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Outline

• Three-flavour analysis based on 
post-Neutrino2012 data

‣ θ13 (dependence on reactor fluxes)
‣ non-maximality and octant of θ23

• SBL anomalies and eV-scale sterile neutrinos
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work in prep. with J. Kopp, M. Maltoni, P. Machado

C. Gonzalez-Garcia, M. Maltoni, 
J. Salvado, T.S.,1209.3023 !
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The θ13 revolution

• Around June 2011: 6 events in T2K 
(1.5 ± 0.3 bkg for θ13 = 0): 2.5σ

‣ global fits gave >3σ for the first time

after ICHEP2012: 11 events in T2K 
(3.2 ± 0.4 bkg for θ13 = 0): 3.2σ

• DoubleChooz (11.12), DayaBay 
(12.03), RENO (12.04)

• post-Neutrino2012: θ13 = 0 disfavored 
at Δχ2≈100 in the global fit 
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Fogli et al, 1106.6028; TS, Tortola, Valle 1108.1376

NuFIT 1.0 (2012)
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The reactor anomaly
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Hints for sterile neutrinos The reactor anomaly

New reactor flux calculations talk by D. Lhuillier

� to predict the ν̄e flux from nuclear reactors one has to convert the
measured e− spectra from 235U, 239Pu, 241Pu into neutrino spectra
Schreckenbach et al., 82, 85, 89

� recent improved calculation Mueller et al., 1101.2663 ∼ 3% higher fluxes
(ab initio calculations + virtual branches for missing part)

� confirmed by independent calculation P. Huber, 1106.0687

(virtual branches)
� increase of predicted number of neutrino-induced events compared to

old flux calculations:

235U 239Pu 241Pu 238U
3.7% 4.2% 4.7% 9.8%

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 5 / 34
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The reactor anomaly
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Mention et al, 11,12

• SBL reactor data (L < 100m) in tension with predicted flux
f = 0.935±0.024 (different from 1 @ 2.7σ)

• systematics?
‣ normalization of ILL electron spectra
‣ neutron lifetime (use 2012 PDG value)

• sterile neutrinos at the eV scale? 
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The reactor anomaly and the θ13 determination
NuFIT 1.0 (2012)
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θ13 summary
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two extreme assumptions on reactor fluxes:

• use fluxes from Huber, 1106.0687 without SBL 
reactor data

• leave react flux free and include SBL data

• affect global fit result at the 1σ level

• dependence on solar model is not visible in 
the global fit

• θ13 = 0 disfavored at Δχ2≈100 in global fit!

sin2 θ13 = 0.023± 0.0023 θ13 = (8.6+0.44
−0.46)

◦ sin2 2θ13 = 0.088± 0.009

sin2 θ13 = 0.025± 0.0023 θ13 = (9.2+0.42
−0.45)

◦ sin2 2θ13 = 0.099± 0.009

NuFIT 1.0 (2012)
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Measuring Δm231 with reactors 
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Measuring Δm231 with reactors 
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MINOS @ Neutrino 2012 by Ryan Nichol
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Adding in the extra 
data and the 
atmospherics

New MINOS neutrino 
oscillation parameters:
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sin2 (2θ) > 0.90 at 90% C.L.
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New

On non-maximal 23 mixing

★

Nichol (MINOS), talk
at Neutrino2012

★



 T. Schwetz

On non-maximal 23 mixing
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global data without atmospheric (MINOS and T2K disappearance most important)

degeneracy between the two θ23 octants
sin2θ23≈0.40 
sin2θ23≈0.62
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On non-maximal 23 mixing
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global data without atmospheric (MINOS and T2K disappearance most important)

degeneracy between the two θ23 octants

Pµµ ≈ 1− 4|Uµ3|2(1− |Uµ3|2) sin2
∆m2

atmL

4E
⇒ sin2 θ23 =

|Uµ3|2

cos2 θ13
neglecting Δm2

21:

slight shift to larger values of sin2θ23 
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• 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

Octant degeneracy and LBL appearance 
Fogli, Lisi, hep-ph/9604415
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Octant degeneracy and LBL appearance 

13

present data from LBL appearance versus reactor 
cannot discriminate between the octants
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Global fit ~2020 - θ23 octant

1, 2, 3σ

3σ
 e

xc
l.

