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Art MacDonald
SNO

“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

NOBEL 2015 

“for the discovery of neutrino flavor transformations, 
which shows that neutrinos have mass”
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.

This research was supported by: Canada: NSERC, In-
dustry Canada, NRC, Northern Ontario Heritage Fund
Corporation, Inco, AECL, Ontario Power Generation;
US: Dept. of Energy; UK: PPARC. We thank the SNO
technical staff for their strong contributions.

∗ Permanent Address: Birkbeck College, University of
London, Malet Road, London WC1E 7HX, UK

† Deceased
[1] H.H. Chen, Phys. Rev. Lett. 55, 1534 (1985).

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

)-1 s-2 cm6 (10eφ

)
-1

 s
-2

 c
m

6
 (1

0
τ
µ
φ SNO

NCφ

SSMφ

SNO
CCφ

SNO
ESφ

FIG. 3: Flux of 8B solar neutrinos which are µ or τ flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total 8B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.
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Vacuum ⇥e Survival Probability:

⌅Pee⇧ = f1 cos2 �� + f2 sin2 ��

where f1 and f2 are the fraction of ⇥1 and ⇥2 at production.

In vacuum f1 = cos2 �� and f2 = sin2 ��.

Note energy independence.

⌅Pee⇧ = cos4 �� + sin4 �� = 1� 1
2 sin2 2��

for pp and 7Be this is approximately THE ANSWER.

f1 ⇥ 69% and f2 ⇥ 31% and ⌅Pee⇧ ⇤ 0.6
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SNO’s CC/NC

CC
NC = ⌅Pee⇧ = f1 cos2 �� + f2 sin2 ��

f1 =
�

CC
NC � sin2 ��

�
/ cos 2��

= (0.35� 0.31)/0.4 ⇤ 10 ± ???%
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Scattering Cross Section
The concept of cross section, as its name suggests, is that of effective area
for collision. The cross section of a spherical target is

The angle of scattering in Rutherford scattering depends upon the impact
parameter, with larger deflection occurring for smaller impact parameters.
The area of a circle of radius = b = impact parameter is then the cross
section for scattering above the angle associated with b, since any particle
arriving with r less than b will scatter to a larger angle. Therefore, the cross
section for scattering at a greater angle than some chosen angle is

Note that this expression is for alpha particles with Zp=2. For projectiles
with another charge Zp, then you would multiply this expression by Zp

2/4.

Calculation of impact parameter and closest approach
Determining the cross section and scattered fraction
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It's Ernest Rutherford's birthday today. Along
with Michael Faraday, Rutherford was the
greatest experimentalist in modern history and
the twentieth century's experimental counterpart
to Einstein. Rutherford stands out because he
defies the traditional notion of genius. He was a
gruff, plain spoken man with a booming voice
who came from simple farming roots. He had
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for high-flying theorizing; he once said that
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we discover truths about the universe". And yet
he had an eye for theoretical talent that allowed
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theoretician and philosopher as you could find.
When asked why he adored Bohr in spite of his
general disdain for theoreticians, he famously
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Daya Bay RENOObservation of a New Reactor Neutrino  
Component at 5 MeV in RENO 

Fraction of 5 MeV excess (%) to expected flux   [2011 Huber+Mueller] 

#  Near : 2.18 ± 0.40 (experimental) ± 0.49 (expected shape error)                 
#  Far    : 1.78 ± 0.71 (experimental) ± 0.49 (expected shape error) 
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin

2

2✓
13

= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2
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13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin
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2✓
13

.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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(shaded band, 68.3% C.L.) was consistent with measurements of
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32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
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antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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antineutrino flux using a single baseline.
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the expectation derived from the near sites excluding (blue line) or
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We report a new measurement of electron antineutrino disappearance using the fully-constructed Daya Bay
Reactor Neutrino Experiment. The final two of eight antineutrino detectors were installed in the summer
of 2012. Including the 404 days of data collected from October 2012 to November 2013 resulted in a total
exposure of 6.9⇥105 GWth-ton-days, a 3.6 times increase over our previous results. Improvements in energy
calibration limited variations between detectors to 0.2%. Removal of six 241Am-13C radioactive calibration
sources reduced the background by a factor of two for the detectors in the experimental hall furthest from the
reactors. Direct prediction of the antineutrino signal in the far detectors based on the measurements in the near
detectors explicitly minimized the dependence of the measurement on models of reactor antineutrino emission.
The uncertainties in our estimates of sin

2
2✓13 and |�m2

ee| were halved as a result of these improvements.
Analysis of the relative antineutrino rates and energy spectra between detectors gave sin2

2✓13 = 0.084±0.005
and |�m2

ee| = (2.42± 0.11)⇥ 10

�3
eV

2 in the three-neutrino framework.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g
Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay

Neutrino flavor oscillation due to the mixing angle ✓
13

has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin

2

2✓
13

by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW

th

-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
improvements the precision of sin2 2✓

13

was enhanced by a
factor of two compared to the world’s previous best estimate.
The precision of |�m2

ee| was equally enhanced, and is
now competitive with the precision of |�m2

32

| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E
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+En+0.78 MeV, where E
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is the prompt energy including
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We report a new measurement of electron antineutrino disappearance using the fully-constructed Daya Bay
Reactor Neutrino Experiment. The final two of eight antineutrino detectors were installed in the summer
of 2012. Including the 404 days of data collected from October 2012 to November 2013 resulted in a total
exposure of 6.9⇥105 GWth-ton-days, a 3.6 times increase over our previous results. Improvements in energy
calibration limited variations between detectors to 0.2%. Removal of six 241Am-13C radioactive calibration
sources reduced the background by a factor of two for the detectors in the experimental hall furthest from the
reactors. Direct prediction of the antineutrino signal in the far detectors based on the measurements in the near
detectors explicitly minimized the dependence of the measurement on models of reactor antineutrino emission.
The uncertainties in our estimates of sin

2
2✓13 and |�m2

ee| were halved as a result of these improvements.
Analysis of the relative antineutrino rates and energy spectra between detectors gave sin2

2✓13 = 0.084±0.005
and |�m2

ee| = (2.42± 0.11)⇥ 10

�3
eV

2 in the three-neutrino framework.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g
Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay

Neutrino flavor oscillation due to the mixing angle ✓
13

has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin

2

2✓
13

by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW

th

-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
improvements the precision of sin2 2✓

13

was enhanced by a
factor of two compared to the world’s previous best estimate.
The precision of |�m2

ee| was equally enhanced, and is
now competitive with the precision of |�m2

32

| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E

p

+En+0.78 MeV, where E
p

is the prompt energy including

NO: |�m2

31

| = (1+3%)|�m2

32

| IO: |�m2

31

| = (1�3%)|�m2

32

|

|�m2

31

| 6= |�m2

31

| |�m2

32

| 6= |�m2

32

| & |�m2

31

| 6= |�m2

32

|

10

38 ⌫/sec

⌫
2

dominate here !

