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Introduction
• Brief overview of neutrino oscillations
• What we know and don’t know
• What we measure
• Three flavour oscillations:
– NOvA
– DUNE

• Searches for sterile neutrinos:
– MINOS+

– Short-baseline neutrino (SBN) programme
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Theory Overview
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3+1 Model
● Anomalous short-baseline results 
consistent with new mass state and new 
sterile flavor

● Expand PMNS matrix from 3x3 K 4x4
● 6 new parameters

– One mass scale (Dm241)

– Three mixing angles  (q14, q24, q34)

– Two CP-violating phases  (d14, d24)

● Search in two modes
– Neutral current disappearance

● NC rate is insensitive to 3 flavor mixing
● Sterile neutrinos do not couple to the Z boson
● Sensitive to Dm241, q24, q34

– nm charged current disappearance
● Three flavor oscillations are modulated by the 
higher frequency sterile oscillations

● Sensitive to Dm241  and q24
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– Two CP-violating phases  (d14, d24)
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– Neutral current disappearance

● NC rate is insensitive to 3 flavor mixing
● Sterile neutrinos do not couple to the Z boson
● Sensitive to Dm241, q24, q34

– nm charged current disappearance
● Three flavor oscillations are modulated by the 
higher frequency sterile oscillations

● Sensitive to Dm241  and q24

[A. Aurisano, Nu2018]

Sterile Neutrinos
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Figure 3: Global analysis of oscillation data from long-baseline accelerator, solar and Kam-
LAND, short-baseline reactor, and atmospheric neutrino experiments. Line styles and colors
are as in Fig. 1.

Adding atmospheric neutrinos: Global analysis of all oscillation data. Figure 3 is
analogous to Fig. 2, but includes atmospheric neutrino constraints as described in Section 2. With
respect to Fig. 2, the main di↵erences concern the unknown oscillation parameters. There is a more
pronounced preference for ✓23 > ⇡/4, although both octants are allowed at < 2�. The preference for
CP violation with sin � < 0 is confirmed, while CP conservation is disfavored at > 1.9� for NO and
> 3.5� for IO. Remarkably, the sensitivity of atmospheric data to the mass ordering is also consistent
with the hints from previous data sets and leads to

�
2
min(IO)� �

2
min(NO) = 9.5 (all oscillation data) , (18)

corresponding to a statistically significant confidence level N� ' 3.1. The increase from Eq. (17) to
Eq. (18) is mainly due to SK atmospheric data [80], but there is also a synergic contribution (by about
one unit of ��

2) from IC-DC data, that will be discussed in Sec. 4.

3.2 Summary and discussion of results

The preference for NO at the level of ��
2 ⇠ 9 in Eq. (18) represents an interesting result of our work.

This indication emerges consistently for increasingly rich data sets, as shown by the progression in
Eqs. (16)–(18), and thus deserves attention. Taken at face value, a 3� rejection of IO would imply that
the only relevant scenario is NO, together with its parameter ranges (see Fig. 3).

However, caution should be exercised at this stage, since the value ��
2 ⇠ 9 derives from two main

contributions of comparable size ��
2 ' 4–5 (corresponding to ⇠ 2�) but with rather di↵erent origin.

One contribution [Eq. (17)] comes basically from long-baseline accelerator data and their interplay
with short-baseline reactor data, where mass-ordering e↵ects can be understood with relatively simple
arguments in terms of ✓13 (see next Section). The other incremental contribution [from Eq.(17) to (18)]
comes basically from atmospheric data, where mass-ordering e↵ects are not apparent “at a glance”,

12
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What we know and don’t know

Third of δCP values 
disfavoured
(~2 sigma for CPv)

[arXiv:1804.09678]

Non-maximal θ23
mixing a possibility.
Octant largely 
unknown.

Preference for NH
(~3 sigma level)

Three “Unknowns”

(1)

(2)

(3)
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Starting with νμ
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How does the mass hierarchy come 
into play?

Two ways:

1.) MSW matter effect

2.) Small (3%) difference in Dm2
31 and Dm2

32
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Starting with νe

Modulation frequency is slightly different for two hierarchies
(due to small (3%) difference in Dm231 and Dm232)



Matter Effect & Mass Hierarchy
• Neutrinos (and antineutrinos) travel through 

matter not antimatter 
– electron density causes asymmetry (fake CPv!)