Huber, Lindner, TS, Winter, 0907.1896

final exposure of T2K, NOvA, DayaBay combined

3σ
 e

xc
l.

sin22θ13 = 0.1
δ = 0

http://arxiv.org/abs/0907.1896
http://arxiv.org/abs/0907.1896
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3-flavor effects in atmospheric neutrinos
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excess in electron-like events:
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3-flavor effects in atmospheric neutrinos
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excess in electron-like events:

III. The ATMOSPHERIC sector 13

Octant and hierarchy discrimination in atmospheric data

• Excess of e-like events, δe ≡ Ne
�
N0

e − 1:
δe � (r̄ cos2 θ23 − 1) P2ν(∆m2

21, θ12) [∆m2
21 term]

+ (r̄ sin2 θ23 − 1) P2ν(∆m2
31, θ13) [θ13 term]

− r̄ sin θ13 sin 2θ23 Re(A∗ee Aµe) ; [δCP term]

with r̄ ≡ Φ0
µ

�
Φ0

e;

• similar but less pronounced effects also appear in
µ-like events (not discussed here);

• resonance in P2ν(∆m2
31, θ13) ⇒ enhancement of ν

(ν̄) oscillations for normal (inverted) hierarchy ⇒
hierarchy discrimination;

• δe distinguishes between light and dark side ⇒
octant discrimination;

• present data: excess in e-like sub-GeV events⇒
preference for light side.
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The octant and atmospheric neutrino data 
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adding atmospheric

0.3 0.4 0.5 0.6 0.7
sin2 !23

-3

-2.5

-2

!

2

2.5

3

"m
2 32

   
 [1

0-3
 e

V
2 ]  

  "
m

2 31

0.3 0.4 0.5 0.6 0.7
sin2 !23

0

5

10

15

"#
2

NO (Huber)
NO (free+RSBL)
IO (Huber)
IO (free+RSBL)

0.3 0.4 0.5 0.6 0.7
sin2 !23

0

5

10

15

"#
2

NO (Huber)
NO (free+RSBL)
IO (Huber)
IO (free+RSBL)

0.3 0.4 0.5 0.6 0.7
sin2 !23

-3

-2.5

-2

!

2

2.5

3

"m
2 at

m
 [1

0-3
 e

V
2 ]

NuFIT 1.0 (2012)NuFIT 1.0 (2012)



 T. Schwetz

Comparison with SuperK
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16 
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23 with reactor constraint 

!"#$% !"&%$'$!(!""")
sin2

23 

*"&& !"+!
!"%, %! ##$ *'% )

m2
32 

!"#$# !"&#!'$!(!""")

)1(1066.2 2317.0
23.0 eV

sin2
23 

m2
32 

90% C.L. 

99% C.L. 

68% C.L. 
90% C.L. 

99% C.L. 

68% C.L. 

Free 13 
Fixed reactor 13 

Free 13 
Fixed reactor 13 

NH IH 

Itow (SuperK),  talk at 
Neutrino2012

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
0

2

4

6

8

10

12

14

16

18

20

NH
IH

0 50 100 150 200 250 300 350
0

0.5

1

1.5

2

our SK1-4 only fit
θ13 fixed

→sensitivity to octant manifests 
itself only together with the 
MINOS hint for non-maximality

NO IO

NO
IO



 T. Schwetz

Impact of latest SK1-4 data in global fit
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The octant and atmospheric neutrino data 
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Table 1: Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L � 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
from [42] are adopted and RSBL data are not used in the fit.

the recent spectrum from Double Chooz with 227.9 days live time [28, 29], and the total
even rates in the near and far detectors in Daya Bay [30] with 228 days of data (a factor
3 increase over their published results [8]) and Reno with 229 days of data-taking [9]. We
also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].

