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Some experiments do not Þt 3-! ...

LSND
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FIG. 26: Favored regions in the (sin2 2θ, ! m2) plane at 90% CL. The Feldman-Cousins, Bayesian,

and constant-slice methods all give about the same result.
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FIG. 6. Allowed regions in the sin2(2θnew ) ! ! m2
new plane obtained from the fit of the reactor neutrino data to the 3+1 neutrino

hypothesis, with sin2(2θ13 ) = 0. The left panel is the combination of the reactors and the gallium experiment calibration results
with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the MiniBooNE
data following the method of Ref. [56]. In both cases the ILL energy spectrum information is not included.

Our ILL re-analysis, including only the en-
ergy spectrum shape, leads to the allowed regions
in the sin2(2! new) ! ! m2

new plane presented in
Figure 7. We notice a hint of neutrino oscil-
lations such that |! m2

new,ILL! shape| > 1 eV2 and

sin2(2! new,ILL! shape) " 0.2, in agreement with our
fourth neutrino hypothesis, but still compatible with the
absence of oscillations at the 1" level. Figure 3 is our
reproduction of the illustration 3 of Ref. [2]; we superim-
posed the oscillation pattern that would be induced by
neutrino oscillations at our best fit (combined analysis).
The ILL positron spectrum is thus in agreement with
the oscillation parameters found independently in our
re-analyses, mainly based on rate information. Because
of the di" erences in the systematic e" ects in the rate
and shape analyses, this coincidence is in favor of a true
physical e" ect rather than an experimental anomaly. As
a cross check we performed a Monte-Carlo simulation of
the ILL and Bugey-3 experiments, including the finite
spatial extension of the nuclear reactors and the ILL and
Bugey-3 detectors. We found that the small dimensions
of the ILL nuclear core lead to small corrections of the
oscillation pattern imprinted on the positron spectrum.
However the large extension of the Bugey nuclear core is
su# cient to wash out most of the oscillation pattern at
15 m. This explains the absence of shape distortion in
the Bugey-3 experiment.

Table III summarizes all the results of our fits of reac-
tor, gallium, and MiniBooNE-# data to the sterile neu-
trino oscillation hypothesis. We observe that all the data
sets taken separately are very consistent with one an-
other, pointing to very similar oscillation parameters. We
thus performed a global fit to all available data.

The no-oscillation hypothesis is disfavored at
99.8% C.L. The significance is dominated by the
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FIG. 7. Allowed regions in the sin2(2θnew ) ! ! m2
new plane

obtained from a fit of the ILL energy spectrum shape only.
The best fit value reported by the authors of Ref. [36] is very
close to our best fit, at |! m2

new | " 2 eV2, but it is worth noting
its poor statistical significance, compatible with the absence
of oscillations at the 1σ level. The best-fit point is indicated
by a star.

gallium and reactor data. Allowed regions in the
sin2(2! new) ! ! m2

new plane are displayed in Figure 8,
together with the marginal ! $2 profiles for |! m2

new| and
sin2(2! new). The combined fit leads to the following con-
straints on oscillation parameters: |! m2

new| > 1.5 eV2

(95% C.L.) and sin2(2! new) = 0.14 ± 0.08 (95% C.L.).
An embryo of possible consequences of this result will
be discussed in Section VIII.
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FIG. 1: The layout of the LSND detector and the A6 beam stop area.
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FIG. 2: The layout of the A6 beam stop, as it was conÞgured for the 1993-1995 data taking.
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Nuclear reactors:  electron spectra from 235U, 
238U, 239Pu, 241Pu are translated to      ßuxø! e

Schreckenbach 82, 85

A recalculation of ßuxes lead to ~ 3% increase
MŸller et al 2011, Huber 2011
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standard
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MŸller et al 2011
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A recalculation of ßuxes lead to ~ 3% increase
MŸller et al 2011, Huber 2011

standard
non-zero        fit! 13

mean average ratio

MŸller et al 2011
CEA/Irfu/SPP! G. Mention, Rencontre IPhT-SPP!

The reactor anti-neutrino anomaly!

14!

The synthesis of published 
experiments at reactor-detector 
distances  100 m leads to a ratio R 
of observed event rate to predicted 
rate of !
"
µ = 0.976#±#0.024 (OLD flux)"
"
With our NEW flux evaluation, 
this ratio shifts to "
"
µ = 0.943!±!0.023,"
"
leading to a deviation from unity at 
98.6% C.L.!

! 2 =
!

r −−→
R

" T
W ! 1

!
r −−→

R
"

W = ! 2
unc. + ! cor.C ! cor.

! 2
unc. = ! 2

tot. ! ! 2
cor.

Weights:!

with!

 � 2
min = 19.6/18!

Taken from Mention,
Rencontre IPhT-SPP 2012
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min = 15.7/ 18 (P = 61%)
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f=1 = 23.0/ 19 (P = 2 .4%)
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U =
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Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

#

$

We could explain these anomalies with additional 
neutrinos such that " m2 ~ O(eV2)

But due to the Z invisible width, they should be SM 
singlets, and hence sterile neutrinos
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SBL reactor rates only analysis:

sin2 ! 14 = 0 .13 ∆m2
41 = 0 .44 eV2

χ2
min /dof = 11.5/17 (P = 83%)

Including Bugey-3 spectra:

χ2
min /dof = 58.3/74 (P = 91%)

! m2
41 = 1 .75 eV2sin2 ! 14 = 0 .10

! ! 2
no-osc = 11.4 (99.7%, 2.9" )

! ! 2
no-osc = 9 .0 (98.9%, 2.5" )

A/P LBL approx. (A/P) SBL approx. (A/P)

3+2 9/5 V35V34V25O24O23O15O14V13 (8/4) V35O34V25O24O15O14 (6/2)

3+1 6/3 V34O24O23O14V13 (5/2) O34O24O14 (3/0)

Table 2. Mixing angle and Phase counting for s = 2 (3+2) and s = 1 (3+1) sterile neutrino

schemes. The column “A/P” denotes the number of physical angles and phases, respectively. The

column “LBL approx.” (“SBL approx.”) corresponds to the approximation ! m2
21 ! 0 (! m2

21 ! 0,

! m2
31 ! 0). We give also specific examples for which angles can be chosen real, by denoting with

Vij (Oij ) a complex (real) rotation.

ϕij in a CP-even fashion. Our parametrization Eq. (2.6) guarantees that
(–)

ν e disappearance

experiments are independent of ϕij .

3 νe and øνe disappearance searches

Disappearance experiments in the
(–)

ν e sector probe the moduli of the entries in the first

row of the neutrino mixing matrix, |Uei |. In the short-baseline limit of the 3+1 scenario,

the only relevant parameter is |Ue4|. For two sterile neutrinos, also |Ue5| is relevant. In this

section we focus on 3+1 models, and comment only briefly on 3+2. For 3+1 oscillations

in the SBL limit, the
(–)

ν e survival probability takes an e" ective two flavor form

PSBL,3+1
ee = 1 " 4|Ue4|2(1 " |Ue4|2) sin2

! m2
41L

4E
= 1 " sin

2
2θee sin

2 ! m2
41L

4E
, (3.1)

where we have defined an e" ective
(–)

ν e-disappearance mixing angle by

sin
2
2θee # 4|Ue4|2(1 " |Ue4|2) . (3.2)

This definition is parametrization independent. Using the specific parametrization of

Eq. (2.6) it turns out that θee = θ14.

