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New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.
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Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a
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• Neutrino oscillations occur because ν flavor states are a 

quantum superposition of mass eigen states.

• The PMNS matrix is the neutrino analog to the CKM matrix.
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• With 3 flavors of neutrinos, there are 
two independent mass-squared 
differences:
• Solar: Δm221

• Atmospheric: |Δm232| ≈ |Δm231|

• sin(1.27Δm2ij L/E) oscillation terms 
→characteristic L/E values:  
• L/E(Δm2sol) ~ 15000 km/GeV
• L/E(Δm2atm) ~ 500 km/GeV
• δCP is a CP-violating phase
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NuFIT 3.0 (2016) Results

Parameter Value ±1σ Experiments

sin2θ12 0.306 3.9% SNO, KamLand, Super-K

Δm221 (eV2) 7.50 x 
10-5 2.4% SNO, KamLand, Super-K

sin2θ23 0.441 5.4% Super-K, IceCube, MINOS, 
T2K, NOvA

|Δm23l| (eV2) 2.45 x 
10-3 1.6%

Super-K, IceCube, MINOS, 
T2K, NOvA, Daya Bay, 
RENO, Double Chooz

sin2θ13
2.17 x 
10-2 3.5% Daya Bay, RENO, Double 

Chooz, T2K, NOvA

δCP 
(degrees) 261 55 T2K, NOvA

CP
PMNS
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• What is the ordering of their 
masses?

The Remaining Unknowns of the Physics Associated with 
Neutrino Mass (Part of the P5 Plan)

Normal Hierarchy Inverted Hierarchy
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Figure 41. The MiniBooNE oscillation allowed region in antineutrino mode agrees well with LSND.

Figure 42. The MiniBooNE L/E distribution in antineutrino mode (red data points) agrees well with LSND
(black data points).

88

LSND/MiniBooNE anomalies
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the DUNE experiment and compute how well DUNE can exclude the various NSI new physics parameters. In Sec. IV,
we choose three di↵erent NSI scenarios and compute how well DUNE can measure the new physics parameters. Here
we also address whether DUNE can distinguish between the existence of NSI and sterile neutrinos. In Sec. V, we
qualitatively discuss potential diagnostic tools beyond DUNE, including future data from HyperK and next-generation
measurements of the atmospheric neutrino flux, and o↵er some concluding remarks.

II. FORMALISM, CURRENT BOUNDS, AND OSCILLATION PROBABILITIES

We allow for the existence of new neutrino–matter interactions which, at low enough energies and after electroweak
symmetry breaking, can be expressed in terms of dimension-six four-fermion interactions. In more detail, we consider
the e↵ective Lagrangian,

LNSI = �2
p
2GF (⌫̄↵�⇢⌫�)(✏

f efL
↵� fL�

⇢ efL + ✏f
efR

↵� fR�
⇢ efR) + h.c., (II.1)

where GF is the Fermi constant and ✏f
efs

↵� represent the interaction strength, relative to low-energy weak interactions,

between neutrinos of flavor ↵ and �, ↵,� = e, µ, ⌧ , with fermions fs and efs of chirality s. We are only interested in
the couplings to first generation charged fermions, f = e, u, d, and for simplicity only consider the diagonal couplings
to the charged fermions, i.e., f = ef . While non-standard neutrino interactions may a↵ect the neutrino production
and detection processes, here we only consider the e↵ects of the new interactions during neutrino propagation, as
including these e↵ects requires additional parameters describing the production and detection processes (see, for
example, Refs. [40, 41]). The use of a near detector in experiments will help address these e↵ects (see, for example,
Ref. [42]. See also [43, 44]). Following the standard conventions from Refs. [15, 20–23, 25, 29, 45, 46], oscillation
probabilities will be expressed in terms of the e↵ective parameters ✏↵� =

P
f=u,d,e ✏

f
↵�

nf

ne
, where ✏f↵� ⌘ ✏fL↵� + ✏fR↵� ,

✏fs↵� ⌘ ✏ffs↵� and nf is the number density of fermion f . In the Earth’s crust, assuming equal numbers of electrons,
protons and neutrons, nu/ne = nd/ne = 3.

The probability for a neutrino flavor eigenstate |⌫↵i to be detected as an eigenstate |⌫�i is P↵� = |A↵� |2, where
A↵� is the oscillation amplitude. We can write

A↵� = h⌫� |Ue�iHijLU † |⌫↵i , (II.2)

where L is the propagation length of the neutrinos (assumed to be ultra-relativistic), U is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) leptonic mixing matrix, and Hij is the propagation Hamiltonian in the basis of the neutrino
mass eigenstates, which will be defined later, cf. Eq. (II.4).

The PMNS matrix can be parameterized by three angles (✓ij ; i < j; i, j = 1, 2, 3) and one CP -violating phase (�).
Using the standard parameterization from the particle data group [47],

U =

0

@
c12c13 s12c13 s13e

�i�

�s12c13 � c12s13s23e
i� c12c23 � s12s13s23e

i� c13s23
s12s23 � c12s13c23e

i� �c12s23 � s12s13c23e
i� c13c23

1

A , (II.3)

where cij = cos ✓ij and sij = sin ✓ij . The Hamiltonian is

Hij =
1

2E⌫
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13

 
+ Vij , (II.4)

where �m2
ij = m2

j �m2
i , E⌫ is the neutrino energy, and Vij is the matter potential which includes both the charged-

current interactions with electrons and the NSI. As usual, SM neutral-current interactions can be absorbed as an
overall phase in the propagation. Here, the matter potential is

Vij = U†

i↵V↵�U�j , (II.5)
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where A =
p
2GFne and ne is the number density of electrons along the path of propagation. For propagation through

the Earth’s crust, A ' 10�4 eV2/GeV. The NSI parameters ✏↵� are real for ↵ = � and complex for ↵ 6= �, so there

eg, non-standard neutrino 
interactions
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• Are they coupled to other BSM physics?
• Are neutrinos Majorana particles?  ν ⇔ ν
• What are the absolute masses of the neutrinos?
• Three approaches allow us to experimentally address these questions:  neutrino 

oscillation measurements, direct mass measurements and searches for 
neutrinoless double-beta decay.
• Today I will present “breaking news” from the oscillation experiments.
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• The solar term enables 
measurements of the θ12 
and Δm221 parameters.

• The atmospheric term 
enables measurements 
of θ13 and Δm2atm.

• Note, CPT symmetry 
means there is no 
dependence on δCP.

Δm2atm ~ Δm231
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• Two general approaches:
• inverse beta-decay

Detecting Solar/Reactor Neutrinos
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Detecting Solar/Reactor Neutrinos

• Two general approaches:
• inverse beta-decay
• Cherenkov light

• Threshold: ~MeV νe e
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• 11%	  (2012)	  ➝	  4%	  (2016),	  close	  to	  
their	  3%	  goal.	  

