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3-flavour global fit to oscillation data
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Normal Ordering (∆χ2
= 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1σ 3σ range bfp ±1σ 3σ range 3σ range

sin
2 θ12 0.304+0.012

−0.012 0.270→ 0.344 0.304+0.012
−0.012 0.270→ 0.344 0.270→ 0.344

θ12/
◦

33.48+0.77
−0.74 31.30→ 35.90 33.48+0.77

−0.74 31.30→ 35.90 31.30→ 35.90

sin
2 θ23 0.451+0.051

−0.026 0.382→ 0.643 0.577+0.027
−0.035 0.389→ 0.644 0.385→ 0.644

θ23/
◦

42.2+2.9
−1.5 38.2→ 53.3 49.4+1.6

−2.0 38.6→ 53.3 38.4→ 53.3

sin
2 θ13 0.0218+0.0010

−0.0010 0.0186→ 0.0250 0.0219+0.0010
−0.0011 0.0188→ 0.0251 0.0188→ 0.0251

θ13/
◦

8.50+0.20
−0.21 7.85→ 9.10 8.52+0.20

−0.21 7.87→ 9.11 7.87→ 9.11

δCP/◦ 305
+39
−51 0→ 360 251

+66
−59 0→ 360 0→ 360

∆m2
21

10−5 eV
2 7.50+0.19

−0.17 7.03→ 8.09 7.50+0.19
−0.17 7.03→ 8.09 7.03→ 8.09

∆m2
3i

10−3 eV
2 +2.458+0.046

−0.047 +2.317→ +2.607 −2.448+0.047
−0.047 −2.590→ −2.307

»
+2.325→ +2.599
−2.590→ −2.307

–

Table 1. Three-flavour oscillation parameters from our fit to global data after the Neutrino 2014

conference. The results are presented for the “Free Fluxes + RSBL” in which reactor fluxes have

been left free in the fit and short baseline reactor data (RSBL) with L � 100 m are included.

Finally in the analysis of solar neutrino experiments we include the total rates from the

radiochemical experiments Chlorine [25], Gallex/GNO [26] and SAGE [27]. For real-time

experiments we include the results from on electron scattering (ES) from the four phases in

Super-Kamiokande: the 44 data points of the phase I (SK1) energy-zenith spectrum [28],

the 33 (42) data points of the full energy and day/night spectrum in phase II (III), SK2 [29]

(SK3 [30]), and the 52 data points of the energy and zenith spectrum of the 1306-day of

phase IV, SK4 [31]. The results of the three phases of SNO are included in terms of the

parametrization given in their combined analysis [32] which ammount to 7 data points.

We also include the main set of the 740.7 days of Borexino data [33] as well as their high-

energy spectrum from 246 live days [34]. In the analysis of solar neutrino data included in

this section we use the GS98 version of the solar standard model [35] (see Sec.4.1).

The results of the global analysis are shown in Figs. 1 and 2 where we show different

projections of the allowed six-dimensional parameter space. As in Ref. [37], to account for

the possible effect of the so-called reactor anomaly [36, 38, 39] on the results, we follow the

approach of Ref. [40] and study the dependence of the determined value of the paremeters on

the assumptions about the reactor fluxes, see also [41]. In particular we consider the impact

of allowing for a free normalization of the reactor fluxes fflux and/or of including in the

analysis the results of the reactor experiments with L � 100 m Bugey4 [42], ROVNO4 [43],

Bugey3 [44], Krasnoyarsk [45, 46], ILL [47], Gösgen [48], SRP [49], and ROVNO88 [50], to

which we refer as reactor short-baseline experiments (RSBL). Thus the results in Figs. 1

and 2 are shown for two choices of the reactor fluxes. For example in Fig. 2 for solid

curves the normalization of reactor fluxes is left free and data from short-baseline (less

than 100 m) reactor experiments are included. For dashed curves short-baseline data are

– 3 –

with C. Gonzalez-Garcia, M. Maltoni

website with up-to-date restuls from global fit
current version 1.3 (after Neutrino2014)
version 2.0 (plus publication) in preparation
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3-flavour global fit to oscillation data
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Leptonic unitarity triangle