3.1 SBL reactor experiments

The data from reactor experiments used in our analysis are summarized in Tab. 3. Our

simulations make use of a dedicated reactor code based on previous publications, see

e.g. [79, 80]. We have updated the code to include the latest data and improved the

treatment of uncertainties, see appendix B for details. The code used here is very similar

to the one from Ref. [11], extended to sterile neutrino oscillations. The reactor experi-

ments listed in Tab. 3 can be divided into short-baseline (SBL) experiments with baselines

< 100 m, long-baseline (LBL) experiments with 100 m < L < 2 km, and the very long-

baseline experiment KamLAND with an average baseline of 180 km. SBL experiments are

not sensitive to standard three-flavor oscillations, but can observe oscillatory behavior for

! m2
41, ! m2

51 $ 1 eV
2
. On the other hand, for long-baseline experiments, oscillations due

to (! m2
31, θ13) are most relevant, and oscillations due to eV

2
-scale mass-squared di" erences

are averaged out and lead only to a constant flux suppression. KamLAND is sensitive to

oscillations driven by (! m2
21 and θ12), whereas all θ1k with k % 3 lead only to a constant

flux reduction.

– 7 –
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Eq. (2.6) it turns out that θee = θ14.

3.1 SBL reactor experiments

The data from reactor experiments used in our analysis are summarized in Tab.3. Our
simulations make use of a dedicated reactor code based on previous publications, see
e.g. [79, 80]. We have updated the code to include the latest data and improved the
treatment of uncertainties, see appendixB for details. The code used here is very similar
to the one from Ref. [11], extended to sterile neutrino oscillations. The reactor experi-
ments listed in Tab. 3 can be divided into short-baseline (SBL) experiments with baselines
< 100 m, long-baseline (LBL) experiments with 100 m< L < 2 km, and the very long-
baseline experiment KamLAND with an average baseline of 180 km. SBL experiments are
not sensitive to standard three-ßavor oscillations, but can observe oscillatory behavior for
! m2

41, ! m2
51 $ 1 eV2. On the other hand, for long-baseline experiments, oscillations due

to ( ! m2
31, θ13) are most relevant, and oscillations due to eV2-scale mass-squared di" erences

are averaged out and lead only to a constant ßux suppression. KamLAND is sensitive to
oscillations driven by (! m2

21 and θ12), whereas allθ1k with k % 3 lead only to a constant
ßux reduction.
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Vij (Oij ) a complex (real) rotation.
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ν e disappearance

experiments are independent of ϕij .
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ν e sector probe the moduli of the entries in the first
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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
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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)

� larger best fit ratio than Giunti,Laveder,1006.3244 (r = 0.76)
(GL rescaled Bahcall prediction by factor 0.91 based on cross section from

Haxton nucl-th/9804011 )

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

R1(Cr) = 0 .94± 0.11

R2(Cr) = 0 .80± 0.10

R3(Cr) = 0.93 ± 0.12

R4(Ar) = 0 .77± 0.08

Schwetz@Neutrino 2012

See also Acero Giunti Laveder 2007, Giunti Laveder 2010

See Frekers et al 2010
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Solar neutrinos + KamLAND + Reactor MBL: 
$13 Ð $14 interplay and non-trivial bound

LSND and KARMEN measured! e + 12C ! e! + 12N



Hints for sterile neutrinos Gallium anomaly

Gallium data and sterile neutrinos

oscillations within the detector volume:

R =
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Ga + SBL reactor rates
 + Bugey-3 spectra:

Consistent!
What about other exps?

Reactor + Ga + ...
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Global ! e disappearance:

sin2 ! 14 = 0.10 ∆m2
41 = 1 .71 eV2

! 2
min/ dof = 306/ 329

! ! 2
no-osc = 12.4 (99.8%, 3.1" )

Reactor + Ga + ...
2. O paradigma de quatro ou mais neutrinos

10� 3 10� 2 10�1

10�1

100

101

!Ue4
2

�m
412

"e
V

2
#

!"#

95� CL

Gallium

S
B

L
re

ac
to

rs

Al
l
Ν e

d
is

ap
p

LB
L

re
ac

to
rs

C�12

S
ol

ar
�

K
am

L

Figura 2.3.: Regiões permitidas em 95% CL (2 dof) no esquema 3+1. Mostramos o

ajuste aos dados de experimentos de reatores CD (região azul), experimentos de gálio

(região laranja), bem como v́ınculos de desaparecimento de ! e de espalhamento ! e – 12C

em LSND e KARMEN (linha pontilhada vinho), reatores LD (Chooz, Palo Verde, Double

Chooz, Daya Bay e RENO, linha tracejada azul) e experimentos solares+KamLAND (linha

tracejada preta). A região vermelha é referente ao ajuste combinado de todos os dados de

desaparecimento de ! e e !̄ e.

reatores CD, bem como a combinação destes com os dados de gálio. Constatamos uma

diminuição de 5,3 e 3,8 unidades no ! 2 ao passarmos do cenário 3+1 para o 3+2. Como

o esquema 3+2 envolve dois parâmetros a mais que o esquema 3+1, consideramos que

não há melhora significativa no ajuste além daquela esperada pelo aumento do número

de parâmetros relevantes e, portanto, os dados de CD de
(– )

" e não apresentam preferência

significativa entre os dois esquemas de neutrinos estéreis. Essa conclusão é corroborada

pelo fato de que a significância da exclusão da hipótese de não oscilação nos esquemas

3+2 e 3+1 é basicamente a mesma. Veja as últimas colunas das tabelas 2.4 e 2.5, onde

o ∆! 2 é traduzido em grau de confiança (CL) levando em consideração o número de

parâmetros relevantes em cada modelo, ou seja, 2 para 3+1 e 4 para 3+2.

2.2.3. An«alise global dos dados de desaparecimento de" e e "̄ e

Discutimos, até agora, as duas anomalias no setor de desaparecimento de neutrinos

do elétron. Vimos que elas são não só estatisticamente significantes, como também

64
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3+2 e 3+1 é basicamente a mesma. Veja as últimas colunas das tabelas 2.4 e 2.5, onde
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2.2.3. An«alise global dos dados de desaparecimento de" e e "̄ e
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2. O paradigma de quatro ou mais neutrinos
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Figura 2.7.: Regi÷oes permitidas e limites superiores em 99% CL (2 dof) para experimentos
de aparecimento de! µ → ! e e ø! µ → ø! e no esquema 3+1. Mostramos as regi÷oes dos dados
de antineutrino de LSND e MiniBooNE, bem como os v«õnculos dos dados de neutrinos
de MiniBooNE, KARMEN, NOMAD, ICARUS e E776. Combinamos E776 com os
experimentos de reator LD para vincular as oscilaüc÷oes do ru«õdo de! e e ø! e, caso contr«ario o
v«õnculo de E776 sobresen22"µe para ! m2

41 pequeno seria negligenci«avel. A regi÷ao vermelha
corresponde à combinaüc÷ao de todos os dados, cuja estrela indica o ponto de melhor ajuste.