• Spectral	  analysis	  also	  provides	  
measurement	  of	  Δm2ee	  (~	  Δm231),	  
consistent	  with	  MINOS	  results	  (and	  
comparable	  precision)
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survival probability as a function of effective
baseline Le↵ divided by the average antineutrino energy hE

⌫

i.
Almost one full oscillation cycle was sampled, given the range
of L/E

⌫

values which were measured. The data from all
three experimental halls were consistent with the three-flavor
oscillation hypothesis.
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FIG. 40. Measured reactor ⌫e spectral distortion, displayed as
the oscillation survival probability versus L

e↵

/E⌫ . The effective
propagation distance L

e↵

was estimated for each hall based on
the distribution of reactors contributing to the signal (see Eq. 56).
The average true ⌫e energy hE⌫i was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ⌫e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ⌫e survival over almost one
full cycle, demonstrating distinct evidence in support of neutrino
flavor oscillation.

The confidence regions for �m2
ee versus sin

2
2✓13 are

shown in Figure 41. The confidence regions were obtained
using the change of the �2 value relative to that of the best
fit, ��2

= �2 � �2
min, as a function of sin

2
2✓13 and��

�m2
ee

��. All other model parameters were profiled during
the determination of the value of ��2. The confidence
regions are defined as ��2 less than 2.30 (68.27% C.L.), 6.18
(95.45% C.L.), and 11.83 (99.73% C.L.). The 1-D distribution
of ��2 are also provided for each individual parameter, where
the alternate parameter has been profiled. A table of ��2

values as a function of sin2 2✓13 and
��
�m2

ee

�� is provided as
Supplemental Material [39].

The precision of this measurement of ✓13 was limited by
statistics, although systematic uncertainty from differences
of the ⌫

e

efficiency between detectors and predicted reactor
flux also contributed significantly. For

��
�m2

ee

��, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from potential
variation in the energy calibration of the far versus near
detectors, which was well characterized using multiple
redundant low-energy radioactive sources. Systematic
uncertainty from ⌫

e

interactions in the IAV also contributed.
Figure 42 compares the estimate of sin

2
2✓13 with those

values obtained by other experiments, while Figure 43
provides a similar comparison for measurements of �m2

32.
The measurements relied on a variety of ⌫ observations:
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⇠km distances,

• the disappearance of ⌫
µ

produced by particle ac-
celerators with mean energies of ⇠600 MeV [67],
⇠3 GeV [68], and ⇠2 GeV [69] which had propagated
distances of ⇠295 km, ⇠735 km, and ⇠810 km
respectively,

• the appearance of ⌫e in those same neutrino beams, and

• the disappearance of ⌫
µ

produced by particle interac-
tions in the upper atmosphere [70, 71], with energies
>1 GeV and baselines up to the diameter of the Earth.

The consistency of the values of �m2
32 measured via these

various techniques firmly establishes the three-flavor model
of neutrino mass and mixing.

VI. SUMMARY

From Dec. 4, 2011 to Jul. 28, 2015, the Daya Bay
experiment measured the rate and energy spectrum of electron
antineutrinos emitted by the six 2.9 GWth reactors of the
Daya Bay and Ling Ao nuclear power facilities. Combining
217 days of data collected using six antineutrino detectors
with 1013 days of data using eight detectors, a total of
2.5 ⇥ 10

6 ⌫
e

inverse beta decay interactions were observed.
The unprecedented statistics of this sample allowed the most
precise measurement of ⌫

e

disappearance to date. A relative
comparison of the rates and positron energy spectra of the
detectors located far (⇠1500-1950 m) relative to those near
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Supplemental Material [39].

The precision of this measurement of ✓13 was limited by
statistics, although systematic uncertainty from differences
of the ⌫

e

efficiency between detectors and predicted reactor
flux also contributed significantly. For

��
�m2

ee

��, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from potential
variation in the energy calibration of the far versus near
detectors, which was well characterized using multiple
redundant low-energy radioactive sources. Systematic
uncertainty from ⌫

e

interactions in the IAV also contributed.
Figure 42 compares the estimate of sin

2
2✓13 with those

values obtained by other experiments, while Figure 43
provides a similar comparison for measurements of �m2

32.
The measurements relied on a variety of ⌫ observations:

• the disappearance of MeV-energy reactor ⌫
e

’s over

FIG. 41. Confidence regions of sin2 2✓
13

and
���m2

ee

�� from a
combined analysis of the prompt positron spectra and rates. The
1�, 2�, and 3� 2-D confidence regions are estimated using ��2

values of 2.30 (red), 6.18 (green), and 11.83 (blue) relative to the
best fit. The upper panel provides the 1-D ��2 for sin2 2✓

13

obtained by profiling
���m2

ee

�� (blue line), and the dashed lines mark
the corresponding 1�, 2�, and 3� intervals. The right panel is the
same, but for

���m2

ee

��, with sin2 2✓
13

profiled. The point marks the
best estimates, and the error bars display their 1-D 1� confidence
intervals.

⇠km distances,

• the disappearance of ⌫
µ

produced by particle ac-
celerators with mean energies of ⇠600 MeV [67],
⇠3 GeV [68], and ⇠2 GeV [69] which had propagated
distances of ⇠295 km, ⇠735 km, and ⇠810 km
respectively,

• the appearance of ⌫e in those same neutrino beams, and

• the disappearance of ⌫
µ

produced by particle interac-
tions in the upper atmosphere [70, 71], with energies
>1 GeV and baselines up to the diameter of the Earth.

The consistency of the values of �m2
32 measured via these

various techniques firmly establishes the three-flavor model
of neutrino mass and mixing.

VI. SUMMARY

From Dec. 4, 2011 to Jul. 28, 2015, the Daya Bay
experiment measured the rate and energy spectrum of electron
antineutrinos emitted by the six 2.9 GWth reactors of the
Daya Bay and Ling Ao nuclear power facilities. Combining
217 days of data collected using six antineutrino detectors
with 1013 days of data using eight detectors, a total of
2.5 ⇥ 10

6 ⌫
e

inverse beta decay interactions were observed.
The unprecedented statistics of this sample allowed the most
precise measurement of ⌫

e

disappearance to date. A relative
comparison of the rates and positron energy spectra of the
detectors located far (⇠1500-1950 m) relative to those near
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Experiment Value

Daya Bay

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0841±0.0033

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

T2K 0.100+0.041
�0.017

MINOS
NH 0.051+0.038

�0.030

IH 0.093+0.054
�0.049

FIG. 42. Comparison of measurements of sin2 2✓
13

: this
measurement (blue point); RENO [72] and Double-CHOOZ [73]
(red points); T2K [74] and MINOS [75] (green points). The T2K
and MINOS values were deduced from 2 sin2 ✓

23

sin2 2✓
13

, and are
presented for the two cases of the normal (upper) and inverted (lower)
mass hierarchy. The MINOS measurement assumed sin2 ✓

23

= 0.5,
�
CP

= 0, while the T2K measurement marginalized over these
unknown parameters.