• via specifically CC coherent forward elastic scattering

– different Feynman diagrams for νe and νe
interactions with electrons so different amplitudes   

Jeff Hartnell, HEP Forum Nov. '18 9

Arrows flip for 
antineutrinos

Mixing angles in matter are affected by 
the mass squared splitting in matter



Now consider the effect of the 
three unknowns on electron 

(anti)neutrino appearance in a 
long-baseline beam

Jeff Hartnell, HEP Forum Nov. '18 10
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Long-baseline 𝜈𝜇→𝜈e 
For fixed L/E = 0.4 km/MeV A more quantitative sketch… 

 
At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 4 
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Long-baseline 𝜈𝜇→𝜈e 
For fixed L/E = 0.4 km/MeV A more quantitative sketch… 

 
At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
 
Measure these probabilities 
   (an example measurement 
   of each shown)  
 
Also: 
    Both probabilities ∝ sin2𝜃23 
 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 5 
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Non-maximal 
mixing scenario

• If θ23 non-maximal 
then effect of octant 
is important

• Big effect, +/- 20%

Evan Niner I Results from NOvA 02/11/16

Relation of Oscillation Parameters in NOvA

25

inverted%
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Effect of Increasing Energy

Neutrinos: Theory and Phenomenology 11

For the measured value of sin2 2✓13 = 0.09, the ellipse separate when sin2
✓23 > 0.58.

In the overlap region, the value of sin � for the two hierarchies satisfies the following

relationship

hsin �iNH � hsin �iIH = 2(tan ✓23 sin 2✓13)/(tan ✓23 sin 2✓13)
crit

⇡

(
1.7 tan ✓23 NO⌫A

0.57 tan ✓23 T2K/HyperK.

It is also worth noting the following, that sum of the neutrino and anti-neutrino

probabilities at oscillation maximum can be directly compared to the value of sin2 2✓13
measured by the reactor disappearance experiments:

(P (⌫̄µ ! ⌫̄e) + P (⌫µ ! ⌫e))|�31=⇡/2 = 2 sin2
✓23 sin

2 2✓13 +O

 

(aL)

 
�m

2
21

�m
2
31

!!

, (21)

thus determining the quadrant of ✓23. The di↵erence of these probabilities can be used

to determine the CP violation phase � and the mass hierarchy.

The LBNE experiment [14] has a baseline of 1300 km, Fermilab to Homestake, SD

which will test the current massive neutrino paradigm in interesting new ways because

of its broad band ⌫µ neutrino beam. Here the matter e↵ects are larger and the bi-

probability ellipses separate at the same L/E as the NO⌫A experiment, see Fig. 8.
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Figure 8. The biprobability plot for the LBNE experiment at the same L/E as the
NO⌫A experiment [20]. Notice how widely the normal (blue) and the inverted (red)
hierarchies are separated here. sin2 ✓23 = 0.5 was used for this figure.

3.3. Asymmetry

The asymmetry between the neutrino and anti-neutrino appearance probability is

defined as [22]

A ⌘
|P (⌫µ ! ⌫e)� P̄ (⌫̄µ ! ⌫̄e)|

[P (⌫µ ! ⌫e) + P̄ (⌫̄µ ! ⌫̄e)]
, (22)

Neutrinos: Theory and Phenomenology 10

where J = sin � sin 2✓13 cos ✓13 sin 2✓12 sin 2✓23 is the Jarlskog invariant [6]. This allows

for the possibility that CP violation maybe able to be observed in the neutrino sector,

since it allows for P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e) in vacuum.

In matter, the two flavor amplitudes,
p
Patm and

p
Psol, are modified as follows

q
Patm ) sin ✓23 sin 2✓13

sin(�31 � aL)

(�31 � aL)
�31

q
Psol ) cos ✓23 sin 2✓12

sin(aL)

(aL)
�21 (18)

where a = ±GFNe/
p

2 ⇡ (⇢Ye/1.3 g cm�3) (4000 km)�1 and the sign is positive for

neutrinos and negative for anti-neutrinos. This change follows since in both the (31)

and (21) sectors the product {�m2 sin 2✓} is approximately independent of matter e↵ects.

Fig. 6 shows the ⌫e appearance probability as a function of the energy for a distance

of 1200 km. In Fig. 7 is the bi-probability plots for both T2K [11] (as well as the

future possible HyperK [13]), and NO⌫A [12] experiments. It is possible that these two

experiments will determine the mass ordering, and give a hint of CP violation in the

neutrino sector with su�cient statistics.