• unitarity is always assumed (no test of unitarity!)
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Leptonic unitarity triangle

• still far from knowledge we have on UT in quark sector
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14 11. CKM quark-mixing matrix
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The CKM matrix elements can be most precisely determined by a global fit that
uses all available measurements and imposes the SM constraints (i.e., three generation
unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining the
experimental data. CKMfitter [6,101] and Ref. 124 (which develops [125,126] further) use
frequentist statistics, while UTfit [108,127] uses a Bayesian approach. These approaches
provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (11.4) gives

λ = 0.22535± 0.00065 , A = 0.811+0.022
−0.012 ,

ρ̄ = 0.131+0.026
−0.013 , η̄ = 0.345+0.013

−0.014 . (11.26)

These values are obtained using the method of Refs. [6,101]. Using the prescription
of Refs. [108,127] gives λ = 0.22535 ± 0.00065, A = 0.817 ± 0.015, ρ̄ = 0.136 ± 0.018,

June 18, 2012 16:19
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1-2 sector
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1-3 sector
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Neutrino mass ordering
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normal versus abnormal
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for inverted ordering lepton mixing 
is very different from quarks:
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normal versus abnormal

• the neutrino mass state mostly 
related to the 1st generation is not 
the lightest
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normal versus abnormal

• the neutrino mass state mostly 
related to the 1st generation is not 
the lightest

• there is strong degeneracy between 
at least two mass states

11

for inverted ordering lepton mixing 
is very different from quarks:
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How to determine the mass ordering?

• Matter effect in the 1-3 sector

‣ long-baseline accelerator experiments
NOvA, LBNE, LBNO, ESS-SB, NuFact

‣ atmospheric neutrinos INO, PINGU, ORCA, HyperK

• Interference of oscillations with Δm2
21 and Δm2

31   

‣ Reactor experiment at ~60 km JUNO, RENO50

• other methods: cosmology, supernova,...

12
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FIG. 13: Probability that the wrong ordering can be rejected at 3σ (99.73% CL) for a true NO

(left) and IO (right) for different facilities as a function of the date. The width of the bands has the

same origin as in Fig. 12. The dotted horizontal line indicates the median experiment (β = 0.5).

the value of the CP-violating phase δ. In this case, we do a composite hypothesis test as

described in Secs. 2 and 3.2, and we draw the edges of the band using the values of true δ
in the true ordering that give the worst and the best results for each setup. Nevertheless,

since for these experiments the impact due to the true value of θ23 is also relevant, we show

two results, corresponding to values of θ23 in the first and second octant. In all cases, the

octant degeneracy is fully searched for (see App. 3 for details). In the case of PINGU and

INO, the most relevant parameter is θ23. We find that, depending on the combination of

true ordering and θ23 the results will be very different. Therefore, in this case we also do

a composite hypothesis test, using θ23 as an extra parameter. Finally, the case of JUNO

is somewhat different. In this case, the uncertainties on the oscillation parameters do not

have a big impact on the results. Instead, the energy resolution is the parameter which is

expected to have the greatest impact, see for instance Ref. [73] for a detailed discussion.

Therefore, in this case the width of the band shows the change on the results when the

energy resolution is changed between 3%
�
1 MeV/E and 3.5%

�
1 MeV/E. For JUNO we

do a simple hypothesis test, as described in Sec. 3.1.

The starting dates assumed for each experiment are: 2017 for INO [86], 2019 for

PINGU [38] and JUNO [61] and 2022 for LBNE [87]. Note that the official running times

for PINGU and JUNO are 5 and 6 years, respectively. For illustrative purposes we extend

the time in the plots to 10 years, in order to see how sensitivities would evolve under the

adopted assumptions about systematics. For the NOνA experiment, we assume that the

nominal luminosity will be achieved by 2014 [8] and we consider 6 years of data taking from

that moment on.