colaboraüc÷ao MiniBooNE (veja as Þguras 4 da ref. [77] ou 3 da ref. [78]). O comportamento

ligeiramente diferente das regi÷oes permitidas «e consequöencia das oscilaüc÷oes do ru«õdo, que

podem ser apreci«aveis num ajuste contendo apenas dados de aparecimento, pois para

sen22! µe Þxo, variamos livremente|Uµ4| e |Ue4|, com o v«õnculo da eq. (2.18).9

Em ICARUS, o canal " µ → " e [146], cujo ru«õdo mais importante «e o aparecimento

de " e devido a! m2
31 e ! 13, vincula sen22! µe de forma essencialmente independente de

! m2
41 no intervalo que nos «e de interesse. Esse «e o «unico resultado de aparecimento que

exclui diretamente a regi÷ao de grande öangulo de mistura e! m2
41 pequeno. Note que essa

regi÷ao tamb«em «e exclu«õda pelas buscas de desaparecimento de" e e " µ, uma vez que a

eq. (2.18) «e usada para relacionarsen22! µe aos öangulos de mistura efetivos relevantes

aos experimentos de desaparecimento. Como discutido na seüc÷ao?? e no ApöendiceA, a

probabilidade de aparecimento no esquema 3+1 em longas distöancias depende de uma fase

complexa. Para a obtenüc÷ao do limite de ICARUS na Þgura2.7, Þxamossen22! 13 = 0,092

e ! m2
31 = 2,4× 10! 3 eV2 enquanto marginalizamos na fase relevante.

A intersecüc÷ao signiÞcativa entre todas as regi÷oes permitidas pelos experimentos de

9VeriÞcamos que, ao usar os mesmos pressupostos da colaboraüc÷ao MiniBooNE, obtemos seus resultados
com boa precis÷ao.
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Figure 5 . Constraints in the plane of |Uµ4|2 and |U! 4|2 for three Þxed values of! m2
41 from MINOS

CC + NC data (green), atmospheric neutrinos (orange), CDHS + MiniBooNE
(Ð)

ν µ disappearance +
LBL reactors (red), and the combination of those data (blue). The constraint from solar neutrinos is
shown in magenta. Regions are shown at 90% and 99% CL (2 dof) with respect to theχ2 minimum
at the Þxed ! m2

41. We minimize with respect to complex phases and include e" ects ofθ13 and θ14

where relevant. The gray region is excluded by the unitarity requirement|Uµ4|2 + |U! 4|2 ! 1. Note
the di" erent scale on the axes.

as MINOS data, thanks to the NC matter e" ect and SNO NC data. No relevant limit can
be set on|Uµ4|2 from solar neutrinos.

5 ! µ " ! e and ø! µ " ø! e appearance searches

Now we move on to the discussion of appearance searches. In contrast to disappearance
experiments which probe only one row of the mixing matrix, i.e., only the elements |U! i|
for Þxedα, an appearance experiment in the channel

(Ð)

ν ! "
(Ð)

ν " is sensitive to two rows via
combinations like |U! iU" i| and potentially to some complex phases. In the SBL approxi-
mation the 3+1 appearance probability in the phenomenologically most relevant channel
(Ð)

ν µ "
(Ð)

ν e takes the form

PSBL,3+1
(Ð)
# µ !

(Ð)
# e

= 4 |Uµ4Ue4|2 sin2 ! m2
41L

4E
= sin 2 2θµe sin2 ! m2

41L
4E

, (5.1)

where we have deÞned an e" ective mixing angle by

sin2 2θµe # 4|Uµ4Ue4|2 . (5.2)

In the parametrization from Eq. ( 2.6) we obtain sin 2θµe = sin θ24 sin 2θ14. The oscillation
probability in the 3+2 scheme is given in Eq. (2.1). The 3+1 SBL appearance probability
does not depend on complex phases, whereas in the 3+2 scheme CP violation via complex
phases is possible at SBL [33, 60].

Our analyses of LSND [12], KARMEN [ 118], NOMAD [ 119]
(Ð)

ν µ "
(Ð)

ν e appearance
data are based on [33, 79, 120], where references and technical details can be found. Our
analyses of E776 [40] and ICARUS [41], used for the Þrst time in the present paper, are
described in appendicesE.2 and E.3, respectively.6 In the case of LSND, we use only the

6Recently also the OPERA experiment presented results from a ! µ ! ! e appearance search [121]. The
obtained limit is comparable to the one from ICARUS [ 41].
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Figura 2.5.: À esquerda: V«õnculos no plano|Uµ4|2 e ∆m2
41 em 99% CL (2 dof) de CDHS,

neutrinos atmosf«ericos, desaparecimento em MiniBooNE, dados de CC e CN de MINOS,
e a combinaüc÷ao de todos eles. Marginalizamos em relaüc÷ao à|U! 4| e à fase complexaϕ24.
Em vermelho, mostramos a regi÷ao permitida pelos dados de aparecimento em LSND e
MiniBooNE, combinados com os dados deøνe e νe de reatores CD e g«alio, obtidos Þxando
|Uµ4|2 e marginalizando em|Ue4|2. À direita: V«õnculos no plano|U! 4|2 e∆m2

41 em 99% CL
(2 dof) dos dados CC+CN de MINOS (verde) e dos dados globais deνµ e øνµ e CN
combinados (regi÷ao azul, curvas pretas). Marginalizamos em|Uµ4| e mostramos os limites
mais fracos (Òbest phaseÓ) e fortes (Òworst phaseÓ), dependendo da escolha da fase complexa
ϕ24. Em ambos pain«eis, marginalizamos em∆m2

31 e θ23, e Þxamossen22θ13 = 0 ,092 e
θ14 = 0 (exceto na regi÷ao vermelha do painel esquerdo).

onde deÞnimos o öangulo de desaparecimento de
(Ð)

ν µ efetivo

sen22θµµ ! 4|Uµ4|2(1 " |Uµ4|2) , (2.15)

ou seja, em nossa parametrizaüc÷ao(2.6) o öangulo de mistura efetivoθµµ depende deθ24 e

θ14. Ao contr«ario das buscas pelo desaparecimento de
(Ð)

ν e, discutidas na seüc÷ao anterior,

os resultados dos experimentos de desaparecimento de
(Ð)

ν µ encontram-se em «otimo acordo

com o cen«ario padr÷ao.

Mostramos, no plano|Uµ4| # ! m2
41, o limite obtido do ajuste dos dados supracitados

no painel esquerdo da Þgura2.5. A an«alise de MINOS «e baseada na comparaüc÷ao entre os

detectores pr«oximo e distante. Logo, o comportamento do limite em torno de! m2
41 $ 0,1

e 10eV2 «e explicado pelo fato das oscilaüc÷oes devidas à esses valores serem relevantes no

detector distante e pr«oximo, respectivamente. O v«õnculo razoavelmente constante no

intervalo intermedi«ario 0,5eV2 ! ! m2
41 ! 3eV2 corresponde ao limite! m2

41 % 0 (& )

no detector pr«oximo (distante) [143, 144]. Nesse intervalo, os dados de MINOS töem
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c14s24

The ! % disappearance experiments are 
consistents with the 3 neutrino 

paradigm

We combined with reactor and Ga 
to set a limit on Ue4

by comparing near and far detector data. The upper bound on|Ue4| from LBL reactors is
provided by Chooz, Palo Verde, DoubleChooz, since for those experiments also information
on the absolute ßux normalization can be used, as mentioned above. In contrast, for solar
neutrinos and KamLAND, both ! m2

41 and ! m2
31 are e" ectively inÞnite, and θ13 and θ14

a" ect essentially the overall normalization and are largely degenerate, as visible the Þgure.
In conclusion, the θ13 determination is rather stable with respect to the presence of

sterile neutrinos. We note, however, that its interpretation becomes slightly more com-
plicated. For instance, in the 3+1 scheme using the parametrization from Tab.2, the
relation between mixing matrix elements and mixing angles is|Ue3| = cos θ14 sinθ13 and
|Ue4| = sin θ14. Hence, the one-to-one correspondence between|Ue3| and θ13 as in the
three-ßavor case is spoiled.

