise stated.

Figure 130 shows the contribution from each term of the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation

probability formula, Eq.(8), for L = 295 km, sin2 2✓13 = 0.1, sin2 2✓23 = 1.0, �CP = �90�, and

Expected  for ,  NO


• T2K: 62 (74)


• DUNE:  1537 (1757)

νμ → νe δCP = 0(−π/2)
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SOME “PRINCIPLES” ABOUT ND

Obvious point:


•        


we are talking about the far detector (FD)

•ND exists in ecosystem where it is addressing systematic uncertainties in FD


- Hence, design/role of ND must be driven by the design of FD and its systematic uncertainties. 


These uncertainties may be


- largely independent of the FD: e.g. 


- dependent on basic features of FD: e.g. 


- dependent on details of FD: 


Neutrino energy ( ) plays a special role

- Observables vs. true neutrino energy spectrum must be accurately understood to predict the signal 

Nβ(EREC) = ∫ dEν Φα(Eν) × P(να → νβ, Eν; Θ, L) × σβX(Eν) × RβX(Eν, EREC)

Φα(Eν)
σβX(Eν)

RβX(Eν, EREC)

Eν



22nd International Workshop on Neutrinos from Accelerators (NuFact), 6-11 September 2021, Cagliari Sardinia
7

CONFLICTING CONSIDERATIONS
Addressing  requires a ND that is 
similar to the FD 

• “Identical detector” strategy: ND should be as 

similar as possible to FD 


• Opportunities for cancellations in systematic 
uncertainties (e.g. backgrounds, efficiencies)

RβX(Eν, EREC)

But, ND and FD cannot be identical

• Practical considerations


- ND must be (much) smaller, size impacts performance (e.g. containment, sampling)


- ND operates in a very high rate environment


• Optimization: ND and FD should not be identical?


- FD design must be scaleable to multi-kTon scales


- Why accept compromises that are not needed for ND especially for systematics 
that do not depend on details of ND?
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THE NEUTRINO FLUX

• Ab initio prediction of neutrino flux from conventional 
beams has improved enormously over the LBL era

- Progress from “intractable” problem to ~10% or better uncertainty


- Thanks to hadron production experiments (e.g. NA61/SHINE), 
improved simulation frameworks, analysis


- Relation between flux at ND and FD is nominally well understood


• However:

- Uncertainties are still larger than desired


- Differences between as-built vs. what is simulation


• Flux measurements at ND are desirable (new!)

- Lepton channels (  elastic scattering)


- Low-  method (low hadron transfer)


- Identify, measure O(1%) , O(10%) “wrong sign”


- May require optimization/capabilities beyond FD

ν − e
ν

νe/ν̄e

10

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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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 [21] 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% [22]. Another proposed
experiment, the LBNF spectrometer [23], 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 [24,
25]. 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 [26] 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 [27]. 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
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Fig. 2 Neutrino fluxes at the FD for neutrino-enhanced,
FHC, beam running (top) and antineutrino, RHC, beam run-
ning (bottom).

2%. The rise is due to the presence of many particles
which are not strongly focused by the horns in this en-
ergy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio
and uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties
on the flux prediction are evaluated by reproducing the
full beamline simulation many times with variations of
the input model according to those uncertainties. The
resultant uncertainty on the neutrino flux prediction is
described through a covariance matrix, where each bin
corresponds to an energy range of a particular beam

Fig. 3 Ratio of FHC muon neutrino and RHC muon antineu-
trino fluxes at the ND and FD (top) and uncertainties on the
FHC muon neutrino ratio (bottom).

mode and neutrino species, separated by flux at the ND
and FD. The output covariance matrix has 208 ⇥ 208
bins, despite having only ⇠30 input uncertainties. To
reduce the number of parameters used in the fit, the co-
variance matrix is diagonalized, and each principal com-
ponent is treated as an uncorrelated nuisance parame-
ter. The 208 principal components are ordered by the
magnitude of their corresponding eigenvalues, which is
the variance along the principal component (eigenvec-
tor) direction, and only the first ⇠30 are large enough
that they need to be included. This was validated by
including more flux parameters and checking that there