The critical value of tan ✓23 sin ✓13 at which the bi-probability ellipses for the normal

hierarchy and the inverted hierarchy separate is given by [19]

(tan ✓23 sin 2✓13)
crit =

(
�2

31 sin 2✓12
1 ��31 cot�31

)
�m

2
21

�m
2
31

/(aL) (19)

⇡ 2.3
�m

2
21

�m
2
31

/(aL) at �31 = ⇡/2.

For the NO⌫A experiment, this corresponds to

(tan2
✓23 sin2 2✓13)

crit = 0.13 (20)

Figure 7. The left panel is the bi-probability plot for the T2K/HyperK experiment
showing the correlation between neutrino and antineutrino ⌫µ ! ⌫e probabilities. The
matter e↵ect is small but non-negligible for T2K/HyperK. Whereas the left panel is
for the NO⌫A experiment where the matter e↵ect is 3 times larger.

Long-baseline 𝜈𝜇→𝜈e 
For fixed L/E = 0.4 km/MeV A more quantitative sketch… 

 
At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 4 

Increasing Energy

0.6 GeV 2 GeV 3 GeV

T2K NOvA DUNE

[à bigger matter effect and hence bigger fake CP violation] 



The Experiments
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Experimental Concept
• �Conventional� beam
• Two-detector experiment:

• Near detector 
– measure beam 

composition 
– energy spectrum

Ash River

810 km

Far detector
– measure oscillations and 

search for new physics
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Off-axis

On-axis

NuMI Beam

Neutrino
or 

antineutrino
beam
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To APD 

4 cm ⨯ 6 cm 

1560 cm
 

A NO𝜈A cell NO𝜈A detectors 

Fiber pairs 
 from 32 cells 

32-pixel APD 

Far detector: 
   14-kton, fine-grained, 
   low-Z, highly-active 
   tracking calorimeter 
      → 344,000 channels 

Near detector: 
   0.3-kton version of 
   the same 
      → 20,000 channels 

Extruded PVC cells filled with 
11M liters of scintillator 

instrumented with 
𝜆-shifting fiber and APDs 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 10 
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Huge (85%) 
disappearance 

effect



!" Disappearance
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113 events in neutrino mode 

expect 730 +38/-49(syst.) 
w/o oscillations

65 events in antineutrino mode 

expect 266 +12/-14(syst.) 
w/o oscillations 
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• Observe 58 !e candidates
Ø background 15

• Observe 18 !e candidates
Ø background 5.3

>4σ electron antineutrino 
appearance signal

A world first!

CVN=0.991
E=1.63 GeV

Mayly Sanchez - ISU
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FA R  D E T E C T O R  P R E D I C T I O N

• We use the ND data to 
predict the background in the 
FD. Each component is 
propagated independently in 
bins of energy and particle ID 
bins.  

• Add peripheral sample as one 
bin that does not pass cosmic 
rejection cuts with additional 
cosmic rejection boosted 
decision tree and high 
particle ID cut. 

!24

!e Appearance
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Constraints on 
“unknowns”
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• Prefer Normal 
Hierarchy at 1.8 σ

• Exclude δCP= π/2 in 
Inverted Hierarchy 
at > 3 σ

• Disfavour maximal 
mixing at 1.8 σ and 
lower octant at a 
similar level 



Near Term
Future Sensitivity
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• Currently running anti-neutrino beam. 

Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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 projected beam exposure improvements
2018 analysis techniques and

NO
vA Sim

ulation
Hierarchy resolution

/2π=3CPδNH 
π=CPδNH 

=0CPδNH 
/2π= CPδNH 

Great complementarity with T2K 
phase-II due to different baselines 
and beam energy. 

Combined analysis to resolve 
potential degeneracies in 2021.

