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Neutrinos on the Earth and from the Sky

First ideas

1957: B. Pontecorvo
Suggested the idea of neutrino oscillations 
(neutrino-antineutrino oscillations)

1962: Z. Maki, M. Nakagawa, S. Sakata
Proposed the concept of flavor mixing and 
oscillations1967: B. Pontecorvo

Study of flavor oscillations of two neutrinos
Introduced the concept of sterile neutrinos
Considered for the first time solar neutrino 
oscillations

1969: J. N. Bahcall and S. Frautschi
Detailed study of solar neutrino 
oscillations in vacuum

1969: V. Gribov and B. Pontecorvo
Computed the oscillation probability in vacuum 
(for Majorana neutrinos) without steriles

1974: S. Eliezer and D. A. Ross
1976: S. M. Bilenky and B. Pontecorvo
Quark-lepton analogy

 First Ideas 
1957 - B. Pontecorvo suggested  ν→ν 
oscillations in analogy to K0 → K0 ones_

_

1962 - Flavor transitions νe →νμ  

considered by Maki, Sakata and Nakagawa

B. Pontecorvo S. Sakata Z. Maki M. Nakagawa

 First Ideas 
1957 - B. Pontecorvo suggested  ν→ν 
oscillations in analogy to K0 → K0 ones_

_

1962 - Flavor transitions νe →νμ  

considered by Maki, Sakata and Nakagawa

B. Pontecorvo S. Sakata Z. Maki M. Nakagawa

PMNS mixing matrix

1976: H. Fritzsch and P. Minkowski
1976: S. Eliezer and A. R. Swift
Oscillations and decays in neutrino beams
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Neutrinos on the Earth and from the Sky

The search of solar neutrinos
After (unsuccessfully) trying to detect reactor antineutrinos, 
also at Savannah River, with a neutrino reaction in 1955…  
there was a remaining powerful source: the SUN

1968: R. Davis Jr, D. S. Harmer and K. C. Hoffman
First detection of solar neutrinos (deficit)

1964: J. N. Bahcall and R. Davis
Back-to-back papers that laid out the 
theory and experimental approaches
for the detection of solar neutrinos

2002: R. Davis Jr, M. Koshiba and  R. Giacconi

1958: H. D. Holmgren, R. L. 
Johnston, A. G. W. Cameron 
and W. A. Fowler
Developed the solar neutrino 
model: 7Be and 8B neutrinos

1983: S. Chandrasekhar and W. A. Fowler

Solar neutrino 
problem: less 

neutrinos than 
expected
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Neutrinos on the Earth and from the Sky

mass & mixing ⇒ oscillations

νe  νμ  ντ  ν1  ν2  ν3  
flavor eigenstates mass eigenstates

≠
produced in CC processes free propagation eigenstates

connected via the (non-diagonal) PMNS mixing matrix

iγ µ ∂
µ−m( )ν = 0

i ∂0−
!σ  
!
∇( )νL = mνR

i ∂0+
!σ  
!
∇( )νR = mνL

i∂t νL ,R
∓( )i = Hi  νL ,R

∓( )i
LCC = g

2 2
Wµ

+ ℓLα  γ µ UPMNS( )α jνLj( )
α j
∑  + h.c.

LCC = g
2 2

Wµ
+ ℓLα  γ µνLα( )

α
∑  + h.c.
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Neutrinos on the Earth and from the Sky

mass & mixing ⇒ oscillations

u

d

W+

e+

νe

at short distances

νe e-

d u

W+

Production Detection

LCC = g
2 2

Wµ
+ ℓLα  γ µνLα( )

α
∑  + h.c.
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Neutrinos on the Earth and from the Sky

mass & mixing ⇒ oscillations

u

d

W+

e+

νe

at longer distances

νμ μ-

d u

W+

Production Detection

Propagation
Possible if 

there is 

mixing
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Neutrinos on the Earth and from the Sky

Basics: oscillations in vacuum

i ∂ν i

∂t
= Ei  ν i

In principle, one should use wave packets, but using plane waves provides the correct result

Each mass eigenstate evolves as a plane wave:

ν i t( ) = e− iEit ν i t = 0( )
and acquires a different phase Eit

but flavor eigenstates are a combination of mass eigenstates

να t( ) = Uαi
∗ ν i t( )

i
∑ = Uαi

∗  e− iEit ν i t = 0( )
i
∑
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Neutrinos on the Earth and from the Sky

Basics: oscillations in vacuum

Pαβ = νβ να t( )
2
= Uαi

∗Uβ j ν j ν i t( )
ij
∑

2

= Uαi
∗Uβi  e

− iEit

i
∑

2

Probability of detecting νβ at a time t after having produced να 

but neutrino masses are very small, so they are (almost) always very relativistic

Ei ! p +
mi
2

2p
! E + mi

2

2E

Pαβ = Uαi
∗Uβi  e

− iΔmi
2

2E
t

i
∑

2 if non-degenerate states and 
if sufficient time of travel

mass and mixing ⇒ 

oscillations (Pαβ≠0)
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Neutrinos on the Earth and from the Sky

Basics: oscillations in vacuum

 Pure quantum mechanical effect: 
interference of different components 
with different phases and amplitudes 

 Relative phases depend on distance, 
mass square differences and energy 

 Amplitudes depend on mixing 

Pαβ = δαβ − 4 Re Uαi
∗UβiUα jUβ j

∗⎡⎣ ⎤⎦
j≠i
∑  sin2 Δmij

2L
4E

⎛

⎝⎜
⎞

⎠⎟
+ 2 Im Uαi

∗UβiUα jUβ j
∗⎡⎣ ⎤⎦

j≠i
∑  sin

Δmij
2L

2E
⎛

⎝⎜
⎞

⎠⎟
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Neutrinos on the Earth and from the Sky

The mixing matrix U

(nxn) unitary matrix ⇒ n2 real parameters

n (n-1)/2 mixing angles n (n+1)/2 phases

Dirac n + (n-1) = 2n-1 phases can be absorbed in 
redefinitions of lepton fields

n (n+1)/2 - (2n-1) = (n-1)(n-2)/2 physical phases

Majorana n phases can be absorbed in redefinitions of 
lepton fields

n (n+1)/2 - n = n(n-1)/2 physical phases

but (n-1) phases do not enter oscillations
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Neutrinos on the Earth and from the Sky

Basics: oscillations in vacuum

Pαβ =  sin2 2θ( )sin2 Δm2L
4E

⎛
⎝⎜

⎞
⎠⎟
= sin2 2θ( )sin2 1.27 Δm2

eV2
L

km
GeV
E

⎛
⎝⎜

⎞
⎠⎟

For two neutrinos: U = cosθ sinθ
−sinθ cosθ

⎛
⎝⎜

⎞
⎠⎟

Pαα =  1- Pαβ

Appearance

Disappearance

Maximal effect for L ~ E/Δm2

If L << E/Δm2 : No time to oscillate Pαβ ≈ 0

If L >> E/Δm2 : oscillations are averaged Pαβ =  1
2

sin2 2θ( )

να →να

να →νβ
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Basics: oscillations in vacuum

II. Neutrino oscillations in vacuum 12

Two-neutrino oscillations in vacuum

• Equation of motion (2 parameters): i
d~⌫
dt
= H~⌫; H = U ·Hd

0 · U†;

O =
0
BBBB@

cos ✓ sin ✓
� sin ✓ cos ✓

1
CCCCA , Hd

0 =
1

2E⌫

0
BBBB@
��m2 0

0 �m2

1
CCCCA , ~⌫ =

0
BBBB@
⌫e
⌫X

1
CCCCA ;

• Posc = sin2(2✓) sin2
 
1.27
�m2L

E⌫

!
, P↵↵ = 1 � Posc;

• In real experiments ⌫’s are not monochromatic:

hP↵�i = 1
N

Z
dE⌫

d�
dE⌫
�CC(E⌫)P↵�(E⌫)

• Maximal sensitivity for �m2 ⇠ E⌫/L;

• �m2 ⌧ E⌫/L) No time to oscillate) hPosci ' 0;

• �m2 � E⌫/L) Averaged osc.) hPosci ' 1
2sin2(2✓).

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

Maximal effect for L ~ E/Δm2

From M. Maltoni



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz
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Basics: oscillations in vacuum
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Maximal effect for L ~ E/Δm2

Very long distances 
 L >> E/Δm2

From M. Maltoni
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Neutrinos on the Earth and from the Sky

Basics: oscillations in vacuum
II. Neutrino oscillations in vacuum 12
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Maximal effect for L ~ E/Δm2

Very long distances 
 L >> E/Δm2

wave packets separate so that they 
cannot be differentiated in the detector

Pαβ =  Uαi
2 Uβi

2

i
∑

From M. Maltoni
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Neutrinos on the Earth and from the Sky

Matter effects

1978: L. Wolfenstein
Pointed out the effect of forward scattering 
in neutrino oscillations in matter

incoherent process coherent forward scattering

σ ∝ GF2

Amplitude = eiEnL

n=1+2πNf(0)/E2=1+V/E

index of 
refraction

optical theorem [4π Im f(0) / E = σ] 

Absorption:  E Im(Δn) ∝  N σ
E Re(Δn) ∝  N Re f(0) / E

Re f(0) ∝ GF
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Neutrinos on the Earth and from the Sky

Matter effects

W-

e-νe

νee-

Z

ν

f

ν

f

Charged Currents Neutral Currents

VCC = √2 GF Ne VNC = - 1/√2 GF Nn

Ve = VCC + VNC Vμ = Vτ = VNC

V = - V
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Neutrinos on the Earth and from the Sky

Matter effects

W-

e-νe

νee-

Z

ν

f

ν

f

Charged Currents Neutral Currents

VCC = √2 GF Ne VNC = - 1/√2 GF Nn

Ve = VCC + VNC Vμ = Vτ = VNC

only relative terms matter!

V = - V
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Neutrinos on the Earth and from the Sky

Matter effects

tiny Δn: a matter of scales

Δm31
2

2E ∼V⊕ ∼R⊕
-1

σ ∼GF
2s
π ∼10-38 E

GeV
⎛
⎝⎜

⎞
⎠⎟ cm

2

V☉~10-12 eV V⊕♁~10-13 eV
solar core Earth core

nσ ∼ E
10 TeV

⎛
⎝⎜

⎞
⎠⎟R⊕

-1

coherent scattering 
(for GeV energies)

absorption
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Neutrinos on the Earth and from the Sky

Basics: oscillations in matter

i d
dx

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
= U

E1 0
0 E2

⎛

⎝
⎜

⎞

⎠
⎟U † +

Ve 0
0 Vµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

i d
dx

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
=

− Δm2

4E
cos 2θ( )+ 2GFNe

Δm2

4E
sin 2θ( )

Δm2

4E
sin 2θ( ) Δm2

4E
cos 2θ( )

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

getting rid of terms proportional to the identity:

Δmm
2 = Δm2 cos 2θ( )− 2EVCC( )2 + Δm2 sin 2θ( )( )2

sin 2θm( ) = Δm2 sin 2θ( )
Δmm

2

diagonalizing (at a given point): 

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
=

cosθm sinθm

−sinθm cosθm

⎛

⎝
⎜

⎞

⎠
⎟

ν1
m

ν2
m

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
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Neutrinos on the Earth and from the Sky

Basics: oscillations in matter

i d
dx

ν1
m

ν2
m

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
=

− Δmm
2

4E
−i dθm

dx

i dθm

dx
Δmm

2

4E

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

ν1
m

ν2
m

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

In a medium with varying density θm is a dynamical quantity

1985-1986: S. Mikheyev and A. Yu Smirnov
Pointed out the possibility of neutrino resonant 
enhancement and adiabatic conversion in matter

tan 2θm( ) = Δm2 sin 2θ( )
Δm2 cos 2θ( )− 2EVCC

resonance enhancement

Δmm
2

4E
>> dθm

dx

adiabatic conversion 
(MSW effect)

slowly varying density:

Pee
adiabatic =  sin2θ  sin2θm + cos2θ  cos2θm

for solar neutrinos, oscillations are averaged
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Basics: oscillations in matter
At high solar densities, νe is mostly the most massive state ν2 
For adiabatic propagation, it exits the Sun as purely ν2,  
which, for small mixing, is mostly νμ

No oscillations!
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What do we want to know?