CC: ⌫
e

+ D ! p + p + e�

NC: ⌫
x

+ D ! p + n + ⌫
x

ES: ⌫
e

+ e� ! ⌫
e

+ e�

and ⌫
µ/⌧

+ e� ! ⌫
µ/⌧

+ e�

✓
23

?
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• Daya Bay

• RENO

• JUNO & RENO 50

• RENO

• JUNO & RENO 50

�m2
ee is, obviously, some combination of �m2

31 and �m2
32 !

But What Combination ?

⌫e average ???????
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10 % measurement !
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�m2
ee is, obviously, some combination of �m2

31 and �m2
32 !

But What Combination ?
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�m2
ee is, obviously, some combination of �m2

31 and �m2
32 !

But What Combination ?
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Desirable Features:

• L/E independent

• Simple relationship to �m2
31 and �m2

32

• Useful for experiments at any L

⌫e average ???????
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In vacuum the electron neutrino disappearance is

P = 1� 4|Ue2|2|Ue1|2 sin2�21

�4|Ue3|2|Ue1|2 sin2�31 � 4|Ue3|2|Ue2|2 sin2�32

= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

(the mass ordering is built into the signs of �m2
3i).
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In vacuum the electron neutrino disappearance is

Pee = 1� 4|Ue2|2|Ue1|2 sin2�21

�4|Ue3|2|Ue1|2 sin2�31 � 4|Ue3|2|Ue2|2 sin2�32

= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

(the mass ordering is built into the signs of �m2
3i and �m2

ee )

�ij ⌘ �m2
ijL

4E
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In vacuum the electron neutrino disappearance is

Pee = 1� 4|Ue2|2|Ue1|2 sin2�21
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= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�rr

(the mass ordering is built into the signs of �m2
3i and �m2
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�ij ⌘ �m2
ijL

4E
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( < 0.01 )
( < 0.1 )
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Where is the first minima ?

L

E

⇡ 2⇡

( cos

2

✓

12

�m

2

31

+sin

2

✓

12

�m

2

32

)

So how about ?

�m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32
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E
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2

✓
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�m

2
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2

✓
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�m

2

32
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So how about ?

�m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32
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(c212 �m2
31 + s212 �m2

32)
2 = (c212 �m4

31 + s212 �m4
32)� c212s

2
12 �m4

21

�m2
21 = �m2

31 ��m2
32

cos2 ✓12 �m4
31 + sin2 ✓12 �m4

32 (8)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + cos2 ✓12 sin
2 ✓12 (�m4

31 +�m4
32) (9)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + 2 cos2 ✓12 sin
2 ✓12 (�m2

31�m2
32) + cos2 ✓12 sin

2 ✓12�m4
21(10)

• Where is the first minima ?

@
@L/E cos2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32 = 0

cos2 ✓12 �m2
31 sin 2�31 + sin2 ✓12 �m2

32 sin 2�32 = 0

cos2 ✓12 �m2
31 (⇡� 2�31) + sin2 ✓12 �m2

32 (⇡� 2�32) = 0
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L
E = 2⇡(cos2 ✓12 �m2

31+ sin2 ✓12 �m2
32)/(cos

2 ✓12 �m4
31+

sin2 ✓12 �m4
32)

L

E

⇡ 2⇡

( cos

2

✓

12

�m

2

31

+sin

2

✓

12

�m

2

32

)

So how about ?

�m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32

• As L/E ! 0

P ⇡ 1� sin2 2✓13
⇣
(cos2 ✓12 �m2

31+sin2 ✓12 �m2
32) L

4E

⌘2
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Desirable Features:

• L/E independent

• Simple relationship to �m2
31 and �m2

32

• Useful for experiments at any L

⌫e average !
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 accurate
to 0.02%

(c212 �m2
31 + s212 �m2

32)
2 = (c212 �m4

31 + s212 �m4
32)� c212s

2
12 �m4

21q
(c212 �m4

31 + s212 �m4
32) ⇡ c212 �m2

31 + s212 �m2
32 (8)

�m2
21 = �m2

31 ��m2
32

cos2 ✓12 �m4
31 + sin2 ✓12 �m4

32 (9)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + cos2 ✓12 sin
2 ✓12 (�m4

31 +�m4
32) (10)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + 2 cos2 ✓12 sin
2 ✓12 (�m2

31�m2
32) + cos2 ✓12 sin

2 ✓12�m4
21(11)

• Where is the first minima ?

@
@L/E cos2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32 = 0

cos2 ✓12 �m2
31 sin 2�31 + sin2 ✓12 �m2

32 sin 2�32 = 0
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• Important ID:

(c212 �m2
31 + s212 �m2

32)
2 = (c212 �m4

31 + s212 �m4
32)� c212s

2
12 �m4

21

replace �m2
21 = �m2

31 ��m2
32 and it’s simple to prove.

( where �m4
ij ⌘ (�m2

ij)
2 )

• Then
q

(c212 �m4
31 + s212 �m4

32) ⇡ c212 �m2
31 + s212 �m2

32

up to corrections of order 0.02% !

cos2 ✓12 �m4
31 + sin2 ✓12 �m4

32 (8)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + cos2 ✓12 sin
2 ✓12 (�m4

31 +�m4
32) (9)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + 2 cos2 ✓12 sin
2 ✓12 (�m2

31�m2
32) + cos2 ✓12 sin

2 ✓12�m4
21(10)
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Suppose we use some other linear combination:

�m2

rr

= (1 � r) �m2

31

+ r �m2

32

and r = sin2 ✓12 gives us �m2
ee.

BEST you can do using
L/E independent �m2 ! ! !