Experiment Value (10�3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.45±0.08

T2K 2.545+0.081
�0.084

MINOS 2.42±0.09

NO⌫A 2.67±0.12

Super-K 2.50+0.13
�0.20

IceCube 2.50+0.18
�0.24

RENO 2.57+0.24
�0.26

FIG. 43. Comparison of measurements of �m2

32

: this measurement
(blue point); RENO [72] (red point); T2K [74], MINOS [76],
and NO⌫A [77] (green points); Super-Kamiokande [78] and
IceCube [79] (cyan points). All values are given for the case of the
normal mass hierarchy; the comparison for the inverted ordering was
qualitatively similar.

the reactors (⇠350-600 m) gave sin

2
2✓13 = 0.0841 ±

0.0027(stat.)±0.0019(syst.) and the effective neutrino mass-
squared difference of

��
�m2

ee

��
= (2.50 ± 0.06(stat.) ±

0.06(syst.)) ⇥ 10

�3
eV

2. This is equivalent to �m2
32 =

(2.45± 0.06(stat.)± 0.06(syst.))⇥ 10

�3
eV

2 assuming the
normal mass hierarchy, or �m2

32 = (�2.56 ± 0.06(stat.) ±
0.06(syst.))⇥ 10

�3
eV

2 assuming the inverse hierarchy. The
consistency with �m2

32 measured using ⇠GeV accelerator
and atmospheric ⌫

µ

disappearance strongly supports the three-
flavor model of neutrino oscillation.
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Appendix A: Prediction of the ⌫e Signal

A method to calculate the expected rate and reconstructed
positron energy spectrum from ⌫

e

inverse beta decay
interactions in the Daya Bay detectors is summarized in this
appendix. The total number of signals in the reconstructed
energy interval {Ek

rec, E
k+1
rec } of the prompt energy spectrum

for detector i is given by

N exp
ik

= N IBD
ik

+Nbkg
ik

, (A1)

where N IBD
ik

are from ⌫
e

inverse beta decay positrons
and Nbkg

ik

are the contributions from backgrounds. The
background spectra are displayed in Fig. 38, while their rates
are summarized in Table VI. The IBD signal is given by

N IBD
ik

=

Z
E

k+1
rec

E

k
rec

dErec

Z

tDAQ

dt
d2N

i

dErecdt
"
i

(t), (A2)

where d2N
i

(Erec, t)/dErecdt is the expected signal number
density as a function of time and reconstructed energy. The
integral includes the efficiency of detector i, "

i

(t), which
accounts for the slight variations in detector livetime and veto
efficiency versus time. Eq. A2 was designed for use in the
combined analysis of the spectrum and rate, but was also
applied to the rate-only analysis by using only a single energy
interval per detector.

Given the true IBD positron energy, including the energy
from annihilation,

Etrue = E
e

+m
e

, (A3)
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• Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13

sin2((A� 1)�)

(A� 1)2
+

� = �m2
31L/(4E⌫)

A = 2
p
2GFneE⌫/�m2

31

↵ = �m2
12/�m2

31

M. Freund, Phys. Rev. D64 (2001) 053003

Leading term
in matter
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A� ' L/(2000 km)Note: want to optimize matter effect:  
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• Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13

sin2((A� 1)�)

(A� 1)2
+

� = �m2
31L/(4E⌫)

A = 2
p
2GFneE⌫/�m2

31

↵ = �m2
12/�m2

31

M. Freund, Phys. Rev. D64 (2001) 053003

Leading term
in matter

A� ' L/(2000 km)Note: want to optimize matter effect:  
Sensitive to octant.
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• Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13

sin2((A� 1)�)

(A� 1)2
+

↵ cos � cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 cos� sin(A�)

sin((1�A)�)

A(1�A)

+

↵ sin � cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 sin� sin(A�)

sin((1�A)�)

A(1�A)

+

� = �m2
31L/(4E⌫)

A = 2
p
2GFneE⌫/�m2

31

↵ = �m2
12/�m2

31

O(↵2)

M. Freund, Phys. Rev. D64 (2001) 053003Interference terms: Jarlskog invariant 
up to 103 larger than in quark mixing

in matter



• Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

• Separate measurement of νμ → νμ gives 
access to sin2(2θ23) and Δm232:

M. Freund, Phys. Rev. D64 (2001) 053003

Muon Neutrino Oscillations in Long-Baseline Experiments
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P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13

sin2((A� 1)�)

(A� 1)2
+

↵ cos � cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 cos� sin(A�)

sin((1�A)�)

A(1�A)

+

↵ sin � cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 sin� sin(A�)

sin((1�A)�)

A(1�A)

+

� = �m2
31L/(4E⌫)

A = 2
p
2GFneE⌫/�m2

31

↵ = �m2
12/�m2

31

O(↵2)

M. Freund, Phys. Rev. D64 (2001) 053003

P (⌫µ ! ⌫µ) ' 1� sin2(2✓23) sin
2

✓
1.27�m2

32
L

E

◆

in matter
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Detecting High Energy Neutrinos

Two general approaches:
• Water/Ice Cherenkov 

(energy threshold: 
100s of MeV to 
several GeV)



28Jonathan M. Paley Fermilab Neutrino Division

Detecting High Energy Neutrinos

Two general approaches:
• Water/Ice Cherenkov 

(energy threshold: 
100s of MeV to 
several GeV)

• Tracking calorimeter 
(energy threshold: 
few MeV)
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After	the	discovery
• 2004:	Oscillatory	behavior
• 2007:	Tau	appearance

252017/3/13 Y.	Suzuki	@Neutel2017	in	Venice

Atm-n data alone
2015: official

~ 20 years of data accumulation

• Mass Hierarchy & dCP

• Also	used	as	a	far	detector	of	K2K/T2K

Atmospheric Neutrino Measurements from Super-
Kamiokande (Japan)

29Jonathan M. Paley Fermilab Neutrino Division

Y. Suzuki, NeuTel 2017



Latest Atmospheric Oscillation Results from Super-K
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SK$only$parameter$determina=on�

•  SK$only$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH=$54.3$(53.1$expected)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$54.3$or$less$is$

0.031$(sin2θ23=0.6)$and$0.007$(sin2θ23=0.4).$Under$NH$hypothesis,$the$
probability$is$0.45$(sin2θ23=0.6).$

preliminary$

Fit$(517$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK$(IH)$ 576.08� 0.0219$(fix)� 4.189� 0.575� 2.5x1053�

SK$(NH)� 571.74� 0.0219$(fix)� 4.189� 0.587� 2.5x1053�

11$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

Inverted 
Normal 

eV2�

Moriyama, Neutrino 2016Δχ2 = -4.3 (-3.1 expected)



Latest Results from the IceCube/DeepCore Experiment

31Jonathan M. Paley Fermilab Neutrino Division

• New results on arXiv (July 22).
• Makes use of events with reconstructed energies between 5.6 and 56 GeV.
• Improvements in reconstruction → x10 increase in event selection.