Mass Hierarchy

CPv

• Currently running 
antineutrinos
• Plan 50:50 for future

• Extended running until 2024
• Beam improvement 

projects (bring forward 
DUNE work)
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DUNE Overview
• Approved expt., under construction
• Due to take beam data in 2026 with

– new MW-scale neutrino beamline (LBNF)
– 4x10-kilotonne (fiducial) liquid argon far detector 
– high-resolution, high-rate near detector 

• CERN providing cryostat for first 1x10kt  
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DUNE – a truly global collaboration

DUNE Collaboration Meeting

Armenia (3), Brazil (29), Bulgaria (1), 
Canada (1), CERN (32), Chile (3), 
China (5), Colombia (13), Czech 
Republic (11), Spain (34), Finland 
(4), France (23), Greece (4), India 
(45), Iran (2), Italy (63), Japan (7), 
Madagascar (8), Mexico (8), The 
Netherlands (4), Paraguay (4), Peru 
(8), Poland (6), Portugal (7), 
Romania (7), Russia (10), South 
Korea (4), Sweden (1), Switzerland 
(35), Turkey (2), UK (136), Ukraine 
(4), USA (621)

• 1144 collaborators from 178 institutions in 32 countries
• 622 faculty/scientists, 191 postdocs, 106 engineers, 5 computing 

professionals, 220 PhD students 
• Growing at a rate of about 100 collaborators/year
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Detector schematic
(Single phase module)
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DRAFT

3.6 The LBNE Far Detector 79
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Wire and Cathode 
frames are transported 
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joined in cryostat

Cryostat access 
hatch,
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Concrete Liner
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Anode Plane Assemblies
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Figure 3.23: TPC modular construction conceptfig:tpc-concept

The Long-Baseline Neutrino Experiment



CP Violation Sensitivity 

E. Worcester: Neutrino 2018 17 

Width of band indicates 
variation in possible central 

values of θ23 
 

Simultaneous measurement of 
neutrino mixing angles and δCP 

 

CP Violation 

DUNE CDR: 

Other Oscillation Physics 

E. Worcester: Neutrino 2018 18 

Mass Ordering 

Width of band indicates 
variation in possible central 

values of θ23 
 

Octant 

Width of band indicates 
variation in possible true value 

of δCP 
 

DUNE CDR: 
DUNE Future Sensitivity

Jeff Hartnell, HEP Forum Nov. '18 29

Measure the Mass Hierarchy in all scenarios

CP violation sensitivity depends on the true value



ProtoDUNE(s)
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• CERN Neutrino Platform
• Large-scale prototyping/calibration

• UK built 2 (of 6) 
anode wire 
planes
– 6 m tall 
– 2.3 m wide

• Large UK DAQ 
effort



ProtoDUNE(Single Phase) Summary

ØStable operation of cryogenics
ØOperated TPC at nominal field of 500 V/cm
ØDrift electron lifetime of 8 ms
Ø3D reconstruction and analysis on real data 

ongoing

ØProposals under discussion for operation of 
ProtoDUNEs (SP & DP) during and after LS2

Jeff Hartnell, HEP Forum Nov. '18 31



ProtoDUNE-SP Event

Jeff Hartnell, HEP Forum Nov. '18 32

EM showers and a pion interaction with 4 outcoming particles
Run 4696, Ev 103
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MINOS+
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Far Detector Beam Data

● MINOS and MINOS+ probe muon-neutrino disappearance over a broad range of 
energies

● Consistency with three flavor prediction tightly constrains alternate oscillations 
hypotheses

[A. Aurisano, Nu2018]



MINOS+ Sterile Neutrino Limit
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4 June 2018 Adam Aurisano - University of Cincinnati 21

Sterile Disappearance Limit

● MINOS and  MINOS+ 90% C.L. exclusion 
limit over 7 orders of magnitude in Dm241

● Improvement at large Dm241  over 
previous MINOS result due to:
– Near Detector statistical power 
– Sensitivity to normalization shiMs
– Improved binning around atmospheric dip 
in Far Detector

● Increased tension with global best fit
– Displayed here with |Ue4|2 = 0.023

● Final year of data is still to be analyzed
● Poster: Monday #140, A. Aurisano
● Posted to arXiv:1710.06488 and 
submiOed to PRL
– See arXiv paper and ancillary materials for 
more details

Ŝ. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, 
E.M. Zavanin, J.Phys.G43, 033001 (2016)

4 June 2018 Adam Aurisano - University of Cincinnati 20

Sterile Disappearance Limit

● Use full NC and CC samples in both 
detectors 

● Fit for  q23, q24, q34, Dm2
32, and Dm2

41

● Fix d13, d14, d24, and q14 to zero
● Median sensitivity from Feldman-
Cousins corrected 90% CL contours from 
pseudo-experiments

● Best fit:
– Dm241 = 2.33x10-3 eV2

– sin2q24 = 1.1x10-4

– q34 < 8.4x10-3

– sin22q23 = 0.92

– c2min/dof = 99.3/140

– c2(4n) – c2(3n) = 0.01

[A. Aurisano, Nu2018]