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. The results are shown for two
choices of the reactor fluxes as we will describe in more detail in the next section. The
best fit values and the derived ranges for the six parameters at the 1σ (3σ) level are given
in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to
the other parameters. For sin2 θ23 the 1σ ranges are formed by two disconnected intervals
in which the first one contains the absolute minimum and the second-one the secondary
local minimum. Note that we marginalize also over the type of the neutrino mass ordering
and the two local minima in sin2 θ23 may correspond to different orderings. As visible in
Fig. 2, for “Free Fluxes + RSBL” the best fit with sin2 θ23 < 0.5 is for NO and the local
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• preference for non-maximality: 2σ (NO) or 1.5σ (IO)

• preference for 1st octant: 1.5σ (NO) or <0.9σ (IO)

NuFIT 1.0 (2012)
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Comparison with other global fits
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6

IV. SUMMARY OF OSCILLATION CONSTRAINTS AND IMPLICATIONS FOR ABSOLUTE MASSES

In this section we summarize the previous results in terms of one-parameter constraints, all the others being
marginalized away. We also show updated oscillation constraints on the main absolute mass observables [44, 45],
namely, the e!ective electron neutrino mass m! (probed in ! decay), the e!ective Majorana mass (probed in 0"2!
decay searches), and the sum of neutrino masses ", which can be probed by precision cosmology.
Figure 3 shows the N# bounds on the 3" oscillation parameters. Blue (solid) and red (dashed) curves refer to

NH and IH, respectively. The curves are expected to be linear and symmetric around the best fit only for gaussian
uncertainties. This is nearly the case for the squared mass di!erences $m2 and #m2, and for the mixing parameters
sin2 %12 and sin2 %13. The bounds on sin2 %23 are rather skewed towards the first octant, which is preferred at <! 2# in
NH and <! 3# in IH. Also the probability distribution of $ is highly nongaussian, with some preference for $ close to
&, but no constraint above !2#. As expected, there are no visible di!erences between the NH and IH curves for the
parameters $m2 and sin2 %12, and only minor variations for the the parameters #m2 and sin2 %13. More pronounced
(but <! 1#) di!erences between NH and IH curves can be seen for sin2 %23 and, to some extent, for $.
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FIG. 3: Results of the global analysis in terms of N! bounds on the six parameters governing 3" oscillations. Blue (solid) and
red (dashed) curves refer to NH and IH, respectively.
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Δm231,32 and the mass ordering

23

• difference between 
NO and IO of Δχ2≈0.5
best fit depends on the 
assumption of reactor fluxes

Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1σ 3σ range bfp ±1σ 3σ range
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−0.067 2.27→ 2.69 2.49+0.055
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10−3 eV
2 (I) −2.43+0.042

−0.065 −2.65→ −2.24 −2.47+0.073
−0.064 −2.68→ −2.25

Table 1: Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L � 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
from [42] are adopted and RSBL data are not used in the fit.

the recent spectrum from Double Chooz with 227.9 days live time [28, 29], and the total
even rates in the near and far detectors in Daya Bay [30] with 228 days of data (a factor
3 increase over their published results [8]) and Reno with 229 days of data-taking [9]. We
also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].

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. The results are shown for two
choices of the reactor fluxes as we will describe in more detail in the next section. The
best fit values and the derived ranges for the six parameters at the 1σ (3σ) level are given
in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to
the other parameters. For sin2 θ23 the 1σ ranges are formed by two disconnected intervals
in which the first one contains the absolute minimum and the second-one the secondary
local minimum. Note that we marginalize also over the type of the neutrino mass ordering
and the two local minima in sin2 θ23 may correspond to different orderings. As visible in
Fig. 2, for “Free Fluxes + RSBL” the best fit with sin2 θ23 < 0.5 is for NO and the local
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reactor data (RSBL) with L � 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
from [42] are adopted and RSBL data are not used in the fit.
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even rates in the near and far detectors in Daya Bay [30] with 228 days of data (a factor
3 increase over their published results [8]) and Reno with 229 days of data-taking [9]. We
also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].