• Statistics-limited result, consistent with results from experiments that use lower 
energy neutrinos.

7

FIG. 3. The 90% allowed region from this work (solid line)
compared to other experiments [12–14, 16] (dashed lines).
The cross marks our best-fit point. The outer plots show the
results of the 1-D projections after profiling over the other
variables along with the 68% CL ��2

c threshold estimated
using the Feldman-Cousins method [47].

ACKNOWLEDGEMENTS

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, Michigan State University, the Grid Laboratory
Of Wisconsin (GLOW) grid infrastructure at the Uni-
versity of Wisconsin - Madison, the Open Science Grid
(OSG) grid infrastructure; U.S. Department of Energy,
and National Energy Research Scientific Computing Cen-
ter, the Louisiana Optical Network Initiative (LONI)
grid computing resources; Natural Sciences and Engi-
neering Research Council of Canada, WestGrid and Com-
pute/Calcul Canada; Swedish Research Council, Swedish
Polar Research Secretariat, Swedish National Infrastruc-
ture for Computing (SNIC), and Knut and Alice Wal-
lenberg Foundation, Sweden; German Ministry for Ed-
ucation and Research (BMBF), Deutsche Forschungsge-
meinschaft (DFG), Helmholtz Alliance for Astroparticle
Physics (HAP), Initiative and Networking Fund of the
Helmholtz Association, Germany; Fund for Scientific Re-
search (FNRS-FWO), FWO Odysseus programme, Flan-
ders Institute to encourage scientific and technological
research in industry (IWT), Belgian Federal Science Pol-
icy O�ce (Belspo); Marsden Fund, New Zealand; Aus-
tralian Research Council; Japan Society for Promotion of
Science (JSPS); the Swiss National Science Foundation
(SNSF), Switzerland; National Research Foundation of
Korea (NRF); Villum Fonden, Danish National Research
Foundation (DNRF), Denmark

⇤ Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

[1] Y. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett.
81, 1562 (1998), hep-ex/9807003.

[2] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 87, 071301
(2001), nucl-ex/0106015.

[3] B. Pontecorvo, Sov. Phys. JETP 6, 429 (1957), [Zh. Eksp.
Teor. Fiz.33,549(1957)].

[4] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

[5] L. V. Volkova, Sov. J. Nucl. Phys. 31, 784 (1980), [Yad.
Fiz.31,1510(1980)].

[6] G. D. Barr, T. K. Gaisser, P. Lipari, S. Robbins,
and T. Stanev, Phys. Rev. D70, 023006 (2004), astro-
ph/0403630.

[7] M. Honda, M. Sajjad Athar, T. Kajita, K. Kasahara,
and S. Midorikawa, Phys. Rev. D92, 023004 (2015),
1502.03916.

[8] L. Wolfenstein, Phys. Rev. D17, 2369 (1978).
[9] S. T. Petcov, Phys. Lett. B434, 321 (1998), hep-

ph/9805262.
[10] E. K. Akhmedov, M. Maltoni, and A. Yu. Smirnov, JHEP

05, 077 (2007), hep-ph/0612285.
[11] E. K. Akhmedov, M. Maltoni, and A. Yu. Smirnov, JHEP

06, 072 (2008), 0804.1466.
[12] P. Adamson et al. (MINOS), Phys. Rev. Lett. 110,

251801 (2013), 1304.6335.
[13] K. Abe et al. (T2K), Phys. Rev. Lett. 118, 151801 (2017),

1701.00432.
[14] P. Adamson et al. (NOvA), Phys. Rev. Lett. 118, 151802

(2017), 1701.05891.
[15] F. P. An et al. (Daya Bay), Phys. Rev. D95, 072006

(2017), 1610.04802.
[16] R. Wendell (Super-Kamiokande), AIP Conf. Proc. 1666,

100001 (2015), 1412.5234.
[17] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84,

1307 (2012), 1305.7513.
[18] A. Friedland, C. Lunardini, and M. Maltoni, Phys. Rev.

D70, 111301 (2004), hep-ph/0408264.
[19] A. Friedland and C. Lunardini, Phys. Rev. D72, 053009

(2005), hep-ph/0506143.
[20] T. Ohlsson, H. Zhang, and S. Zhou, Phys. Rev. D88,

013001 (2013), 1303.6130.
[21] A. Esmaili and A. Yu. Smirnov, JHEP 06, 026 (2013),

1304.1042.
[22] M. C. Gonzalez-Garcia and M. Maltoni, JHEP 09, 152

(2013), 1307.3092.
[23] I. Mocioiu and W. Wright, Nucl. Phys.B893, 376 (2015),

1410.6193.
[24] S. Choubey and T. Ohlsson, Phys. Lett. B739, 357

(2014), 1410.0410.
[25] P. Coloma and T. Schwetz, Phys. Rev. D94, 055005

(2016), [Erratum: Phys. Rev. D95, 079903 (2017)],
1604.05772.

[26] J. Liao, D. Marfatia, and K. Whisnant, Phys. Rev. D93,
093016 (2016), 1601.00927.

[27] M. G. Aartsen et al. (IceCube), Phys. Rev. D95, 112002
(2017), 1702.05160.

[28] M. G. Aartsen et al. (IceCube), Phys. Rev. D91, 072004
(2015), 1410.7227.

[29] M. G. Aartsen et al. (IceCube), JINST 12, P03012

arXiv:1707.07081

6

cal e�ciency as function of the incident photon angle.
The e↵ect of the refrozen ice column is modeled by two
e↵ective parameters controlling the shape of the DOM
angular acceptance curve.

The first parameter controls the lateral angular ac-
ceptance (i.e., relative sensitivity to photons traveling
roughly 20� above versus below the horizontal) and is rel-
atively well constrained by LED calibration data. Five
MC data sets were generated covering the �1� to +1�
uncertainty from the LED calibration, and parametrized
in the same way as the overall optical e�ciency described
above. A Gaussian prior based on the calibration data is
applied.

The second parameter controls sensitivity to photons
traveling vertically upward and striking the DOMs head-
on, and is not well constrained by string-to-string LED
calibration. That e↵ect is modeled using a dimensionless
parameter ranging from �5 (corresponding to a bubble
column completely obscuring the DOM face for vertically
incident photons) to 2.5 (no obscuration). A value of zero
corresponds to constant sensitivity for angles of incidence
from 0� to 30� from vertical. Six MC sets covering the
range from -5 to 2 were used to parametrize this e↵ect.
No prior is used for this parameter due to lack of infor-
mation from calibration data.

The last nuisance parameter controls the amount of
atmospheric muon contamination in the final data sam-
ple. As described above, a data-driven method is used
to estimate the shape of this background in the analy-
sis histogram, including binwise uncertainties. Since the
absolute e�ciency for tagging background events with
this method is unknown, the normalization of the muon
contribution is left free in the fit.