MINOS+ sets leading limits on sterile neutrino mixing, 
especially in critical 1-10 eV2 region

arXiv:1710.06488 
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Short-Baseline Neutrino 
Programme
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Short-Baseline Neutrino Programme

The Short Baseline Neutrino Program at
 Fermilab

Serhan Tufanli (Yale University)
for the 

SBND, MicroBooNE and ICARUS collaborations

EPS Conference on High Energy Physics, 2017

Short Baseline Neutrino (SBN) program at Fermilab

4

● Three liquid argon time projection chamber (LArTPC) detectors in the 
Booster Neutrino Beam (BNB) at Fermilab.

Booster Neutrino 
Beam

Short Baseline Neutrino (SBN) program at Fermilab

4

● Three liquid argon time projection chamber (LArTPC) detectors in the 
Booster Neutrino Beam (BNB) at Fermilab.

Booster Neutrino 
Beam

SBN experimental setup

ICARUS MicroBooNE SBND

● LArTPC
● 600 m from ᶟ production
● 476 ton active volume
● 4x1.5 m drift length
● 75kV high voltage
● 0.95 ms drift time at 

500V/cm
● 3 wire planes: horizontal, 

∓30 deg, 3mm wire pitch, 
53246 wires

● Warm analog and digital 
electronics

● 360 8” PMTs

● LArTPC
● 470 m from ᶟ production
● 85 ton active volume
● 2.56 m drift length
● 128 kV high voltage
● 1.6 ms drift time at 500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 8256 wires
● Cold analog/warm digital 

electronics
● 32 8” PMTs

● LArTPC
● 110 m from ᶟ production
● 112 ton active volume
● 2x2.0 m drift length
● 100 kV high voltage
● 1.28 ms drift time at 

500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 11264 wires
● Cold analog and digital 

electronics
● 120 8” PMTs && scin. bars

RUNNING UNDER CONSTRUCTIONINSTALLATION
8

Three liquid argon time projection chamber (LArTPC) detectors in the Booster 
Neutrino Beam (BNB) at Fermilab

600 m / 476 tons
470 m / 89 tons

110 m / 112 tons
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SBN Programme Goals
• Sterile neutrinos: study the baseline dependence of the 

MiniBooNE low energy event excess and cover the full LSND 
allowed parameter space with 5σ 

• Make a high precision measurement on nu-Ar cross sections
– High stats coupled with excellent imaging capabilities

• e.g. SBND: 1.5M numu-CC / year  &  12k nue-CC / year

• Develop LArTPC technology for future large neutrino 
experiments like DUNE 

• Run plan
– SBND: data taking starts 2020

– MicroBooNE: taking data since 2015
– Icarus: data taking starts 2019

[S. Tufanli, EPS2017]
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Search for sterile neutrinos: ᶟᵤ → ᶟe appearance

● A large mass far detector and a near detector 
of the same technology reduces both statistical 
and systematic uncertainties

● SBN detectors enable 5σ coverage the 99% C.L. 
allowed region of the LSND signal and global 
best fit values

SBND

MicroBooNE

ICARUS

5

SBND

[S. Tufanli, EPS2017]



Conclusions
• Three flavor oscillations
– NOvA

• >4 sigma evidence of electron antineutrino appearance
• Prefer Normal Hierarchy at 1.8 σ and exclude δCP= π/2 in IH at > 3 σ
• Disfavour maximal mixing at 1.8 σ and lower octant at a similar level 
• Potential 4 sigma mass hierarchy measurement by 2024

– DUNE due to take data in 2026
• Mass hierarchy huge effect 
• CPv sensitivity across a wide range of parameter space

• Sterile neutrinos
– MINOS+ uses two detectors to measure !" disappearance

• sets best limits on sterile neutrinos in crucial region
– Short-baseline programme will directly address anomalies 

looking for !e appearance
• Exciting time! Watch this space.
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SuperK atmospheric data
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Determination of n oscillation parameters
sin2 𝜃13 , 𝛿𝐶𝑃 and matter effect

Interference

Matter effect
Solar term

Difference in # of electron events:

CP violation parameter dCP

dCP

0 2 4 6
0

5
99%

90%

Δ𝜒
2

Matter effect parameter a

Standard matter

Vacuum
Oscillation

99%

95%
90%

68%

Δ𝜒
2

Normal hierarchy

Inverted hierarchy

Δ𝑚21
2 = 7.53 ± 0.18 × 10−5ev2,
sin2 𝜃12 = 0.304 ± 0.014,
sin2 𝜃13 = 0.0219 ± 0.012

With toy-MC, the vacuum oscillation hypothesis is rejected by 1.6s.