From the comparison of Figs. 12 and 13 one can see that, even though the median

sensitivity for INO would stay below the 3σ CL, there may be a sizable probability (up

to ∼ 40%) that a statistical fluctuation will bring the result up to 3σ. For NOνA, such
probability could even go up to a 60%, depending on the combination of θ23, δ and the true

26

probability to exclude wrong ordering at 3σ
(“representative” selection of experiments)

Sensitivity comparison



 T. Schwetz 13

Blennow, Coloma, Huber, TS, 1311.1822 
talk by M. Blennow, and many more

True NO

NOvA

LBNE
10ktJUNOPINGU

LBNE
34kt

INO

2015 2020 2025 20300.0

0.2

0.4

0.6

0.8

1.0

Date

p�
1�
Β
fo
r3
Σ

True IO

NOvA

LBNE
10ktJUNOPINGU

LBNE
34kt

INO

2015 2020 2025 20300.0

0.2

0.4

0.6

0.8

1.0

Date

p�
1�
Β
fo
r3
Σ

FIG. 13: Probability that the wrong ordering can be rejected at 3σ (99.73% CL) for a true NO

(left) and IO (right) for different facilities as a function of the date. The width of the bands has the

same origin as in Fig. 12. The dotted horizontal line indicates the median experiment (β = 0.5).

the value of the CP-violating phase δ. In this case, we do a composite hypothesis test as

described in Secs. 2 and 3.2, and we draw the edges of the band using the values of true δ
in the true ordering that give the worst and the best results for each setup. Nevertheless,

since for these experiments the impact due to the true value of θ23 is also relevant, we show

two results, corresponding to values of θ23 in the first and second octant. In all cases, the

octant degeneracy is fully searched for (see App. 3 for details). In the case of PINGU and

INO, the most relevant parameter is θ23. We find that, depending on the combination of

true ordering and θ23 the results will be very different. Therefore, in this case we also do

a composite hypothesis test, using θ23 as an extra parameter. Finally, the case of JUNO

is somewhat different. In this case, the uncertainties on the oscillation parameters do not

have a big impact on the results. Instead, the energy resolution is the parameter which is

expected to have the greatest impact, see for instance Ref. [73] for a detailed discussion.

Therefore, in this case the width of the band shows the change on the results when the

energy resolution is changed between 3%
�
1 MeV/E and 3.5%

�
1 MeV/E. For JUNO we

do a simple hypothesis test, as described in Sec. 3.1.

The starting dates assumed for each experiment are: 2017 for INO [86], 2019 for

PINGU [38] and JUNO [61] and 2022 for LBNE [87]. Note that the official running times

for PINGU and JUNO are 5 and 6 years, respectively. For illustrative purposes we extend

the time in the plots to 10 years, in order to see how sensitivities would evolve under the

adopted assumptions about systematics. For the NOνA experiment, we assume that the

nominal luminosity will be achieved by 2014 [8] and we consider 6 years of data taking from

that moment on.

From the comparison of Figs. 12 and 13 one can see that, even though the median

sensitivity for INO would stay below the 3σ CL, there may be a sizable probability (up

to ∼ 40%) that a statistical fluctuation will bring the result up to 3σ. For NOνA, such
probability could even go up to a 60%, depending on the combination of θ23, δ and the true

26

probability to exclude wrong ordering at 3σ
(“representative” selection of experiments)

Sensitivity comparison

• experimental parameters 
(event reconstruction abilities / 
energy scale) crucial (esp for 
PINGU, JUNO,...) 

• LBL experiments: sens. depends 
on true values of θ23 and δCP

• atmospheric neutrino exps.: 
true value of θ23
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Explore synergy between different experiments

14
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CP phase
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Let’s suppose that δCP = 270°
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global fit ~2020: T2K, NOvA, DayaBay
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Figure 2: Fits in the θ13-δCP plane for sin2 2θ13 = 0.1 and δCP = π/2 (upper row) and δCP = 3π/2

(lower row). A normal simulated hierarchy is assumed. The contours refer to 1σ, 2σ, and 3σ (2 d.o.f.).

The fit contours for the right fit hierarchy are shaded (colored), the ones for the wrong fit hierarchy fit are

shown as curves. The best-fit values are marked by diamonds and boxes for the right and wrong hierarchy,

respectively, where the minimum χ2 for the wrong hierarchy is explicitely shown.
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Figure 3: Same as Fig. 2, for the inverted simulated hierarchy.