In addition to the systematic uncertainties discussed
above, we have considered the impact of seed dependence
in our event reconstruction, di↵erent optical models for
both the undisturbed ice and the refrozen ice columns,
and an improved detector calibration currently being pre-
pared. In all these cases the impact on the final result
was found to be minor, and they were thus omitted from
the fit and the error calculation.

RESULTS AND CONCLUSION

The analysis procedure described above gives a best fit
of �m2

32

= 2.31+0.11
�0.13⇥10�3 eV2 and sin2 ✓

23

= 0.51+0.07
�0.09,

assuming normal neutrino mass ordering. For the in-
verted mass ordering, the best fit shifts to �m2

32

=
�2.32 ⇥ 10�3 eV2 and sin2 ✓

23

= 0.51. The pulls on the
nuisance parameters can be found in Table I. Our results
are still statistics limited.

The data agree well with the best-fit MC data set, with
a �2 of 117.4 for both neutrino mass orderings. This
corresponds to a p-value of 0.52 given the 119 e↵ective
degrees of freedom estimated via toy MCs, following the

FIG. 2. Data projected onto L/E for illustration. The black
dots indicate the data along with their corresponding statis-
tical errors. The dotted line shows the expectation in the
absence of neutrino oscillations. The stacked hatched his-
tograms are the predicted counts given the best-fit values of
all parameters in the fit for each component. The �uncor

⌫+µatm

uncertainty as defined in Eq. (2) is also shown. The bottom
plots show the ratio of the data to the fitted prediction.

procedure described in Ref. [27].

To better visualize the fit, Fig. 2 shows the results
of the fit projected onto a single L/E axis, for both the
track-like and cascade-like events. The two peaks in each
distribution correspond to down-going and up-going neu-
trino trajectories. Up-going ⌫µ + ⌫̄µ are strongly sup-
pressed in the track-like channel due to oscillations. Some
suppression of up-going cascade-like data is also visible,
due to disappearance of lower-energy ⌫µ which are not
tagged as track-like events by our reconstruction.

Figure 3 shows the region of sin2 ✓
23

and �m2

32

allowed
by our analysis at 90% C.L., along with our best-fit point
and several other leading measurements of these param-
eters [12–14, 16]. The contours are calculated using the
approach of Feldman and Cousins [47] to ensure proper
coverage.

Our results are consistent with those from other ex-
periments [12–16], albeit with significantly higher energy
neutrinos and are subject to a di↵erent set of systematic
uncertainties. Our data prefer maximal mixing, similar
to the result from T2K [13]. The best-fit values from the
NO⌫A experiment [14] are disfavored by ��2 = 8.9 (first
octant) or ��2 = 8.8 (second octant), corresponding to
a significance of 2.6� using the method of Feldman and
Cousins, although there is considerable overlap in the
90% confidence regions of the two measurements. Fur-
ther improvements to our analysis are underway, includ-
ing the incorporation of additional years of data, ongoing
extensions of our event selections, and improved calibra-
tion of the detector response.
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Oscillations

Data is very well-described by three-flavour neutrino oscillations
!  Twice as much MINOS+ data still to come
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• Includes	  all	  data	  collected	  since	  2005.	  
• The	  far	  detector	  has	  now	  been	  decommissioned	  and	  removed	  from	  the	  Soudan	  
Lab	  aOer	  a	  decade	  of	  excellent	  performance.
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FIG. 50. Comparison of the best-fit oscillated MC energy spectra, unoscillated spectra and T2K data for the five samples used
in the fit: µ-like sample in ⌫-mode and ⌫-mode (top left and right), single ring e-like appearance sample in ⌫-mode and ⌫-mode
(middle left and right), CC1⇡+ e-like appearance sample in ⌫-mode (bottom). The larger unoscillated spectra in the CC1⇡+

e-like sample compared to the single ring sample is due to the relatively large background of ⌫
µ

in the CC1⇡+ sample, which
does not disappear in the no-oscillation case. The ratio of the best fit to unoscillated spectra are also shown.
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FIG. 50. Comparison of the best-fit oscillated MC energy spectra, unoscillated spectra and T2K data for the five samples used
in the fit: µ-like sample in ⌫-mode and ⌫-mode (top left and right), single ring e-like appearance sample in ⌫-mode and ⌫-mode
(middle left and right), CC1⇡+ e-like appearance sample in ⌫-mode (bottom). The larger unoscillated spectra in the CC1⇡+

e-like sample compared to the single ring sample is due to the relatively large background of ⌫
µ

in the CC1⇡+ sample, which
does not disappear in the no-oscillation case. The ratio of the best fit to unoscillated spectra are also shown.
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FIG. 39. Contours in the sin2
✓13–�CP

plane using T2K-only data, obtained by analysing either the ⌫- or ⌫-mode appearance
datasets are compared for both orderings. Both ⌫- and ⌫̄-mode disappearance datasets were used in all fits. The yellow band
corresponds to the reactor value on sin2

✓13 from the PDG 2015 [75].
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FIG. 40. Allowed region at 90% confidence level for oscilla-
tion parameters sin2

✓23 and �m

2
32 using T2K data with the

reactor constraint (sin2(2✓13) = 0.085 ± 0.005). The normal
mass ordering is assumed and the T2K results are compared
with NO⌫A [86], MINOS [87], Super-K [88], and IceCube [89].

tion shows a less extreme fluctuation than at least 5%
of the toys MC for all the values of �

CP

and mass or-
dering, i.e. if the experiment is repeated many times
and the true value is �

CP

= �⇡/2 with normal ordering,
more than 5% of the experiments are expected to show
a more extreme statistical fluctuation than the current
T2K dataset over the whole range of �

CP

and mass or-
dering. From Fig. 45, the fraction of experiments that
would exclude �

CP

= 0,⇡ at 90% or 2� confidence level
can be estimated. Assuming a true value of �CP of -⇡/2
and normal ordering, 24.3% (21.3%) of toy MC experi-
ments exclude �CP = 0 (⇡) at 90% CL. The same can be
repeated for di↵erent values of �

CP

and mass ordering as
shown in Tab. XXVI.

TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �
CP

= �⇡/2 — inverted ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

B. Bayesian analysis

1. Results without reactor constraints

This section describes the results obtained by the
Bayesian analysis when using only T2K data to estimate
the parameters sin2 ✓23, �m

2
32, sin2 ✓13 and �

CP

with
the MCMC method described in Sec. VIII B. In contrast
with the frequentist analysis presented in Sec. XIA, the
Markov chain walks in a parameter space where the sign
of �m

2
32 can flip, and results are presented for both mass

orderings. The best-fit point and ±1� credible interval
for each parameter, obtained with the KDE method, are
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TABLE XXIX. Best-fit results and the 1� credible interval of
the T2K data fit with the reactor constraint with the MCMC
analyses including both mass orderings.