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. The results are shown for two
choices of the reactor fluxes as we will describe in more detail in the next section. The
best fit values and the derived ranges for the six parameters at the 1σ (3σ) level are given
in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to
the other parameters. For sin2 θ23 the 1σ ranges are formed by two disconnected intervals
in which the first one contains the absolute minimum and the second-one the secondary
local minimum. Note that we marginalize also over the type of the neutrino mass ordering
and the two local minima in sin2 θ23 may correspond to different orderings. As visible in
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from [42] are adopted and RSBL data are not used in the fit.
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even rates in the near and far detectors in Daya Bay [30] with 228 days of data (a factor
3 increase over their published results [8]) and Reno with 229 days of data-taking [9]. We
also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].

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. The results are shown for two
choices of the reactor fluxes as we will describe in more detail in the next section. The
best fit values and the derived ranges for the six parameters at the 1σ (3σ) level are given
in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to
the other parameters. For sin2 θ23 the 1σ ranges are formed by two disconnected intervals
in which the first one contains the absolute minimum and the second-one the secondary
local minimum. Note that we marginalize also over the type of the neutrino mass ordering
and the two local minima in sin2 θ23 may correspond to different orderings. As visible in
Fig. 2, for “Free Fluxes + RSBL” the best fit with sin2 θ23 < 0.5 is for NO and the local
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from [42] are adopted and RSBL data are not used in the fit.
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also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].

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. The results are shown for two
choices of the reactor fluxes as we will describe in more detail in the next section. The
best fit values and the derived ranges for the six parameters at the 1σ (3σ) level are given
in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to
the other parameters. For sin2 θ23 the 1σ ranges are formed by two disconnected intervals
in which the first one contains the absolute minimum and the second-one the secondary
local minimum. Note that we marginalize also over the type of the neutrino mass ordering
and the two local minima in sin2 θ23 may correspond to different orderings. As visible in
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Table 1: Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L � 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
from [42] are adopted and RSBL data are not used in the fit.

the recent spectrum from Double Chooz with 227.9 days live time [28, 29], and the total
even rates in the near and far detectors in Daya Bay [30] with 228 days of data (a factor
3 increase over their published results [8]) and Reno with 229 days of data-taking [9]. We
also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]
with a total exposure of 3.49× 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from
the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-
time experiments we include the 44 data points of the electron scattering (ES) Super-
Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases
of SNO [36–38], including the results on the low energy threshold analysis of the combined
SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]
as well as their high-energy spectrum from 246 live days [41].
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Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin
2 θ12 0.30± 0.013 0.27→ 0.34 0.31± 0.013 0.27→ 0.35

θ12/
◦

33.3± 0.8 31→ 36 33.9± 0.8 31→ 36

sin
2 θ23 0.41+0.037

−0.025 ⊕ 0.59+0.021
−0.022 0.34→ 0.67 0.41+0.030

−0.029 ⊕ 0.60+0.020
−0.026 0.34→ 0.67

θ23/
◦

40.0+2.1
−1.5 ⊕ 50.4+1.2

−1.3 36→ 55 40.1+2.1
−1.7 ⊕ 50.7+1.1

−1.5 36→ 55

sin
2 θ13 0.023± 0.0023 0.016→ 0.030 0.025± 0.0023 0.018→ 0.033

θ13/
◦

8.6+0.44
−0.46 7.2→ 9.5 9.2+0.42

−0.45 7.7→ 10.

δCP/◦ 300
+66
−138 0→ 360 298

+59
−145 0→ 360

∆m2
21

10−5 eV
2 7.50± 0.185 7.00→ 8.09 7.50+0.205

−0.160 7.04→ 8.12

∆m2
31

10−3 eV
2 (N) 2.47+0.069

−0.067 2.27→ 2.69 2.49+0.055
−0.051 2.29→ 2.71

∆m2
32

10−3 eV
2 (I) −2.43+0.042

−0.065 −2.65→ −2.24 −2.47+0.073
−0.064 −2.68→ −2.25

Table 1: Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L � 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
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• Continously updated results at www.nu-fit.org

• provided by the NuFIT group: 
C. Gonzalez-Garcia, M. Maltoni, J. Salvado, T.S.