Phys. Rev. D 97, 072001 (2018)

15
Favour NH at ~2 sigma

Prefer !CP=3"/2 (=-"/2) and upper #23 octant (not shown)

[Yoshinari Hayato, Nu2018]
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Pros and Cons
(Very complementary projects!)

DUNE
• Long 1300 km baseline

– excellent MH measurement

– access to 2nd oscillation max 
with greater CP asymmetry

• Wide band beam

– see more effects of oscillation

– good sensitivity to non-
standard effects (test 3 
neutrino paradigm)

• Exquisite detector imaging

– high eff. and pur. 

– lower stats

– Perhaps lower systematics

HyperK
• Huge detector

– high statistics

– excellent early CPv sensitivity

– limited information on 
hadronic recoil system

• Short-baseline

– much smaller matter effects

– need to know mass hierarchy

– (use atmospheric neutrinos)

• Narrow band beam

– less background to reject

– less energy information



Timelines/Funding

• NOvA – up to 2024

• T2K phase 2 – up to 2027 (awaiting approval?)

• SuperK – upgrade with Gadolinium underway

• JUNO – starts 2021, fully funded

• ORCA – small deployment now, full deployment by 2021, 

partially funded

• PINGU – small deployment “upgrade” by 2023, full 

deployment by 2031, funding pending

• DUNE – starts 2026, under construction

• HyperK – starts 2026, funding pending

Jeff Hartnell, HEP Forum Nov. '18 44[Sourced from Nu2018]
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 05/06/18 2 Björn Wonsak

Jiangmen Underground Neutrino Observatory
Main goal: Mass Hierarchy (MH)

The JUNO Project

High power nuclear power plants 
(26.6 GW total power) 

JiangmenJiangmen
20kton
Liquid 
Scintillator 
Detector

JUNO

 05/06/18 7 Björn Wonsak

Overall Detector Design + Veto

43.5 m

44
 m

Ø 35.4 m

20 kton

● Central detector

- Acrylic sphere with liquid scintillator

- PMTs in water buffer

- 78% PMT coverage

● Water Cherenkov muon veto

- 2000 20” PMTs

- 35 ktons ultra-pure water

- Efficiency > 95%

- Radon control → less than 0.2 Bq/m3

● Compensation coils

- Earth magnetic field <10%

- Necessary for 20” PMTs

● Top tracker

- Precision muon tracking

- 3 plastic scintillator layers

- Covering half of the top area

Liquid scintillator
Energy resolution 3%/sqrtE (2x better)

>3 ! mass hierarchy on own
>4 ! with Δm2"" better than 1%

[Bjoern Wonsak, Nu2018]
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~70 m

ANTARES

14.5 m

350 m

Twelve lines of  
25 storeys each

Three 10” PMTs  
per storey  
(885 total)

~10 MTon  
instrumented 

volume

Peak photon 
attenuation length 
~50 m (absorption 

dominated)

ORCA & PINGU
Measure atmospheric neutrinos deep 
in water or ice

Higher energies than beam 
experiments – more matter effects

Upward neutrinos traverse denser 
parts of the Earth – more matter 
effects

NO

IO

NMO measurement

U. Katz: Future neutrino telescopes                                                      Neutrino 2018, Heidelberg

• Primary signature: 
Energy-zenith distribution

• Inverse signatures for v and v, 
but signal measurable since 
σ(v) ≈ 2 σ(v) and Φ(v) > Φ(v)

• Measurement requires 
• best possible resolution in 

energy and zenith
• separation ve/vµ

• detailed understanding 
of systematics

• In-depth studies by KM3NeT 
and IceCube, extensive 
cooperation

• Results very similar

37

P[2/161] S. Bourret

NOvA preferred. 
Would yield 5σ
with ORCA by 

2024/25

>3 ! mass hierarchy sensitivity

[Uli Katz, Nu2018]



T2K
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Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