7

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Double Chooz

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

T2K

0.1

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

NO!A

0.1

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Daya Bay

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Combined

2.2

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Double Chooz

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

T2K

0.1

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

NO!A

8.0

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Daya Bay

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Combined

9.7

G
Lo
BE

S
20
09

Figure 2: Fits in the θ13-δCP plane for sin2 2θ13 = 0.1 and δCP = π/2 (upper row) and δCP = 3π/2

(lower row). A normal simulated hierarchy is assumed. The contours refer to 1σ, 2σ, and 3σ (2 d.o.f.).

The fit contours for the right fit hierarchy are shaded (colored), the ones for the wrong fit hierarchy fit are

shown as curves. The best-fit values are marked by diamonds and boxes for the right and wrong hierarchy,

respectively, where the minimum χ2 for the wrong hierarchy is explicitely shown.

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Double Chooz

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

T2K

0.0

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

NO!A

8.8

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Daya Bay

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Combined

10.6

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Double Chooz

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

T2K

0.1

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

NO!A

0.1

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Daya Bay

G
Lo
BE

S
20
09

0 0.05 0.1 0.15 0.2
sin2 2Θ13

0

Π
######
2

Π

3
######
2
Π

2 Π

∆
CP

Combined

1.8

G
Lo
BE

S
20
09

Figure 3: Same as Fig. 2, for the inverted simulated hierarchy.

7

Huber, Lindner, TS, Winter, 0907.1896

1,2,3σ (2 dof)
sin22θ13 = 0.1

normal mass ordering inverted mass ordering
1,2,3σ (2 dof)

http://arxiv.org/abs/0907.1896
http://arxiv.org/abs/0907.1896
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Octant of θ23
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Interplay of Reactor + LBL appearance data

18

• for large θ13 the leading term depends on octant

• beam+reactor combination may be sensitive to octant
Minakata et al. hep-ph/0211111;  McConnel, Shaevitz, hep-ex/0409028
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CP phase vs octant of θ23
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• some “tendencies” appear at low 
significance (Δχ2~3)

• Reactor + LBL appearance prefer 
second octant

• for NO atmospheric data pushes 
best fit point to first octant
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Global fit ~2020 - θ23 octant

1, 2, 3σ3σ excl. 3σ excl.

Huber, Lindner, TS, Winter, 0907.1896

T2K, NOvA, DayaBay     

sin22θ13 = 0.1

δCP = 0 
(may change for 
other values)

http://arxiv.org/abs/0907.1896
http://arxiv.org/abs/0907.1896
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CP phase - what is the CL?
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normal
inverted

usual Δχ2 approximations may not be valid

• complicated non-linear 
parameter dependence

• δCP is a periodic parameter

• poor sensitivity 

Schwetz, hep-ph/0612223
Blennow, Coloma, Fernandez-Martinez,1407.3274
talk by M. Blennow

http://arxiv.org/abs/hep-ph/0612223
http://arxiv.org/abs/hep-ph/0612223
http://arxiv.org/abs/1407.3274
http://arxiv.org/abs/1407.3274
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generate pseudo data for T2K (appear + disapp) 
check distribution of Δχ2

consider δCP and θ23 as free parameters (all others fixed, incl NO)

0 0.5 1 1.5 2
δCP  [π]

0
1
2
3
4
5
6
7
8

∆χ
2

∆χ2 levels for 68, 90, 95, 99% CLobserved data

0 0.5 1 1.5 2
δCP  [π]

0
1
2
3
4
5
6
7
8

0 0.5 1 1.5 2
δCP  [π]

0
1
2
3
4
5
6
7
8

sin2θ23 = 0.4 sin2θ23 = 0.5 sin2θ23 = 0.6

CP phase - what is the CL?
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generate pseudo data for T2K (appear + disapp) 
check distribution of Δχ2

consider δCP and θ23 as free parameters (all others fixed, incl NO)
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100
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lu
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χ2 approximation

sin2θ23 = 0.4

sin2θ23 = 0.5

sin2θ23 = 0.6

CP phase - what is the CL?