Why Does this Work this Way?

Taylor Series Expansion:

�31 = �ee + s212 �21 and �32 = �ee � c212 �21
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• �m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32

( > 0 for NO and < 0 for IO )

• Clearly this definition is L/E independent

• ⌫e weighted average of �m2
31 and �m2

32 !
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In vacuum the electron neutrino disappearance is

Pee = 1� 4|Ue2|2|Ue1|2 sin2�21

�4|Ue3|2|Ue1|2 sin2�31 � 4|Ue3|2|Ue2|2 sin2�32

= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�rr

(the mass ordering is built into the signs of �m2
3i and �m2

rr )

�ij ⌘ �m2
ijL

4E
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31

32

r=0

r=1 L=1.6 km
r=0, 0.05, 0.1 …1.0
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where �ee = c
2
12�31 + s

2
12�32

or �m
2
ee = �m

2
NPZ = c

2
12�m

2
31 + s

2
12�m

2
32

With r = s212, the next terms in the expansion is easy to calculate:

c
2
12 sin

2
�31 + s

2
12 sin

2
�31 = sin

2
�ee + 0 + s

2
12c

2
12�

2
21 cos(2�ee)

�1

6
cos 2✓12 sin

2
2✓12 �

3
21 sin(2�ee) + O(�

4
21)

= 1 + O(10
�3

) ± O(10
�5

) at OM

where �3
21 is the first term which is mass ordering dependent thru the sign of �ee.

Note, the �21 terms vanish !
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Note, the �21 terms vanish !

Mass Ordering e↵ects !

– Typeset by FoilTEX – 24

Suppose we use some other linear combination:

�m2

rr = (1 � r) �m2

31

+ r �m2

32

and r = sin2 ✓12 gives us �m2
ee

Why Does this Work this Way?

– Typeset by FoilTEX – 4

What is �m2
ee ?

1 � P (⌫̄e ! ⌫̄e) = sin2 2✓13 (c212 sin
2 �31 + s212 sin

2 �32) ( 0.09)

+ cos4 ✓13 sin
2 2✓12 sin2 �21 ( 0.01)

�ij ⌘ �m2
ijL

4E

Daya Bay, RENO and Double Chooz:

�31 ⇡ �32  3⇡
4 and �21  ⇡

40 ⇡ 0.1
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improvement

Suppose we use some other linear combination:

�m2

rr = (1 � r) �m2
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L/E independent �m2 ! ! !

Why Does this Work this Way?

Taylor Series Expansion:

�31 = �ee + s212 �21 and �32 = �ee � c212 �21

– Typeset by FoilTEX – 4Energy

E = mc2 E = mc2

light gray
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• To demonstrate these facts, I have plot four di↵erent �m2’s as
functions of L/E in the figure:

1. �m2
31, L/E independent

2. �m2
32, L/E independent

3. �m2
ee|DB ⌘

�
4E
L

�
arcsin

q
(c212 sin

2 �31 + s212 sin
2 �32)

�

(this is the solution to eqn(1)) which as you can see from the figure is
L/E dependent and is ambiguous near L/E ⇡ 0.5 km/MeV. (Oscillation
Maximum)

4. �m2
ee|NPZ = c212�m

2
31 + s212�m

2
32. This was first defined in NPZ

(reference below) and is also L/E independent. It is the ⌫e weighted
average of �m2

31 and �m2
32 !
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Note by Stephen Parke (parke@fnal.gov)

Fermilab, June 3 2015:

The Daya Bay experiment in arXiv:1505.03456, footnote (8), defines
�m2

ee via

sin2�ee ⌘ c212 sin
2�31 + s212 sin

2�32 (1)

with �ij ⌘ �m2
ijL

4E and s212 = sin2 ✓12 = 1� c212.

Unfortunately, this definition of �m2
ee su↵ers from two maladies:

• It is L/E dependent !

• It is multiply defined in the region L/E ⇡ 0.5 km/MeV, the central L/E
of DB’s far detectors!

– Typeset by FoilTEX – 1

where �ee = c
2
12�31 + s

2
12�32

or �m
2
ee = �m

2
NPZ = c

2
12�m

2
31 + s

2
12�m

2
32

With r = s212, the next terms in the expansion is easy to calculate:

c
2
12 sin

2
�31 + s

2
12 sin

2
�32 = sin

2
�ee + 0 + s

2
12c

2
12�

2
21 cos(2�ee)

�1

6
cos 2✓12 sin

2
2✓12 �

3
21 sin(2�ee) + O(�

4
21)

= 1 + O(10
�3

) ± O(10
�5

) at OM

where �3
21 is the first term which is mass ordering dependent thru the sign of �ee.

Note, the �21 terms vanishes !

& coe↵. of �2
21 minimum !

Mass Ordering e↵ects !
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What Do the Experiments Do ?

Daya Bay and RENO fit their L/E data to:

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

using L/E independent ✓13 and |�m2
ee| using ✓12 and �m2

21

from other experiments.

✓13 and |�m2
ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21, etc,

using mass ordering and solar parameters.
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Stephen Parke, Fermilab                                         Fermilab Neutrino Seminar                                                     11/05/2015 17

6

⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin

2

2✓
13

= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2

2✓
13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin

2

2✓
13

.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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FIG. 4. Regions in the |�m2
ee|-sin2

2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin

2
2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10

�3
eV

2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin

2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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What Do the Experiments Do ?

Daya Bay and RENO fit their L/E data to:

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

using L/E independent ✓13 and |�m2
ee| using ✓12 and �m2

21

from other experiments.