SK events: 2016 to 2018

34

Analysis frameworks 

• Frequentist with Δχ2  fit to 

• Erec/θlep for νe/νe 

• Erec for νµ/νµ  

• Bayesian with likelihood fit to 

• plep/θlep for νe/νe 

• Erec for νµ/νµ 

• Bayesian with Markov Chain MC 

• Erec for all samples 

• simultaneous fit with near 
detector

E V E N T S  AT  S U P E R - K A M I O K A N D E
O B S . EXP. (NH, sin2Θ23=0.528, NH)

δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νµ 1 2 5 1 2 7 . 9 1 2 7 . 6 1 2 7 . 8 1 2 8 . 1

νe 3 2 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νµ 6 6 6 4 . 4 6 4 . 3 6 4 . 4 6 4 . 6

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

νµ candidates

νe candidates

νe candidates
νµ candidates

Erec distributions assuming 2-body (“QE”) kinematics

20

T2K Run1-7b PRELIMINARY T2K Run1-7b PRELIMINARY

T2K Run1-7b PRELIMINARYT2K Run1-7b PRELIMINARY

P1.041 R. Shah

SAMPLE
PREDICTED

OBSERVED
!CP=–π/2 !CP=0 !CP=+π/2 !CP=π

FHC 1R" 268.5 268.2 268.5 268.9 243
FHC 1Re 0 decay-e 73.8 61.6 50.0 62.2 75
FHC 1Re 1 decay-e 6.9 6.0 4.9 5.8 15

RHC 1R" 95.5 95.3 95.5 95.8 102
RHC 1Re 0 decay-e 11.8 13.4 14.9 13.2 9

SAMPLE 2016 2018
νµ 125 243

νeQE 32 75
νe1π N/A 15
ν̅μ 66 102
ν̅e 4 9

Neutrino2016

Neutrino2018

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

SK events: 2016 to 2018
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Analysis frameworks 

• Frequentist with Δχ2  fit to 

• Erec/θlep for νe/νe 

• Erec for νµ/νµ  

• Bayesian with likelihood fit to 

• plep/θlep for νe/νe 

• Erec for νµ/νµ 

• Bayesian with Markov Chain MC 

• Erec for all samples 

• simultaneous fit with near 
detector

E V E N T S  AT  S U P E R - K A M I O K A N D E
O B S . EXP. (NH, sin2Θ23=0.528, NH)
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!CP=–π/2 !CP=0 !CP=+π/2 !CP=π

FHC 1R" 268.5 268.2 268.5 268.9 243
FHC 1Re 0 decay-e 73.8 61.6 50.0 62.2 75
FHC 1Re 1 decay-e 6.9 6.0 4.9 5.8 15

RHC 1R" 95.5 95.3 95.5 95.8 102
RHC 1Re 0 decay-e 11.8 13.4 14.9 13.2 9

SAMPLE 2016 2018
νµ 125 243

νeQE 32 75
νe1π N/A 15
ν̅μ 66 102
ν̅e 4 9

Neutrino2016

Neutrino2018

(~15 bkg)

(6.5 bkg)

OBSERVED SPECTRA

40

Neutrino CCQE 1 μ-like ring Antineutrino CCQE 1 μ-like ring

Neutrino CCQE 1 e-like ring Antineutrino CCQE 1e-like ring Neutrino CC1π 1e-like ring

T2K Preliminary
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νμ à νe appearance probability  

Jeff Hartnell, INSS 2016 48

[PDG, 2014]



Matter Effect & Mass Hierarchy
• Coherent forward elastic scattering
• Neutrinos (and antineutrinos) travel through 

matter not antimatter 
– electron density causes the asymmetry
• via specifically CC coherent forward elastic scattering

– different Feynman diagrams for νe and νe
interactions with electrons...   
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Different Feynman 
Diagrams

• Amplitude for electron 
neutrino interaction 
with an electron 

• is not equal to...