4 νµ, øνµ, and neutral-current disappearance searches

In this section we discuss the constraints on the mixing of
(Ð)

ν µ and
(Ð)

ν ! with new eV-scale
mass states. In the 3+1 scheme this is parametrized by|Uµ4| and |U! 4|, respectively.
In terms of the mixing angles as deÞned in Eq. (2.6) we have |Uµ4| = cos θ14 sinθ24 and
|U! 4| = cos θ14 cosθ24 sinθ34. In the present paper we include data sets from the following
experiments to constrain

(Ð)

ν µ and
(Ð)

ν ! mixing with eV states:

• SBL νµ disappearance data from CDHS [108]. Details of our simulation are given
in [79].

• Super-Kamiokande. It has been pointed out in [109] that atmospheric neutrino data
from Super-Kamiokande provide a bound on the mixing ofνµ with eV-scale mass
states, i.e., on the mixing matrix elements |Uµ4|, |Uµ5|. In addition, neutral-current
matter e" ects provide a constraint on|U! 4|, |U! 5|. A discussion of the e" ect is given in
the appendix of [33]. Details on our analysis and references are given in appendixD.

• MiniBooNE [ 44, 45]. Apart from the
(Ð)

ν e appearance search, MiniBooNE can also
look for SBL

(Ð)

ν µ disappearance. Details on our analysis are given in appendixE.4.

• MINOS [42, 43]. The MINOS long-baseline experiment has published data on charged
current (CC)

(Ð)

ν µ disappearance as well as on the neutral current (NC) count rate.
Both are based on a comparison of near and far detector measurements. In addition
to providing the most precise determination of ! m2

31 (from CC data), those data can
also be used to constrain sterile neutrino mixing, where CC (NC) data are mainly
relevant for |Uµ4|, |Uµ5| (|U! 4|, |U! 5|). See appendixE.5 for details.

Additional constrains on νµ mixing with eV-scale states (not used in this analysis) can be
obtained from data from the Ice Cube neutrino telescope [110Ð115].

Limits on the |Uµi | row of the mixing matrix come from
(Ð)

ν µ disappearance experiments.

In a 3+1 scheme the
(Ð)

ν µ SBL disappearance probability is given by

PSBL,3+1
µµ = 1 − 4|Uµ4|2(1 − |Uµ4|2) sin2 ! m2

41L

4E
= 1 − sin2 2θµµ sin2 ! m2

41L

4E
, (4.1)
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Figura 2.9.: Resultados do ajuste global no esquema 3+1, apresentados como limites de
exclusão e regiões permitidas dos ângulos de mistura efetivos sen22! µe = 4|Ue4|2|Uµ4|2 e

da diferença quadrada de massa ! m2
41. À esquerda: comparação do espaço de parâmetros

favorecido pelos dados de aparecimento (LSND, aparecimento em MiniBooNE, NOMAD,
KARMEN, ICARUS e E776) com os limites de exclusão dos dados de desaparecimento
(atmosféricos, solares, reatores, gálio, CDHS, MINOS, desaparecimento em MiniBooNE
e espalhamendo " e – 12C em KARMEN e LSND). À direita: Regiões permitidas pelos
experimentos anômalos (LSND, MiniBooNE, reatores CD, gálio) contra os v́ınculos de todos
os outros experimentos, mostrados separadamente para aparecimento e desaparecimento,
bem como para a combinação.

onde χ2
min,glob , χ

2
min,app e χ2

min,dis são os valores mı́nimos de χ2 encontrados ao realizarmos

os ajustes global, apenas de aparecimento e apenas de desaparecimento, respectivamente.

Na segunda linha, temos as contribuições dos dados de aparecimento ou desaparecimento

(x = app, dis) ao χ2 para os pontos de melhor ajuste global, χ2
x,glob, ou dos respectivos

dados isoladamente, χ2
min, x .

O χ2
PG deve ser calculado com o número de graus de liberdade correspondente ao número

de parâmetros relevantes aos ajustes dos dados de aparecimento e desaparecimento (2 no

esquema 3+1). Como pode ser visto na tabela 2.7, no ajuste global 3+1 temos χ2
min /dof

= 712/680, o que corresponde ao GOF de 19%, ao passo que o teste PG tem valor-p em

torno de 10! 4. Note que o teste PG indica uma inconsistência entre os experimentos,

mesmo com o valor-p do GOF relativamente alto, o que pode ser explicado de forma

simples. O GOF é uma medida da adequação de uma hipótese aos dados experimentais.

Em geral, uma anomalia não se manifesta em todos os pontos do conjunto de dados (em

todo o espectro de energia, por exemplo) e, portanto, um alto número de pontos dilui o

valor-p do GOF e esconde a tensão entre os dados. Já o teste PG é concebido de forma
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favorecido pelos dados de aparecimento (LSND, aparecimento em MiniBooNE, NOMAD,
KARMEN, ICARUS e E776) com os limites de exclusão dos dados de desaparecimento
(atmosféricos, solares, reatores, gálio, CDHS, MINOS, desaparecimento em MiniBooNE
e espalhamendo " e – 12C em KARMEN e LSND). À direita: Regiões permitidas pelos
experimentos anômalos (LSND, MiniBooNE, reatores CD, gálio) contra os v́ınculos de todos
os outros experimentos, mostrados separadamente para aparecimento e desaparecimento,
bem como para a combinação.

onde χ2
min,glob , χ

2
min,app e χ2

min,dis são os valores mı́nimos de χ2 encontrados ao realizarmos

os ajustes global, apenas de aparecimento e apenas de desaparecimento, respectivamente.

Na segunda linha, temos as contribuições dos dados de aparecimento ou desaparecimento

(x = app, dis) ao χ2 para os pontos de melhor ajuste global, χ2
x,glob, ou dos respectivos

dados isoladamente, χ2
min, x .

O χ2
PG deve ser calculado com o número de graus de liberdade correspondente ao número

de parâmetros relevantes aos ajustes dos dados de aparecimento e desaparecimento (2 no

esquema 3+1). Como pode ser visto na tabela 2.7, no ajuste global 3+1 temos χ2
min /dof

= 712/680, o que corresponde ao GOF de 19%, ao passo que o teste PG tem valor-p em

torno de 10! 4. Note que o teste PG indica uma inconsistência entre os experimentos,

mesmo com o valor-p do GOF relativamente alto, o que pode ser explicado de forma

simples. O GOF é uma medida da adequação de uma hipótese aos dados experimentais.