32 II.1 J-PARC NEUTRINO BEAM FACILITY
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FIG. 5. The neutrino spectra at Hyper-K for the neutrino enhanced (left) and antineutrino enhanced (right)

horn current polarities with the absolute horn current set to 320 kA.
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from modeling of hadron production in the graphite target and surrounding material. To minimize

the hadron production uncertainties, the NA61/SHINE experiment [69] has measured particle

production with 30 GeV protons incident on a thin (4% of an interaction length) target [70, 71],

and a replica T2K target [72]. The thin target data have been used in the T2K flux calculation,

and a 10% uncertainty on the flux calculation has been achieved, as shown in Fig. 6. Much of

the remaining uncertainty arises from the modeling of secondary particle re-interactions inside

the target. Preliminary work suggests that the hadron production uncertainty can be reduced to

⇠ 5% by using the NA61/SHINE measurement of the particle multiplicities exiting the T2K replica

target [73]. In the context of Hyper-K, the thin target data from NA61/SHINE are applicable to

the flux calculation, and the replica target data may also be used if the target geometry does not

change significantly. If the target geometry or material are changed for Hyper-K, then new hadron

production measurements will be necessary.
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BEAM MONITORING

• MW neutrino beam lines are volatile environments

- Variations range from slow (tolerable) creep to outright failure of the beam 


• It is essential to:

- Detect in short order (~day) potential variations at O(%) level


• Large target mass (statistics) needed to quickly assess rates, profiles, spectrum


• On-axis deployment optimizes rate/spectral sensitivity


- Monitor long term stability (~years) at the same level 


• Comparable requirement on detector stability 

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

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

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

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

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

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

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

4

Horn tilt

• Broken bushing caused 
horn to tilt 1-2mm

Same components
!=

Stable beam

• MINOS Run II and III
taken with same target

0 1000 2000 3000 4000 5000 6000
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• Auxiliary monitors (e.g. muon monitors) are 

important and provide “real time” feedback.


• However, sensitive only to a limited range of 
variations


• Monitoring with neutrino interactions is essential 
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CROSS SECTIONS AND NEUTRINO REACTIONS

• Modeling of neutrino-nucleus  interactions 
continue to be a potentially the most 
challenging aspect for the LBL program

- More than a “cross section” issue . .  details of final 

state matter since they couple to detector response


- Significant progress in understanding the situation, 
improving fundamental modeling considerations, etc.


• Still worry whether we are converging on the “right”
(enough) physics within our generators


• Precarious situation for current/future LBL 
experiments that must be addressed by ND

- Large but not particularly well-defined challenges

ν − A
6

Meson-production processes not involving resonance
excitation, referred to in genie as deep-inelastic scat-
tering, are modeled following the method of Bodek and
Yang of Refs. [18, 19]. This e↵ective approach relies on
leading-order parton-distribution functions [20], and in-
troduces e↵ective masses of the target and final state to
account for higher-order corrections and to extend appli-
cability of the parton model to the low-Q2 region. For
W � 1.7 GeV, DIS is the only mechanism of interaction
included in genie. In the resonance region, W < 1.7
GeV, DIS is employed to produce a nonresonant back-
ground of events involving one or two pions. It should
be stressed that the Bodek-Yang model is conceived by
its authors to capture all inelastic physics beyond the �
resonance. We will revisit this issue in Sec. VII.

Although in this analysis we do not tackle the problem
of hadronization, it is worth noting that in genie it is
performed relying on the approach of Ref. [21]. At the in-
variant hadronic masses below 2.3 GeV, a phenomenolog-
ical prescription, based on Koba–Nielsen–Olesen (KNO)
scaling [22], is employed. At W > 3 GeV, hadronization
is modeled with pythia 6 [23]. Over the intermediate
region 2.3  W  3 GeV, genie linearly transitions be-
tween the two hadronization models.