UPMNS =
c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

c13 0 s13e
− iδ

0 1 0
−s13e

iδ 0 c13

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1 0 0
0 c23 s23
0 −s23 c23

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

eiη1 0 0
0 eiη2 0
0 0 1

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

solar angle reactor angle atmospheric angle

O. Mena and S. J. Parke, Phys. Rev. D69:117301, 2004

Majorana 
phases

3 mixing angles + 1 Dirac phase + 2 Majorana phases

2 possible mass orderings
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How do we know?
solar neutrinos reactor neutrinos

atmospheric neutrinos accelerator neutrinos
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Connection theory/experiment

Nβ L( )= T ×NT × Φ Eν( )σ Eν( )∫  P να →νβ;Eν ,L( )ε Eν( )dEν

number of 
detected events

time

number 
of targets

neutrino flux

cross 
section

oscillation 
probability

baseline

detector efficiency

neutrino energy
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What have we observed?
 atmospheric νμ and νμ disappear (mostly to ντ/ντ) 
 accelerator νμ and νμ disappear 

 accelerator νμ appear as νe 
 solar νe disappear 

 reactor νe disappear at ~ 200 km 

 reactor νe disappear at ~ 1 km

SK, MINOS, ICECUBE
K2K, T2K, MINOS, NOvA

T2K, MINOS, NOvA

Cl, Ga, SK, SNO, Borexino

KamLAND

D-Chooz, Daya Bay, Reno

T. Kajita et al. / Nuclear Physics B 908 (2016) 14–29 23

Fig. 8. The ratio of data to MC events (in the absence of neutrino oscillation) as a function of the reconstructed L/E, 
together with the best-fit 3-flavor expectation for neutrino oscillation and two alternative hypotheses with similar shape. 
The dashed (blue) and dotted (green) lines show the best-fit expectations for neutrino decay and neutrino decoherence, 
respectively. This is a preliminary result based on 220 kt-yrs of SK-I through SK-IV data. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

With alternatives eliminated, νµ → ντ oscillations caused by massive neutrinos was clearly 
the preferred hypothesis to explain the atmospheric neutrino data. Massive neutrinos also ex-
plained solar neutrino observations. Although neutrino mass technically requires physics beyond 
the Standard Model, the new physics including neutrino mass is readily formulated. The quantum 
mechanics of neutrino oscillation made several other predictions that remained to be tested. The 
first two that we tested using atmospheric neutrinos were observation of the oscillation probabil-
ity pattern and tau neutrino appearance.

An expectation for massive neutrino oscillation is that the shape of the oscillation pattern 
should be truly oscillatory with a frequency proportional to L/E, as seen in Eqn. (2). For most 
atmospheric neutrino events, the baseline distance L and the neutrino energy E are not well 
determined, due to uncertainty in the direction, the production height in the atmosphere, or the 
energy transfer to the outgoing lepton. A specialized analysis was developed [65] that minimized 
these effects by selecting events with good resolution in L/E largely by excluding low energy 
events and events near the horizon. In addition, we used multi-ring events and distinguished PC 
events that stopped in the outer detector from higher energy ones that completely exited. Using 
this high resolution sample, we took the ratio of the observed event rate to expectation and found 
evidence for a dip in the rate of muon neutrinos near 500 GeV/km that was greater than the 50% 
deficit found at higher values of L/E due to maximal mixing and averaging of rapid oscilla-
tions. To characterize the significance of the dip, we compared standard neutrino oscillation due 
to massive neutrinos to two alternate models, neutrino decay and neutrino decoherence. These 
predict a more smooth transition to 50% survival at large values of L/E. The significance of the 
dip was more than 3σ using SK-I [66]. The analysis was extended to include SK-II [67] and later 
SK-III and SK-IV [68]. Our most recent result, using SK-I through SK-IV data and a 3-flavor 
oscillation formula is reproduced in Fig. 8 and favors the observation of the neutrino oscillation 
minimum by greater than 4σ .

Because atmospheric neutrinos have an energy spectrum that extends to very high energies, 
we expect charged current tau neutrino interactions in the event sample. The CC ντ threshold is 
approximately 3 GeV, so the number of τ events would be relatively small and mixed with the 

of these backgrounds is assumed to be flat to at least
30 MeV based on a simulation following [12]. The atmos-
pheric ! spectrum [13] and interactions were modeled
using NUANCE [14]. We expect fewer than 9 neutron and
atmospheric ! events in the data-set. We observe 15 events
in the energy range 8.5–30 MeV, consistent with the limit
reported previously [15].

The accidental coincidence background above 0.9 MeV
is measured with a 10- to 20-s delayed-coincidence win-
dow to be 80:5! 0:1 events. Other backgrounds from (",
n) interactions and spontaneous fission are negligible.

Antineutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt energies
below 2.6 MeV. The expected geoneutrino flux at the
KamLAND location is estimated with a geological refer-
ence model [9], which assumes a radiogenic heat pro-
duction rate of 16 TW from the U and Th-decay chains.
The calculated !!e fluxes for U and Th-decay, including
a suppression factor of 0.57 due to neutrino oscillation,
are 2:24" 106 cm#2 s#1 (56.6 events) and 1:90"
106 cm#2 s#1 (13.1 events), respectively.

With no !!e disappearance, we expect 2179! 89$syst%
events from reactors. The backgrounds in the reactor en-
ergy region listed in Table II sum to 276:1! 23:5; we also
expect geoneutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
!!e events and the fitted backgrounds. The unbinned data
are assessed with a maximum likelihood fit to two-flavor
neutrino oscillation (with #13 & 0), simultaneously fitting

the geoneutrino contribution. The method incorporates the
absolute time of the event and accounts for time variations
in the reactor flux. Earth-matter oscillation effects are
included. The best fit is shown in Fig. 1. The joint con-
fidence intervals give "m2

21 & 7:58'0:14
#0:13$stat%'0:15

#0:15$syst% "
10#5 eV2 and tan2#12 & 0:56'0:10

#0:07$stat%'0:10
#0:06$syst% for

tan2#12 < 1. A scaled reactor spectrum with no distortion
from neutrino oscillation is excluded at more than 5$. An
independent analysis using cuts similar to Ref. [2] gives
"m2

21 & 7:66'0:22
#0:20 " 10#5 eV2 and tan2#12 & 0:52'0:16

#0:10.
The allowed contours in the neutrino oscillation parame-

ter space, including "%2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions
previously allowed by KamLAND at(2:2$ are disfavored
at more than 4$. For three-neutrino oscillation, the data
give the same result for "m2

21, but a slightly larger uncer-
tainty on #12. Incorporating the results of SNO [16] and
solar flux experiments [17] in a two-neutrino analysis with
KamLAND assuming CPT invariance, gives "m2

21 &
7:59'0:21

#0:21 " 10#5 eV2 and tan2#12 & 0:47'0:06
#0:05.

To determine the number of geoneutrinos, we fit the
normalization of the !!e energy spectrum from the U and
Th-decay chains simultaneously with the neutrino oscilla-
tion parameters using the KamLAND and solar data. There
is a strong anticorrelation between the U and Th-decay
chain geoneutrinos, and an unconstrained fit of the indi-
vidual contributions does not give meaningful results.
Fixing the Th/U mass ratio to 3.9 from planetary data
[18], we obtain a combined U' Th best fit value of $4:4!
1:6% " 106 cm#2 s#1 (73! 27 events), in agreement with
the reference model.

The KamLAND data, together with the solar ! data, set
an upper limit of 6.2 TW (90% C.L.) for a !!e reactor source
at the Earth’s center [19], assuming that the reactor pro-
duces a spectrum identical to that of a slow neutron artifi-
cial reactor.

The ratio of the background-subtracted !!e candidate
events, including the subtraction of geoneutrinos, to no-
oscillation expectation is plotted in Fig. 3 as a function of
L0=E. The spectrum indicates almost two cycles of the
periodic feature expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of "m2

21 to date and
improving the precision of tan2#12 in combination with
solar ! data. The indication of an excess of low-energy
antineutrinos consistent with an interpretation as geo-
neutrinos persists.

The KamLAND experiment is supported by the
Japanese Ministry of Education, Culture, Sports, Science
and Technology, and under the United States Department
of Energy Office Grant No. DEFG03-00ER41138 and
other DOE grants to individual institutions. The reactor
data are provided by courtesy of the following electric
associations in Japan: Hokkaido, Tohoku, Tokyo,
Hokuriku, Chubu, Kansai, Chugoku, Shikoku, and
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FIG. 3 (color). Ratio of the background and geoneutrino-
subtracted !!e spectrum to the expectation for no-oscillation as
a function of L0=E. L0 is the effective baseline taken as a flux-
weighted average (L0 & 180 km). The energy bins are equal
probability bins of the best fit including all backgrounds (see
Fig. 1). The histogram and curve show the expectation account-
ing for the distances to the individual reactors, time-dependent
flux variations, and efficiencies. The error bars are statistical
only and do not include, for example, correlated systematic
uncertainties in the energy scale.
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below 1.3 MeV was binned identically to method A, and
the shift of the estimated value of Δm2

ee observed by
method A was reproduced. Alternatively, increasing the
systematic uncertainty of the finely binned energy spectrum
below 1.3 MeV also resolved the discrepancies. These
observations indicated that the combined modeling of the
large systematics at low energies, including relative energy
scale differences and energy loss in the IAV, was insuffi-
cient for the case of a finely binned low-energy spectrum.
In contrast, the results had negligible dependence on the
choice of binning above 1.3 MeV. Variations were ≲0.1σ
for Δm2

ee, while those for sin2 2θ13 were even smaller.
For illustrative purposes, the spectral distortion shown in

Fig. 38 can be displayed as the ν̄e survival probability
versus L=Eν. The probability of ν̄e disappearance for each
bin in the prompt positron energy spectrum was given by
the observed signal divided by the prediction assuming no
oscillation, after subtraction of background. The prediction
includes corrections to the absolute reactor ν̄e flux as
constrained by the observation. An average ν̄e energy
hEνi was estimated for each bin in the prompt positron
spectra from the model of the detector response previously
discussed. Given that it was not possible to determine the
reactor of origin for each ν̄e interaction, an effective
baseline Leff was determined for each experimental hall,
according to Eq. (56). Figure 40 shows the observed ν̄e
survival probability as a function of effective baseline Leff
divided by the average antineutrino energy hEνi. Almost
one full oscillation cycle was sampled, given the range of
L=Eν values which were measured. The data from all three
experimental halls were consistent with the three-flavor
oscillation hypothesis.
The confidence regions for Δm2

ee versus sin2 2θ13 are
shown in Fig. 41. The confidence regions were obtained
using the change of the χ2 value relative to that of the best
fit, Δχ2 ¼ χ2 − χ2min, as a function of sin2 2θ13 and jΔm2

eej.
All other model parameters were profiled during the
determination of the value of Δχ2. The confidence regions
are defined as Δχ2 less than 2.30 (68.27% C.L.), 6.18
(95.45% C.L.), and 11.83 (99.73% C.L.). The one-dimen-
sional distribution of Δχ2 is also provided for each
individual parameter, where the alternate parameter has
been profiled. A table of Δχ2 values as a function of
sin2 2θ13 and jΔm2

eej is provided as Supplemental
Material [40].
The precision of this measurement of θ13 was limited by

statistics, although systematic uncertainty from differences
of the ν̄e efficiency between detectors and predicted reactor
flux also contributed significantly. For jΔm2

eej, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from poten-
tial 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 ν̄e interactions in the IAValso contributed.