 T. Schwetz

Expected sensitivity
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• Reactor anomaly (νe disappearance)

• Gallium anomaly (νe disappearance)

• LSND (νμ → νe appearance)

• MiniBooNE (νμ → νe , νμ → νe appearance)

25

Anomalies at the E/L ~ eV2 scale

• no hint for νμ  disappearance
limits from SK, CDHS, MiniBooNE, MINOS
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Strong tension in global data
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10�1

100

101

sin 2 2 Θ Μe

�m
2

disappearance

appearance

90�, 99�, 99.73� CL, 2 dof

• consistency of appearance and disappearance data with p-value 10-4

C. Giunti et al find somewhat better fit: p-value 10-3 1308.5288 

Kopp, Machado, Maltoni, 
Schwetz, 1303.3011 

expect somewhat 
increased tension due 
to recent data from 
MINOS, SK-atm, 
ICARUS, OPERA

http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1308.5288
http://arxiv.org/abs/1303.3011
http://arxiv.org/abs/1303.3011
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Daya Bay, W. Zhong @ ICHEP 2014

Remark on reactor anomaly

“unexpected” bump in 
reactor neutrino spectrum

also seen in RENO, 
DoubleChooz, Chooz

bump seems to be present 
in ab-initio calculations of 
the anti-nu spectrum, but 
problems with beta-spectr?
Dwyer, Langford, 1407.1281
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Sterile neutrinos at the eV-scale?

• It is important to clarify “anomalies”

• hints for appearance experiments (LSND, 
MiniBooNE) are in strong tension with 
disappearance data

• reactor anomaly relies on complicated nuclear 
physics calculations and/or historical data - 
seem not under sufficient control to predict 
neutrino spectrum at %-level precision 

28
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Thank you for your attention!
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Additional slides
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CP phase vs θ23
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Minakata, Parke, 1303.6178
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http://arxiv.org/abs/1303.6178
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new ab-initio calculations
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2

emission from a reactor is due to>1000 daughter isotopes

with >6000 unique beta decays.

Estimation of the decay rates Ri depend on our knowl-

edge of the nuclear processes within the reactor core. For

a fission of a parent nucleus, AZNp, the propability of frag-

menting to a particular daughter nucleus A�

Z�Nd is given

by the instantaneous yield, Y i
pd. The majority of these

fission daughters are unstable, and will decay until reach-

ing a stable isotopic state. The cumulative yield Y c
pi is the

probability that a particular isotope A�

Z�Ni is produced via

the decay chain of any initial fission daughter. On aver-

age, the daughter isotopes of each fission undergo 6 beta

decays until reaching stability. For short-lived isotopes,

the decay rate Ri is approximately equal to the fission

rate Rf
p of the parent isotope p times the cumulative yield

of the isotope i,

Ri �
P�

p=0

Rf
pY

c
pi (2)

The ENDF/B.VII.1 compiled nuclear data contains ta-

bles of the cumulative fission yields of 1325 fission daugh-

ter isotopes, including relevant nuclear isomers [17, 18].

Evaluated nuclear structure data files (ENSDF) provide

tables of known beta decay endpoint energies and branch-

ing fractions for many isotopes [19]. Over 4000 beta

decay branches are found which have endpoints above

the 1.8 MeV threshold for inverse beta decay. The spec-

trum of each beta decay Sij(Eν) was calculated includ-

ing Coulomb [20], radiative [21], finite nuclear size, and

weak magnetism corrections [13]. In the following calcu-

lations we begin by assuming that all decays have allowed

Gamow-Teller spectral shapes. The impact of forbidden

shape corrections will be discussed later in the text.