As a final remark of this section, we want to reiter-
ate that the design of genie makes it possible to treat
electron-nucleus and neutrino-nucleus interactions using
use the same physics framework [1–3]. This feature has
been made use of in the past to verify the overall con-
sistency of the genie physics model and the DIS imple-
mentation by comparisons to electron scattering data, as
reported in Ref. [1]. Although the code of version 2.12
does not connect the description of electron and neutrino
interactions as fully as the one of version 3 [24], even in
version 2.12 the instances where these processes are im-
plemented separately are rather an exception than a rule.
We will return to this issue in Sec. VIII.

V. GENIE PREDICTIONS VS. GEV ELECTRON
SCATTERING DATA: FIRST LOOK

We have already seen in Fig. 1 that for sub-GeV en-
ergies these models, as implemented in genie, show sig-
nificant discrepancies with electron scattering data. Let
us now consider electron beams in the few-GeV energy
range. As our first illustration, we will use inclusive scat-
tering datasets recently collected at Je↵erson Laboratory
(JLab) using a 2.2 GeV electron beam [25–27]. An im-
portant advantage of these measurements is that they
include argon and titanium—making them directly rele-
vant to DUNE—as well as carbon and a target made of
aluminum alloy 7075, allowing for simultaneous investi-
gations across a range of nuclei.

Figure 6 shows comparisons of the data taken at the
scattering angle of 15.54� to the corresponding predic-
tions of genie. The results are presented as a function
of energy transfer ! = Ei�Ef , where, as before, Ei is the
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FIG. 6. Double di↵erential cross sections for electron scatter-
ing o↵ (a) carbon, (b) aluminum alloy 7075, (c) argon, and
(d) titanium at beam energy 2.222-GeV and scattering angle
15.54�. Predictions of genie are compared with recent JLab
measurements reported in Refs. [25–27].

beam energy and Ef is the final electron energy. The cor-
responding values of momentum transfer |q| = |ke �k0

e|,
with ke and k0

e being the electron’s initial and final mo-
menta, increase monotonically from 0.60 to 1.05 GeV for
! between 0.07 and 0.95 GeV. For such momentum trans-
fers, the process of scattering o↵ a nucleus can be de-
scribed within the framework discussed in the previous
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experiments. Error bars show total (statistical and system-
atic) uncertainty.
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⌫ compared to data from the MiniBooNE experiment. The
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uncertainty.

Vertex Energy Distributions

Because interactions on multi-nucleon pairs are ex-
pected to include additional low-energy nucleons com-
pared to standard QE interactions, reconstructed energy
near the interaction vertex is useful for judging the ef-
ficacy of 2p2h models. Figure 24 shows energy recon-
structed in scintillator strips that are within 100 mm
of the interaction vertex, in the sample used to pro-
duce the cross sections discussed earlier, but before back-
ground subtraction and e�ciency, flux and target num-
ber corrections. Also shown are the expected distribu-
tions for default and MINERvA-tuned GENIE, and ra-
tios to MINERvA-tuned GENIE for the data and sev-
eral GENIE variants. Models that omit a 2p2h compo-
nent have very poor agreement with the data, but the
case for RPA suppression is not as strong. The �2 val-
ues shown in the plot reflect the relative shapes and not
the normalization. The model with the lowest �2 is the
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to MINERvA-tuned GENIE. Statistical uncertainties only.
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DETECTOR RESPONSE
Challenge:


 interactions offer precious few calibration or control samples


• What are the , , Zs, etc. of neutrino physics?


- s, MIPs,  DAR, . . . .? 


• Compounded by the low statistics in FD


• Heavy reliance on getting detector simulation correct with limited cross checks


• Dense medium of FD means significant secondary interaction effects (high thresholds)

ν − A
J/ψ K0

S

π0 μ

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.

Challenge: coupling of detector response and  modeling uncertainties


• Efficiencies, resolutions, etc. depend on


- Underlying reaction mechanisms (relation between incoming and outgoing kinematics)


- Kinematic distribution of outgoing particles (detection/identification thresholds, re-interactions, etc.)