Em geral, uma anomalia não se manifesta em todos os pontos do conjunto de dados (em

todo o espectro de energia, por exemplo) e, portanto, um alto número de pontos dilui o

valor-p do GOF e esconde a tensão entre os dados. Já o teste PG é concebido de forma
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a contornar esse efeito: ao tomarmos a diferença ! 2
x,glob ! ! 2

min,x, estimamos quanto o

ajuste “local” piora ao incluirmos os dados globais, o que nos revela a concordância entre

os experimentos.10

! 2
min/dof GOF ! 2

PG/dof PG ! 2
app,glob ! ! 2

app ! 2
dis,glob ! ! 2

dis

3+1 712/( 689! 9) 19% 18,0/2 1,2 " 10! 4 95,8/68 7,9 616/621 10,1
3+2 701/( 689! 14) 23% 25,8/4 3,4 " 10! 5 92,4/68 19,7 609/621 6,1

1+3+1 694/( 689! 14) 30% 16,8/4 2,1 " 10! 3 82,4/68 7,8 611/621 9,0

Tabela 2.7.: M«õnimos globais de! 2, valores GOF e teste do paröametrogoodness-of-Þt
(PG) [170] para a consistöencia entre experimentos de aparecimento e desaparecimento nos
esquemas 3+1, 3+2 e 1+3+1. Os paröametros dos melhores ajustes correspondentes podem
ser encontrados na tabela2.8. Nas «ultimas quatro colunas temos as contribuiüc÷oes dos
dados de aparecimento e desaparecimento ao! 2

PG, veja eq. (2.22).

Visualmente, apresentamos o conflito entre os resultados anômalos e os outros no

painel à direita da figura 2.9. Em vermelho, mostramos a região de parâmetros favorecida

pelo ajuste combinado dos dados de reatores de CD, gálio, e aparecimento em LSND e

MiniBooNE, enquanto que as linhas verde, preta e azul são os limites de aparecimento,

de desaparecimento e global, respectivamente, dos experimentos não-anômalos. Vemos

que não há interseção alguma, em 99% CL, entre a área vermelha e a região permitida à

esquerda da linha azul.

2.5.2. An«alise global: esquemas 3+2 e 1+3+1

Com a compatibilidade geral em xeque, no esquema 3+1, nos questionamos se a adição

de mais um neutrino estéril poderia melhorar o presente panorama. Mostramos os valores

de ! 2, e testes GOF e PG para os esquemas 3+2 e 1+3+1 na tabela 2.7, bem como os

parâmetros de oscilação dos melhores ajustes correspondentes na tabela 2.8. Os valores

do teste PG nos revelam que a tensão entre os dados de aparecimento e desaparecimento

permanece severa, especialmente no caso 3+2, cujo valor-p é menor que 10! 4, ainda pior

que no caso 3+1. No esquema 1+3+1, uma compatibilidade de 0,2% pode ser alcançada.

Para compreendermos os resultados do teste PG, discutiremos cada caso separadamente.

Ao compararmos o caso 3+2 ao 3+1, observamos uma pequena melhora no ! 2 global,

! 2
3+1,glob ! ! 2

3+2,glob = 10,7 , (2.23)

10N÷ao faz sentido estudar a compatibilidade entre os experimentos anöomalos e os que n÷ao observaram
efeitos inesperados, pois ao escolhermos tais amostras, j«a estar«õamos introduzindo um vi«es estat«õstico
na an«alise.
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a contornar esse efeito: ao tomarmos a diferenücaχ2
x,glob − χ2

min ,x, estimamos quanto o

ajuste ÒlocalÓ piora ao incluirmos os dados globais, o que nos revela a concordöancia entre

os experimentos.10

! 2
min /dof GOF ! 2

PG /dof PG ! 2
app,glob ! ! 2

app ! 2
dis,glob ! ! 2

dis
3+1 712/( 689− 9) 19% 18,0/2 1,2× 10! 4 95,8/68 7,9 616/621 10,1
3+2 701/( 689− 14) 23% 25,8/4 3,4× 10! 5 92,4/68 19,7 609/621 6,1

1+3+1 694/( 689− 14) 30% 16,8/4 2,1× 10! 3 82,4/68 7,8 611/621 9,0

Tabela 2.7.: M«õnimos globais de! 2, valores GOF e teste do paröametrogoodness-of-Þt
(PG) [170] para a consistöencia entre experimentos de aparecimento e desaparecimento nos
esquemas 3+1, 3+2 e 1+3+1. Os paröametros dos melhores ajustes correspondentes podem
ser encontrados na tabela2.8. Nas «ultimas quatro colunas temos as contribuiüc÷oes dos
dados de aparecimento e desaparecimento ao! 2

PG , veja eq. (2.22).

Visualmente, apresentamos o conßito entre os resultados anöomalos e os outros no

painel à direita da Þgura2.9. Em vermelho, mostramos a regi÷ao de paröametros favorecida

pelo ajuste combinado dos dados de reatores de CD, g«alio, e aparecimento em LSND e

MiniBooNE, enquanto que as linhas verde, preta e azul s÷ao os limites de aparecimento,

de desaparecimento e global, respectivamente, dos experimentos n÷ao-anöomalos. Vemos

que n÷ao h«a interseüc÷ao alguma, em 99% CL, entre a «area vermelha e a regi÷ao permitida à

esquerda da linha azul.

2.5.2. An«alise global: esquemas 3+2 e 1+3+1

Com a compatibilidade geral em xeque, no esquema 3+1, nos questionamos se a adiüc÷ao

de mais um neutrino est«eril poderia melhorar o presente panorama. Mostramos os valores

de χ2, e testes GOF e PG para os esquemas 3+2 e 1+3+1 na tabela2.7, bem como os

paröametros de oscilaüc÷ao dos melhores ajustes correspondentes na tabela2.8. Os valores

do teste PG nos revelam que a tens÷ao entre os dados de aparecimento e desaparecimento

permanece severa, especialmente no caso 3+2, cujo valor-p «e menor que 10! 4, ainda pior

que no caso 3+1. No esquema 1+3+1, uma compatibilidade de 0,2% pode ser alcanücada.

Para compreendermos os resultados do teste PG, discutiremos cada caso separadamente.

Ao compararmos o caso 3+2 ao 3+1, observamos uma pequena melhora noχ2 global,

χ2
3+1 ,glob − χ2

3+2 ,glob = 10,7 , (2.23)

10N÷ao faz sentido estudar a compatibilidade entre os experimentos anöomalos e os que n÷ao observaram
efeitos inesperados, pois ao escolhermos tais amostras, j«a estar«õamos introduzindo um vi«es estat«õstico
na an«alise.
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3+2: no qualitative improvement, just 
more free parameters

1+3+1: slightly improvement, but PG 
value still small

Regarding steriles, looks like this 
tension cannot be avoided. More 
neutrinos do not improve the Þt, just 
add more free parameters

see, e.g., Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897

2. O paradigma de quatro ou mais neutrinos
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Figura 2.12.: Similar à Þgura 2.11 para o esquema 1+3+1.

Para o esquema 1+3+1, um ajuste um pouco melhor pode ser obtido,

χ2
3+1,glob ! χ2

1+3+1,glob = 17,8 , (2.24)

o que desfavorece o esquema 3+1 em 99,9% CL (4 dof) em relação ao 1+3+1. Observamos,

na tabela 2.7, que o esquema 1+3+1, em relação ao 3+2, provê uma explicação mais

adequada aos dados de aparecimento (χ2
app,glob = 82,4 comparado com 92,4). Percebemos,

no histograma azul sólido da figura 2.8, que, embora o excesso em baixas energias ainda

não seja suficiente, o ponto de melhor ajuste global 1+3+1 reproduz satisfatoriamente o

baixo número de eventos no espectro de neutrinos de MiniBooNE além de 0,5 GeV. O

χ2
PG de aparecimento contra desaparecimento é até um pouco menor que no esquema

3+1 (16,8 contra 18,0) e, levando em conta o número de parâmetros relevantes adicionais,

um valor-p de 0,2% é obtido, uma ordem de magnitude melhor que o caso 3+1.