FIG. 40. Measured reactor ν̄e spectral distortion, displayed as
the oscillation survival probability versus Leff=Eν. The effective
propagation distance Leff was estimated for each hall based on the
distribution of reactors contributing to the signal [see Eq. (56)].
The average true ν̄e energy hEνi was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ν̄e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ν̄e survival over almost
one full cycle, demonstrating distinct evidence in support of
neutrino flavor oscillation.

FIG. 41. Confidence regions of sin2 2θ13 and jΔm2
eej from a

combined analysis of the prompt positron spectra and rates. The
1σ, 2σ, and 3σ two-dimensional confidence regions are estimated
using Δχ2 values of 2.30 (red), 6.18 (green), and 11.83 (blue)
relative to the best fit. The upper panel provides the one-
dimensional Δχ2 for sin2 2θ13 obtained by profiling jΔm2

eej (blue
line), and the dashed lines mark the corresponding 1σ, 2σ, and 3σ
intervals. The right panel is the same, but for jΔm2

eej, with
sin2 2θ13 profiled. The point marks the best estimates, and the
error bars display their one-dimensional 1σ confidence intervals.

F. P. AN et al. PHYSICAL REVIEW D 95, 072006 (2017)
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neutrino energy for the data and the best-fit spectrum.

TABLE XXII: 68% and 90% confidence level intervals for the ⌫µ-disappearance analysis.

MH 68% CL 90% CL

sin2✓23 NH [0.458, 0.568] [0.428, 0.598]

sin2✓23 IH [0.456, 0.566] [0.427, 0.596]

�m

2
32(10

�3 eV2
/c

4) NH [2.41, 2.61] [2.34, 2.68]

�m

2
13(10

�3 eV2
/c

4) IH [2.38, 2.58] [2.31, 2.64]

D. Multi-Nucleon E↵ects Study

Recently, experimental [67, 113–115] and theoretical [24, 25, 116–129] results have sug-

gested that the charged-current neutrino-nucleus scattering cross section at T2K energies

could contain a significant multi-nucleon component. Such processes are known to be impor-
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Fig. 1. Dependence of the probabilities Pee integrated over
the day and night time periods, for ∆m2

21 determined from
the global fit of the solar neutrino data only (red) and from
the global fit of all oscillation data (blue). Also shown are the
results from different experiments. We use abbreviations “Brx”
for Borexino and “KL” for KamLAND.

2.5 Averaging and attenuation

Observable effects are determined by the νe survival prob-
ability integrated over energy with resolution function of
a detector, over the kinematic distribution (in the case of
ν-e scattering) and over the energy profile of neutrino lines
(e.g., the 7Be-neutrino line). This integration leads to the
attenuation effect [36] according to which a detector with
the energy resolution ∆E cannot “see” remote structures
of the density profile for which the distance to the detector
is larger than the attenuation length λatt ∼ 1/∆E. In the
core due to larger density the oscillations proceed with
larger depth. However, this increase is not seen in boron
neutrinos due to the attenuation. In contrast, for the 7Be-
neutrinos the energy resolution is given by the width of
the line and λatt turns out to be bigger than the distance
to the core. So, detectors of 7Be-neutrinos can in principle
“see” the core.

The probabilities should be averaged over the produc-
tion region in the Sun. In the first approximation this can
be accounted by the effective initial densities n0

e → n̄0
e [31].

2.6 Energy profile of the effect

Flavor conversion is described by Pee(E, t) (24) which de-
pends on neutrino energy and time. The time dependence
is due to oscillations in the Earth since the effect depends
on the zenith angle of trajectory of neutrino. The main
dependence on energy is in θm

12(n0), and much weaker one
is in θm

13(n0) and P1e.
Figure 1 shows dependence of the probabilities Pee(E)

integrated over the day and the night times. At low ener-
gies neglecting the νe regeneration one has

Pee ≈ c4
13(1 − 0.5 sin2 2θ12) − 0.5c6

13 cos 2θ12 sin2 2θ12ϵ12.
(31)

With decrease of energy: Pee → P vac
ee . For the best fit value

of the 1-2 mass splitting deviations of the probability (31)

from its vacuum values are 6% for the 7Be-neutrinos and
2% for the pp-neutrinos with E = 0.3MeV.

At high energies the matter effect dominates and

Pee = c4
13 sin2 θ12 + c2

12Freg +
1
4

cos 2θ12 sin2 2θ12ϵ
−2
12 .

(32)
The intermediate energy region between the vacuum-

and matter-dominated limits is actually the region where
the resonance turn on (turn off). The middle of this region
(before averaging) corresponds to the MSW resonance at
maximal densities in the Sun. Value of θ12 determines
sharpness of the transition, that is, the size of transition
region. The larger θ12 the bigger the size of the region. In-
tegration over the neutrino production region in the Sun
smears the transition, thus reducing the sensitivity to θ12.

As follows from fig. 1 almost all experimental points
are within 1σ from the prediction. Larger deviations can
be seen in the intermediate region.

2.7 Scaling

The conversion probability of solar neutrinos obeys certain
scaling which allows to understand various features of the
LMA MSW solution as well as effects of new physics. The
survival probability averaged over the oscillations on the
way to the Earth (related to loss of propagation coherence)
is function three dimensionless parameters:

Pee = Pee(ϵ12, ϵ13,φE). (33)

Here
φE ≈ ∆m2

21L

2E
(34)

is the phase of oscillations in the Earth and ϵ12, ϵ13 are
defined in eqs. (17), (19) correspondingly.

Several important properties follow immediately:

1) The probability is invariant with respect to rescaling

∆m2
21 → b∆m2

21, ∆m2
31 → b∆m2

31, E → bE.
(35)

2) The adiabatic probability does not depend on distance
and any spatial scale of the density profile. So, the
only dependence on distance is in the phase φE . If
oscillations in the Earth are averaged, then whole the
probability, Pee = Pee(ϵ12, ϵ13), is scale invariant. This
happens for practically all values of the zenith angle.
In this case Pee is invariant with respect to rescaling

∆m2
21 → a∆m2

21, ∆m2
31 → a∆m2

31, Ve → aVe.
(36)

In particular, if a = −1, Pee is invariant with re-
spect to change of the signs of mass squared differences
and potentials. Since the oscillation probability in the
Earth (the regeneration factor) does not change under
φE → −φE , the invariance with respect to simulta-
neous change of signs of ∆m2 and potential (eq. (36)
with a = −1) holds also for the non-averaged proba-
bility (33).

3) If |∆m2
31| is kept fixed, the scaling (36) is broken by

the 1-3 oscillations.

reactor LBL

reactor MBL

atmospheric

accelerator

solarL/E
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What do we know?

Δm21
2 = (7.03-8.09) ×10-5 eV2

sin2θ12 = 0.271-0.345

solar sector

sin2θ13 = 0.01934-0.02397

 reactor sector

Δm31
2 = (2.407 -2.643) ×10-3 eV2

sin2θ23 = 0.385-0.638

atmospheric and acc. sector

What don’t we know?

I. Esteban et al., JHEP 1701:087, 2017
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CP violation (but... δbf ≈
3π
2 )

Mass hierarchy : sign of Δm31
2

3σ ranges
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What don’t we know?

I. Esteban et al., JHEP 1701:087, 2017

θ23 octant : θ23 >45o or θ23 < 45o

CP violation (but... δbf ≈
3π
2 )

Mass hierarchy : sign of Δm31
2

Extra (sterile) neutrinos? 
New Physics (NSI, neutrino decay, etc)?

3σ ranges
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solar neutrinos
a nuclear fusion reactor
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Solar neutrinos

• Neutrinos are by nuclear reactions in the
core of the Sun;

• 2 mechanisms: pp chain and CNO cycle;

• both give 4p!4 He + 2e+ + 2⌫e + �.

 Gallium  Chlorine  SuperK, SNO

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

two mechanisms:  
pp chain and CNO cycle

νe
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solar neutrinos

radiochemical 
detectors

Cherenkov 
detectors

Scintillator 
detectors

Homestake: E>0.81 MeV 
SAGE: E>0.233 MeV  
GALLEX/GNO: E>0.233 MeV

νe +37 Cl→37 Ar+e-

νe +71 Ga→71 Ge+e- KamiokaNDE: E>7.5 MeV 
Super-Kamiokande: E>5 MeV  
SNO: E>5 MeV

ES :νx + e- →νx + e-
CC:νe +d→p+p+e-

NC:νx +d→n+p+νx

Borexino: E>0.2 MeV

νx + e- →νx + e-

real-time experiments

1987: Kamiokande
First real-time 
measurement of the 
solar neutrino flux
(SN1987A, atmospheric 
anomaly)

2002: R. Davis Jr, M. Koshiba and  R. Giacconi

M. Koshiba
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Solar neutrino data: summary

Type Experiment Detection Flavor Eth (MeV) Data
BP00

radio- Homestake 37Cl(⌫, e�)37Ar ⌫e E⌫ > 0.81 0.35 ± 0.06
chemical Gallium 71Ga(⌫, e�)71Ge ⌫e E⌫ > 0.23 0.55 ± 0.05
real-time Kam) SK ES ⌫xe� ! ⌫xe� ⌫e + r ⌫µ/⌧ Ee > 5 0.46 ± 0.09

SNO CC ⌫ed ! ppe� ⌫e Te > 5 0.35 ± 0.07
NC ⌫xd ! ⌫xd ⌫e + ⌫µ,⌧ T� > 5 1.01 ± 0.23
ES ⌫xe� ! ⌫xe� ⌫e + r ⌫µ/⌧ Te > 5 0.46 ± 0.23

• All experiments measuring mostly ⌫e observed a
deficit: Pee 2 [0.3! 0.6];

• deficit is energy dependent;

• Error in calculation of the solar ⌫ fluxes, or new
physics in neutrino propagation?

• Answer: no deficit in NC) solar model OK.

