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Standard Model of Particles

•Each particle also has a corresponding anti-particle, eg  
e+ and νe
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Neutrino Masses

•Two different mass difference scales


•Sign of Δm21 is known due to effects in the Sun, but sign of 
Δm31 isn’t, so two possible orderings of masses
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Neutrino Mixing

•Unitary PMNS matrix relates mixing between flavor and mass 
states


•Αnti-ν depend on U*

�5



Neutrino Mixing

•Unitary PMNS matrix relates mixing between flavor and mass 
states


•Αnti-ν depend on U*
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 Mixing in Vacuum with δ=0

•L/E scale relevant for recent accelerator beams 
oscillation effects are dominated by m3↔m2 and m3↔m1 
mixing 

•νμ Disappearance in a νμ Beam 


•νe Appearance in a νμ Beam 


•Precision measurements require 3 flavor fits
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Neutrino Oscillations in Matter

•Μatter has e-, and no μ- or τ- 

•Additional processes for νe and anti-νe scattering on e-


•Modifies apparent oscillation probabilities


•Effect varies with E
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Matter Effects  

•Additionally A changes sign for anti-neutrinos

•So in the normal hierarchy the appearance probability 
increases for neutrinos and decreases for anti-neutrinos.
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Matter Effects  

•Additionally A changes sign for anti-neutrinos

•So in the normal hierarchy the appearance probability 
increases for neutrinos and decreases for anti-neutrinos.
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 δ  0

•For δ≠0, there are additional terms that depend on -sin(δ)  for 
neutrinos.

•Depends on +sin(δ) for anti-ν. So this will lead to differences 
in                       compared to                      in vacuum                 
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Important Questions to Answer with Long-
Baseline Beams
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Important Questions to Answer with Long-
Baseline Beams

•What are more precise values of the mixings and mass 
differences?
‣ θ13 and θ12 known fairly well
‣ Is θ23 exactly 45 degrees?
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Important Questions to Answer with Long-
Baseline Beams

•What are more precise values of the mixings and mass 
differences?
‣ θ13 and θ12 known fairly well
‣ Is θ23 exactly 45 degrees?

•Is the mass ordering normal or inverted?
•Is the mixing matrix different for neutrinos and anti-
neutrinos?
‣ Is sin(δ)=0?
‣CP Violation w leptons?
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Long-Baseline Neutrino 
Beams
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FIG. 1. Plan view of AGS neutneutrino experiment.

First Neutrino Beam Experiment

•νμ discovered using 15 GeV protons in the BNL AGS

‣ Used a Be target and a ~21 m decay region
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Current and Planned Long-Baseline 
Beams 

•Two currently running long-baseline neutrino beams are 
serving experiments with baselines on the order of 
hundreds of km
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How to Make ν Beam

�14

Absorber

μ+

μ+

νμ

νμ

Decay Region


(Helium)

96 m

Magnetic Horns

π+

π+

π-

Side View of T2K Beam  (not to scale!)

Graphite 

Target

protons

Sand/DirtMuon 
Monitors



How to Make ν Beam

• High-energy p’s strike target, producing π’s and K’s
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How to Make ν Beam

• High-energy p’s strike target, producing π’s and K’s
• Magnetic horns focus π+ and K+ in desired direction
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How to Make ν Beam

• High-energy p’s strike target, producing π’s and K’s
• Magnetic horns focus π+ and K+ in desired direction
• π’s and K’s to decay to μ’s and ν’s
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How to Make ν Beam

• High-energy p’s strike target, producing π’s and K’s
• Magnetic horns focus π+ and K+ in desired direction
• π’s and K’s to decay to μ’s and ν’s
• Dirt/rock will stop μ’s; ν’s continue through the earth
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How to Make ν Beam

• High-energy p’s strike target, producing π’s and K’s
• Magnetic horns focus π+ and K+ in desired direction
• π’s and K’s to decay to μ’s and ν’s
• Dirt/rock will stop μ’s; ν’s continue through the earth
•Can make a νμ beam by reversing direction of horn current
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“Off-Axis” Beam 