• It is essential to study these things in the ND that can be robustly translated into the FD


- Suggests that a ND functionally similar/identical to FD is essential

ν − A

       Nβ(EREC) = ∫ dEν Φα(Eν) × P(να → νβ, Eν; Θ, L) × σβX(Eν) × RβX(Eν, EREC)
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MULTI-NUCLEON EFFECTS

Case study:


• MiniBooNE  CC “ ” distributions “explained” well by change in the 
form factor via dipole parametrization


- ) for CCQE events


- Large increase in CCQE cross section and “hardening” of the interaction


• M. Martini and others pointed to overlooked multinucleon effects


- Introduction of topologically new processes with inherently different 
kinematics, including neutrino energy reconstruction.


• Lessons:


- Surprises: Basic nuclear physics, other issues can be overlooked


- It is not sufficient to achieve “agreement” in ND observables


- Detectors must have sufficient capability to resolve potential 
degeneracies in modeling


• Suggests ND may need to have more capability than the FD

νμ 0π

MA ∼ 1.0 GeV → ∼ 1.3 GeV
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-
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FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E
ν
 (GeV)

0

10

20

30

40

50

60

d(
E ν
,E

ν)
 (1

0-3
9 cm

2 /G
eV

) 

0.2
0.6
1.0

E
ν
 (GeV)

FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8
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STRATEGIES/DESIGN CONSIDERATIONS

Conflicting requirements:

• “Functionally identical” ND is necessary to 

robustly connect ND  FD observables


- ND should be as similar as possible to FD


• Flux measurements, degeneracy 
resolution may not be possible with FD 
technology 


- ND requires additional/different 
capabilities than FD

↔ 

May require special reconstruction 
capacities not present in FD

Φα(Eν)

       Nβ(EREC) = ∫ dEν Φα(Eν) × P(να → νβ, Eν; Θ, L) × σβX(Eν) × RβX(Eν, EREC)



Requires at least same target as FD, but 
additional capabilities desirable/needed

σβX(Eν)



Requires functional overlap 
between ND and FD

RβX(Eν, EREC)

  

Requires functional overlap 
between ND and FD

σβX(Eν) × RβX(Eν, EREC)

ND should be 

“identical” to FD

ND needs additional 
capabilities

Obvious solution:

• Do not try to solve everything with one detector


• Subsystem specialization to take on part of the task as part of an overall strategy


• One detector can perform more than one function
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PRISM

• The neutrino beam spectrum changes as one moves traverse 
(“off-axis”) from the beam center

- Spectrum becomes narrower and lower in energy


• Moving detector can sample a continuously varying neutrino 
spectrum

- Independent handle on (true) neutrino energy that can verify observables 

(e.g. reconstructed energy) vs. neutrino energy


- Alternatively, distribution of observables (in the presence of oscillations) can 
be constructed directly by the data taken at different positions


• PRISM: “Precision Reaction Interaction Spectrum Measurement”

- A ND system that moves transversely in the beam


- An analysis program to combine measurements to predict FD observables

Chapter 5: The DUNE-PRISM Concept 5–135

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

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

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

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

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

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

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

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

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

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

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

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

0 1 2 3 4
 (GeV)νE

0

2

4 /G
eV

 /P
O

T)
2

 (/
cm

-8
) 1

0
ν

E(
ND µν

Φ

°0.5°1.5

°2.5

On axis

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

5.2 Requirements13

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

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

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

capability is described in terms of ND requirements below.17

Primary requirements:18

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

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

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

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

DUNE Near Detector Conceptual Design Report
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FIG. 15. Left: A conceptual drawing of the nuPRISM detector. Right: the ⌫µ flux energy dependence for

the 1� � 4� o↵-axis angle range.

angles. First, the change in the neutrino spectrum with o↵-axis angle is well known from the flux

model, so the predicted o↵-axis spectra can be combined in a linear combination to produce almost

arbitrary neutrino spectra. Measured distributions at di↵erent o↵-axis angles can be combined in

the linear combination to produce the predicted measured quantity for the neutrino spectrum of

interest. In this way, it is possible to measure the muon spectrum for a nearly mono-chromatic

neutrino spectrum, or a spectrum that closely matches the oscillated spectrum that is expected

at the far detector. This approach can nearly eliminate the main model dependent uncertainty

in near to far extrapolations, which arises from the combination of two factors: the near and far

detector do not see the same flux due to oscillations, and the relationship between the true neutrino

energy and final state lepton kinematics strongly depends on nuclear e↵ects, which are not well

modelled [102].