NuFIT 1.0 (2012)

http://www.nu-fit.org
http://www.nu-fit.org
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Hints for eV sterile neutrinos

• Reactor anomaly (νe disappearance)

• Gallium anomaly (νe disappearance)

• LSND (νμ → νe appearance)

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

Can they all be consistent and respect bounds on 
eV-scale oscillations?

27

will not speak about cosmological implications, 
see talk by Y Wong
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The reactor anomaly

28

Mention et al, 11,12

• SBL reactor data (L < 100m) in tension with predicted flux
f = 0.935±0.024 (different from 1 @ 2.7σ)

• systematics?
‣ normalization of ILL electron spectra
‣ neutron lifetime (use 2012 PDG value)

• sterile neutrinos at the eV scale? 
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The reactor anomaly and sterile neutrinos

29
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sin2 2θ14 ∆m2
41 [eV2] χ2

min/dof (GOF) ∆χ2
no−osc (CL)

SBLR rates only 0.13 0.44 11.5/17 (83%) 11.4/2 (99.7%)
SBLR incl. Bugey3 spectr. 0.10 1.75 58.3/74 (91%) 9.0/2 (98.9%)
SBLR + Gallium 0.11 1.80 64.0/78 (87%) 14.0/2 (99.9%)
global νe disapp. 0.10 1.71 306/332-?? (??%) 12.4/2 (99.8%)

Table 2: Best fit oscillation parameters and χ2
min values as well as ∆χ2

no−osc ≡ χ2
no−osc − χ2

min within
a 3+1 framework. We always include spectral data from Bugey3 except for the row “SBLR rates only”.
The row “global νe disapp.” includes global data from reactor experiments (see Tab. 1), gallium data,
solar neutrinos and the LSND/KARMEN carbon νe disappearance data. The CL for the exclusion of no
oscillations is calculated for 2 dof.

!

0.01 0.1 1
sin22!14

0.1

1

10

"
m

2  [e
V

2 ]

90, 95, 99% CL (2 dof)

SBL react
rates only

rates + 
Bugey3
spectr.

10 100
distance from reactor [m]

0.7

0.8

0.9

1

1.1

ob
se

rv
ed

 / 
no

 o
sc

. e
xp

ec
te

d

!m2 = 0.44 eV2, sin22"14 = 0.13  

!m2 = 1.75 eV2, sin22"14 = 0.10  

!m2 = 0.9 eV2, sin22"14 = 0.057

IL
L

B
ug

ey
3,

4

R
ov

no
, S

R
P SR

P
R

ov
no

K
ra

sn

B
ug

ey
3

G
os

ge
n

K
ra

sn
G

os
ge

n

K
ra

snG
os

ge
n

B
ug

ey
3

Figure 1: Left: Allowed regions of oscillation parameters from SBL reactor data in the 3+1 scheme
for rates only (contours) as well as including Bugey3 spectral data (colored regions). Right: SBLR data
points compared to the prediction for three representative sets of oscillation parameters. The thick (thin)
error bars correspond to uncorrelated (total) experimental errors. The neutrino flux uncertainty is not
included in the error bars. The data points at 18 m have been shifted for better visibility.

of Fig. 1 shows the predicted rate suppression as a function of the baseline compared to
the data. We show the prediction for the two best fit points in the left panel as well as
one point located in the island around ∆m2

41 � 0.9 eV2, which will be important in the
combined fit with SBL appearance data. We observe that for the rate-only best fit point
with ∆m2

41 = 0.44 eV2 the prediction follows the tendency suggested by the ILL, Bugey4,
and SRP (24 km) data points. This feature is no longer present for ∆m2

41 � 1 eV2,
somewhat preferred by Bugey3 spectral data, where oscillations happen at even shorter
baselines. However, from the GOF values given in Tab. 2 we conclude that also those
solutions provide a good fit to the data.
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Hints for sterile neutrinos Gallium anomaly