•The T2K and NOvA 
detectors are slightly off of 
the ν beam axis


•In kinematics of pion decay, 
at a small angle away from 
the pion axis, the neutrino 
energy becomes nearly 
independent of the energy of 
its parent pion. 
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Off-Axis Spectra

•Smaller ν flux, but 
more low energy flux, 
and νs are in a very 
narrow energy range


•Oscillations depend 
on L/E so a narrow 
energy range is 
preferable

•Reduces background 
from high-energy NC 
interactions
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Ingredients for a Long-baseline Analysis
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Neutrino Interactions
•In charge-current interactions, lepton flavor and charge sign 
identify the neutrino type


•Other charged-current interactions can occur too including


•And neutral current interactions too
�18

ν p
l-

CC 1π 
Resonance

Coherent Pion 
Production

Deep Inelastic 
Scattering

ν p l-
π+

ν l-π+ ν l-

CC Quasi-elastic



Neutrino Cross sections
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•NEUT generator predictions per nucleon on 16O
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Figure 1: The NEUT ⌫µ interaction cross section per nucleon on 16O with a break-
down by interaction process. The “NC Other” curve includes neutral current coher-
ent pion production, resonant charged pion production, multi-pion production and
deep inelastic scattering. The predicted ⌫µ flux spectrum at SK with no oscillations
is shown for comparison.
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Neutrino Interaction Models

•Not just interactions with a single free nucleon.

‣ Often a relativistic Fermi gas model is used to describe nucleons, 
and maybe additional models like the random-phase 
approximation or spectral function models.


•Also need to consider interactions on correlated nucleon pairs 
•Also need to consider final state interactions of particles.  Hadrons 
can scatter, charge-exchange, or be absorbed while exiting the 
nucleus

•Data from precision near detectors and dedicated cross section 
experiments like MINERvA are necessary to constrain and improve 
models
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Hadron Production Measurements

•Simulations of the hadrons that 
are generated in neutrino 
beamlines have large uncertainties

•Fixed target experiments like 
NA61/SHINE and EMPHATIC can 
directly measure the production 
of hadrons off of beamline 
materials to better predict the 
neutrino flux

‣ NA61 data of T2K target will 
reduce flux uncertainties to 
<5% 
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Hadron Production Data
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Fig. 25 Double differential yields of positively charged pions for
the third upstream longitudinal bin (36 ≤ z < 54 cm). Vertical
bars represent the total uncertanties. Predictions from the NuBeam

(solid blue line) and QGSP_BERT (dashed black line) physics
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was applied to all selected tracks:

w =
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N 2009
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)/ (
N 2010
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N 2010
POT

)

, (7)

where N 2009(2010)
POT ,i is the number of beam protons hitting the

target in the i − th radial bin in data from 2009(2010) and

N 2009(2010)
POT is the total number of beam protons hitting the

target. After scaling, the particle identification procedure was
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Fig. 33 Double differential yields of negatively charged pions for the
fifth upstream longitudinal bin (72 ≤ z < 90cm). Vertical bars represent
the total uncertanties. Predictions from the NuBeam (solid blue line)

and QGSP_BERT (dashed black line) physics lists from Geant4.10.03
[27,28] are overlaid on top of the data

123

100 Page 38 of 45 Eur. Phys. J. C (2019) 79 :100

]
-1

 G
eV

/c
)

⋅
 [(

ra
d 

θ
dp

 dn2 d
⋅

po
t

N1

p [GeV/c]