The second physics motivation is the measurement of the electron neutrino cross section relative

to the muon neutrino cross section. At further o↵-axis positions, the fraction of intrinsic ⌫e, ⌫̄e in the

beam becomes large, making the selection of pure candidate samples possible. By taking advantage

of the enhanced purity at large o↵-axis angles, a measurement of the cross section ratio, �⌫e/�⌫µ

with 3% precision or better may be possible. A measurement of the �⌫̄e/�⌫̄µ ratio is also possible,

although the precision is expected to be degraded due to the larger neutral current background

rate for electron antineutrino candidates and the presence of a larger wrong-sign background for

both muon and electron antineutrino charge current interactions.

The third physics motivation is the search for sterile neutrino induced oscillations that are con-

sistent with the LSND [103] and MiniBooNE [104] ⌫̄e and ⌫e appearance anomalies. At a 1 km

baseline, the L/E of the neutrino spectrum peak varies between 1.1 km/GeV at 1� o↵-axis to

LBNF

T2(H)K

       Nβ(EREC) = ∫ dEν Φα(Eν) × P(να → νβ, Eν; Θ, L) × σβX(Eν) × RβX(Eν, EREC)
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DEVELOPING CONCEPTS: T2K/HK

Three part system:

• ND280: ~280 m from target:


• On-axis beam monitoring: INGRID


- Transverse vertex profile


- Rate, ~spectrum information


• ND280: off-axis spectrometer (towards SK/HK)


- 0.2 T field


- Scintillator tracker/TPC/ECAL/muon system to 
study neutrino interactions


- Upgrades to improve wide-angle reconstruction


• IWCD: ~1 km from target

• Water Cherenkov detector “functionally” 

identical to FD (SK/HK) at ~1 km) using mPMT


• Executes vertical PRISM movements over 50 m 

Figure 6. 3D view of the ND280 detector upgrade (left) and the SuperFGD structure (right). Also shown
is a cube of 1 ⇥ 1 ⇥ 1 cm3 with 3 orthogonal wave-length shifting fibers inserted into holes.

resolution per fiber is obtained to be better than 1 ns [13, 14]. SuperFGD has a very good capability
to track muons, pions and protons stopping in this detector over 4⇡ solid angle. Moreover its high
granularity will allow us to distinguish electrons produced by electron neutrino interactions from
converted photons. Studies are ongoing to evaluate the SuperFGD potential to detect neutrons.
Beam tests of a High-Angle TPC prototype at CERN also showed good performance of resistive
Micromegas detectors: excellent uniformity of the gain, a deposited energy resolution dE/dx of
about 9%, and a spatial resolution of better than 300 µm were obtained [15].

4.2 Intermediate water Cherenkov detector

The baseline design of IWCD considers the location of the detector at about 1 km downstream
of the neutrino interaction target in a 50 m deep shaft. The detector must span the o�-axis range
1� � 4� and its diameter should be large enough to contain the required muon momentum of 1
GeV/c. This corresponds to a 50 m tall tank with a 6 m diameter inner detector and a 10 m diameter
outer detector, as shown in Fig. 7. The novel feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the full o�-axis range. The inner detector
will be instrumented with multi-PMT optical modules described in Section 3. Compact size and
high timing resolution of 8 cm PMT’s will allow us to improve the vertex resolution and particle
identification in comparison with Box&Line PMTs.