Gallium data

D. Frekers et al., PLB 706, 134 (2011) BGT
determinations lead to a correction of
ratios relative to Bahcall expectation by
factor 0.982 (0.977) for Cr (Ar) sources

0.5 0.7 0.8 0.9 1 1.1
observed / expected

0.5 0.6 0.7 0.8 0.9 1 1.1

Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

combined fit: χ2

min = 2.3/3 dof r = 0.84+0.054

−0.051
∆χ2

r=1 = 8.7 (2.9σ)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 11 / 34

The Gallium anomaly
Callibration data of Ga solar neutrino experiments with radio 
active sources show a deficit compared to expectations.

30

Hints for sterile neutrinos Gallium anomaly

The Gallium cross section

the reaction νe +71
Ga→71

Ge + e−
can proceed to the ground state or

through excited states of
71

Ge

σx = σx
g.s.

�
1 + ax

BGT175

BGTg.s.

+ bx
BGT500

BGTg.s.

�
(x = Cr, Ar)

previous calculations based on estimates of GT strengths

Bahcall hep-ph/9710491, Haxton nucl-th/9804011

recent measurement of
71

Ga(3
He, t)71

Ge D. Frekers et al., PLB 706, 134 (2011):

BGT175

BGTg.s.

= 0.0399± 0.0305
BGT500

BGTg.s.

= 0.207± 0.016

⇒ contribution of 7.2± 2.0% from excited states (for
51

Cr)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 10 / 34
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see also Giunti, Laveder, 1006.3244
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Global data on ve disappearance
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Hints for sterile neutrinos Global νe disappearance data

Global νe disappearance data

� νe disappearance constraints from LSND and KARMEN
LSND and KARMEN measure the cross section for
νe +12 C→12 N + e− consistent with expectations
→ limit on νe disappearance Conrad, Shaevitz, 1106.5552

use spectral fit to both LSND (6 bins Aguilar-Arevalo et al. hep-ex/0104049)
and KARMEN (26 bins J. Reichenbacher, PhD thesis, U. Karlsruhe, 2005)
cross section from Fukugita, Kohyama, Kubodera, PLB88 with 12% error
correlated between LSND and KARMEN

� solar neutrinos
degeneracy between θ13 and θ14 e.g., Palazzo, 1105.1705

determination of θ13 by reactors leads to a non-trivial bound on νe
mixing with eV-scale states from solar + KamLAND
(in principle solar data are sensitive also to θ24, θ34 due to matter effects
see e.g., Giunti, Lee, 0910.5856, here we set θ24 = θ34 = 0 for the solar analysis)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 13 / 34
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no oscillations excluded at 99.8% CL
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Global data on ve disappearance

32

impact of eV oscillations on θ13 determination
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Figure 3: Upper: ∆χ2
as a function of sin

2 θ13 for the different reactor experiments and different

assumptions on the fluxes as labeled in the figure. In this figure we fix ∆m2
31 = 2.47 × 10

−3
eV

2
.

Lower: contours in the plane of sin
2 θ13 and the flux normalization fflux. Full regions (lines)

correspond to analysis with (without) including the RSBL experiments.

analysis for the two limiting assumptions of either taking the predicted fluxes (with the

related uncertainties and correlations) of [42] and ignore the RSBL data (which we label in

the figures as “Huber”) or to allow for a free normalization of the reactor fluxes and include

the RSBL data to reduce its possible allowed range (labeled as “Free Fluxes + RSBL”).

It is also interesting to notice that since the dominant oscillation probability in these

reactor experiments with L ∼ 1 km is
4

Pνe→νe = 1− sin
2
2θ13 sin

2

�
∆m2

31L

4E

�
+O(α2

) , (3.1)

with α ≡ ∆m2
21/∆m2

31, then the rates observed in the detectors at different baselines can

4In the numerical analysis higher order effects associated to ∆m2
21 are included, and they have a notice-

able effect on the extraction of θ13, especially for Daya Bay. In principle those effects could even distinguish

Normal and Inverted orderings [57–59], an effect which however is below the present sensitivity of the

experiments.
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Appearance results from MiniBooNE
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Appearance results from MiniBooNE
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Fitting all together?