Parameter Best-fit ±1�
�

CP

-1.789 [-2.450; -0.880]
sin2

✓13 0.0219 [0.0208; 0.0233]
sin2

✓23 0.534 [0.490 ; 0.580]

�m

2
32 2.539⇥ 10�3 eV2

/c4
[-3.000; -2.952] ⇥10�3

eV

2
/c

4

[2.424; 2.664]⇥10�3
eV

2
/c

4

FIG. 47. �CP marginal posterior probability as obtained with
the MCMC method. The credible intervals for ±1�, ±90%
and ±95% are shown when using a flat prior in �

CP

(usual
fit), and when converting to a flat prior in sin �CP.

Fig. 49 shows the constant ��

2 68% and 90% inter-
vals in the sin2 ✓23–�m

2
32 plane for both frequentist and

Bayesian fits. Both distributions and intervals agree be-
tween fitters, validating the extrapolation of the con-
straints on the nuisance parameters obtained in the near
detector fit to SK.

D. Best fit spectra

An estimate of the oscillation parameters �m

2
32,

sin2 ✓13 and �

CP

have been obtained with both frequen-
tist and Bayesian analyses. The agreement between the
fit results and the data has been evaluated by compar-

TABLE XXX. Posterior probabilities for the mass orderings
and sin2

✓23 with an MCMC method when fitting T2K data
with the reactor constraint.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.060 0.152 0.212
Normal ordering 0.235 0.553 0.788
Column total 0.295 0.705 1
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FIG. 48. Constant��

2 68% and 90% intervals in the sin2
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plane for both frequentist analyses and the Bayesian fit.
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ing the expected spectra after the oscillation fit with the
data points as shown in Fig. 50. The best-fit spectra
are obtained by sampling 2000 points from the MCMC
including the reactor constraint and fitting a Gaussian
distribution to calculate the most probable value for the
predicted number of events in each energy bin.
In order to extract the ratio of oscillated to unoscillated

spectra, the expected spectra are also tuned to the no
oscillation case. A coarser binning than the one used in
the fit has been used for readability.

XII. CONCLUSIONS

All data collected by the T2K experiment between
2010 and 2016 have been analyzed to estimate the os-
cillation parameters |�m

2
32|, sin2✓23, sin2✓13, �CP and

the mass ordering. These parameters are estimated by
doing a joint fit of the ⌫

µ

and ⌫

µ

disappearance channels

arXiv:1707.01048

sin2 2✓23 = 0.550+0.051
�0.085

�m2
32 = 2.54+0.080

�0.081 ⇥ 10�3eV2
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using constraint of 
sin2 2θ13 = 0.085 ± 0.005
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2 surfaces for oscillation pa-
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using T2K data with the reactor constraint.
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(–)
e

-appearance event rates in the
⌫-mode samples and in the ⌫̄-mode sample as a function of
�

CP

for di↵erent values of sin2
✓23 and both mass orderings,

compared to T2K data. The dashed line distinguishes the two
solutions for the octant of ✓23.

B(NH/IH) = 2.28; the Bayes factor for the upper octant
is B(sin2 ✓23 > 0.5/ sin2 ✓23 < 0.5) = 1.32. Neither can
be considered decisive.

2. Results with reactor constraints

This section presents the results obtained with the
MCMC analysis when adding a Gaussian prior on sin2 ✓13
with the value given in Tab. XVIII. The posterior mode
marginalized over the nuisance parameters is given in
Tab. XXIX. Including the reactor prior on sin2 ✓13, the
best-fit is closer to that obtained by the reactor experi-
ments compared to the T2K-only results. The �

CP

best-
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FIG. 45. One-dimensional marginal ��

2 surfaces for oscil-
lation parameters �

CP

and sin2
✓13 using T2K data with the

reactor constraint. The contour is produced by marginalizing
the likelihood with respect to all parameters other than the
parameter of interest. The red line shows the critical ��

2

values obtained with the Feldman-Cousins method, used to
evaluate the 90% confidence level with the proper coverage.
The green line show the ��

2 obtained with the fit to the T2K
data.

TABLE XXVIII. Posterior probabilities for the mass order-
ings and sin2

✓23 when fitting T2K data only with an MCMC
method.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.137 0.168 0.305
Normal ordering 0.294 0.401 0.695
Column total 0.431 0.569 1

fit is closer to the maximum violating value of �⇡/2 due
to the correlations with sin2 ✓13 shown in Fig. 46.
The MCMC algorithm uses a flat prior on �

CP

, but
its dependence on this choice of prior has been tested
by computing the credible intervals with a flat prior on
sin �

CP

. The two sets of intervals are in reasonable agree-
ment as shown in Fig. 47.
The Bayes factor for the mass ordering and the ✓23

octant can be computed with the method described in
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FIG. 41. Comparison of the T2K data in ⌫

µ

(left) and ⌫

µ

(right) disappearance channels with the expected spectra obtained
with the T2K most probable values of the oscillation parameters and using the NO⌫A most probable values for sin2

✓23 (higher
octant) and �m

2
32 taken from Ref. [86].
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FIG. 42. A comparison of two-dimensional constant ��

2 contours in the �

CP

–sin2
✓13 plane using T2K data with the reactor

constraint, for both four-sample (red) and five-sample (black) analyses with normal (left) and inverted (right) mass ordering
hypotheses. The contours are produced by marginalizing the likelihood with respect to all parameters other than the parameters
of interest.

summarized in Tab. XXVII. The best fit point is the
mode of the four-dimensional histogram where the axes
are the oscillation parameters.

TABLE XXVII. Best-fit results and the 1� credible interval
of the T2K data fit without the reactor constraint with the
MCMC analyses including both mass orderings.

Parameter Best-fit ±1�
�

CP

-1.815 [-2.275; -0.628]
sin2

✓13 0.0254 [0.0210; 0.0350]
sin2

✓23 0.513 [0.460 ; 0.550]

�m

2
32 2.539⇥ 10�3

eV

2
/c

4 [�2.628;�2.544]⇥ 10�3
eV

2
/c

4

[2.436; 2.652]⇥ 10�3
eV

2
/c

4

The ±1� credible intervals, which have a 68.3% prob-
ability of containing the true value, are computed, for
each parameter, from the posterior probability density
marginalized over all the other parameters as shown in
Fig. 46. Fig. 46 also shows the correlations between the
oscillation parameters with the map of the marginal pos-
terior density probability and the credible intervals in the
space formed by two parameters.

The proportion of the MCMC points with sin2 ✓23 >

0.5 or < 0.5 gives the posterior probability of the octant.
Similarly, the relative proportion of steps with �m

2
32 >

or < 0 gives the posterior probability of each mass or-
dering. They are shown in Tab. XXVIII. A Bayes fac-
tor can be computed as a ratio of the posterior prob-
abilities [90]. The Bayes factor for normal ordering is
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FIG. 43. One dimensional ��

2 surfaces for oscillation pa-
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2 values obtained with the Feldman-Cousins
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compared to T2K data. The dashed line distinguishes the two
solutions for the octant of ✓23.