As projeções das regiões permitidas no plano das diferenças quadradas de massa são

mostradas na parte inferior da figura 2.10. As regiões de desaparecimento são, em boa

aproximação, simétricas para 3+2 e 1+3+1. Isso pode ser compreendido observando que,

na eq. (2.3), a diferença entre 3+2 e 1+3+1 aparece apenas no último termo, o qual é

proporcional à quarta potência de pequenos elementos da matriz de mistura, enquanto

os termos dominantes são de segunda ordem. Ainda na figura 2.10, vemos que ambas

regiões favorecidas de aparecimento e desaparecimento incluem o ponto de melhor ajuste

global. Na figura 2.12 mostramos novamente uma projeção no espaço das combinações

de elementos da matriz de mistura para valores fixos de diferenças quadradas de massa
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Figure 4 . Left: Constraints in the plane of |Uµ4|2 and ∆m2
41 at 99% CL (2 dof) from CDHS,

atmospheric neutrinos, MiniBooNE disappearance, MINOS CC and NC data, and the combination
of them. We minimize with respect to |U! 4| and the complex phase! 24. In red we show the region
preferred by LSND and MiniBooNE appearance data combined with reactor and Gallium data on
(Ð)

" e disappearance, where for Þxed|Uµ4|2 we minimize with respect to |Ue4|2. Right: Constraints
in the plane of |U! 4|2 and ∆m2

41 at 99% CL (2 dof) from MINOS CC + NC data (green) and the
combined global

(Ð)

" µ and NC disappearance data (blue region, black curves). We minimize with
respect to |Uµ4| and we show the weakest (Òbest phaseÓ) and strongest (Òworst phaseÓ) limits,
depending on the choice of the complex phase! 24. In both panels we minimize with respect to
∆m2

31, #23, and we Þx sin2 2#13 = 0 .092 and #14 = 0 (except for the evidence regions in the left
panel).

where we have deÞned an effective
(Ð)

" µ disappearance mixing angle by

sin2 2#µµ ! 4|Uµ4|2(1 " |Uµ4|2) , (4.2)

i.e., in our parametrization ( 2.6) the effective mixing angle#µµ depends on both#24 and #14.
In contrast to the " e disappearance searches discussed in the previous section, experiments
probing

(Ð)

" µ disappearance have not reported any hints for a positive signal. We show
the limits from the data listed above in the left panel of Fig. 4. Note that the MINOS
limit is based on the comparison of the data in near and far detectors. For∆m2

41 #
10 eV2 oscillation effects become relevant at the near detector, explaining the corresponding
features in the MINOS bound around that value of ∆m2

41, whereas the features around
∆m2

41 # 0.1 eV2 emerge from oscillation effects in the far detector. The roughly constant
limit in the intermediate range 0.5 eV2 ! ∆m2

41 ! 3 eV2 corresponds to the limit ∆m2
41 $

0 (%) in the near (far) detector adopted in [42, 43]. In that range the MINOS limit on
|Uµ4| is comparable to the one from SuperK atmospheric data. For∆m2

41 " 1 eV2 the limit
is dominated by CDHS and MiniBooNE disappearance data.

In Fig. 4 (left) we show also the region preferred by the hints for eV-scale oscillations
from LSND and MiniBooNE appearance data (see next section) combined with reactor
and Gallium data on

(Ð)

" e disappearance. For Þxed|Uµ4|2 we minimize the corresponding
$2 with respect to |Ue4|2 to show the projection in the plane of |Uµ4|2 and ∆m2

41. The

Ð 16 Ð

Dominated by atmospheric data

tension between the hints in the
(Ð)

! µ !
(Ð)

! e and
(Ð)

! e !
(Ð)

! e channels compared to the limits

from
(Ð)

! µ !
(Ð)

! µ data is clearly visible in this plot. We will discuss this conßict in detail in
section 6.

Limits on the mixing of ! ! with eV-scale states are obtained from data involving
information from NC interactions, which allow to distinguish between

(Ð)

! µ !
(Ð)

! ! and
(Ð)

! µ !
(Ð)

! s transitions.5 The relevant data samples are atmospheric and solar neutrinos (via
the NC matter e! ect) and MINOS NC data. Furthermore, the parameter |U! 4| controls the
relative weight of the oscillation modes! µ ! ! ! and ! µ ! ! s at the ÒatmosphericÓ scale
" m2

31: a large value of |U! 4| implies a large fraction of ! µ ! ! s oscillations at the " m2
31

scale. The limit in the plane of |U! 4|2 and " m2
41 is shown in the right panel of Fig. 4.

As follows from Eq. (2.4) (see also appendixA), in the LBL approximation relevant for
MINOS NC data a complex phase enters the oscillation probabilities, corresponding to the
combination arg(U !

µ4U! 4Uµ3U !
! 3). In our calculations we take the rotation matrix V24 to be

complex and use the phase" 24 to parametrize this phase. In Fig.4 we illustrate the impact
of this phase by showing the strongest and weakest limit obtained when varying" 24. We
observe that the limit from MINOS depends quite signiÞcantly on this phase. The di! erent
shapes of the Òbest phaseÓ and Òworst phaseÓ regions emerge from the di! erent properties
of CC and NC data. For the weakest limit (Òbest phaseÓ) the Þt uses the freedom of the
term including the complex phase, which implies that a Þnite value of#24 (or |Uµ4|) is
adopted, subject to the constraint from MINOS CC data. Therefore the same structure
as in the left panel of Fig. 4 becomes visible also in limit on|U! 4|. If we force the phase
to take on a value not favored by the Þt, a smaller$2 is obtained for #24 close to zero,
which implies that the phase actually becomes unphysical. In this case CC data are not
important for the limit on |U! 4|, which then is dominated by NC data. Because of the much
worse energy reconstruction for NC events compared to CC ones, the features induced by
Þnite values of" m2

41 in either the far or near detector become to a large extent washed
out.

The global limit on |U! 4| is actually dominated by atmospheric neutrino data and shows
only a very weak dependence on the complex phase. In our atmospheric neutrino analysis
the information on |U! 4| enters via the NC matter e! ect induced by the presence of sterile
neutrinos. A large value of |U! 4| would imply a signiÞcant matter e! ect in " m2

31 driven
(Ð)

! µ disappearance, which is not consistent with the zenith angle distribution observed in
SuperK. We Þnd the limit

|U! 4|2 ! 0.2 at 2%(1 dof) (4.3)

from global data, largely independent of" m2
41 as well as complex phases.