34

Can we explain all the hints together? 3+1

3+1 SBL oscillations

appearance

Pµe = sin2 2θµe sin2 ∆m2
41L

4E
sin2 2θµe = 4|Ue4|2|Uµ4|2

disappearance (α = e, µ)

Pαα = 1− sin2 2θαα sin2 ∆m2
41L

4E
sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

� effective 2-flavour oscillations
� no CP violation → same results for ν̄ (LSND, MB) and ν (MB) data

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 18 / 34
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Can we explain all the hints together? 3+1

3+1 SBL oscillations

appearance

Pµe = sin2 2θµe sin2 ∆m2
41L

4E
sin2 2θµe = 4|Ue4|2|Uµ4|2

disappearance (α = e, µ)

Pαα = 1− sin2 2θαα sin2 ∆m2
41L

4E
sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θµe ≈
1
4

sin2 2θee sin2 2θµµ

νµ → νe app. signal requires also signal in both, νe and νµ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 18 / 34
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ve disap vs vµ→ve appearance

35

Can we explain all the hints together? 3+1

Are νe → νe and νµ → νe hints consistent?
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� LSND+MBν vs Gallium+SBL reactor rates: perfectly consistent

� LSND+MBν vs Gallium+SBL reactor (incl. Bugey spect):
χ2

PG = 4.5/2 (P ≈ 10%)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 19 / 34

• reactor+Ga anomalies and LSND+MB 
hints are perfectly consistent, BUT... 

pre-Neutrino2012
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Constrains on vµ disappearance

• CDHS, atmospheric 
neutrinos, MINOS, 
MiniBooNE

• additional 
constraints from 
IceCube (not used)
 

36

Nunokawa, Peres, Zukanovich, 03, 
Coubey, 07, Razzaque, Smirnov, 
11, 12, Esmaili, Halzen, Peres, 12
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Strong tension in global data

37
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Strong tension in global data
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Strong tension in global data

38

Can we explain all the hints together? 3+1

Fitting all together?
there are three classes of data:
νe → νe disappearance sin2 2θee
νµ → νµ disappearance sin2 2θµµ

νµ → νe appearance sin2 2θµe

sin2 2θµe ≈
1
4

sin2 2θee sin2 2θµµ

� each combination of two sets is consistent
(they depend on different mixing parameters)

� BUT: strong tension if all three of them are combined

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 21 / 34
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Can we explain all the hints together? 3+2

Add more sterile neutrinos?
3+2 SBL oscillations:

appearance:

Pνµ→νe = 4 |Ue4|2|Uµ4|2 sin2 φ41 + 4 |Ue5|2|Uµ5|2 sin2 φ51

+ 8 |Ue4Uµ4Ue5Uµ5| sin φ41 sin φ51 cos(φ54 − δ)

disappearance:

Pνα→να ≈ 1− 4
�

i=4,5

|Uαi |2 sin2 φi1 − 4 |Uα4|2|Uα5|2 sin2 φ54

�
φĳ ≡ ∆m2

ĳL/4E
�

� phase δ ≡ arg
�

U∗e4Uµ4Ue5U∗µ5

�
→ CP violation

Karagiorgi et al. 06; Maltoni, TS 07
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Can we explain all the hints together? 3+2

Add more sterile neutrinos?
3+2 SBL oscillations:

appearance:

Pνµ→νe = 4 |Ue4|2|Uµ4|2 sin2 φ41 + 4 |Ue5|2|Uµ5|2 sin2 φ51

+ 8 |Ue4Uµ4Ue5Uµ5| sin φ41 sin φ51 cos(φ54 − δ)

disappearance:

Pνα→να ≈ 1− 4
�

i=4,5

|Uαi |2 sin2 φi1 − 4 |Uα4|2|Uα5|2 sin2 φ54

�
φĳ ≡ ∆m2

ĳL/4E
�

� BUT: constrain |Uei | and |Uµi | (i = 4, 5) from disappearance
to be reconciled with appearance amplitudes |UeiUµi |

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 22 / 34
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χ2
min (dof) χ2

null (dof) Pbest Pnull χ2
PG (dof) PG (%)

3+1
All 233.9 (237) 286.5 (240) 55% 2.1% 54.0 (24) 0.043%
App 87.8 (87) 147.3 (90) 46% 0.013% 14.1 (9) 12%
Dis 128.2 (147) 139.3 (150) 87% 72% 22.1 (19) 28%
ν 123.5 (120) 133.4 (123) 39% 25% 26.6 (14) 2.2%
ν 94.8 (114) 153.1 (117) 90% 1.4% 11.8 (7) 11%

App vs. Dis - - - - 17.8 (2) 0.013%
ν vs. ν - - - - 15.6 (3) 0.14%

3+2
All 221.5 (233) 286.5 (240) 69% 2.1% 63.8 (52) 13%
App 75.0 (85) 147.3 (90) 77% 0.013% 16.3 (25) 90%
Dis 122.6 (144) 139.3 (150) 90% 72% 23.6 (23) 43%
ν 116.8 (116) 133.4 (123) 77% 25% 35.0 (29) 21%
ν 90.8 (110) 153.1 (117) 90% 1.4% 15.0 (16) 53%

App vs. Dis - - - - 23.9 (4) 0.0082%
ν vs. ν - - - - 13.9 (7) 5.3%

3+3
All 218.2 (228) 286.5 (240) 67% 2.1% 68.9 (85) 90%
App 70.8 (81) 147.3 (90) 78% 0.013% 17.6 (45) 100%
Dis 120.3 (141) 139.3 (150) 90% 72% 24.1 (34) 90%
ν 116.7 (111) 133.4 (123) 34% 25% 39.5 (46) 74%
ν 90.6 (105) 153 (117) 84% 1.4% 18.5 (27) 89%

App vs. Dis - - - - 28.3 (6) 0.0081%
ν vs. ν - - - - 110.9 (12) 53%

Table 2: The χ2 values, degrees of freedom (dof) and probabilities associated with the best-fit and
null hypothesis in each scenario. Also shown are the results from the Parameter Goodness-of-fit tests.
Pbest refers to the χ2-probability at the best fit point and Pnull refers to the χ2-probability at null.

24

Conrad, Ignarra, 
Karagiorgi, 
Shaevitz, Spitz,  
1207.4765

3+1 vs 3+2
Δ χ2=12.4

4 dof
98.6 % CL

3+2 vs 3+3
Δ χ2=3.3

5 dof
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• Motivation for CP violation no longer there
(MB neutrino and antinu are consistent)

• More neutrinos cannot solve the 
appearance-disappearance tension

• Fit to MiniB low-E data not improved in global fit

• May create more problems with cosmology

41

Adding more sterile neutrinos?
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Summary - three flavour

• global fit gives determination of θ13 with 
Δχ2≈100, small dependence on reactor anomaly 
remains

• indications of non-maximal value of θ23  at 2σ 
(driven my MINOS), octant sensitvity from 
atmospheric data (below 1.5σ, depends on mass 
ordering)

• certain regions of δCP “disfavoured” at 1σ 

• no sensitivity to mass ordering (Δχ2≈0.5)
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Summary - sterile neutrinos

• hints from reactor and Ga anomalies at ~3σ
(not in tension with other data)

• hints from LSND, MiniBooNE ~3.8σ
low-E MiniB data not well fitted (few% prob)

• strong tension in global fit (constraints from νμ 
disappearance experiments)

• no significant improvement by more sterile 
neutrinos
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Thanks...

• ...to my NuFIT collaborators 

C. Gonzalez-Garcia, 
M. Maltoni, J. Salvado

• ...to my sterile-nu collaborators

J. Kopp, M. Maltoni, P. Machado (work in prep) 
• ...to you, for your attention!
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