✓13 and |�m2
ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21, etc,

using mass ordering and solar parameters.
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parameters and are INDEPENDENT of mass ordering.
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21 and
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21 using mass ordering and

solar parameters. But |�m2
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• using L/E independent ✓13 and |�m2
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Demonstrating the mass ordering explicitly

P = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13 sin2 |�31|
± 1

2
sin2 2✓13 sin

2 ✓12 sin 2|�31| sin 2�21

� sin2 2✓13 sin
2 ✓12 cos 2|�31| sin2�21 (1)

with + for NO and - for IO . Run analysis twice: |�m2
31| and |�m2

31|.
But

|�m2
31|� sin2 ✓12�m2

21 = |�m2
ee| = |�m2

31|+ sin2 ✓12�m2
21

The expression for ⌫e disappearance is incorrect in many places in the

– Typeset by FoilTEX – 4

One Possible Way:

(using 32 would be similar)

Demonstrating the mass ordering explicitly

P = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13 sin2 |�31|
± 1

2
sin2 2✓13 sin

2 ✓12 sin 2|�31| sin 2�21

� sin2 2✓13 sin
2 ✓12 cos 2|�31| sin2�21 (1)

with + for NO and - for IO . Run analysis twice: |�m2
31| and |�m2

31|.
More sensitive to solar parameters AND

|�m2
31|� sin2 ✓12�m2

21 = |�m2
ee| = |�m2

31|+ sin2 ✓12�m2
21

The expression for ⌫e disappearance is incorrect in many places in the
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A measurement of the energy dependence of antineutrino disappearance at the Daya Bay Reactor Neutrino
Experiment is reported. Electron antineutrinos (⌫e) from six 2.9 GW

th

reactors were detected with six detectors
deployed in two near (effective baselines 512 m and 561 m) and one far (1579 m) underground experimental
halls. Using 217 days of data, 41589 (203809 and 92912) antineutrino candidates were detected in the far hall
(near halls). An improved measurement of the oscillation amplitude sin2 2✓

13

= 0.090+0.008
�0.009 and the first

direct measurement of the ⌫e mass-squared difference |�m2

ee| = (2.59+0.19
�0.20) ⇥ 10�3 eV2 is obtained using

the observed ⌫e rates and energy spectra in a three-neutrino framework. This value of |�m2

ee| is consistent with
|�m2

µµ| measured by muon neutrino disappearance, supporting the three-flavor oscillation model.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g
Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay

Experimental measurements of neutrino oscillations have
clearly established that neutrinos have mass and that the mass
eigenstates mix [1]. The Daya Bay experiment recently re-
ported the discovery of the disappearance of reactor antineu-
trinos over kilometer-long baselines, providing the most pre-
cise measurement of the mixing angle ✓

13

[2, 3]. Other experi-
ments have made consistent ✓

13

measurements [4–7]. Precise
knowledge of neutrino mixing and mass differences enables
experimental searches for CP violation, tests of the neutrino
mass hierarchy and precision tests of oscillation theory. In
particular, the relatively large value of ✓

13

facilitates a rich
program of future neutrino oscillation research [8–10]. It also
allows the Daya Bay experiment to report in this Letter an in-
dependent measurement of the neutrino mass-splitting via the
distortion of the reactor antineutrino energy spectrum.

In the framework of three-flavor neutrino mixing in vac-
uum, the probability that an ⌫e produced with energy E is
detected as an ⌫e at a distance L is given by

P⌫e!⌫e = 1� cos

4 ✓
13

sin

2

2✓
12

sin

2

�

21

(1)
� sin

2

2✓
13

(cos

2 ✓
12

sin

2

�

31

+ sin

2 ✓
12

sin

2

�

32

),

where �ji ⌘ 1.267�m2

ji(eV
2

)

L(m)

E(MeV)

, and �m2

ji is the
difference between the mass-squares of the mass eigenstates
⌫j and ⌫i. Since �m2

21

⌧��
�m2

31

��⇡��
�m2

32

�� [1], the short-
distance (⇠km) reactor ⌫e oscillation is due primarily to the
�

3i terms and naturally leads to the definition of the effec-
tive mass-squared difference sin

2

�ee ⌘ cos

2 ✓
12

sin

2

�

31

+

sin

2 ✓
12

sin

2

�

32

[11].
The Daya Bay experiment previously determined sin

2

2✓
13

using only the relative rates of ⌫e detected in three antineu-
trino detectors (ADs) located near to and three ADs located far

from six nuclear reactor cores [2, 3]. The effective mass split-
ting |�m2

µµ| measured in ⌫µ disappearance [12] provided a
good approximation of |�m2

ee| in the rate-only measurement.
This Letter presents a combined analysis of the ⌫e rates and
energy spectra measured for the six detector data-taking pe-
riod from 24 December 2011 to 28 July 2012. This represents
a 48% increase in statistics over the most recent result [3]. The
sin

2

2✓
13

uncertainty is reduced by inclusion of the spectral
information and the statistics of the complete six-AD data pe-
riod. The spectral distortion due to the sin2 �ee term provides
a strong confirmation that the observed ⌫e deficit is consistent
with neutrino oscillations and allows the first direct measure-
ment of |�m2

ee|.

A detailed description of the Daya Bay experiment can be
found in [13, 14]. Each of the three experimental halls (EHs)
contains functionally identical, three-zone ADs surrounded
by a pool of ultra-pure water segmented into two regions,
the inner water shield (IWS) and outer water shield (OWS),
which are instrumented with photomultiplier tubes (PMTs).
In each AD, light created as a result of particle interactions in
the innermost zone, defined by an inner acrylic vessel (IAV)
containing gadolinium-doped liquid scintillator (LS), and the
surrounding undoped LS zone, is collected by 192 radially-
positioned 20-cm PMTs in the outermost mineral-oil region.
The AD trigger threshold of 45 hit PMTs or a summed charge
of ⇠ 65 photoelectrons in all PMTs corresponds to about 0.4
MeV in the Gd-doped volume. The trigger inefficiency for
events above 0.7 MeV is negligible. Charge and timing infor-
mation for each PMT are available for energy calibration and
reconstruction, as described in Ref. [13]. The detectors have a
light yield of ⇠ 165 photoelectrons/MeV and a reconstructed
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Maladies:

• L/E dependent

• Discontinuous at Osc. Max./Min.
(L/E ⇡ 0.5, 1.0, .. km/MeV)
3% jump

• no simple physical meaning !
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Why???

RHS (1) never gets exactly to 1,
or back to 0
whereas LHS does !

eg sin2(⇡2 ⌥ ✏) = 1� ✏2 +O(✏4)
with ✏ = s12c12�21
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After I pointing this out
Daya Bay changed it’s 

definition of Delta m^2_ee

systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.