B(NH/IH) = 2.28; the Bayes factor for the upper octant
is B(sin2 ✓23 > 0.5/ sin2 ✓23 < 0.5) = 1.32. Neither can
be considered decisive.

2. Results with reactor constraints

This section presents the results obtained with the
MCMC analysis when adding a Gaussian prior on sin2 ✓13
with the value given in Tab. XVIII. The posterior mode
marginalized over the nuisance parameters is given in
Tab. XXIX. Including the reactor prior on sin2 ✓13, the
best-fit is closer to that obtained by the reactor experi-
ments compared to the T2K-only results. The �

CP

best-
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FIG. 45. One-dimensional marginal ��

2 surfaces for oscil-
lation parameters �

CP

and sin2
✓13 using T2K data with the

reactor constraint. The contour is produced by marginalizing
the likelihood with respect to all parameters other than the
parameter of interest. The red line shows the critical ��

2

values obtained with the Feldman-Cousins method, used to
evaluate the 90% confidence level with the proper coverage.
The green line show the ��

2 obtained with the fit to the T2K
data.

TABLE XXVIII. Posterior probabilities for the mass order-
ings and sin2

✓23 when fitting T2K data only with an MCMC
method.

sin2
✓23 < 0.5 sin2

✓23 > 0.5 Line Total
Inverted ordering 0.137 0.168 0.305
Normal ordering 0.294 0.401 0.695
Column total 0.431 0.569 1

fit is closer to the maximum violating value of �⇡/2 due
to the correlations with sin2 ✓13 shown in Fig. 46.
The MCMC algorithm uses a flat prior on �

CP

, but
its dependence on this choice of prior has been tested
by computing the credible intervals with a flat prior on
sin �

CP

. The two sets of intervals are in reasonable agree-
ment as shown in Fig. 47.
The Bayes factor for the mass ordering and the ✓23

octant can be computed with the method described in

arXiv:1707.01048

• CP	  conservaSon	  excluded	  at	  the	  
90%	  CL	  
• Measurement	  is	  outside	  of	  physical	  
bounds.
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arXiv:1707.01048

C.K. Jung will present new results at 8:30 am this 
Friday morning using ~2x the amount of data for 
neutrino-mode.

• CP	  conservaSon	  excluded	  at	  the	  
90%	  CL	  
• Measurement	  is	  outside	  of	  physical	  
bounds.
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FIG. 2: Total number of selected ⌫e candidate events expected
at the FD. The blue represents Normal Hierarchy (NH) and
the orange Inverted Hierarchy (IH). The bands correspond to
the range sin2

✓23 = 0.40 (lower edge) to 0.62 (upper edge),
with the solid line marking maximal mixing. The x-axis gives
the value of the CP phase, while all other parameters are held
fixed at the best fit values found by NOvA’s latest analysis of
⌫µ disappearance [30].
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FIG. 3: Reconstructed energy of selected FD events in three
bins of the CVN classifier variable. Black points show the
data, the red line shows the predicted spectrum at the best fit
point in Normal Hierarchy (NH), with the blue area showing
the total expected background.

considered include neutrino flux, modeling of neutrino in-
teractions and detector response. The overall e↵ect of the
uncertainties summed in quadrature on the total event
count is 5.0% (10.5%) on the signal (background). The
statistical uncertainties of 20.1% (34.9%) on the signal
(background) therefore dominate.

After the event selection criteria and analysis proce-
dures were finalized, inspection of the FD data revealed
33 ⌫e candidates, of which 8.2 ± 0.8 (syst.) events are
predicted to be background [42]. Figure 3 shows a com-
parison of the event distribution with the expectations at
the best fit point as a function of the classifier variable
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tent with the observed spectrum of ⌫e candidates and the ⌫µ
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2
32 > 0) and the bottom panel to inverted
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2
32 < 0). The color intensity indicates the con-

fidence level at which particular parameter combinations are
allowed.

and reconstructed neutrino energy.
To extract oscillation parameters, the ⌫e CC energy

spectrum in bins of event classifier is fit simultaneously
with the FD ⌫µ CC energy spectrum [30]. The NOvA ⌫µ
disappearance result constrains sin2 ✓23 around degener-
ate best fit points of 0.404 and 0.624. The likelihood be-
tween the observed spectra and the Poisson expectation
in each bin is computed as a function of the oscillation pa-
rameters |�m2

32|, ✓23, ✓13, �CP , and the mass hierarchy.
Each source of systematic uncertainty is incorporated
into the fit as a nuisance parameter, which varies the pre-
dicted FD spectrum according to the shifts determined
from systematically shifted samples. Where systematic
uncertainties are common between the two data sets, the
nuisance parameters associated with the e↵ect are corre-
lated appropriately. Gaussian penalty terms are applied
to represent the estimates of the 1� ranges of these pa-
rameters, and the knowledge of sin2 2✓13 = 0.085± 0.005
from reactor experiments [38].
Figure 4 shows the regions of (sin2 ✓23, �CP ) space al-

lowed at various confidence levels. The likelihood surface
is profiled over the parameters |�m2

32| and ✓13 while the
solar parameters �m2

21 and ✓12 are held fixed. The sig-
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considered include neutrino flux, modeling of neutrino in-
teractions and detector response. The overall e↵ect of the
uncertainties summed in quadrature on the total event
count is 5.0% (10.5%) on the signal (background). The
statistical uncertainties of 20.1% (34.9%) on the signal
(background) therefore dominate.
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and reconstructed neutrino energy.
To extract oscillation parameters, the ⌫e CC energy

spectrum in bins of event classifier is fit simultaneously
with the FD ⌫µ CC energy spectrum [30]. The NOvA ⌫µ
disappearance result constrains sin2 ✓23 around degener-
ate best fit points of 0.404 and 0.624. The likelihood be-
tween the observed spectra and the Poisson expectation
in each bin is computed as a function of the oscillation pa-
rameters |�m2

32|, ✓23, ✓13, �CP , and the mass hierarchy.
Each source of systematic uncertainty is incorporated
into the fit as a nuisance parameter, which varies the pre-
dicted FD spectrum according to the shifts determined
from systematically shifted samples. Where systematic
uncertainties are common between the two data sets, the
nuisance parameters associated with the e↵ect are corre-
lated appropriately. Gaussian penalty terms are applied
to represent the estimates of the 1� ranges of these pa-
rameters, and the knowledge of sin2 2✓13 = 0.085± 0.005
from reactor experiments [38].
Figure 4 shows the regions of (sin2 ✓23, �CP ) space al-

lowed at various confidence levels. The likelihood surface
is profiled over the parameters |�m2

32| and ✓13 while the
solar parameters �m2

21 and ✓12 are held fixed. The sig-

• Observed 33 events, with an expected 
background of 8.2 ± 0.8 events.
• Right: Δm2 and θ23 are constrained from 