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

Energy-dependent suppression of the flux: 
𝛟measured ~ 0.3-0.6
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The SNO experiment

• This experiment consists of three phases of about one year duration each:

1. accurate measurement of CC reaction rate with pure heavy-water;

2. enhanced sensitivity to NC through the addition of NaCl salt to the heavy-water;

3. direct measurement of NC signal through the introduction of a network of propor-
tional counters filled with 3He in pure heavy-water.

?
phase-I:
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8>>>>><
>>>>>:
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�
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? phase-II and phase-III in very good agreement (except for phase-III ES result).

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

solar neutrinos

Survival probability (Pee) reduces to 
a two-neutrino problem in matter
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Fig. 1. Dependence of the probabilities Pee integrated over
the day and night time periods, for ∆m2

21 determined from
the global fit of the solar neutrino data only (red) and from
the global fit of all oscillation data (blue). Also shown are the
results from different experiments. We use abbreviations “Brx”
for Borexino and “KL” for KamLAND.

2.5 Averaging and attenuation

Observable effects are determined by the νe survival prob-
ability integrated over energy with resolution function of
a detector, over the kinematic distribution (in the case of
ν-e scattering) and over the energy profile of neutrino lines
(e.g., the 7Be-neutrino line). This integration leads to the
attenuation effect [36] according to which a detector with
the energy resolution ∆E cannot “see” remote structures
of the density profile for which the distance to the detector
is larger than the attenuation length λatt ∼ 1/∆E. In the
core due to larger density the oscillations proceed with
larger depth. However, this increase is not seen in boron
neutrinos due to the attenuation. In contrast, for the 7Be-
neutrinos the energy resolution is given by the width of
the line and λatt turns out to be bigger than the distance
to the core. So, detectors of 7Be-neutrinos can in principle
“see” the core.

The probabilities should be averaged over the produc-
tion region in the Sun. In the first approximation this can
be accounted by the effective initial densities n0

e → n̄0
e [31].

2.6 Energy profile of the effect

Flavor conversion is described by Pee(E, t) (24) which de-
pends on neutrino energy and time. The time dependence
is due to oscillations in the Earth since the effect depends
on the zenith angle of trajectory of neutrino. The main
dependence on energy is in θm

12(n0), and much weaker one
is in θm

13(n0) and P1e.
Figure 1 shows dependence of the probabilities Pee(E)

integrated over the day and the night times. At low ener-
gies neglecting the νe regeneration one has

Pee ≈ c4
13(1 − 0.5 sin2 2θ12) − 0.5c6

13 cos 2θ12 sin2 2θ12ϵ12.
(31)

With decrease of energy: Pee → P vac
ee . For the best fit value

of the 1-2 mass splitting deviations of the probability (31)

from its vacuum values are 6% for the 7Be-neutrinos and
2% for the pp-neutrinos with E = 0.3MeV.

At high energies the matter effect dominates and

Pee = c4
13 sin2 θ12 + c2

12Freg +
1
4

cos 2θ12 sin2 2θ12ϵ
−2
12 .

(32)
The intermediate energy region between the vacuum-

and matter-dominated limits is actually the region where
the resonance turn on (turn off). The middle of this region
(before averaging) corresponds to the MSW resonance at
maximal densities in the Sun. Value of θ12 determines
sharpness of the transition, that is, the size of transition
region. The larger θ12 the bigger the size of the region. In-
tegration over the neutrino production region in the Sun
smears the transition, thus reducing the sensitivity to θ12.

As follows from fig. 1 almost all experimental points
are within 1σ from the prediction. Larger deviations can
be seen in the intermediate region.

2.7 Scaling

The conversion probability of solar neutrinos obeys certain
scaling which allows to understand various features of the
LMA MSW solution as well as effects of new physics. The
survival probability averaged over the oscillations on the
way to the Earth (related to loss of propagation coherence)
is function three dimensionless parameters:

Pee = Pee(ϵ12, ϵ13,φE). (33)

Here
φE ≈ ∆m2

21L

2E
(34)

is the phase of oscillations in the Earth and ϵ12, ϵ13 are
defined in eqs. (17), (19) correspondingly.

Several important properties follow immediately:

1) The probability is invariant with respect to rescaling

∆m2
21 → b∆m2

21, ∆m2
31 → b∆m2

31, E → bE.
(35)

2) The adiabatic probability does not depend on distance
and any spatial scale of the density profile. So, the
only dependence on distance is in the phase φE . If
oscillations in the Earth are averaged, then whole the
probability, Pee = Pee(ϵ12, ϵ13), is scale invariant. This
happens for practically all values of the zenith angle.
In this case Pee is invariant with respect to rescaling

∆m2
21 → a∆m2

21, ∆m2
31 → a∆m2

31, Ve → aVe.
(36)

In particular, if a = −1, Pee is invariant with re-
spect to change of the signs of mass squared differences
and potentials. Since the oscillation probability in the
Earth (the regeneration factor) does not change under
φE → −φE , the invariance with respect to simulta-
neous change of signs of ∆m2 and potential (eq. (36)
with a = −1) holds also for the non-averaged proba-
bility (33).

3) If |∆m2
31| is kept fixed, the scaling (36) is broken by

the 1-3 oscillations.

2002: A. B. McDonald
Discovery of neutrino conversion by SNO

2015: T. Kajita and A. B. McDonald

𝛟CC = 𝛟e 

𝛟ES = 𝛟e + 0.15 𝛟μ/τ 
𝛟NC = 𝛟tot

𝛟e = 𝛟tot Pee

From M. Maltoni

M. Maltoni and A. Yu Smirnov, 
Eur. Phys. J. A 52:87, 2016
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nuclear fission reactors 
~6 antineutrinos per fission or 

2x1020 ν/s GW

νe

νe +p→n+e+      Eth = 1.8 MeV

Four main isotopes:   
235U, 239Pu, 238U and 241Pu 

P. Vogel, L. Wen and C. Zhang,  
Nature Commun. 6:6935, 2015

Pee ≈1-sin2 2θ13( )sin2 Δmee
2 L

4E
⎛
⎝⎜

⎞
⎠⎟
-cos4θ13sin2 2θ12( )sin2 Δm21

2 L
4E

⎛
⎝⎜

⎞
⎠⎟

1956-1959: Savannah River
First neutrino detection
1980’s: ILL, Gösgen, Rovno
1990’s: Krasnoyarsk, Savannah River, Bugey
Short baselines
1999: CHOOZ
2000: Palo Verde
First limits on θ13

2002: KamLAND
Discovery of antineutrino oscillations
2011-2012: Daya Bay, RENO, D-CHOOZ
Measurement of θ13

Eν (MeV)

(s
ee

 a
nn

ot
at

io
ns

)

(a)

(b)

(c)

a) ν
_

e interactions in detector [1/(day MeV)]
b) ν

_
e flux at detector [108/(s MeV cm2)]

c) σ(Eν) [10-43 cm2]

0

10

20

30

40

50

60

70

80

90

100

2 3 4 5 6 7 8 9 10

FIG. 2. Reactor ν̄e flux, inverse beta decay cross section, and
ν̄e interaction spectrum at a detector based on such reaction.
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FIG. 3. Neutrino ∆m2 sensitivity as a function of total re-
actor power and detector fiducial mass for detection based
on the inverse-β reaction discussed in the text. The baseline
scales with the ∆m2 sensitivity sought according to Eq. (8).
The fiducial-mass×power necessary for the experiment grows
with the square of the baseline. The past experiments are
labelled by the name of the reactor complex used. The ap-
proximate year of the experiment is also indicated to show
that the increased baseline and ∆m2 sensivity followed more
or less the chronological order.

fact that the only known method of collimating neutrino
beams employs the Lorentz boost of the parent particles
from which decay the neutrinos are produced. For this
reason low energy neutrinos are generally produced over
large solid angles, while high energy ones may come in
relatively narrow beams. Obviously a reactor emits ν̄e in
a completely isotropic way, and this, together with the
modest interaction cross-sections available at low energy,
makes the specific signal rates rather low. At the same
time, however, the low energy neutrinos provide us with
a unique opportunity to probe the lowest regions of ∆m2

that are otherwise beyond the reach of accelerator-based
searches. Some of these tradeoffs are well illustrated by
Figure 3 where the ∆m2 sensitivity is shown, together
with the necessary baseline, versus the reactor power and
detector fiducial mass for different statistical accuracies.

Oscillation searches using reactors as sources are par-
ticularly important today since several of the indications
for neutrino oscillations shown in Figure 1 point to re-
gions of the parameter space at very small ∆m2 and
nearly-full mixing. Hence two reactor-based experiments,
Chooz and Palo Verde, were performed to investigate
the phenomenon of atmospheric neutrinos as ν̄e → ν̄x os-
cillations. Such experiments, described in detail below,
had baselines of about 1 km and fiducial masses of the or-
der of 10 tons. For comparison, the much more complex
accelerator-based Minos project between FNAL and the
Soudan mine (Wojcicki 2001a) and analogous projects
between CERN and Gran Sasso, Opera and Icarus

(for a brief description, see e.g. Wojcicki 2001b), will ac-
cess similar ∆m2 values with GeV-energy neutrinos and
a baseline of the order of 1000 km. However, the 5400
ton Minos detector and its analog at Gran Sasso will be
able to investigate also oscillation channels not including
ν̄e and reach a mixing parameter sensitivity substantially
better than 1%.

The reactor-based Kamland experiment, with a base-
line larger than 100 km, will offer the unique opportunity
of testing, with man-made neutrinos, the large-mixing-
angle MSW solution of the solar neutrinos puzzle. In
this case the restriction to ν̄e → ν̄x-oscillations does not
limit the interest of the experiment (since solar neutri-
nos do certainly involve νe ), while its ∆m2 sensitivity is
well beyond what can be practically achieved by accel-
erators (for comparison similar ∆m2 sensitivity could be
achieved in an accelerator-based experiment with base-
lines of order 105 km, larger than the diameter of the
earth).

Of course, the relatively lower energy of neutrinos from
reactors pushes the optimization of reactor-based ex-
periments to concentrate on the reduction and rejection
of backgrounds from natural radioactivity that is, on
the other hand, hardly an issue in accelerator-based de-

6

C. Bemporad, G. Gratta and P. Vogel,  
Rev. Mod. Phys. 74:297, 2002
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number of Monte Carlo signal events in the ith energy bin
with L > Lcut

i . Bi is calculated similarly using the acciden-
tal coincidence event pairs. The choice of the Ep distribu-
tion in f !!e affects only the discrimination power of the
procedure; substituting the oscillation-free reactor spec-
trum by an oscillated spectrum with the parameters from
Ref. [2] changes our oscillation parameter results by less
than 0:2". The selection efficiency #!Ep" is estimated from
the fraction of selected coincidence events relative to the
total generated in R< 6 m in the simulation, see Fig. 1
(top).