5 Conclusion

The Hyper-Kamiokande project is o�cially approved and the detector is expected to be constructed
and ready for physics measurements in 2027. This new experiment is based on the experience
and facilities of the already existing and very successful Super-Kamiokande and T2K and will use
novel photosensors for detection of the Cherenkov light. The J-PARC proton accelerator will be
upgraded to reach a MW beam for Hyper-Kamiokande. A complex of near detectors which includes
the upgraded ND280 detector and IWCD will be of great importance for a sensitive search for CP
violation in neutrino oscillations. Hyper-Kamiokande will be a multipurpose neutrino detector with
a rich physics program that includes the observation of the leptonic CP violation, a search for the
proton decay, detection neutrinos from Supernova, and astrophysical neutrinos.

– 7 –

Figure 7. The configuration of the intermediate water Cherenkov detector. The instrumented section of the
tank moves vertically to cover di�erent o�-axis angle regions.
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CURRENT CONCEPTS: DUNE
ND-LAr: LArTPC detectors

Functionally similar to FD LArTPCs, optimized for high rate


• Modular design with 7x5 array of 1x1x3 m3 LArTPCs


• Pixel readout for “native” 3D charge response 


ND-GAr: Magnetized Gaseous Argon TPC system

Low threshold, magnetized reconstruction of -Ar interactions


• 0.5 Tesla superconducting magnet


• High pressure (10 bar) GAr TPC


• Electromagnetic calorimeter


• Also serves as downstream  spectrometer for ND-LAr interactions
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DUNE-PRISM:

• ND-LAr+ND-GAr system can move up to ~30 m off-axis


• Sample neutrino fluxes peaked down to ~0.5 GeV


SAND:

On-axis magnetized beam spectrum monitor


• 0.5 T SC magnet + ECAL from KLOE


• New inner tracking system including LAr target
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LORE:

NDs have come a long way and evolved with our understanding of neutrino oscillations. 

Some considerations I have heard in the past:

• The purpose of ND is to measure the flux


- That is one purpose of the near detector. It must do many other things


• ND must be as identical as possible to FD

- ND must address detector systematics at FD , but it needs to do more than that.


• ND should see the same neutrino flux as FD

- In LBL, by construction ND will see a different flux as FD  . . . .


- While flux uncertainties are still large, near/far fluxes are better understood


• We should choose the ND with the best performance (resolution, efficiency, etc.)

- By construction, “performance” for ND is in the context of a LBL experiment.


- It should be optimized to address systematics at the far detector


We are asking more than ever of NDs and our understanding must continue to be improved and refined
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MORE BROADLY

The primary purpose of the ND is to reduce systematics in a LBL experiment


• It exists within an ecosystem of approaches, methods, etc. 


• We shouldn’t lose sight of them. 


A few examples

• Hadron production/scattering experiments 

- Continue to improve our understanding of the neutrino beam


• Test beam 

- Improve our understanding of detector response


- n.b neutrino interactions are a very difficult environment in which to understand a detector


•  theory:

- Connect measurements with fundamental physics


Billions of (CHF, $, €, £, 百円) at stake over the coming decades in LBL


•These efforts will leader to more robust results from LBL experiments and a richer science program

ν − A
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OUTLOOK

Beyond the “immediate/planned” future?

• 2nd oscillation maximum

• Additional detectors in LBNF beam?

• Muon-based neutrino beams?


When the next step are clear, it seems like a 
good time to think beyond them!

PTEP 2018, 063C01 K. Abe et al.

Fig. 4. Two candidate sites for the second Hyper-K detector in Korea. Mount Bisul is located near the city of
Daegu at 1.3◦ off-axis, and Mt. Bohyun atYoungcheon at 2.3◦ off-axis. Mount Bisul is 1084 m high and provides
excellent accessibility with an existing highway nearby. Mount Bohyun is 1124 m high and accommodates
an optical telescope on the top. A detector at Bisul is expected to have ∼1000 m overburden with a slightly
inclined access tunnel 2.8 km long. An electromagnetic geological survey shows excellent bedrock for the
candidate site, suitable for a large cavern.