The upper panel of Fig. 1 shows the electron spectrum

per fission of 235U calculated according to Eq. 1. The β−

spectrum measured in the 1980s using the BILL spec-

trometer is shown for comparison [6]. Both spectra are

absolutely normalized in units of electrons per MeV per

fission. The lower panel shows the calculated νe spec-

trum for a nominal nuclear reactor with relative fission

rates of 0.584, 0.076, 0.29, 0.05 respectively for the par-

ents 235U, 238U, 239Pu, 241Pu. The spectra have been

weighted by the cross section for inverse beta decay to

more closely correspond to the spectra observed by ex-

periments. Prediction of the νe spectrum by β− conver-
sion of the BILL measurements [11, 12] shows a different
spectral shape. In particular, there is a bump near 6 MeV

in the calculated spectrum not shown by the β− conver-
sion method. Note that the hybrid approach of Ref. [11]

used the ab initio calculation to predict most of the β−

and νe spectra, but additional fictional β− branches were

added so that the overall electron spectra would match

the BILL measurements. These corresponding νe spectra
for these branches were estimated using the β− conver-
sion method. Since this method is constrained to match

the BILL measurements, it is grouped with the other β−

conversion predictions.

2 3 4 5 6 7 8

]
-1

 fi
ss

io
n

-1
) [

M
eV

e-
S(

E

-310

-210

-110

1

U235

Nuclear Calculation

BILL measurement

Electron Kinetic Energy [MeV]
2 3 4 5 6 7 8

)
e-

(E
BI

LL
) /

 S
e-

S(
E

0.8

0.9

1

1.1

2 3 4 5 6 7 8

]
-1

 fi
ss

io
n

-1
) [

M
eV

!
 S

(E
" 

!
#

0.1

0.2 Nuclear Calculation
 Conversion, Huber-

$

 Conversion, Mueller-
$

Antineutrino Energy [MeV]
2 3 4 5 6 7 8

)
!

(E
 c

on
v.

-
$

) /
 S

!
S(

E

0.8

0.9

1

1.1
RENO
Double CHOOZ

FIG. 1. Upper: The ab initio nuclear calculation of the
cumulative β− energy spectrum per fission of 235U exposed
to thermal neutrons (red), including 1-σ uncertainties due
to fission yields and branching fractions. The measured β−

spectrum from [6] is included for reference (blue). Lower:
The corresponding νe spectrum per fission in a nominal re-
actor weighted by the inverse beta decay cross section (red),
compared with that obtained by the β− conversion method
(blue [12], green [11]). See text for discussion of uncertainties.
Measurements of the positron spectra (green [22], brown [23])
are similar to the ab initio calculation, assuming the approx-
imate relation Eν � Ee+ + 0.8 MeV.

The significant differences between the calculation and

BILL measurements are generally attributed to system-

atic uncertainties in the ab initio calculation. The 1-

σ uncertainty bands presented here include only the

stated uncertainties in the cumulative yields and branch-

ing fractions. Three additional systematic uncertainties

are prominent but not included: data missing from nu-

clear databases, biased branching fractions, and beta de-

cay spectral shape corrections.

Missing Data: It is possible that the ENDF/B tabu-

lated fission yields lack data on rare and very short lived

isotopes in regions far from nuclear stability. In [16] it

was argued that this missing data would favor higher-

energy decays. For the known fission daughters, ∼6% of

2

emission from a reactor is due to>1000 daughter isotopes

with >6000 unique beta decays.

Estimation of the decay rates Ri depend on our knowl-

edge of the nuclear processes within the reactor core. For

a fission of a parent nucleus, AZNp, the propability of frag-

menting to a particular daughter nucleus A�

Z�Nd is given

by the instantaneous yield, Y i
pd. The majority of these

fission daughters are unstable, and will decay until reach-

ing a stable isotopic state. The cumulative yield Y c
pi is the

probability that a particular isotope A�

Z�Ni is produced via

the decay chain of any initial fission daughter. On aver-

age, the daughter isotopes of each fission undergo 6 beta

decays until reaching stability. For short-lived isotopes,

the decay rate Ri is approximately equal to the fission

rate Rf
p of the parent isotope p times the cumulative yield

of the isotope i,

Ri �
P�

p=0

Rf
pY

c
pi (2)

The ENDF/B.VII.1 compiled nuclear data contains ta-

bles of the cumulative fission yields of 1325 fission daugh-

ter isotopes, including relevant nuclear isomers [17, 18].