The dominant background is caused by 13C!$; n"16O
reactions from $-decay of 210Po, a daughter of 222Rn
introduced into the LS during construction. We estimate
that there are !5:56# 0:22" $ 109 210Po $-decays. The
13C!$; n"16O reaction results in neutrons with energies up
to 7.3 MeV, but most of the scintillation energy spectrum is
quenched below 2.7 MeV. In addition, 12C!n; n0"12C%, and
the 1st and 2nd excited states of 16O produce signals in
coincidence with the scattered neutron but the cross sec-
tions are not known precisely. A 210Po13C source was
employed to study the 13C!$; n"16O reaction and tune a
simulation using the cross sections from Refs. [10,11]. We
find that the cross sections for the excited 16O states from
Ref. [10] agree with the 210Po13C data after scaling the 1st
excited state by 0.6; the 2nd excited state requires no
scaling. For the ground state, we use the cross section
from Ref. [11] and scale by 1.05. Including the 210Po
decay-rate, we assign an uncertainty of 11% for the ground
state and 20% for the excited states. Accounting for #!Ep",

there should be 182:0# 21:7 13C!$; n"16O events in the
data.

To mitigate background arising from the cosmogenic
beta delayed-neutron emitters 9Li and 8He, we apply a
2 s veto within a 3-m-radius cylinder around well-
identified muon tracks passing through the LS. For muons
that either deposit a large amount of energy or cannot be
tracked, we apply a 2 s veto of the full detector. We
estimate that 13:6# 1:0 events from 9Li=8He decays re-
main by fitting the time distribution of identified 9Li=8He
since the prior muons. Spallation-produced neutrons are
suppressed with a 2 ms full-volume veto after a detected
muon. Some neutrons are produced by muons that are
undetected by the OD or miss the OD but interact in the
nearby rock. These neutrons can scatter and capture in the
LS, mimicking the !!e signal. We also expect background
events from atmospheric neutrinos. The energy spectrum
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FIG. 1 (color). Prompt event energy spectrum of !!e candidate
events. All histograms corresponding to reactor spectra and
expected backgrounds incorporate the energy-dependent selec-
tion efficiency (top panel). The shaded background and geo-
neutrino histograms are cumulative. Statistical uncertainties are
shown for the data; the band on the blue histogram indicates the
event rate systematic uncertainty.

TABLE II. Estimated backgrounds after selection efficiencies.

Background Contribution

Accidentals 80:5# 0:1
9Li=8He 13:6# 1:0
Fast neutron & Atmospheric ! <9:0
13C!$; n"16Ogs, np! np 157:2# 17:3
13C!$; n"16Ogs, 12C!n; n0"12C% (4.4 MeV %) 6:1# 0:7
13C!$; n"16O 1st exc. state (6.05 MeV e&e') 15:2# 3:5
13C!$; n"16O 2nd exc. state (6.13 MeV %) 3:5# 0:2

Total 276:1# 23:5
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FIG. 2 (color). Allowed region for neutrino oscillation pa-
rameters from KamLAND and solar neutrino experiments. The
side-panels show the "&2-profiles for KamLAND (dashed line)
and solar experiments (dotted line) individually, as well as the
combination of the two (solid line).

PRL 100, 221803 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
6 JUNE 2008

221803-3

multiple nuclear fission reactors 
at an average baseline of ~180 km νe

Survival probability (Pee) reduces 
to a two-neutrino problem in 
vacuum for Δm31

2 >> E/L

2σ tension on               
between solar and KamLAND data

Δm21
2

I. Esteban et al., JHEP 1701:087, 2017

S. Abe et al. [KamLAND Collaboration], 
Phys. Rev. Lett. 100:221803, 2008
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Survival probability (Pee) reduces 
to a two-neutrino problem in 
vacuum for Δm21

2 << E/L

Pee ≈1-sin2 2θ13( )sin2 Δm31
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until 2011

constrained very much. Here the reactor-based neutrino
oscillation experiments play a decisive role.

The determination of the angle θ13 has obvious im-
portance not only for the structure of the lepton mixing
matrix U but for the observability of CP violation in
the lepton sector, as stressed in the Introduction. If θ13

vanishes, or is very small, no CP violation effects are ob-
servable in the lepton sector. Moreover, for the vanishing
θ13 and with three neutrinos only, the lepton mixing is
radically simplified. The electron neutrino is then simply

νe = cos θ12ν1 + sin θ12ν2 , (43)

while the νµ and ντ neutrinos become superpositions of
ν3 and the corresponding orthogonal combination of ν1

and ν2. It is therefore interesting to ask whether reactor-
based experiments can be extended to address regions of
even smaller mixing parameter sin2 2θ13.

10
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∆m
2
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Palo Verde
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FIG. 29. Exclusion plot showing the allowed region of θ13 and
∆m2 based on the Super-Kamiokande preliminary analysis
(the region inside the dotted curve). The region excluded
by the neutrino reactor experiments are to the right of the
corresponding thick and thin continuous curves.

A simple inspection of Table V shows that, using the
Chooz systematics, if all flux and cross-sections related
errors could be set to zero one would be left with an error
of ≃ 1.5%. Hence, assuming a detector large enough to
produce negligible statistical error the total error would
shrink from the present 3.9% to 1.5%.

This scenario is considered by Mikaelyan (2000) that
proposes to use an underground reactor at Krasnoyarsk
in Russia as a source and two identical detectors placed
at distances of ≃ 1100 m and ≃ 250 m. The interesting
feature of the Krasnoyarsk site is that there are substan-
tial facilities available underground, with an overburden
of ∼ 600 m.w.e., twice the depth of Chooz. Indeed

it might even be conceivable to locate the detectors on
rail-cars and periodically switch their position to further
reduce some of the systematics related to detector ef-
ficiency. The proposal discusses the use of 50 tons of
Gd-loaded scintillator for each of the two identical ho-
mogeneous detectors, so that the far detector would col-
lect 50 events/day (the thermal power of the reactor is
in this case lower than at Chooz or Palo Verde). The
background is estimated by Mikaelyan (2000) to be of
5 events/day or less.

This proposal estimates that such an experiment could
reach a sensitivity in mixing strength of better than 0.02
in the ∆m2 region relevant for atmospheric neutrinos.
While the idea looks certainly interesting, it would be
useful to explore how practical it is in general to push
the errors of the absolute ν̄e flux to the 1% domain,
even with the measurements considered here. Note also
that the Krasnoyarsk reactors, according to the Gore-
Chernomyrdin‡‡ agreement, are supposed to be shutdown
for re-coring in not very distant future.

V. EXPLORING THE SOLAR ν ANOMALY ON EARTH:

KAMLAND

While historically solar neutrinos provided the first
hint for oscillations, there is a consensus today that the
strongest evidence for oscillation is the atmospheric neu-
trino anomaly. Indeed, the zenith angle dependence of
the anomaly has substantially helped to eliminate expla-
nations not based on some property of neutrinos them-
selves and the advent of K2K, to be followed soon by
the Minos and CERN to Gran Sasso programs (Wojci-
cki 2001a, 2001b), are bringing the study of oscillations
in this regime to a laboratory activity with both source
and detector well under control.

In the case of solar neutrinos none of the effects that
would be generally considered “smoking guns” for oscil-
lations has yet clearly emerged from the data and their
exploration “in a laboratory setting” is made particularly
challenging by the huge L/Eν required. It is probably a
safe prediction that it will take a very long time before
an accelerator-based experiment will be able to tackle the
solar neutrino problem! However, the very low energy of
reactor neutrinos make a reactor-based oscillation experi-
ment able to reach the Large Mixing Angle (LMA MSW)
solution possible - albeit rather challenging. While the
analysis of current and future solar neutrino experiments
presumably will help to decide which of the

‡‡“US-Russian Plutonium Production Agreement is Signed”
Statement by the White House office of the Vice President,
23 Sept. 1997.

26

only limits

since 2012

The Δm2
32 values were obtained using the full three-flavor

expression from Eq. (2), under the assumptions of normal
(NH) and inverted (IH) mass hierarchy. jΔm2

eej was
obtained from comparison of the observation with the
effective oscillation model given in Eq. (3). The offset
between the values of Δm2

ee and Δm2
32 was identical to an

analytic estimate [67].
Figure 39 compares these estimates to those obtained

using the other statistical methods, as well as for the
alternate sample obtained using selection B. The slight
shift in the estimated value of sin2 2θ13 for selection B was
consistent with statistical uncertainty from those candidate
signals uncommon between the two selections. The offsets
in the estimated value of Δm2

ee for the methods A, B and E
were predominantly caused by the choice of binning of the
prompt energy spectrum below 1.3 MeV. These three
methods divided the low-energy data among multiple bins,
while methods C and D combined the data from 0.7 to
1.3 MeV into a single bin. The estimated values for all
methods were consistent to ≲0.1σ when data below
1.3 MeV was combined into a single bin. Finely binning
the region below 1.3 MeV was also found to sizeably
worsen the goodness of fit. For example, the χ2 of method
D increased by ∼43 (ΔNDF ¼ 16) when the spectrum

FIG. 38. Reconstructed positron energy spectra for the ν̄e candi-
date interactions (black points). The spectra of the detectors in each
experimental hall are combined: EH1 (top), EH2 (middle), and EH3
(bottom). The best-fit three-flavor neutrino oscillation model (red
line) is determined from the difference in rate and spectrumobserved
at the far hall relative to the near halls. A prediction with no
oscillation (blue line) is obtained from the best-fit model, but with
θ13 ¼ 0. The inset in semilogarithmic scale shows the backgrounds.
The ratio of the background-subtracted spectra to the predictionwith
no oscillation is shown in the panel beneath each energy spectrum.
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FIG. 39. A comparison of the estimated values of sin2 2θ13
(top) and Δm2

ee (bottom) obtained using various combinations of
the two selected ν̄e samples, statistical methods, and reactor ν̄e
flux models. The horizontal dashed lines show the best estimate
of each parameter, while the gray regions show the "1σ
confidence interval from the reference results (selection A,
method D, and the Huber-Mueller reactor flux model). The
≲1σ offsets for methods A, B, and E were due to their choice of
binning of the prompt energy spectrum, particularly below
1.3 MeV. When all methods used the same binning as method
C, consistent results were obtained (open circles). See the text for
details.

MEASUREMENT OF ELECTRON ANTINEUTRINO … PHYSICAL REVIEW D 95, 072006 (2017)

072006-41

nuclear fission reactors at a average baselines of ~1 km

20

parameters and the oscillation parameters. The best-
fit values obtained from the rate and spectrum analysis
are sin2 2✓

13

= 0.082 ± 0.009(stat.) ± 0.006(syst.) and
|�m2

ee

| = [2.62+0.21

�0.23

(stat.)+0.12

�0.13

(syst.)] ⇥ 10�3 eV2 with
�2/NDF = 58.9/66, where NDF is the number of de-
grees of freedom. The �2 is constructed as a sum of two
periods, before (⇠400 days) and after (⇠100 days) 252Cf
contamination. Another fit result is also obtained assum-
ing an independent pull parameter for each energy bin
to allow maximum variation of the background shapes
within their uncertainties. The total systematic errors
for both sin2 2✓

13

and |�m2

ee

| remain almost unchanged
by the fit.