2.4.1. Investigation of candidate sites
We can roughly partition the candidate sites into two groups. For five of the six sites the (unoscillated)
interaction rate is expected to peak near or slightly below the energy of the second oscillation
maximum. The exception is Mt. Bisul; at 1.3◦ it is much closer to the beam axis, so the typical
neutrino is more energetic and the spectrum overall is broader. A detector at this site could still
sample the second maximum but also sample a significant part of the first oscillation maximum and
the region between the first and second oscillation maxima. Physics studies therefore treat Bisul as
a distinct case.

The variation in L/E between the other sites is less substantial, and discriminating between the
physics reach of each requires detailed simulations. The Bohyun site, being closest to J-PARC, is
expected to provide the highest event rate after Bisul. Based on these considerations, Mt. Bisul and
Mt. Bohyun are the first sites considered for more detailed investigation of their suitability.

Mount Bisul is located at Dalseong in the city of Daegu, the fourth largest city in population in
South Korea, as shown in Fig. 4. Its accessibility is excellent. It takes one hour and forty minutes
to get to Daegu from Seoul by the KTX (Korean bullet train). The mountain is 1084 m high and
made of hard rocks: granite porphyry and andesitic breccia. A detector at Bisul is expected to have
∼1000 m overburden with a slightly inclined access tunnel and to be exposed to a 1.3◦ off-axis
neutrino beam. The site coordinates are N35◦ 43′ 00′′ in latitude and E128◦ 31′ 28′′ in longitude.
The baseline from J-PARC is 1088 km. A recent geological survey using a magnetotelluric method
shows excellent bedrock for the candidate site, belonging to the hardest rock classes 1 or 2. Based
on nearby lakes and rivers, sufficient underground water could be available in the site. The survey
result obtains an estimate of ∼2.7–3.2 m3 km−1 min−1 underground water flow into the access tunnel
through rock fractures. The expected water would be sufficient to be supplied for the detector. We find
excellent access roads up to the candidate location of tunnel entrance, and easy access to electricity
supply lines.
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Table 1. Detector candidate sites with off-axis angles between 1◦ and 2.5◦. The baseline is the distance from
the production point of the J-PARC neutrino beam.

Site Height (m) Baseline (km) Off-axis angle Composition of rock

Mt. Bisul 1084 1088 1.3◦ Granite porphyry, andesitic breccia
Mt. Hwangmae 1113 1141 1.9◦ Flake granite, porphyritic gneiss
Mt. Sambong 1186 1169 2.1◦ Porphyritic granite, biotite gneiss
Mt. Bohyun 1124 1043 2.3◦ Granite, volcanic rocks, volcanic breccia
Mt. Minjuji 1242 1145 2.4◦ Granite, biotite gneiss
Mt. Unjang 1125 1190 2.2◦ Rhyolite, granite porphyry, quartz porphyry

Fig. 3. Comparison of baseline and energy regime of various recent and proposed long-baseline experiments.
The event rates for Kamioka and Korean sites are based on calculated fluxes, using the quasi-elastic charged-
current cross section from NEUT. The ESSnuSB event rates are calculated from publicly available flux
histograms [20] and the NEUT cross section. The event rates from MINOS [22], NOνA [23], and the DUNE
[24] optimized design use publicly available spectra, which typically assume inclusive charged-current cross
sections.

At an off-axis angle similar to that of the Kamioka site (2.5◦) the neutrino interaction rate peaks
at an energy of around 0.7 GeV. At this energy the second oscillation maximum occurs at a base-
line of roughly 1100 km, with longer baselines corresponding to maxima for higher energies and
vice versa.