Daya Bay is supported in part by the Ministry of Science
and Technology of China, the U.S. Department of Energy,
the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural
Science Foundation of China, the Guangdong provincial
government, the Shenzhen municipal government, the
China General Nuclear Power Group, Key Laboratory of
Particle and Radiation Imaging (Tsinghua University), the
Ministry of Education, Key Laboratory of Particle Physics
and Particle Irradiation (Shandong University), the
Ministry of Education, Shanghai Laboratory for Particle
Physics and Cosmology, the Research Grants Council of
the Hong Kong Special Administrative Region of China,
the University Development Fund of The University of
Hong Kong, the MOE program for Research of Excellence
at National Taiwan University, National Chiao-Tung
University, and NSC fund support from Taiwan, the U.S.
National Science Foundation, the Alfred P. Sloan
Foundation, the Ministry of Education, Youth, and
Sports of the Czech Republic, the Joint Institute of
Nuclear Research in Dubna, Russia, the NSFC-RFBR joint
research program, the National Commission of Scientific
and Technological Research of Chile, and the Tsinghua
University Initiative Scientific Research Program. We
acknowledge Yellow River Engineering Consulting Co.,
Ltd., and China Railway 15th Bureau Group Co., Ltd., for
building the underground laboratory. We are grateful for the
ongoing cooperation from the China General Nuclear
Power Group and China Light and Power Company.

[1] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett.
108, 171803 (2012).

[2] J. Ahn et al. (RENO Collaboration), Phys. Rev. Lett. 108,
191802 (2012).

[3] Y. Abe et al. (Double Chooz Collaboration), J. High Energy
Phys. 10 (2014) 86.

[4] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 112,
061802 (2014).

[5] P. Adamson et al. (MINOS Collaboration), Phys. Rev. Lett.
110, 171801 (2013).

[6] F. P. An et al. (Daya Bay Collaboration), Chin. Phys. C 37,
011001 (2013).

[7] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. D 90,
071101 (2014).

[8] Δm2
ee is an effective mass splitting that can be obtained by

replacing cos2 θ12 sin2 Δ31 þ sin2 θ12 sin2 Δ32 with sin2 Δee,
where Δji ≡ 1.267Δm2

jiðeV2Þ½Lð mÞ=EðMeVÞ%, and Δm2
ji

is the difference between the mass-squares of the mass
eigenstates νj and νi. To estimate the values of Δm2

31 and
Δm2

32 from the measured value of Δm2
ee, See Supplemental

Material at http://link.aps.org/supplemental/10.1103/
PhysRevLett.115.111802.

13θ22sin
0 0.05 0.1 0.15

]2
 e

V
-3

| [
10

ee2
m∆|

1.5

2

2.5

3

Daya Bay: 621 days

99.7% C.L.

95.5% C.L.

68.3% C.L.

Best fit

2 χ∆ 5
10
15

2χ∆
5 10 15

MINOS

T2K

FIG. 4 (color online). Regions in the jΔm2
eej − sin22θ13 plane

allowed at the 68.3%, 95.5%, and 99.7% confidence levels by the
near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084' 0.005 and jΔm2

eej ¼ ð2.42'
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.

 [km/MeV]〉νE〈 / effL
0 0.2 0.4 0.6 0.8

) eν
→

eν
P

(

0.9

0.95

1
EH1

EH2

EH3

Best fit

FIG. 5 (color online). Electron antineutrino survival probability
versus effective propagation distance Leff divided by the average
antineutrino energy hEνi. The data points represent the ratios of
the observed antineutrino spectra to the expectation assuming no
oscillation. The solid line represents the expectation using the
best estimates of sin2 2θ13 and jΔm2

eej. The error bars are
statistical only. hEνi was calculated for each bin using the
estimated detector response, and Leff was obtained by equating
the actual flux to an effective antineutrino flux using a single
baseline.
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Supplemental material: Why �m2
ee is used by Daya Bay

(The Daya Bay Collaboration)
(Dated: July 27, 2015)

This note describes the advantages of reporting the Daya
Bay measurement of electron antineutrino disappearance in
terms of an effective mass-squared difference �m

2

ee

, which is
independent of the unknown ordering of neutrino masses and
future improvements in our knowledge of the solar oscillation
parameters.

INTRODUCTION

In the three-flavor framework, the survival probability of
electron antineutrino is given by
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. The three mass-squared differences
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|
where “+”(“�”) is for the normal(inverted) mass ordering
(or hierarchy). Therefore, determination of �m

2

32

(or
�m

2

31

) depends on knowledge of the mass ordering and solar
oscillation parameters.

The Daya Bay experiment reports a precise measurement
of the effective mass splitting �m

2

ee

, which is independent of
our knowledge of the ordering and solar parameters. In this
approach, we approximate the survival probability using
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Despite the advantage of using �m

2

ee

for the measurement, it
has the disadvantage of not being a fundamental parameter.
Therefore, we must determine a relation between �m

2

ee

and �m

2

32

given knowledge of the mass ordering and solar
oscillation parameters.

In the following sections, we are going to address the
following two questions:

• Is Eq. 2 good enough at the current experimental
precision?

• How can we estimate the value of �m

2

32

once the value
of �m

2

ee

is obtained?

MATHEMATICAL DERIVATION

Using the relation |�m

2
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| = |�m

2

32
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|, Eq. 1 can
be written as,
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formula is the so-called “solar term” that governs the reactor
antineutrino oscillation at O(100) km. For the L/E range
covered by Daya Bay, 4s2

12

c

2

12

sin

2

�

21

⌧ 1. Thus, Eq. 3
can be approximated as,
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By comparing Eq. 4 with Eq. 2, we obtain the expression
relating �m
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ee

to �m
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NUMERICAL EVALUATION

By definition, �m

2

�

is a function of L/E. Using the current
values of �m

2
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= 7.50 ⇥ 10

�5 eV2 and sin
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0.857 [1], Fig. 1 shows the value of �m
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of energy for L = 1.6 km. We find that �m
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�5 eV2 is essentially a constant in our L/E region, and
numerically identical to cos2✓
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. Thus, this definition
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is similar to the definition introduced in Ref. [2]:
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FIG. 1. Values of �m2
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ee � �m2
32| (black solid line)

at L = 1.6 km as a function of the neutrino energy, with �m2
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Figure 2 is a comparison of the approximated formula with
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to the three-flavor formula, Eq. 1. In this comparison,
L = 1.6 km, sin2 2✓
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= 0.09, �m
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= 2.44 ⇥ 10

�3 eV2,
and normal mass hierarchy are the inputs. The agreement
between the two, better than 10

�4, is excellent and exceeds
the achievable experimental precision.
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FIG. 2. Comparison of the survival probability at L = 1.6 km between
the approximated formula with �m2

ee = �m2
32 +5.17⇥ 10

�5 eV2

and the exact three-flavor formula (Eq. 1). The oscillation parameters
used in this comparison are sin

2
2✓13 = 0.09 and �m2

32 =

2.44⇥ 10

�3 eV2 under the normal mass hierarchy assumption. The
top panel shows the survival probabilities calculated with the two
formulae, and the bottom panel shows the ratio of the two.