Table IX presents separate systematic errors of
sin2 2✓

13

and |�m2

ee

| from several uncertainty sources.
The uncertainties of energy-scale di↵erence and back-
grounds are the dominant sources of the total system-
atic error for |�m2

ee

|. Since the systematic uncertainty
of backgrounds is estimated from the control data sam-
ples, it is expected to be reduced with increased data.
The measured value of |�m2

ee

| corresponds to |�m2

31

| =
(2.64+0.24

�0.26

)⇥10�3 eV2 (|�m2

31

| = [2.60+0.24

�0.26

]⇥10�3 eV2)
for the normal (inverted) neutrino mass ordering, using
measured oscillation parameters of sin2 2✓

12

= 0.846 ±
0.021 and�m2

21

= (7.53±0.18)⇥10�3 eV2 [28]. Figure 28

TABLE IX: Systematic errors from various uncertainty
sources. The dominant sources of the total systematic er-
ror for |�m

2

ee| are the uncertainties of energy-scale di↵erence
and backgrounds.

�|�m

2

ee| (⇥10�3 eV2) �(sin2 2✓
13

)
Reactor +0.018, �0.018 +0.0026, �0.0028
Detection e�ciency +0.020, �0.022 +0.0028, �0.0029
Energy scale +0.081, �0.094 +0.0026, �0.0015
Backgrounds +0.084, �0.106 +0.0030, �0.0028
Total +0.115, �0.133 +0.0055, �0.0052

shows the background-subtracted, observed spectrum at
the far detector compared to the one expected with no
oscillation and the one expected with the best-fit oscilla-
tion at the far detector. The expected spectrum with no
oscillation is obtained by weighting the spectrum at the
near detector with no-oscillation assumption. The ex-
pected spectrum with the best-fit oscillation is obtained
by applying the measured values of ✓

13

and |�m2

ee

| to
the one expected with no oscillation at the far detector.
The observed spectrum at the far detector shows a clear
energy dependent disappearance of reactor ⌫

e

events con-
sistent with neutrino oscillations. Figure 29 shows 68.3,
95.5, and 99.7% C.L. allowed regions for the neutrino os-
cillation parameters |�m2

ee

| and sin2 2✓
13

. The results
from other reactor experiments [30, 31] are also shown in
the figure.
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FIG. 28: (Colors online) Top: comparison of the observed
IBD prompt spectrum in the far detector (points) with the
no-oscillation prediction (blue shaded histogram) obtained
from the measurement in the near detector. The prediction
from the best-fit oscillation is also shown (yellow shaded his-
togram). Bottom: ratio of reactor ⌫e events measured in the
far detector to the no-oscillation prediction (points) and the
ratio from the MC simulation with best-fit results folded in
(shaded band). Errors are statistical uncertainties only al-
though both statistical and systematic uncertainties are in-
cluded in the �

2 fitting.

Spectrum-only results

The spectrum-only analysis uses only spectral shape
information with a free normalization that allows vari-
ation in the expected IBD signal rates. This method
obtains the oscillation frequency of |�m2

ee

| from the en-
ergy dependent disappearance of the reactor ⌫

e

with-
out using the information on the total-rate deficit al-
though it does not provide a sensitive measurement
of ✓

13

. The spectrum-only analysis yields |�m2

ee

| =
(2.62+0.38

�0.41

) ⇥ 10�3 eV2 and sin2 2✓
13

= 0.066+0.042

�0.046

with
�2/NDF = 58.8/67. This result is consistent with those
from rate and spectrum analysis and rate-only analysis
within the errors.

Energy and baseline dependent reactor neutrino
disappearance

The survival probability of reactor ⌫
e

is a function of a
baseline L over neutrino energy E

⌫

as written in Eq.(1).
Because of multiple reactors as a neutrino source, an ef-

Daya Bay

RENO

C. Bemporad, G. Gratta and P. Vogel,  
Rev. Mod. Phys. 74:297, 2002

F. P. An et al. [Daya Bay Col.],  
Phys. Rev. D95:072006, 2016

S. H Seo et al. [RENO Col.],  
arXiv:1610.04326
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Figure 21. The measured energy spectrum of the prompt signal (black points) superimposed on the
prediction without neutrino oscillation (blue dashed line) and the best-fit with sin2 2θ13 = 0.090 (red
line). Background components after the fit are also shown with different colors: accidental (grey,
cross-hatched); 9Li+8He (green, vertical-hatched); and fast neutron + stopping muons (magenta,
slant-hatched).

As a further cross-check, θ13 is found to be sin2 2θ13 = 0.090+0.036
−0.037 by a comparison of

the total observed rate to the prediction (Rate-only fit). Observed rates in the reactor-on
and reactor-off periods are separately used in the fit.

Figure 22 shows the ratio of the data to the null oscillation prediction after subtraction
of the background as a function of the visible energy of the prompt signal. An energy
dependent deficit is clearly seen in the data below 4MeV, which is consistent with the
expectation from reactor neutrino oscillation. On the other hand, besides the oscillatory
signature, a spectrum distortion is observed at high energy above 4MeV, which can be
characterized by an excess around 5MeV and a deficit around 7MeV. In order to examine
the impact of the excess on the measurement of θ13, a test of the R+S fit is carried out
with an artificial excess in the prediction peaked at around 5MeV. The normalization of
the excess is left free in the test fit. Among the outputs of the test fits with different
peak energies and the widths of the excess, the maximum variations of sin2 2θ13 and the
output 9Li+8He rate are within, respectively, 30% and 10% of their uncertainties. With
this, we conclude that the impact of the deviation in the observed energy spectrum on
the sin2 2θ13 measurement is not significant. In addition, measured value of sin2 2θ13 by
the R+S fit agrees with that from RRM analysis independently of the spectrum shape,
which demonstrates the robustness of the θ13 measurement despite the observed distortion.
Possible causes of the spectrum distortion are investigated in Section 9.
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D-CHOOZ

below 1.3 MeV was binned identically to method A, and
the shift of the estimated value of Δm2

ee observed by
method A was reproduced. Alternatively, increasing the
systematic uncertainty of the finely binned energy spectrum
below 1.3 MeV also resolved the discrepancies. These
observations indicated that the combined modeling of the
large systematics at low energies, including relative energy
scale differences and energy loss in the IAV, was insuffi-
cient for the case of a finely binned low-energy spectrum.
In contrast, the results had negligible dependence on the
choice of binning above 1.3 MeV. Variations were ≲0.1σ
for Δm2

ee, while those for sin2 2θ13 were even smaller.
For illustrative purposes, the spectral distortion shown in

Fig. 38 can be displayed as the ν̄e survival probability
versus L=Eν. The probability of ν̄e disappearance for each
bin in the prompt positron energy spectrum was given by
the observed signal divided by the prediction assuming no
oscillation, after subtraction of background. The prediction
includes corrections to the absolute reactor ν̄e flux as
constrained by the observation. An average ν̄e energy
hEνi was estimated for each bin in the prompt positron
spectra from the model of the detector response previously
discussed. Given that it was not possible to determine the
reactor of origin for each ν̄e interaction, an effective
baseline Leff was determined for each experimental hall,
according to Eq. (56). Figure 40 shows the observed ν̄e
survival probability as a function of effective baseline Leff
divided by the average antineutrino energy hEνi. Almost
one full oscillation cycle was sampled, given the range of
L=Eν values which were measured. The data from all three
experimental halls were consistent with the three-flavor
oscillation hypothesis.
The confidence regions for Δm2

ee versus sin2 2θ13 are
shown in Fig. 41. The confidence regions were obtained
using the change of the χ2 value relative to that of the best
fit, Δχ2 ¼ χ2 − χ2min, as a function of sin2 2θ13 and jΔm2

eej.
All other model parameters were profiled during the
determination of the value of Δχ2. The confidence regions
are defined as Δχ2 less than 2.30 (68.27% C.L.), 6.18
(95.45% C.L.), and 11.83 (99.73% C.L.). The one-dimen-
sional distribution of Δχ2 is also provided for each
individual parameter, where the alternate parameter has
been profiled. A table of Δχ2 values as a function of
sin2 2θ13 and jΔm2

eej is provided as Supplemental
Material [40].
The precision of this measurement of θ13 was limited by

statistics, although systematic uncertainty from differences
of the ν̄e efficiency between detectors and predicted reactor
flux also contributed significantly. For jΔm2

eej, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from poten-
tial 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 ν̄e interactions in the IAValso contributed.

FIG. 40. Measured reactor ν̄e spectral distortion, displayed as
the oscillation survival probability versus Leff=Eν. The effective
propagation distance Leff was estimated for each hall based on the
distribution of reactors contributing to the signal [see Eq. (56)].
The average true ν̄e energy hEνi was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ν̄e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ν̄e survival over almost
one full cycle, demonstrating distinct evidence in support of
neutrino flavor oscillation.

FIG. 41. Confidence regions of sin2 2θ13 and jΔm2
eej from a

combined analysis of the prompt positron spectra and rates. The
1σ, 2σ, and 3σ two-dimensional confidence regions are estimated
using Δχ2 values of 2.30 (red), 6.18 (green), and 11.83 (blue)
relative to the best fit. The upper panel provides the one-
dimensional Δχ2 for sin2 2θ13 obtained by profiling jΔm2

eej (blue
line), and the dashed lines mark the corresponding 1σ, 2σ, and 3σ
intervals. The right panel is the same, but for jΔm2

eej, with
sin2 2θ13 profiled. The point marks the best estimates, and the
error bars display their one-dimensional 1σ confidence intervals.
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νµ /νµ

Pµµ ≈1- cos4θ13sin2 2θ23( )+sin2θ13sin2θ23( )sin2 Δm31
2 L

4E
⎛
⎝⎜

⎞
⎠⎟

 produced from π decay 
 baselines > 100 km 
 energies ~ GeV 

 νμ → νμ 
 νμ → νe

Disappearance probability (Pμμ) reduces to 
a two-neutrino problem in vacuum for Δm21

2 << E/L

Appearance probability (Pμe) incorporates  
genuine three-neutrino effects

Two types of experiments: disappearance and appearance

νl +N→ l + X
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D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ϵ1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived

M. H. Ahn et al. [K2K Col.],  
Phys. Rev. D74:072003, 2006
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Figure 9. The energy spectrum of ⌫µ CC interactions observed in the ND, compared to the
simulation.
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Figure 10. The energy spectra of ⌫µ and ⌫µ CC interactions observed at the FD, compared to the
expectation with and without oscillation. The top row shows beam-induced neutrinos; the bottom
row shows atmospheric neutrinos.

All the observed ⌫µ and ⌫µ CC interactions are fit according to equation (2.1), under
the assumption that neutrinos and antineutrinos have the same oscillation parameters.
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All the observed ⌫µ and ⌫µ CC interactions are fit according to equation (2.1), under
the assumption that neutrinos and antineutrinos have the same oscillation parameters.
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L ~ 735 km 
E ~ few GeV 

two iron detectors:  
Near (1 ton) and  
Far (5.4 kton)

J. Evans [MINOS Col.],  
Adv. High Energy Phys. 2013:182537, 2013
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L ~ 295 km 
E ~ 0.6 GeV

T2K NOvA L ~ 735 km 
E ~ few GeV 

two scintillator detectors:  
Near (0.2 ton) and  

Far (14 kton)

P. Adamson et al. [NOvA Col.],  
Phys. Rev. D93:051104, 2016
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Figure 2: Predicted reconstructed energy spectra for the four data samples in the
absence of neutrino oscillations, and after the data fit without reactor constraint on
sin2 2✓13. The data are overlaid, and the ratio of the data and best-fit prediction to
the unoscillated prediction is also shown.