Fig. 5 shows the constraints in the plane of|Uµ4|2 and |U! 4|2 for three Þxed values of
" m2

41. We observe the comparable bound on|Uµ4|2 from MINOS (mainly CC data) and
atmospheric, which however is superseded by CDHS, MiniBooNE for" m2

41 " 1 eV2 (left
and middle panels). Those latter data however, do not provide any constraint on|U! 4|2,
where the global bound is dominated by atmospheric neutrinos for all values of" m2

41 of
interest. We also observe that solar neutrinos provide a bound on|U! 4|2 of similar strength

5The searches for! τ appearance at NOMAD [ 116] and CHORUS [117] at short baselines are sensitive
only to speciÞc parameter combinations like |Uµ 4Uτ4| or |Ue4Uτ4| and therefore do not provide a constraint
on |Uτ4| by itself.
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Figure 5. Constraints in the plane of |Uµ4|2 and |Uτ4|2 for three Þxed values of! m2
41 from MINOS

CC + NC data (green), atmospheric neutrinos (orange), CDHS + MiniBooNE
(Ð)

ν µ disappearance +
LBL reactors (red), and the combination of those data (blue). The constraint from solar neutrinos is
shown in magenta. Regions are shown at 90% and 99% CL (2 dof) with respect to theχ2 minimum
at the Þxed ! m2

41. We minimize with respect to complex phases and include e" ects ofθ13 and θ14

where relevant. The gray region is excluded by the unitarity requirement|Uµ4|2 + |Uτ4|2 ≤ 1. Note
the di" erent scale on the axes.

as MINOS data, thanks to the NC matter e" ect and SNO NC data. No relevant limit can
be set on|Uµ4|2 from solar neutrinos.

5 νµ → νe and øνµ → øνe appearance searches

Now we move on to the discussion of appearance searches. In contrast to disappearance
experiments which probe only one row of the mixing matrix, i.e., only the elements|U! i |
for Þxedα, an appearance experiment in the channel

(Ð)

ν ! →
(Ð)

ν " is sensitive to two rows via
combinations like |U! i U" i | and potentially to some complex phases. In the SBL approxi-
mation the 3+1 appearance probability in the phenomenologically most relevant channel
(Ð)

ν µ →
(Ð)

ν e takes the form

PSBL,3+1
(Ð)

# µ!
(Ð)

# e

= 4 |Uµ4Ue4|2 sin2 ! m2
41L

4E
= sin 2 2θµe sin2 ! m2

41L
4E

, (5.1)

where we have deÞned an e" ective mixing angle by

sin2 2θµe ≡ 4|Uµ4Ue4|2 . (5.2)

In the parametrization from Eq. ( 2.6) we obtain sin 2θµe = sin θ24 sin 2θ14. The oscillation
probability in the 3+2 scheme is given in Eq. (2.1). The 3+1 SBL appearance probability
does not depend on complex phases, whereas in the 3+2 scheme CP violation via complex
phases is possible at SBL [33, 60].

Our analyses of LSND [12], KARMEN [ 118], NOMAD [ 119]
(Ð)

ν µ →
(Ð)

ν e appearance
data are based on [33, 79, 120], where references and technical details can be found. Our
analyses of E776 [40] and ICARUS [41], used for the Þrst time in the present paper, are
described in appendicesE.2 and E.3, respectively.6 In the case of LSND, we use only the

6Recently also the OPERA experiment presented results from a ! µ → ! e appearance search [121]. The
obtained limit is comparable to the one from ICARUS [ 41].
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PAN Machado

3+1 and 3+2: poor Þts

Ob!gado!

There is a strong tension between app and disapp data

MiniBooNE and LSND anomalies are consistent  among 
themselves but in tension with the rest

Natal Sep-20-2013

See also Maltoni Schwetz 2007, Kopp 
Maltoni Schwetz 2010, Giunti Laveder 2011 
Giunti et al 2013 
Karagiorgi Shaevitz Conrad 2012 ...

Gallium and reactor anomalies are ok with all null experiments

1+3+1: better Þt, but sum of !  masses gets higher...

Up to now, there is no satisfactory explanation for these 
anomalies. The existence of sterile neutrinos remains an open 
question
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Differences between 
Giunti et al and our Þt

PAN MachadoNatal Sep-20-2013

3

LOW HIG noMB noLSND
No ! 2 339.2 308.0 283.2 286.7
Osc. NDF 259 253 221 255

GoF 0.06% 1% 0.3% 8%
3+1 ! 2

min 291.7 261.8 236.1 278.4
Osc. NDF 256 250 218 252

GoF 6% 29% 19% 12%
! m2

41[eV
2] 1.6 1.6 1.6 1.7

|Ue4|2 0.033 0.03 0.03 0.024
|Uµ4|2 0.012 0.013 0.014 0.0073

sin2 2" eµ 0.0016 0.0015 0.0017 0.0007
sin2 2" ee 0.13 0.11 0.12 0.093
sin2 2" µµ 0.048 0.049 0.054 0.03
(! 2

min)APP 99.3 77.0 50.9 91.8
(! 2

min)DIS 180.1 180.1 180.1 180.1
! ! 2

PG 12.7 4.8 5.1 6.4
NDFPG 2 2 2 2
GoFPG 0.2% 9% 8% 4%

p-valNo Osc. 3 ! 10! 10 5 ! 10! 10 3 ! 10! 10 4 ! 10! 2

n#No Osc. 6.3# 6.2# 6.3# 2.1#

TABLE I. Results of the fit of short-baseline data taking
into account all MiniBooNE data (LOW), only the Mini-
BooNE data above 475 MeV (HIG), without MiniBooNE data
(noMB) and without LSND data (noLSND). The results of
the fit without neutrino oscillations are given in the first three
lines, whereas the other lines refer to the 3+1 fit. We list the
! 2, the number of degrees of freedom (NDF), the goodness-of-
fit (GoF), the best-fit values of the 3+1 oscillation parameters
and the quantities relevant for the appearance-disappearance
(APP-DIS) parameter goodness-of-fit (PG) [45]. In the last
three lines we give the p-value (p-valNo Osc.) and the cor-
responding number of excluding #’s (n#No Osc.) of the no-
oscillation case.

global goodness-of-Þt and the appearance-disappearance
parameter goodness-of-Þt are acceptable in the 3+1-HIG
Þt tells us that the Þt is reliable. Hence, in Figs. 2 and
3 we present the allowed regions in the sin2 2! eµ Ð∆m2

41,
sin2 2! eeÐ∆m2

41 and sin2 2! µµ Ð∆m2
41 planes, which are

relevant, respectively, for
( ! )
" µ !

( ! )
" e appearance,

( ! )
" e dis-

appearance and
( ! )
" µ disappearance searches. One can see

that the allowed region is well deÞned, with

0.82 < ∆m2
41 < 2.19 eV2 (3#) . (2)

Figure 2 shows also the region allowed by
( ! )
" µ !

( ! )
" e

appearance data and the constraints on sin2 2! eµ from
( ! )
" e disappearance and

( ! )
" µ disappearance data. One can

see that the combined disappearance constraint excludes
a large part of the region allowed by

( ! )
" µ !

( ! )
" e ap-

pearance data, leading to the well-known appearance-
disappearance tension [21Ð26, 28, 29] quantiÞed by the
parameter goodness-of-Þt in Tab. I. With respect to the
results presented in Refs. [22Ð24, 26, 28], the region at

∆m2
41 " 6 eV2 which is allowed by

( ! )
" µ !

( ! )
" e appearance

data is not allowed any more (at 3#) by the global Þt,
mainly because of the old BNL-E776 data, which we in-
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FIG. 2. Allowed region in the sin2 2" eµ–! m2
41 plane in

the global (GLO) 3+1-HIG fit compared with the 3# allowed

regions obtained from
( ! )
$µ "

( ! )
$e appearance data (APP; in-

side the blue curves) and the 3# constraints obtained from
( ! )
$e disappearance data ($e DIS; left of the dark red curve),

( ! )
$µ disappearance data ($µ DIS; left of the dark green curve)
and the combined disappearance data (DIS; left of the dark
orange curve). The best-fit points of the GLO and APP fits
are indicated by crosses.

cluded following the wise approach of Ref. [29]. This is
consistent with the cosmological exclusion of this region
[26, 28].