0 5 10 15 200

5

10

15

20
3−10×  < 20 mradθ≤0

0 5 10 15 20 25 300.00

0.05

0.10

0.15

0.20
 < 40 mradθ≤20

0 5 10 15 200.00

0.02

0.04

0.06

0.08

0.10
 < 60 mradθ≤40

0 2 4 6 8 10 12 14 160.00

0.05

0.10

0.15

0.20
 < 100 mradθ≤60

0 2 4 6 8 10 120.0

0.1

0.2

0.3

 < 140 mradθ≤100

0 2 4 6 8 100.0

0.1

0.2

0.3

0.4
 < 180 mradθ≤140

0 1 2 3 4 5 6 7 8 90.0

0.1

0.2

0.3

0.4

 < 220 mradθ≤180

0 1 2 3 4 5 6 70.0

0.1

0.2

0.3

0.4

0.5
 < 260 mradθ≤220

0 1 2 3 4 5 6 70.0

0.2

0.4

0.6
 < 300 mradθ≤260

0 1 2 3 4 5 6 70.0

0.2

0.4

0.6
 < 380 mradθ≤300

NA61/SHINE p

G4.10.03
NuBeam

G4.10.03
QGSP_BERT

Fig. 49 Double differential yields of protons kaons for the third
upstream longitudinal bin (36 ≤ z < 54 cm). Vertical bars represent
the total uncertanties. Predictions from the NuBeam (solid blue line)

and QGSP_BERT (dashed black line) physics lists from Geant4.10.03
[27,28] are overlaid on top of the data

7 Summary and conclusions

Measurements of the double differential yields of π+, π−,
K+, K− and p emitted from the surface of a 90-cm-long
carbon target (T2K replica) with incoming 31 GeV/c pro-
tons were performed by the NA61/SHINE experiment at
the CERN SPS. Yields of π+ and π− were measured with
improved precision compared to the previously published
NA61/SHINE results, while K+, K− and p yields were

obtained for the first time. These measurements are crucial
for reducing the hadron production component of the T2K
(anti)neutrino flux error, which is the dominant component in
the flux uncertainty. Any reduction of the flux uncertainties
will directly improve measurements of the (anti)neutrino-
nucleus cross sections as well as of the (anti)neutrino oscil-
lation parameters in T2K. A simple method of using these
results in T2K which avoids problems with the dependence
on the incident proton beam profile is proposed.
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295 km

280 m

J-PARC

Near Detector
Super-Kamiokande

1000 m

Neutrino Beam

T2K: Tokai-to-Kamioka

•Long-baseline neutrino experiment in Japan with 295 km 
baseline
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TokaiKamioka
295 km

Tokyo

J-PARC Facility (Tokai)

Accelerator+Near Detector

Super-Kamiokande

Detector



T2K Beam Running

•Only ~50% of total dataset T2K expects to collect
�25

Forward Horn Current Collected:  15.1x1020

Reverse Horn Current Collected: 16.5x1020




Selected Events 

•Notice that in neutrino mode, see an excess of νe events, 
while in anti-neutrino mode see fewer anti-νe events than 
expected for δCP=0
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Sample δCP=π/2 δCP=-π/2 δCP=0 Observed

νμ CCQE 272 272 271 243

νe CCQE 51 75 62 75

νe CC1π e 5 7 6 15

νμ CCQE 140 140 139 140

νe CCQE 22 17 20 15

Predicted Event Numbers



5 Data Samples with Best Fit
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v-modeCCQE μ v-mode CCQE e v-mode CC1π e

antiv-mode CCQE μ antiv-mode CCQE e



Measurement of Δm232 and sin2θ23

•T2K Favors a large mixing angle, close to 45o
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Fits for δCP
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T2K only



Fits for δCP

•Excludes δCP=0 or π at more than 95% CL 
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T2K +

Reactor Data



δCP 
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Less Likely

More Likely

•Data prefers a value of δCP around -π/2

•CP conserving values of δCP=0 and δCP=π excluded for 
both hierarchies at more than 95% CL

2σ allowed

regions



NOvA Neutrino Experiment

•Using NuMI beam from Fermilab 

•Longer L (810 km) and larger E than 
T2K, larger matter effects
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NOvA Data

•8.85x1020 protons on target in neutrino mode; 12.33x1020 
protons on target in anti-neutrino mode,
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Sample δCP=π/2 δCP=3π/2 δCP=0 Observed

νμ 121 121 121 113

νe 52 70 62 58

νμ 96 96 96 102

νe 28 22 26 27

Predicted Event Numbers  (NH, upper octants)



T2K vs NOvA on θ23

•NOvA prefers an angle above 45o at the >1σ level
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NOvA νe and νe Appearance Results
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J. Wolcott, JETP seminar, 