The novel aspect of a detector built in Korea becomes clear if we compare it to similar long-
baseline neutrino experiments. Figure 3 shows the regime of baseline (L) and neutrino energy (E)
covered by recent and proposed experiments. T2HKK provides a baseline almost as long as the
proposed DUNE experiment but in a similar energy band to the existing T2K experiment, which
allows it to probe oscillations at the second oscillation maximum, a capability not available to
any existing experiment, and only shared by the proposed ESS neutrino beam [20,21]. Further-
more, the fact that oscillations become more rapid at higher-order maxima means that the T2HKK
configuration can probe more of the oscillation shape than existing experiments. It is also worth
noting that a double-baseline configuration using similar fluxes and different (non-trivial) baselines
within one experiment is only possible because the axis of the J-PARC beam passes below the
Kamioka site. Equivalent configurations using the NuMI or proposed LBNF and ESS beamlines
do not exist.
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Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned fourth DUNE cavern; Lower left panel: an interior
view of Theia-25 modeled using the Chroma optical simulation package [27]; Lower middle panel: exterior view of Theia-100
in Chroma; Lower right panel: an interior view of Theia-100 in Chroma. In all cases, Theia has been modelled with 86%
coverage using standard 10-inch PMTs, and 4% coverage with LAPPDs, uniformly distributed, for illustrative purposes.

are practically undetectable as much of the energy from
the neutrino electron scattering reaction is invisible.

Organic liquid scintillators (LS) have been used to
enhance sensitivity for below Cherenkov threshold par-
ticles. LS is currently being used in the KamLAND,
Borexino, and SNO+ detectors, and is planned for use
in the JUNO detector now under construction. While
this is very effective at increasing sensitivity at low en-
ergies, it comes at the loss of the directional sensitivity
and multi-track resolution that is a hallmark of WC

detectors. Use of organic LS also introduces issues of
high cost, short optical transmission lengths, and un-
desirable environmental and safety problems.

The recent development of water-based liquid scin-
tillator (WbLS) [22] has the potential to alter this sit-
uation. By introducing a small amount (typically 1%-
10%) of liquid scintillator into water, the liquid yield
can be adjusted to allow detection of particles below
Cherenkov threshold while not sacrificing directional
capability, cost, or environmental friendliness. First de-

 
 

 

The concept of a Neutrino Factory on the FNAL site, so called NuMAX standing for “Neutrino 
from Muon Accelerator compleX”, has been defined in the frame of the Muon Accelerator 
Program (MAP) [1]. It is strongly inspired from the IDS-NF study [2] of an ideal Neutrino Factory 
on a green site. Nevertheless, its concept is significantly modified to take into account and take 
advantage of the specificities of the FNAL site in order to mitigate its cost and maximize the 
synergies with the FNAL existing or planned systems and programs. 
In particular, it envisions using the Sanford Underground Research Facility (SURF) foreseen to 
house the Deep Underground Neutrino Experiment (DUNE) detector of the Long Base Line 
Facility (LBNF). Because its distance of 1300kms from FNAL is shorter than the 2000kms 
considered in the IDS-NF, the optimum neutrino energy is around 1 to 2 GeV such that the muon 
energy is reduced from 10 to about 5 GeV with considerable savings of the accelerating system 
as described in the Fast Acceleration Systems sub-section and the muon decay ring as described 
in the Neutrino Factory Storage Ring sub-section. In spite of the reduced energy, the physics 
performance of NuMAX with a similar neutrino flux is similar to the one of IDS-NF as discussed 
in section 4. 
NuMAX is foreseen to be built in phases to make the project as realistic as possible and favor its 
possible future evolution towards a Muon Collider [3] taking advantage of the strong synergies 
between Neutrino Factory and Muon Collider layouts as shown on Fig. 1, thus enabling facilities 
at both the intensity and the energy frontiers. 
 
 

 
Figure 1: Neutrino Factory and Muon Collider layouts emphasizing synergies between the 
various sub-systems especially concerning the muon production and initial cooling stage. 
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CONCLUSIONS

• It’s a golden age for neutrino experiments


• it’s been a “golden age” for neutrinos for a while . . .


• Answers to old questions → fascinating new ones 


• Experimentally, we are in a very exciting place


• Mature experiments (NOvA, T2K) moving towards ultimate goals


• Next generation experiments (LBNF/DUNE, HK) on the way


• Will pose unprecedented demands on systematic uncertainties and ND strategy


• We should continue to think about how to optimize this stage of discovery and beyond.


• The golden age continues with new experiments and opportunities

Thank you to the organizers!

I wish I were there!