NOvA disappearance fits.
• Best fit: Normal Hierarchy, δCP=1.5π, 

sin2(θ23) = 0.40.
• 93% CL exclusion of IH in the lower 

octant Phys. Rev. Lett. 118, 231801 (2017)

Very e-likeMaybe e-like Likely e-like
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Jiangmen Underground Neutrino Observatory (JUNO, China)
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Neutrino & Positron Spectra

Conditions for the example

�Three neutrino framework (no effective ∆mee ∆mµµ)

�Baseline: 50 km

�Fiducial Volume: 5 kt

�Thermal Power: 20 GW

�Exposure Time: 5 years

�more pessimistic than the true JUNO values

Positron visible energy

�E(vis) ~ E(ν) – 0.8 MeV

�Assuming 3% / sqrt(E) resolution 

�Assuming negligible constant term in resolution

Normal Hierarchy
Inverted Hierarchy

Spectrum in term of neutrino energy –

no energy resolution

Spectrum in term of positron visible 

energy – folded with energy resolution 

→ the challenge of the experiment
Neutrino 2016 - July 6, 2016

Gioacchino Ranucci - INFN Sez. di Milano
8

– LS large volume: Î for statistics
– High Light(PE)Î for energy resolution

A large LS spherical detector

Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano

JUNO has been 
approved in China in 
Feb. 2013 ~ 300 M$

Prospective and 
approved funding from 
other countries:

• Belgium
• Czechia
• Finland
• France
• Germany
• Italy
• Russia
• Taiwan
• Chile

Steel Truss

Holding PMTs
~17000 x 20”
~34000 x 3”

Acrylic Sphere
filled with 20 kt LS

3

Location of JUNO

NPP Daya Bay Huizhou Lufeng Yangjiang Taishan
Status Operational Planned Planned Under construction Under construction
Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

Yangjiang NPP

Taishan NPP

Daya Bay 

NPP

Huizhou
NPP

Lufeng
NPP

53 km
53 km

Hong Kong
Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive

Kaiping,

Jiang Men city,

Guangdong Province 

Previous site candidate

Overburden ~ 700 m by 2020: 26.6 GW

Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano 4

20 kton 
LS sphere 
>50k PMTs

• 700	  m	  overburden,	  aims	  to	  determine	  mass	  
hierarchy	  via	  precise	  measurement	  of	  energy	  
spectrum.	  

• Requires	  3%/√E	  energy	  resoluSon	  and	  energy	  
scale	  uncertainty	  <	  1%	  

• Also:	  other	  precise	  measurements,	  supernovae	  
neutrinos,	  sterile	  neutrino	  searches,	  etc.	  

• Civil	  construcSon	  of	  the	  underground	  facility	  to	  
be	  completed	  this	  year;	  data-‐taking	  by	  2020.



Hyper-Kamiokande (Japan)
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• 520 kton water Cherenkov detector + 
upgrade of J-PARC neutrino beam to 1.3 MW
• 295 km baseline

HYPER-K EXPERIMENT 3

520 kton Water Cherenkov Detector

+

Upgrade of J-PARC neutrino beam to 
1.3 MW beam power.  New/upgraded 
near detectors.

295 km

M. Hartz, NuFact 2016

CP VIOLATION SENSITIVITY 12

Known Hierarchy

Exclusion of sin(δcp)=0 at 3σ for 78% of 
δcp values at 5σ for 62% 

21° precision at δcp=90° 

7° precision at δcp=0°

CP VIOLATION SENSITIVITY 12

Known Hierarchy

Exclusion of sin(δcp)=0 at 3σ for 78% of 
δcp values at 5σ for 62% 

21° precision at δcp=90° 

7° precision at δcp=0°

• Main goal is discovery of CPV, but can do much more including 10x improvement 
on p → e+ + π0



The Deep Underground Neutrino Experiment (DUNE, USA)
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Lead, SD
1300 km, on-axis

New ν Beam from FNAL (LBNF)
1.2 MW initially, upgradable to 2.4 MW

40 kton LAr TPC



The Deep Underground Neutrino Experiment (DUNE, USA)
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New ν Beam from FNAL (LBNF)
1.2 MW initially, upgradable to 2.2 MW

LBNF Ground Breaking ceremony
July 21, 2017
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DUNE Sensitivities
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Systematics in Future Precision Experiments
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many years of running

Systematics in Future Precision Experiments
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Both H2K and DUNE require
< 3% systematic uncertainties.

Control of systematics
for H2K and DUNE is critical, 
you’ll hear more about some
of this in the next talk.

Systematics in Future Precision Experiments
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Short-Baseline Neutrino Program

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam
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500 m

Eν ≃700 MeV

Will probe Δm2 ~ 1 eV2

MicroBooNEICARUS SBND

• A short-baseline neutrino oscillation program featuring three LAr TPC detectors is 
underway at Fermilab that will:
• improve our understanding of ν-Ar interactions
• accelerate the improvement of LArTPC simulations and reconstruction
• address the LSND and MiniBooNE anomalies
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Short-Baseline Neutrino Program
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SBN sensitivities assume exposures of:
 protons on target in ICARUS and SBND2010×6.60
 protons on target in MicroBooNE2010×13.2

Global 2017: S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
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 disappearanceµν

• A short-baseline neutrino oscillation program featuring three LAr TPC detectors is 
underway at Fermilab that will:
• improve our understanding of ν-Ar interactions
• accelerate the improvement of LArTPC simulations and reconstruction
• address the LSND and MiniBooNE anomalies
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Short-Baseline Neutrino Program

• A short-baseline neutrino oscillation program featuring three LAr TPC detectors is 
underway at Fermilab that will:
• improve our understanding of ν-Ar interactions
• accelerate the improvement of LArTPC simulations and reconstruction
• address the LSND and MiniBooNE anomalies
• MicroBooNE is up and running,



52Jonathan M. Paley Fermilab Neutrino Division

Short-Baseline Neutrino Program

• A short-baseline neutrino oscillation program featuring three LAr TPC detectors is 
underway at Fermilab that will:
• improve our understanding of ν-Ar interactions
• accelerate the improvement of LArTPC simulations and reconstruction
• address the LSND and MiniBooNE anomalies
• MicroBooNE is up and running, and ICARUS will be installed later this year.

ICARUS arrived at
Fermilab last week
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Summary

• Although we have learned much in the last 20 years, there is much we still 
do not know.
• This is a very active field: @ this meeting: 55 parallel session talks, 35/70 

posters are neutrino-related.
• The latest results from SK, T2K and NOvA all have slight preferences for the 

normal hierarchy of the neutrino masses, as well as values of δCP around 3π/
2.  Both NOvA and T2K are exploring ways to increase their exposure in the 
coming years.
• Both current and future oscillation experiments are well-positioned to 

determine many of the other “unknowns”. 
• Data and results will continue to flow for the next decade; look for many 

more “breaking nus” in the future!