FNAL June 2019

Observed: 58 νe

O
bserved: 27 ν

e



T2K vs NOvA on δCP
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arXiv:1906.04907 

•Note: T2K plots δ over -π to π

•NOvA plots δ over 0 to 2π



Future running

•Both T2K and NOvA expect to continue running

‣T2K approved for 2x more PoT (7.8x1021) thru 2021

‣T2K-II proposes to extend this to 20x1021 PoT thru 2026

‣NOvA aiming for 7.2x1021 by 2025


•T2K should reach 3σ exclusion of CP conservation if δCP 
is close to the current T2K best fit value

•NOvA could reach 3-5σ sensitivity to the hierarchy 
depending on δCP, and future modeling improvements 
could increase this
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Future Long-Baseline 
Neutrino Experiments
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Future Long-Baseline Neutrino Experiments

•Hyper-Kamiokande:  

‣J-PARC to Kamioka beamline

‣295 km baseline

‣Possibility for other off-axis 
detectors at longer-baselines


•Deep Underground Neutrino 
Experiment (DUNE)

‣New LBNF beamline from 
Fermilab to SURF in Lead,SD


‣1300 km baseline
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PTEP 2018 (2018) no.6, 063C01



J-PARC to Hyper-Kamiokande

• Hyper-Kamiokande: New far 
detector

‣ 260 kt water Cherenkov

‣ 40% photocathode 
coverage


‣ Fiducial volume is ~10x SK

•New intermediate detector: 
NuPRISM


-Movable water Cherenkov 
detector
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arXiv:1805.04163



Hyper-Kamiokande Sensitivity

•Can exclude δCP=0 at 3σ for ~80% of the range of possible  
δCP values
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arXiv:1805.04163
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FIG. 138. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values

of �CP = (�90�, 0, 90�, 180�) are shown. Left: normal hierarchy case. Right: inverted hierarchy case. Red

(blue) lines show the result with Hyper-K only (with sin2 2✓13 constraint from reactor experiments).
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FIG. 139. Expected significance to exclude sin �CP = 0 in case of normal hierarchy. Mass hierarchy is

assumed to be known.

contour becomes narrower in the direction of sin2 2✓13, the sensitivity to �CP does not significantly

change because �CP is constrained by the comparison of neutrino and anti-neutrino oscillation

probabilities by Hyper-K and not limited by the uncertainty of ✓13.

Figure 139 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).

The significance is calculated as
p

��2, where ��2 is the di↵erence of �2 for the trial value of

�CP and for �CP = 0� or 180� (the smaller value of di↵erence is taken). We have also studied the

case with a reactor constraint, but the result changes only slightly. Figure 140 shows the fraction

of �CP for which sin �CP = 0 is excluded with more than 3� and 5� of significance as a function of

the integrated beam power. The ratio of integrated beam power for the neutrino and anti-neutrino

mode is fixed to 1:3. The normal mass hierarchy is assumed. The results for the inverted hierarchy
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FIG. 142. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3� (red) and 5� (blue)

significance as a function of the true value of sin2 ✓23, for the normal hierarchy case.

3� and 5� of significance as a function of the true value of sin2 ✓23. T2K collaboration reported

sin2 ✓23 = 0.55+0.05
�0.09 in case of the normal hierarchy [197].

TABLE XXXIX. Comparison of CP sensitivity with di↵erent configurations. As a reference, the former

results published in PTEP [177] are also shown, where 560kton fiducial volume, 7.5 MW⇥107s integrated

beam power, and an old estimate of systematic uncertainty with larger anti-neutrino errors are assumed.

(sin �CP = 0) exclusion 68% uncertainty of �CP

Configuration > 3� > 5� �CP = 0� �CP = 90�

1 tank 76% 57% 7.2� 23�

Staging 78% 62% 7.2� 21�

PTEP [177] 76% 58% 7� 19�

Table XXXIX shows a comparison of several configurations for CP violation sensitivities.

7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓23 and �m2
32.