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001
(2012), Section 13.

[2] H. Nunokawa, S. J. Parke, and R. Zukanovich Funchal, Phys.
Rev. D 72, 013009 (2005).
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Future Experiments:

! RENO'can'be'used'as'near'detector'for'RENO%50.''
'''''$'Reduces'systema/c'error'of'nu'flux.'''

While'JUNO'can'not'use'Daya'Bay'detector'as'near'detector.'
$'To'reduce'neutrino'interference'effect'from'other'reactors.'

Y.'Wang’s'talk'
NuTel'2013'

(  Baseline''
difference'
should'be'
'<''500'm.'

Ciuffoli,'Evslin,'Zhan:'''
arXiv:'1302.0624'

Li,'Cao,'Wang,'Zhan:''
arXiv:'1303.6733'

34'Seon%Hee'Seo,'SNU' FPCP'2015'@'Nagoya'

Far Detector 

Near Detector 

RENO-50 
10 kton LS Detector       

~47 km from YG reactors  

Mt. Guemseong (450 m) 
~900 m.w.e. overburden 

(NEAR'Detector)'

(FAR'Detector)'

33'

JUNO
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Note:

• Separation 2�ee and � is unique !

• 2�ee is linear in L/E and depends on an atm �m2.

• � = {arctan(cos 2✓12 tan�21) � �21 cos 2✓12} starts at
�3

21 ⇠ (L/E)3 and depends on only solar parameters,
staircase function.

Another way to define �m2
✏✏ ⌘ 2E

L ⌦ has been suggested.

(Contrast: �m2
ee =

@
@L/2E ⌦|L/2E!0 )

Identical for L/E < 5 -10 km/MeV !

– Typeset by FoilTEX – 11

H. Minakata, H. Nunokawa, S. J. Parke and R. Zukanovich Funchal,
Phys. Rev. D 74, 053008 (2006) [hep-ph/0607284].

– Typeset by FoilTEX – 2

Medium Baseline Experiments: JUNO and RENO-50
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(+/- mass ordering)

Medium Baseline Experiments: JUNO and RENO-50
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(For this figure, to make the e↵ect visible,
the factor 2� is reduced by factor 10.)

Above this
Significant L/E
and
Mass Ordering
Dependence.

Above this
Significant L/E and
Mass Ordering Dependence!

– Typeset by FoilTEX – 12

NO
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Note:

• Separation 2�ee and � is unique !

• 2�ee is linear in L/E and depends on an atm �m2.

• � = {arctan(cos 2✓12 tan�21) � �21 cos 2✓12} starts at
�3

21 ⇠ (L/E)3 and depends on only solar parameters,
staircase function.

New DB definition: �m2
✏✏ ⌘ 2E

L ⌦ (1505.03456 PRL version)

(Contrast: �m2
ee =

@
@L/2E ⌦|L/2E!0 )

Identical for L/E < 5 -10 km/MeV !

– Typeset by FoilTEX – 13
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(For this figure, to make the e↵ect visible,
the factor 2� is reduced by factor 10.)

Above this
Significant L/E
and
Mass Ordering
Dependence.

Above this
Significant (⇠ 1%) L/E
and
Mass Ordering Dependence!

– Typeset by FoilTEX – 18JUNO & RENO50 expect ~0.5 % measurement !!!
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Mass Ordering:
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Reactors & the Mass Ordering:
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energy resolution of �E/E ⇡ 8% at 1 MeV.
Reactor antineutrinos are detected via the inverse �-decay

(IBD) reaction, ⌫e + p ! e+ + n. The delayed gamma
rays (totalling ⇠ 8 MeV) generated from the neutron cap-
ture on Gd with a mean capture time of ⇠ 30 µs enable
powerful background suppression. The prompt light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e =

E
prompt

+ En + 0.78 MeV, where E
prompt

is the prompt
event energy including the positron kinetic energy and the an-
nihilation energy, and En is the average neutron recoil energy
(⇠10 keV).

Interpretation of the observed prompt energy spectra re-
quires characterization of the detector response to e+, e� and
�, which maps the true energy (E

true

) to the reconstructed
energy (E

rec

). E
rec

is determined by scaling the measured to-
tal charge with a position-dependent correction [3, 13]. For
a � or e�, E

true

is the kinetic energy; for a positron E
true

is
the sum of the kinetic energy and the energy from annihila-
tion. The energy response is not linear due to scintillator and
electronics effects and is taken into account by two functions,
f
scint

and f
elec

, respectively. The scintillator nonlinearity is
particle- and energy-dependent, and is related to intrinsic scin-
tillator quenching and Cherenkov light emission. The quench-
ing effects are constrained by standalone measurements with
a fast neutron beam as well as by neutron source data and ra-
dioactive ↵-decays in the AD. The Cherenkov contribution
is also affected by absorption and reemission in the liquid
scintillator. The scintillator nonlinearity for electrons is de-
scribed by an empirical model f

scint

(E
true

) = E
vis

/E
true

=

(p
0

+ p
3

·E
true

)/(1 + p
1

· e�p2·Etrue
), where E

vis

is the total
visible light generated by the particle and pi are the model pa-
rameters. A GEANT4-based [15, 16] Monte-Carlo simulation
(MC) is used to relate the e� scintillator nonlinearity to the re-
sponse for � and e+. The electronics nonlinearity, f

elec

(E
vis

),
is introduced due to the interaction of the scintillation light
time profile and the charge collection of the front-end elec-
tronics. Given the similar timing profiles for e± and �s, it is
modeled as an exponential function of E

vis

as determined by
studying the time profile of charge in the data and MC.