Evaluated nuclear structure data files (ENSDF) provide

tables of known beta decay endpoint energies and branch-

ing fractions for many isotopes [19]. Over 4000 beta

decay branches are found which have endpoints above

the 1.8 MeV threshold for inverse beta decay. The spec-

trum of each beta decay Sij(Eν) was calculated includ-

ing Coulomb [20], radiative [21], finite nuclear size, and

weak magnetism corrections [13]. In the following calcu-

lations we begin by assuming that all decays have allowed

Gamow-Teller spectral shapes. The impact of forbidden

shape corrections will be discussed later in the text.

The upper panel of Fig. 1 shows the electron spectrum

per fission of 235U calculated according to Eq. 1. The β−

spectrum measured in the 1980s using the BILL spec-

trometer is shown for comparison [6]. Both spectra are

absolutely normalized in units of electrons per MeV per

fission. The lower panel shows the calculated νe spec-

trum for a nominal nuclear reactor with relative fission

rates of 0.584, 0.076, 0.29, 0.05 respectively for the par-

ents 235U, 238U, 239Pu, 241Pu. The spectra have been

weighted by the cross section for inverse beta decay to

more closely correspond to the spectra observed by ex-

periments. Prediction of the νe spectrum by β− conver-
sion of the BILL measurements [11, 12] shows a different
spectral shape. In particular, there is a bump near 6 MeV

in the calculated spectrum not shown by the β− conver-
sion method. Note that the hybrid approach of Ref. [11]

used the ab initio calculation to predict most of the β−

and νe spectra, but additional fictional β− branches were

added so that the overall electron spectra would match

the BILL measurements. These corresponding νe spectra
for these branches were estimated using the β− conver-
sion method. Since this method is constrained to match

the BILL measurements, it is grouped with the other β−

conversion predictions.
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FIG. 1. Upper: The ab initio nuclear calculation of the
cumulative β− energy spectrum per fission of 235U exposed
to thermal neutrons (red), including 1-σ uncertainties due
to fission yields and branching fractions. The measured β−

spectrum from [6] is included for reference (blue). Lower:
The corresponding νe spectrum per fission in a nominal re-
actor weighted by the inverse beta decay cross section (red),
compared with that obtained by the β− conversion method
(blue [12], green [11]). See text for discussion of uncertainties.
Measurements of the positron spectra (green [22], brown [23])
are similar to the ab initio calculation, assuming the approx-
imate relation Eν � Ee+ + 0.8 MeV.

The significant differences between the calculation and

BILL measurements are generally attributed to system-

atic uncertainties in the ab initio calculation. The 1-

σ uncertainty bands presented here include only the

stated uncertainties in the cumulative yields and branch-

ing fractions. Three additional systematic uncertainties

are prominent but not included: data missing from nu-

clear databases, biased branching fractions, and beta de-

cay spectral shape corrections.

Missing Data: It is possible that the ENDF/B tabu-

lated fission yields lack data on rare and very short lived

isotopes in regions far from nuclear stability. In [16] it

was argued that this missing data would favor higher-

energy decays. For the known fission daughters, ∼6% of

Dwyer, Langford, 1407.1281

fails to predict beta spectr by ~10%

predicts bump around 6 MeV in 
agreement with data
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vµ→ve hints from LSND & MiniBooNE

• LSND signal at 3.8σ
• MB antineutrino excess (2.8σ) consistent with oscillations

• MB neutrino excess (3.4σ) marginally consistent with osc. (p-value 6.1%)
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Constrains on vµ disappearance

34

Can we explain all the hints together? 3+1

Limits on νµ disappearance

� CDHS PLB 1984

� SuperK atmospherics
Bilenky, Giunti, Grimus, TS 99;

Maltoni, TS, Valle 01

� MINOS 1001.0336, 1104.3922

(CC data most important)
� MiniBooNE νµ(ν̄µ)

disappearance 1106.5685
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99� CL

additional constraints not included in following analysis from atmospheric data in IceCube

Nunokawa, Peres, Zukanovich 03; Choubey 07;Razzaque, Smirnov 11, 12;

Barger, Gao, Marfatia 11; Esmaili, Halzen, Peres 12
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