The T2K measurement of sin2 ✓13 and �CP is shown in Figure 4. The 2D credible
intervals from data fits with and without the reactor constraint on sin2 2✓13 are shown in
Figure 4a. Good agreement is seen in both fits, and the T2K measurement of sin2 ✓13 is
consistent with the reactor measurement (shown as a red ±1� band). Previous T2K
results had no sensitivity to �CP when fitting without the reactor constraint, but now
that antineutrino-mode data is also being included we see a 90% closed contour.

The one-dimensional posterior probability density as a function of �CP from the
fit with reactor constraint is shown in Figure 4b. This can be interpreted as the
probability – given the T2K data and fitting model – that the true value of �CP lies
in a given bin on the histogram. The 68% and 90% 1D credible intervals are also
shown. The 68% interval contains �CP2 [�2.58,�0.628], and the 90% interval covers
�CP2 [�3.10,�0.07], both excluding the CP -conserving values �CP= 0,±⇡.

This is the first time that an experimental 90% exclusion of the CP -conserving
values of �CP has been reported, but it is important to consider the potential e↵ect of
statistical fluctuations in this measurement. The sensitivity to �CP in T2K is driven by
⌫e and ⌫e appearance. Table 3 shows the predicted number of events in the 1Re samples
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Figure 2: Predicted reconstructed energy spectra for the four data samples in the
absence of neutrino oscillations, and after the data fit without reactor constraint on
sin2 2✓13. The data are overlaid, and the ratio of the data and best-fit prediction to
the unoscillated prediction is also shown.

The T2K measurement of sin2 ✓13 and �CP is shown in Figure 4. The 2D credible
intervals from data fits with and without the reactor constraint on sin2 2✓13 are shown in
Figure 4a. Good agreement is seen in both fits, and the T2K measurement of sin2 ✓13 is
consistent with the reactor measurement (shown as a red ±1� band). Previous T2K
results had no sensitivity to �CP when fitting without the reactor constraint, but now
that antineutrino-mode data is also being included we see a 90% closed contour.

The one-dimensional posterior probability density as a function of �CP from the
fit with reactor constraint is shown in Figure 4b. This can be interpreted as the
probability – given the T2K data and fitting model – that the true value of �CP lies
in a given bin on the histogram. The 68% and 90% 1D credible intervals are also
shown. The 68% interval contains �CP2 [�2.58,�0.628], and the 90% interval covers
�CP2 [�3.10,�0.07], both excluding the CP -conserving values �CP= 0,±⇡.

This is the first time that an experimental 90% exclusion of the CP -conserving
values of �CP has been reported, but it is important to consider the potential e↵ect of
statistical fluctuations in this measurement. The sensitivity to �CP in T2K is driven by
⌫e and ⌫e appearance. Table 3 shows the predicted number of events in the 1Re samples

5

6

simulation. Because the detectors are functionally iden-
tical, many systematic uncertainties largely cancel in the
measurements of sin2 ✓23 and �m

2
32. The uncertainties

assessed and their impact are summarized in Table I.
For the beam-induced backgrounds, which are small, a

normalization uncertainty of 100% is assigned. The mea-
sured background outside the beam spill window has neg-
ligible uncertainty. The neutrino interaction cross sec-
tion and hadronization uncertainties are determined by
altering each cross section and hadronization parameter
by its predetermined uncertainties in the GENIE simula-
tion, which vary in size from 15% to 25%, as specified
in Ref. [27]. Uncertainties in particle-transport modeling
are assessed by comparing alternative hadronic models
in the GEANT4 simulation. The beam flux normaliza-
tion uncertainty in each detector is dominated by beam-
line hadron production uncertainties. This uncertainty
is approximately 20% near the peak of the spectrum, es-
timated by comparing simulated pion and kaon yields in
the NuMI target to measured yields for interactions of
158GeV protons on a thin carbon target in the NA49
experiment [28, 29]. The detector exposure uncertainty,
which accounts for uncertainties in detector mass and
periods of data collection when only one detector was
operational, is 1%.

The uncertainty in muon energy scale is 2%, driven by
detector mass and muon energy-loss modeling. The un-
certainty in calorimetric (hadronic) energy scale is 14.9%,
the quadrature sum of the 14% uncertainty assigned to
reflect the di↵erence in Ehad scales used in data and sim-
ulation, and 5% derived from comparisons of muon and
Michel electron data and simulation. An additional rela-
tive 5.2% calorimetric energy uncertainty is taken uncor-
related between the two detectors. The main component
of this is a 5% uncertainty derived from muon and Michel
electron studies. An additional 1.4% comes from poten-
tial di↵erences in Ehad scale between the ND and FD
due to their di↵ering neutrino spectra (primarily due to
oscillations). To estimate this uncertainty, the simulated
ND kinematic distributions were fit to data by adjusting
some or all of the normalizations, hadronic energy scales,
and muon energy scales of QE, RES, and DIS events
separately in the simulation. The fit results were then
applied to FD simulation, and the largest relative energy
o↵set seen between detectors across the ensemble of fits
was 1.4%. The largest normalization o↵set seen was 1%,
which is also taken as an uncertainty.

Upon applying the FD event selection criteria to the
full data set reported here, a total of 33 ⌫µ CC candi-
date events are observed for reconstructed neutrino ener-
gies below 5GeV. The total expected background is 3.4
events, which includes 2.0± 2.0 NC events and 1.4± 0.2
cosmic-ray events. In the absence of neutrino oscillations
211.8± 12.5 (syst.) candidate events are predicted. The
energy spectrum for the sample is shown in Fig. 5.

Using a three-flavor neutrino oscillation model that in-
cludes matter e↵ects, the data are fit for sin2 ✓23 and
�m

2
32 assuming either the normal or inverted mass hi-
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mostly NC and cosmic-ray muons.
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DeepCore [7], NO⌫A [8], MINOS and MINOS+ [9], and Super-Kamiokande [10].

for a number of di↵erent values of �CP and the neutrino mass hierarchy, as well as the
measured number of events in each data sample. The observed number of events
is most consistent with the normal mass hierarchy and �CP= �⇡/2. In fact, even
these parameter values underpredict the neutrino-mode 1Re sample and overpredict
the antineutrino-mode 1Re sample. This implies more CP violation than is physically
possible in the PMNS framework, and the result is a stronger-than-expected exclusion
of �CP= 0 and ±⇡. However, this could just be due to statistical fluctuations in
the two samples, which contain small numbers of events. This is important because
statistical fluctuations can go both ways; if we are indeed seeing this stronger-than-
expected constraint on �CP because of a statistical fluctuation, we may find that the
�CP constraint gets “worse” as more data are collected if the fluctuation resolves or
goes in the other direction.

⌫-mode 1Re ⌫-mode 1Re

Mass hierarchy Normal Inverted Normal Inverted
�CP=-⇡/2 28.7 25.4 6.0 6.5
�CP=0 24.2 21.3 6.9 7.4
�CP -⇡/2 19.6 17.1 7.7 8.4
�CP=±⇡ 24.1 21.3 6.8 7.4
Data 32 4

Table 3: Number of events observed in the neutrino-mode and antineutrino-mode
1Re samples and predicted for di↵erent oscillation parameters.
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atmospheric neutrinos

leading experiment during the last 20 years

50 kton water-Cherenkov detector

T. Kajita et al. / Nuclear Physics B 908 (2016) 14–29 25

Fig. 10. Zenith angle and momentum distributions for atmospheric neutrino subsamples used for recent analyses by 
Super-Kamiokande to study subleading effects, preferences for mass hierarchy and δCP , as well as searches for astro-
physical sources such as dark matter annihilation.

In addition to trying to determine or more precisely measure the parameters of the three-flavor 
paradigm, we find atmospheric neutrinos to be fertile ground for searching for exotic phenomena; 
the range of energies and baselines are very large, upward-going neutrinos pass through matter 
of various density, and two flavors of neutrinos and antineutrinos are present in the flux. On 
top of the standard neutrino oscillations, we have searched for deviations and subleading effects 
from sterile neutrinos [63], mass-varying neutrinos [78,79], non-standard interactions [80–82], 
and Lorentz violation [83]. We searched for, but did not find any differences in the oscillation 
between neutrinos and antineutrinos [84], relying on statistical difference in the response of the 
atmospheric sample. And we have made comprehensive measurements of the flux of atmospheric 
neutrinos [85,86] in order to test the underlying cosmic ray physics such as variations of flux with 
the level of solar activity and azimuthal asymmetry due to geomagnetic cutoff (also known as 
the East–West effect, first observed in atmospheric neutrinos by SK-I [87]).
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Fig. 4. The confidence intervals for νµ → ντ oscillations. The left plot is based on the 1998 analysis of 33.0 kt-yr of 
Super-K data [32], and is plotted as a function of sin2 2θ with $m2 on a logarithmic scale. The right plot contains the 
90% confidence interval from a 2015 (preliminary) SK atmospheric oscillation analysis, plotted as $m2 versus sin2 θ23. 
This interval assumes normal hierarchy, and is compared to final results from MINOS and recent results from T2K. The 
bold inset square region on the left plot approximates the interval from the right plot for SK atmospheric neutrinos.

The result of the fit is shown in the left panel of Fig. 4 as confidence interval contours. The 
Super-Kamiokande measurement found lower values of $m2 than were suggested by Kamio-
kande [27], favoring a mass splitting of a few times 10−3 eV2. The Kamiokande interval now 
seems to be on the high side for $m2, but is probably consistent at the few percent level. As 
a historical note, some of the subsequent long-baseline experiments, designed as this story was 
unfolding, were optimized for larger values of $m2 and hoped to take advantage of a modest 
amount of ντ appearance. The lower values favored by nature made the task more difficult for 
experiments such as MINOS and OPERA. OPERA has now reported five ντ events [33] over an 
expected background of 0.25 events based on four years of running from 2008 to 2012.

The first long-baseline experiment, K2K [34], exposed the Super-K detector to a beam of 
neutrinos produced 250 km away at KEK. The K2K experiment detected 58 single-ring µ-like 
events compared to an expectation of 158 events with an energy spectrum and fitted parameters 
consistent with those measured by Super-K [35]. This provided confirmation of atmospheric neu-
trino oscillation using a man-made neutrino source. Subsequent measurements by long-baseline 
experiments such as MINOS [36] and T2K [37] are now more precise, consistent with the lat-
est SK atmospheric measurements, and consistent with the original 1998 result from Super-K. 
The right panel in Fig. 4 shows the confidence intervals from the analysis of SK I-through-IV 
atmospheric neutrino data in 2015 overlayed with results from MINOS and T2K.