The energy model, f = f
scint

⇥ f
elec

, is determined by a
fit to monoenergetic � lines from radioactive sources and the
continuous � + � spectrum extracted from 12B data. Sources
were deployed at the center of all ADs regularly (68Ge, 60Co,
241Am-13C) [13] and during a special calibration period in
summer 2012 (137Cs, 54Mn, 40K, 241Am-9Be, Pu-13C) with
AD1 and AD2 in near-hall EH1. In addition, gamma peaks in
all ADs which could be identified with singles and correlated
spectra in data (40K, 208Tl, n capture on H, C, and Fe) were
included. For source data with multiple gamma-line emis-
sions, f

scint

is computed for each gamma then summed up,
whereas f

elec

is computed based on the total E
vis

. The 12B
isotopes are produced cosmogenically at the rate of about 900
(60) events/day/AD at the near (far) site. The measured rela-
tive nonlinearity of < 0.3% among 6 ADs [3] is negligible in
the context of the energy model.

Figure 1 compares the best-fit energy model with the single-

gamma, multi-gamma and continuous 12B data used to deter-
mine the model parameters. As additional validation, the en-
ergy model prediction for the continuous � + � spectra from
212Bi, 214Bi and 208Tl decays was compared with the data and
found to be consistent.

Nominal Model ± 68% C.L.

R
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. 
/
 T

ru
e 

E
n
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g
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1

1.05

0.9

Positron Energy Response Model
Reconstructed Energy [MeV]

True Positron Energy [MeV]
0 1 2 3 4 5 6 7 8 109

(c)

FIG. 1. (a) Ratio of the reconstructed to best-fit energies of � lines
from calibration sources and singles spectra as described in the text.
The error bars represent the total uncertainty on each ratio. The �
from the second-excited state of 16O in the Pu-13C source is denoted
16O⇤. The n-56Fe

1

and n-56Fe
2

labels denote the ⇠6 MeV and ⇠7.6
MeV �s, respectively, resulting from the capture of neutrons from
the AmC sources parked on top of the AD. (b) Reconstructed en-
ergy spectrum (points) compared to the sum (shaded area) of the 12B
(solid line) and 12N (dashed line) components of the best-fit energy
response model. The error bars represent the statistical uncertainties.
(c) AD energy response model for positrons.

Alternative energy response models, based on different
methodologies, were constructed. The second method builds
the scintillator nonlinearity based on Birks’ formula [17] and
Cherenkov radiation theory. The model is characterized by
Birks’ constant kB and the Cherenkov light contribution kc.
f
elec

is determined from the residual nonlinearity of the same
� and �-decay calibration data set. The third method does
not use � data but only uses �-decay from 12B, as well as
the internal radioactive �-decays of 212Bi, 214Bi and 208Tl, to
construct the energy model.

All positron energy response models were consistent with
each other to ⇠ 1.5%. The uncertainty in the e+ energy re-
sponse, shown in Fig. 1, is conservatively estimated by com-
bining the calibration and model uncertainties. The energy

Mass Ordering Indetermined:

if 2�ee + � = �0
ee

or 2�ee � � = �0
ee

Note: Neutrino Energy
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� (�m2
ee) ⇠ 0.5%
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R&D needed

17

•Energy Resolution  to 3% or lower at 1 MeV

•Linearity to sub 1% precision for the 
reconstructed neutrino energy

Challenge:(high7precision,(giant(LS(detector�

20#kt#LS#

Acrylic(tank:(Φ∼34.5m(
Stainless(Steel(tank:(Φ∼39.0m(

~1500(20”(
VETO(PMTs(

coverage:#~77%#
~18000#�20”#PMTs#

Muon(detector((

Steel(
Tank(

5m(

~6kt(MO(

~20kt(
water(

JUNO#
RENOB50#

KamLAND# JUNO# RENOB50#

LS##mass# ~1#kt## 20#kt## 18#kt##

Energy#ResoluPon# 6%/# ~3%/# ~3%/#

Light#yield# 250#p.e./MeV# 1200#p.e./MeV# >1000#p.e./MeV#

@Neutrino*2014*

44(

 20 x

 4 x

     Linearity                     1.9%                    < 0.5%                   < 0.5%                > 4 x
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Resolution/Linearity Seesaw:
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What is �m2
µµ?

“the ⌫µ weighted average of �m2
31 and �m2

32”

�m2
µµ ⌘ |Uµ1|2

1� |Uµ3|2 �m2
31 +

|Uµ2|2
1� |Uµ3|2 �m2

32

for vacuum ⌫µ-disappearance !

And similarly for ⌫⌧ .
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FIG. 1: The vacuum survival probability, P (να → να), as a function of E/L for the two mass

hierarchies using three different choices of the atmospheric δm2 whose flips sign, with constant

magnitude, changes the hierarchy: δm2
eff
|α (left panel), δm2

31 (middle panel) and δm2
32 (right panel).

The survival probability for the two different hierarchies coincide to high precision when the effec-

tive δm2’s, Eqn[16, 17], are used (left panel) whereas they differ appreciably with the other two

definitions. For this figure we have used sin2 θ23 = 0.5 (maximal mixing), sin2 θ13 = 0.04 (Chooz

bound), sin2 θ12 = 0.31, δm2
21 = +8.0 × 10−5 eV2 and the atmospheric δm2 to be 2.5 × 10−3 eV2.

where the τ -flavor flavor average is given for completeness only.

It is now obvious that νe and νµ disappearance experiments measure different δm2
eff ’s. In

fact the three δm2
eff are4

δm2
eff |e = cos2 θ12δm

2
31 + sin2 θ12δm

2
32 (16)

δm2

eff |µ = sin2 θ12δm
2

31 + cos2 θ12δm
2

32 + cos δ sin θ13 sin 2θ12 tan θ23δm
2

21 (17)

δm2

eff |τ = sin2 θ12δm
2

31 + cos2 θ12δm
2

32 − cos δ sin θ13 sin 2θ12 cot θ23δm
2

21. (18)

4 The effective atmospheric mass squared difference for the muon channel has been discussed in ref. [14].

6
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Neutrino Propogation in Matter

if one choses to write the Hamiltonian using �m2
ee and �m2

21 then the
Hamiltonian is simpler than with any other choice !