• Amplitude for electron 
antineutrino interaction 
with an electron
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4

readily described (Weinberg, 1967). These interactions
all fall within the context of the general gauge theory of
SU(2)L⇥U(1)Y . This readily divides the types of possi-
ble interactions for neutrinos into three broad categories.
The first is mediated by the exchange of a charged W

boson, otherwise known as a charged current (CC) ex-
change. The leptonic charged weak current, jµW , is given
by the form:

j
µ
W = 2

X

↵=e,µ,⌧

⌫̄L,↵�
µ
l↵L. (5)

The second type of interaction, known as the neutral
current (NC) exchange, is similar in character to the
charged current case. The leptonic neutral current term,
j
µ
Z , describes the exchange of the neutral boson, Z0:

j
µ
Z = 2

X

↵=e,µ,⌧

g
⌫
L⌫̄↵L�

µ
⌫↵L + g

f
L l̄↵L�

µ
l↵L + g

f
R l̄↵R�

µ
l↵R

(6)
Here, ⌫↵L(R) and l↵L(R) correspond to the left (right)

neutral and charged leptonic fields, while g
⌫
L, g

f
L and

g
f
R represent the fermion left and right- handed cou-
plings (for a list of these values, see Table I). Though
the charged leptonic fields are of a definite mass eigen-
state, this is not necessarily so for the neutrino fields,
giving rise to the well-known phenomena of neutrino os-
cillations.

Historically, the neutrino-lepton charged current and
neutral current interactions have been used to study the
nature of the weak force in great detail. Let us return to
the case of calculating the charged and neutral current
reactions. These previously defined components enter
directly into the Lagrangian via their coupling to the
heavy gauge bosons, W± and Z

0:

LCC = � g

2
p
2
(jµWWµ + j

µ,†
W W

†
µ) (7)

LNC = � g

2 cos ✓W
j
µ
ZZµ (8)

Here, Wµ and Zµ represent the heavy gauge boson
field, g is the coupling constant while ✓W is the weak
mixing angle. It is possible to represent these exchanges
with the use of Feynman diagrams, as is shown in Fig-
ure 3. Using this formalism, it is possible to articulate all
neutrino interactions (’t Hooft, 1971) within this simple
framework.

Let us begin by looking at one of the simplest mani-
festations of the above formalism, where the reaction is
a pure charged current interaction:

⌫l + e
� ! l

� + ⌫e (l = µ or ⌧) (9)

+

FIG. 3 Feynman tree-level diagram for charged and neutral
current components of ⌫e + e

� ! ⌫e + e
� scattering.

The corresponding tree-level amplitude can be calcu-
lated from the above expressions. In the case of ⌫l + e

(sometimes known as inverse muon or inverse tau decays)
on finds:

MCC = �GFp
2
{[l̄�µ(1� �

5)⌫l][⌫̄e�µ(1� �
5)e]} (10)

Here, and in all future cases unless specified, we as-
sume that the 4-momentum of the intermediate boson is
much smaller than its mass (i.e. |q2| ⌧ M

2
W,Z) such that

propagator e↵ects can be ignored. In this approximation,
the coupling strength is then dictated primarily by the
Fermi constant, GF :

GF =
g
2

4
p
2M2

W

= 1.1663788(7)⇥ 10�5 GeV�2
. (11)

By summing over all polarization and spin states, and
integrating over all unobserved momenta, one attains the
di↵erential cross-section with respect to the fractional en-
ergy imparted to the outgoing lepton:

d�(⌫le ! ⌫el)

dy
=

2meG
2
FE⌫

⇡

✓
1� (m2

l �m
2
e)

2meE⌫

◆
, (12)

where E⌫ is the energy of the incident neutrino and me

and ml are the masses of the electron and outgoing lep-
ton, respectively. The dimensionless inelasticity parame-
ter, y, reflects the kinetic energy of the outgoing lepton,

which in this particular example is y =
El � (m2

l +m2
e)

2me
E⌫

.
The limits of y are such that:

0  y  ymax = 1� m
2
l

2meE⌫ +m2
e

(13)

Note that in this derivation, we have neglected the con-
tribution from neutrino masses, which in this context is



Electron neutrinos and 
antineutrinos are affected 

differently by interactions with 
matter à fake CP violation

Why does the mass hierarchy
affect oscillations involving 
electron (anti)neutrinos?
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Matter effect (neutrino case)
• Matter effect raises (or lowers) the energy state of 

the mass eigenstates 
– strength depends on electron neutrino content of each 

mass eigenstate
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Splitting changes size in presence of matter



Antineutrino case
• Matter effect raises (or lowers) the energy state of 

the mass eigenstates 
– strength depends on electron neutrino content of each 

mass eigenstate
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Splittings and mixing angles affected

• Mixing angles in matter (θM) are modified by 

the mass squared splitting in matter (Δm2
M)

– e.g. simple 2-flavour case:

– Also see it in full 3-flavour equations (a few slides back)

Jeff Hartnell, HEP Forum Nov. '18 54