Figure 143 shows the 90% CL allowed regions for the true value of sin2 ✓23 = 0.5. The expected

precision of �m2
32 and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓13

is summarized in Table XL.

Figure 144 shows the 90% CL allowed regions on the sin2 ✓23–�m2
32 plane, for the true values

Normal mass ordering



•Far Detector is four 10k ton 
detector modules detectors

‣ Mixture of single-phase and 
dual-phase liquid argon 
TPCs


•Near detector concept has 
several subsystems including 
a movable liquid argon 
TPC+gaseous argon TPC, 
and an on-axis beam monitor 
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Chapter 1: Executive Summary 1–6

• the excavation of four underground caverns at SURF, planned to be completed by 2021 under
a single contract, with each cavern to be capable of housing a cryostat with a minimum 10 kt
fiducial mass LArTPC; and

• surface, shaft, and underground infrastructure to support the outfitting of the caverns with
four free-standing, steel-supported cryostats and the required cryogenics systems. The first
cryostat will be available for filling, after installation of the detector components, by 2023,
enabling a rapid deployment of the first two 10 kt far detector modules. The intention is to
install the third and fourth cryostats as rapidly as funding will allow.

Figure 1.3: Underground caverns for DUNE far detectors and cryogenic systems at SURF, in South
Dakota.

Figure 1.4: Neutrino beamline and DUNE near detector hall at Fermilab, in Illinois

The success of the DUNE project depends on the successful realization of the LBNF facilities.
This IDR focuses on the DUNE physics program that is enabled by the first three FD modules,
which are expected to be based on the single-phase (SP) and dual-phase (DP) LAr technologies.

Physics, Technologies, and Strategies The DUNE Far Detector Interim Design Report

arXiv:1807.10334

arXiv:1807.10327

Chapter 2: Anode Plane Assemblies 2–9

Figure 2.1: Left: End-on schematic view of the active argon volume showing the four drift regions and
anode-cathode plane ordering of the TPC inside the detector. Right: View of the partially installed
DUNE TPC inside the membrane cryostat. The anode plane assemblies are shown in red, cathode
plane assemblies are in cyan, FC modules in yellow/green. Some of the FC modules are in their folded
position against the cathode to providing aisle access during installation.

careful coordination in the frame design as well as placing a requirement on the transparency of
the APA structures. In addition, the electric field cage (FC) panels connect directly to the edges of
the APA frames. Finally, the anode plane assemblies must support the routing of cables for both
the TPC electronics and the photon detector systems. All of these considerations have important
impacts on the design, fabrication, and installation planning for the anode plane assemblies.

Full-scale anode plane assemblies have recently been produced at the Physical Sciences Labora-
tory (PSL) at the University of Wisconsin and at the Daresbury Laboratory in the UK for the
ProtoDUNE-SP project at CERN. Figure 2.4 shows a completed APA produced at PSL just be-
fore shipment to CERN for use in ProtoDUNE-SP. This e�ort has greatly informed the design
and production planning for the DUNE detector modules, and future ProtoDUNE-SP running is
expected to provide valuable validation information for many fundamental aspects of the APA
design.

The design, construction, testing, and installation of the anode plane assemblies is overseen by
the APA consortium within the DUNE collaboration. Multiple APA production sites will be set
up in the USA and the UK, with each nation producing approximately half of the anode plane
assemblies needed for the SP modules. Factory setup is anticipated to begin in 2020, with APA
fabrication for the first 10 kt far detector module running from 2021–2023.

Single-Phase Module The DUNE Far Detector Interim Design Report



DUNE Sensitivity

•Can resolve the mass ordering at >5σ for all values of δCP
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5σ
3σ

5σ



Conclusions
•Long-baseline neutrino experiments addressing one of 
the biggest unanswered questions in neutrino physics:

‣ Do neutrinos and anti-neutrinos have same mixing 
properties? 


•More data to come from current experiments

•Larger detectors and more intense beams coming in 
the 2020’s

•By the mid-2030’s we will definitively know the ordering 
of neutrino masses and should have strong indications 
of CP violation in the neutrino sector if it is more than  20o 
from 0 or π 


•Stay tuned!
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Thank you
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