See Hisakazu Minakata and SP arXiv:1505.01826
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Pee = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

�1

2
sin2 2✓13

h
1�

q
(1� sin2 2✓12 sin

2�21). cos( 2|�ee| ± � )
i

remember � = {arctan(cos 2✓12 tan�21)��21 cos 2✓12}
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Pee = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

�1

2
sin2 2✓13

h
1�

q
(1� sin2 2✓12 sin

2�21). cos( 2|�ee| ± � )
i

remember � = {arctan(cos 2✓12 tan�21)��21 cos 2✓12}
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Pee = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

�1

2
sin2 2✓13

h
1�

q
(1� sin2 2✓12 sin

2�21). cos( 2|�ee| ± � )
i

remember � = {arctan(cos 2✓12 tan�21)��21 cos 2✓12}

 1 but > (1� 10�3) < 10�5
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Pee = 1� cos4 ✓13 sin
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q
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Pee = 1� cos4 ✓13 sin
2 2✓12 sin

2�21

�1

2
sin2 2✓13

h
1�

q
(1� sin2 2✓12 sin

2�21). cos( 2|�ee| ± � )
i

remember � = {arctan(cos 2✓12 tan�21)��21 cos 2✓12}

 1 but > (1� 10�3) < 10�5

Daya Bay
Double Chooz
RENO
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may as well use: � sin2 2✓13 sin
2�ee
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may as well use: � sin2 2✓13 sin
2�ee

JUNO
RENO50

⇠ cos 2✓12 ⇡ 0.4
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may as well use: � sin2 2✓13 sin
2�ee

JUNO
RENO50

⇠ cos 2✓12 ⇡ 0.4
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may as well use: � sin2 2✓13 sin
2�ee

JUNO
RENO50

⇠ cos 2✓12 ⇡ 0.4

< 1% shift in phase
challenging to observe ! ! !
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• Can be used in medium baseline reactor experiments,
L ⇡ 50 km, and determines the �m2 of the fundamental
oscillation. The advancement or retardation of the phase
of this fundamental oscillation determines the neutrino mass
ordering.
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�m2
ee ⌘ c212 �m2

31 + s212 �m2
32

• Is a simple combination of fundamental parameters and is
independent of L/E for all values of L/E.

• Has a direct, simple, physical interpretation:
�m2

ee is “the ⌫e weighted average of �m2
31 and �m2

32,”
since the ratio of the ⌫e fraction in ⌫1 : ⌫2 is c212 : s

2
12.

• Can be used in short baseline reactor experiments, L/E < 1

km/MeV, using the approximate oscillation probability,

P (⌫̄e ! ⌫̄e) ⇡ 1� 4c413s
2
12c

2
12 sin

2�21 � 4s213c
2
13 sin

2�ee,

which is accurate to better than one part in 104.
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from Daya Bay: arXiv:1505.03456

this implies �m2
DB ⌘ �

4E
L

�
arcsin

q
(c212 sin

2 �31 + s212 sin
2 �32)

�

• �m2
DB is L/E dependent

• Since c212 sin
2 �21 + s212 sin

2 �32 < 1

�m2
DB is discontinuous at Osc. Max.

(L/E ⇡ 0.5 km/MeV)
the discontinuity is ⇠ sin 2✓12 �m2

21

� = tan�1(cos 2✓12 tan�21) � cos 2✓12�21 ⇠ O(�3
21)

✏✏ � no = (io � no)/2

�m2
ee ⌘ c212�m

2
31 + s212�m

2
32

is simpler and has obvious physical meaning:

the ⌫e weighted average �m2
31 and �m2

32
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What is �m2
ee ?

P (⌫̄e ! ⌫̄e) = 1 � cos
4 ✓13 sin

2
2✓12 sin

2
�21

� sin
2
2✓13 (c212 sin

2
�31 + s212 sin

2
�32)

�ij ⌘ �m2
ijL

4E

Daya Bay and RENO: �31 ⇡ �32 =
⇡
4 � 3⇡

4 and �21 =
⇡

120 � ⇡
40
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35

• �m2
EE has no simple physical meaning !

• Is there a better definition ?

[ sin2
�
⇡
2 ± ✏

�
= 1 � ✏2 + O(✏4) where ✏ = s12c12�21 ]

sin2
�
⇡
2 ± s12c12�21

�
= 1 � s212c

2
12�

2
21 + O(�4

21)

� = tan�1(cos 2✓12 tan�21) � cos 2✓12�21 ⇠ O(�3
21)

✏✏ � no = (io � no)/2

�m2
ee ⌘ c212�m

2
31 + s212�m

2
32

is simpler and has obvious physical meaning:

the ⌫e weighted average �m2
31 and �m2

32

H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Phys. Rev. D 72, 013009 (2005), hep-ph/0503283
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Solar parameters: ✓12, �m2
21 > 0:

Atmospheric parameters: ✓13, �m2
ee:

(sign of �m2
ee determines the atmospheric mass ordering)

Correlation between �m2
ee and sin2 2✓13
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Additional
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Suppose we use some other linear combination:

�m2

rr = (1 � r) �m2

31

+ r �m2

32

and r = sin2 ✓12 gives us �m2
ee

Why Does this Work this Way?
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What is �m2
ee ?

1 � P (⌫̄e ! ⌫̄e) = sin2 2✓13 (c212 sin
2 �31 + s212 sin

2 �32) ( 0.09)

+ cos4 ✓13 sin
2 2✓12 sin2 �21 ( 0.01)

�ij ⌘ �m2
ijL

4E

Daya Bay, RENO and Double Chooz:

�31 ⇡ �32  3⇡
4 and �21  ⇡

40 ⇡ 0.1
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(Aside:)

In general, if we use �m2
rr = (1� r) �m2

31 + r �m2
32

i.e. �m2
31 = �m2

rr + r�21 and �m2
32 = �m2

rr � (1� r)�21

then
c212 sin

2�31 + s212 sin
2�32

= sin2�rr + [c212r � s212(1� r)] �21 sin(2�rr)

+[c212r
2 + s212(1� r)2] �2

21 cos(2�rr)

�2

3
(c212r

3 � s221(1� r)3)�3
21 sin(2�rr) +O(�4

21)

at r = sin2 ✓13 then coe�cient of �21 sin(2�rr) is zero and
the coe�cient of �2

21 cos(2�rr) is a minimum ! Makes for an
EXCELLENT expansion !

Especially since �21 < 0.1 !
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