The next two Super-Kamiokande papers [38,39] used the upward-going muon sample as an 
independent confirmation of the oscillation effect. The upward-going muon data sample is not 
just statistically independent, it also has many distinct experimental aspects that differentiate it 
from the fully-contained and partially-contained analyses [40,41]. Upward-going muons are the 
result of muon neutrino interactions in the rock below and around the detector. The observed 
particle is the high energy muon that reaches the detector. The muon retains the direction of the 
neutrino with good accuracy, but the neutrino energy may only be inferred from a parent distri-
bution. For muons that stop in the detector, the mean parent neutrino energy is roughly 10 GeV; 

νµ /νe
Super-Kamiokande
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Beyond the two-neutrino picture

Pµe ≈ sin2 2θ13( )sin2θ23
sin2 (1∓A)Δ( )
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A
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1∓A( ) cos Δ± δ( )

      +α 2cos2θ23sin2 2θ12( )sin
2 AΔ( )
A2

 determination of the θ23 octant 
 determination of the mass hierarchy 
 determination of CP violation 
 improvement of two-neutrino analyses 

Δ ≡ Δm31
2 L

4E A ≡ V L
2Δ

atmospheric term

interference term

solar term

upper sign: neutrinos 
lower sign: antineutrinos
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Figure 2: Predicted reconstructed energy spectra for the four data samples in the
absence of neutrino oscillations, and after the data fit without reactor constraint on
sin2 2✓13. The data are overlaid, and the ratio of the data and best-fit prediction to
the unoscillated prediction is also shown.

The T2K measurement of sin2 ✓13 and �CP is shown in Figure 4. The 2D credible
intervals from data fits with and without the reactor constraint on sin2 2✓13 are shown in
Figure 4a. Good agreement is seen in both fits, and the T2K measurement of sin2 ✓13 is
consistent with the reactor measurement (shown as a red ±1� band). Previous T2K
results had no sensitivity to �CP when fitting without the reactor constraint, but now
that antineutrino-mode data is also being included we see a 90% closed contour.

The one-dimensional posterior probability density as a function of �CP from the
fit with reactor constraint is shown in Figure 4b. This can be interpreted as the
probability – given the T2K data and fitting model – that the true value of �CP lies
in a given bin on the histogram. The 68% and 90% 1D credible intervals are also
shown. The 68% interval contains �CP2 [�2.58,�0.628], and the 90% interval covers
�CP2 [�3.10,�0.07], both excluding the CP -conserving values �CP= 0,±⇡.

This is the first time that an experimental 90% exclusion of the CP -conserving
values of �CP has been reported, but it is important to consider the potential e↵ect of
statistical fluctuations in this measurement. The sensitivity to �CP in T2K is driven by
⌫e and ⌫e appearance. Table 3 shows the predicted number of events in the 1Re samples
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Figure 2: Predicted reconstructed energy spectra for the four data samples in the
absence of neutrino oscillations, and after the data fit without reactor constraint on
sin2 2✓13. The data are overlaid, and the ratio of the data and best-fit prediction to
the unoscillated prediction is also shown.

The T2K measurement of sin2 ✓13 and �CP is shown in Figure 4. The 2D credible
intervals from data fits with and without the reactor constraint on sin2 2✓13 are shown in
Figure 4a. Good agreement is seen in both fits, and the T2K measurement of sin2 ✓13 is
consistent with the reactor measurement (shown as a red ±1� band). Previous T2K
results had no sensitivity to �CP when fitting without the reactor constraint, but now
that antineutrino-mode data is also being included we see a 90% closed contour.

The one-dimensional posterior probability density as a function of �CP from the
fit with reactor constraint is shown in Figure 4b. This can be interpreted as the
probability – given the T2K data and fitting model – that the true value of �CP lies
in a given bin on the histogram. The 68% and 90% 1D credible intervals are also
shown. The 68% interval contains �CP2 [�2.58,�0.628], and the 90% interval covers
�CP2 [�3.10,�0.07], both excluding the CP -conserving values �CP= 0,±⇡.

This is the first time that an experimental 90% exclusion of the CP -conserving
values of �CP has been reported, but it is important to consider the potential e↵ect of
statistical fluctuations in this measurement. The sensitivity to �CP in T2K is driven by
⌫e and ⌫e appearance. Table 3 shows the predicted number of events in the 1Re samples
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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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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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count is 5.0% (10.5%) on the signal (background). The
statistical uncertainties of 20.1% (34.9%) on the signal
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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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FIG. 35: Comparison of 68% (dashed) and 90% (solid) CL regions combined with the

results from reactor experiments with di↵erent mass hierarchy assumptions using ��

2 with

respect to the best-fit point, the one from the fit with normal hierarchy. The parameter

|�m

2| represents �m

2
32 or �m

2
13 for normal and inverted mass hierarchy assumptions

respectively.
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K. Abe et al. [T2K Col.],  
Phys. Rev. D91:072010, 2015

Concha Gonzalez-Garcia3 ν Analysis: δCP and Ordering in LBL

• Dominant information from νe appearance in LBL

Pµe ≃ s223 sin
2 2θ13
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atmospheric neutrinos: mass hierarchy
θ13 drives subdominant νμ→νe transitions in atmospheric 

neutrinos traversing the Earth with energies between 1-10 GeV

E. Kh. Akhmedov, S. Razzaque and A. Yu. Smirnov, JHEP 1302:082, 2013

only present for neutrinos if NH and for antineutrinos if IH

mantle-core effect

mantle effect

Fe
Fe

0 -1 ≈ r sin2θ23 -1( )P2ν Δm31
2 ,θ13( )

        + r cos2θ23 -1( )P2ν Δm21
2 ,θ12( )

        + (δ -dependent term) 

r = Fµ
0

Fe
0 ≈ 2 (sub-GeV); 2.6 -4.5 (multi -GeV)
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atmospheric neutrinos: mass hierarchy
Two types of detectors

with charge 
discrimination

without charge 
discrimination

neutrinos are not distinguished 
from antineutrinos 
But at first order…

PNH = PIH

how can we determine the hierarchy?

cross sections and fluxes are different

magnetized detectors

sin2 2θ13 = 0.10sin2 2θ13 = 0.05

sin
22θ

23 =
0.36

sin
22θ

23 =
0.50

sin
22θ

23 =
0.64

IH

NH

2-neutrino

SPR and S. T. Petcov, Nucl. Phys. B712:392, 2005

A
µ−µ+ =

N
µ− − Nµ+

N
µ− + Nµ+
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atmospheric neutrinos: mass hierarchy
Future detectors 

with charge 
discrimination

without charge 
discrimination

Physics Potential of ICAL at INO
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Figure 5.13: ��2
ICAL�MH as a function of the exposure assuming NH (left panel) and IH

(right panel) as true hierarchy. The line labelled (Eµ, cos ✓µ) denotes results without includ-
ing hadron information, while the line labelled (Eµ, cos ✓µ, E 0

had) denotes improved results
after including hadron energy information [14]. Here we have taken sin2 2✓13(true) = 0.1 and
sin2 ✓23(true) = 0.5.

Figure 5.13 shows the mass hierarchy sensitivity of ICAL as a function of the run-time
of the experiment. It is found that after including the hadron energy information, 10 years
of running of the 50 kt ICAL can rule out the wrong hierarchy with ��2

ICAL�MH ⇡ 9.7
(for true NH), and ��2

ICAL�MH ⇡ 9.1 (for true IH). In other words, the wrong hierarchy
can be ruled out to about 3� for either hierarchy. If the true values of ✓23 and ✓13 are
varied over their allowed 3� range, the corresponding range for ��2

ICAL�MH after 10 years
is 7–12. Compared to the results without using hadron information, with the same binning
scheme, the value of ��2

ICAL�MH increases by about 40% when the correlated hadron energy
information is added. This improvement is not merely due to using additional bins compared
to the muon-only analysis, as can be checked by comparing the results with those in Sec. 5.2.

5.4.3 Precision Measurement of Atmospheric Parameters

In order to quantify the precision in the measurements of a parameter � (here � may be
sin2 ✓23 or �m2

32 or both), we use the quantity

��2
ICAL�PM(�) = �2

ICAL(�)� �2
0 , (5.18)

where �2
0 is the minimum value of �2

ICAL in the allowed parameter range.
The two panels of Fig. 5.14, show the sensitivity of ICAL to the two parameters sin2 ✓23

and |�m2
32| separately, where the other parameter has been marginalized over, along with ✓13

and the two possible mass hierarchies. While the figure shows the results for NH as the true
hierarchy, the results with true IH are almost identical. It may be observed from the figure
that with the inclusion of hadron energy information, 500 kt-yr of ICAL exposure would be
able to measure sin2 ✓23 to a 1� precision of 12% and |�m2

32| to a 1� precision of 2.9%. This
may be compared with the muon-only analysis with identical (Eµ, cos ✓µ) binning, which
gives the precisions of 13.7% and 5.4%, respectively.

70

S. Ahmed et al. [ICAL Col.], Pramana 88:79, 2017

ICAL@INO: 50 kton ORCAPINGU

Preliminary

Figure 16: Significance of the neutrino mass hierarchy determination as a function of time, using the
Fisher/Asimov approach and a full complement of systematics (see text for details). Note the red dashed
line shows the expectation for a

p
t dependence.
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KM3NeT 2.0: Letter of Intent for ARCA and ORCA
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Figure 105: Comparison of the mass hierarchy sensitivity calculated using the old method (dashed lines) and
the new method (solid lines). In the former, the significance is calculated to reject the other hierarchy at
the same ✓23, whereas in the latter the alternative hypothesis has a different ✓23. The differences are rather
small, but there is a noticeable decrease in the second octant IH mass hierarchy sensitivity. This is for the
9 m spacing and three years of operation time, using the default settings (particularly, �CP,true = 0

�).
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Figure 106: The mass hierarchy sensitivity for 9 m spacing, using the default settings. This includes a fit of
✓23, �M2, �CP and the five systematics. The left plot shows its dependency on ✓23 for two values �CP for
three years of operation time whereas the right plot illustrates its improvement over time for two selected
values of ✓23 and �CP = 0

�.
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sterile neutrinos?

After reevaluating the reactor neutrino 
fluxes, predictions were lower by about 3.5%

Th. A. Mueller, Phys. Rev. C83:054615, 2011 
P. Huber, Phys. Rev. C84:024617, 2011

An sterile neutrino at the eV scale? 
Incompatible with short-baseline 
and atmospheric neutrinos 
Problems in cosmology

V. LSND/MiniBOONE and sterile neutrinos 63

The LSND experiment

• Source: ⇡+ ! µ+⌫µ at rest, µ+ ! e+⌫e⌫̄µ;
• Signal: ⌫̄e appearance, hLi ' 35 m;
• Karmen: no evidence at hLi ' 17 m.
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The LSND experiment 
observed νe appearance 
at short distance 
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FIG. 5: MiniBooNE allowed regions in combined neutrino and
antineutrino mode for events with 200 < EQE

ν < 3000 MeV
within a two-neutrino νµ → νe and ν̄µ → ν̄e oscillation model.
Also shown is the ν̄µ → ν̄e limit from the KARMEN exper-
iment [26]. The shaded areas show the 90% and 99% C.L.
LSND ν̄µ → ν̄e allowed regions. The black star shows the
best fit point.

the neutrino oscillation energy range 200 < EQE
ν <

1250 MeV. The allowed regions from a two-neutrino fit
to the data, shown in Fig. 5, are consistent with νµ → νe
and ν̄µ → ν̄e oscillations in the 0.01 to 1 eV2 ∆m2 range
and consistent with the allowed region reported by the
LSND experiment [1].
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MiniBooNE is 
compatible with 
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but not with other 
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NON-Standard Interactions?
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Potential effects in all experiments 
Parameter degeneracies
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