It is interesting to investigate what is the impact of the
MiniBooNE experiment towards the test of the LSND
signal. With this aim we performed two additional 3+1
Þts: a 3+1-noMB Þt without MiniBooNE data and a
3+1-noLSND Þt without LSND data. From Tab. I one
can see that the results of the 3+1-noMB Þt are similar
to those of the 3+1-HIG Þt and the exclusion of the case
of no-oscillations remains at the level of 6#. On the other
hand, in the 3+1-noLSND Þt the exclusion of the case of
no-oscillations drops dramatically to3 2.1#. Therefore, it
is evident that the LSND experiment is still crucial for
the indication in favor of short-baseline ø" µ ! ø" e tran-
sitions and the MiniBooNE experiment has been rather

3 This is due to the fact that without LSND the main indication i n
favor of short-baseline oscillations is given by the reacto r [36] and
Gallium [37] anomalies. In fact, the 2 .1! exclusion (∆" 2/ NDF =
8.3/ 3) of the case of no-oscillations in the global Þt without LSN D
is comparable with the 2 .7! exclusion (∆" 2/ NDF = 10 .1/ 2) that

we obtain from the analysis of
( ! )
#e disappearance data alone [18].

2. O paradigma de quatro ou mais neutrinos
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Figura 2.9.: Resultados do ajuste global no esquema 3+1, apresentados como limites de
exclusão e regiões permitidas dos ângulos de mistura efetivos sen22! µe = 4|Ue4|2|Uµ4|2 e

da diferença quadrada de massa ! m2
41. À esquerda: comparação do espaço de parâmetros

favorecido pelos dados de aparecimento (LSND, aparecimento em MiniBooNE, NOMAD,
KARMEN, ICARUS e E776) com os limites de exclusão dos dados de desaparecimento
(atmosféricos, solares, reatores, gálio, CDHS, MINOS, desaparecimento em MiniBooNE
e espalhamendo " e – 12C em KARMEN e LSND). À direita: Regiões permitidas pelos
experimentos anômalos (LSND, MiniBooNE, reatores CD, gálio) contra os v́ınculos de todos
os outros experimentos, mostrados separadamente para aparecimento e desaparecimento,
bem como para a combinação.

onde χ2
min,glob , χ

2
min,app e χ2

min,dis são os valores mı́nimos de χ2 encontrados ao realizarmos

os ajustes global, apenas de aparecimento e apenas de desaparecimento, respectivamente.

Na segunda linha, temos as contribuições dos dados de aparecimento ou desaparecimento

(x = app, dis) ao χ2 para os pontos de melhor ajuste global, χ2
x,glob, ou dos respectivos

dados isoladamente, χ2
min, x .

O χ2
PG deve ser calculado com o número de graus de liberdade correspondente ao número

de parâmetros relevantes aos ajustes dos dados de aparecimento e desaparecimento (2 no

esquema 3+1). Como pode ser visto na tabela 2.7, no ajuste global 3+1 temos χ2
min /dof

= 712/680, o que corresponde ao GOF de 19%, ao passo que o teste PG tem valor-p em

torno de 10! 4. Note que o teste PG indica uma inconsistência entre os experimentos,

mesmo com o valor-p do GOF relativamente alto, o que pode ser explicado de forma

simples. O GOF é uma medida da adequação de uma hipótese aos dados experimentais.

Em geral, uma anomalia não se manifesta em todos os pontos do conjunto de dados (em

todo o espectro de energia, por exemplo) e, portanto, um alto número de pontos dilui o

valor-p do GOF e esconde a tensão entre os dados. Já o teste PG é concebido de forma
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3

corresponding to the 8 energy bins in Fig. 1 of Ref. [1]
for E > 475MeV. If we restrict the ! 2 to the six energy
bins from 475 to 1300MeV we have ! 2 = 16.8, which
is similar to the ! 2 = 18.5 reported in Ref. [1] for the
energy range from 475 to 1250MeV. Therefore, we agree
with Ref. [1] on the opinion that a background-only fit
of MiniBooNE data is disfavored.
The first column of Tab. I shows that the oscillation hy-

pothesis fits the MiniBooNE data with a ! 2 much lower
than in the case of no oscillations, improving significantly
the goodness-of-fit. The decrease of the ! 2 with respect
to the case of no oscillations is mainly due to the im-
proved fit of the six "̄ e energy bins from 475 to 1300MeV
which give a contribution to ! 2

min of 7.2, in approximate
agreement with the 8.0 reported in Ref. [1] for the energy
range from 475 to 1250MeV.
From Fig. 1 one can see that, although the best-fit

value of sin2 2# is close to unity, in practice all the al-
lowed straight region in the log-log plot ranging from
sin2 2# ! 1 and ! m2 ! 6" 10! 2 eV2 to sin2 2# ! 2" 10! 3

and ! m2 ! 1 eV2, as well as a small area around
sin2 2# ! 7 " 10! 3 and ! m2 ! 5 eV2, are equally plausi-
ble. This is important, because large values of the e" ec-
tive mixing angle are excluded by the limits on "̄ e disap-
pearance obtained in reactor antineutrino experiments,
as explained in Section VII.

III. LSND

The LSND experiment [2] observed an excess of "̄ e

events coming from possible "̄ µ # "̄ e transitions in a
beam of "̄ µ produced by µ+ decay at rest,

µ+ # e+ + " e + "̄ µ . (2)

The energy spectrum of "̄ µ is given by (see Ref. [42])

$ø! µ (E ) $ E 2 (3 %4E/m µ ) , (3)

for E smaller than

Emax = (mµ %me)/ 2 & 52.6MeV . (4)

The "̄ e’s produced by "̄ µ # "̄ e transitions were de-
tected at an average distance of 30 m through the inverse
neutron decay process

"̄ e + p # n + e+ (5)

in a detector consisting of an approximately cylindrical
tank 8.3 m long by 5.7 m in diameter, filled with liq-
uid scintillator. Hence, the oscillation distance varied
between L min = 25.85m and L max = 34.15m. The
cross section of the detection process in Eq. (5) is (see
Refs. [10, 42, 43])

%ø! e p(Ee) $ Eepe , (6)

where Ee and pe are, respectively, the positron energy
and momentum. Neglecting the small recoil energy of the
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neutron, the positron energy Ee is related to the neutrino
energy E by

Ee = E + mp %mn = E %1.293MeV , (7)

where mp and mn are, respectively, the proton and neu-
tron masses. The neutrino energy threshold is given by

Emin =
(mn + me)

2 %m2
p

2mp
= 1.806MeV . (8)

The LSND detector had a positron energy resolution
which we assume to be Gaussian:

R(E "
e, Ee) =

1
'
2&' E e

exp

!

%
(E "

e %Ee)
2

2' 2
E e

"

, (9)

with [2]

' E e = 3.3MeV

#
Ee

50MeV
. (10)

We fit the LSND data in Fig. 16 of Ref. [2], which
gives the measured "̄ e events N i

ø! e
in five bins of mea-

sured positron energy, their uncertainties ' N i
ø! e

and the
expected number of background events B i

ø! e
. The fit is

obtained by minimizing the least-square function

! 2 =
5$

i =1

!
B i

ø! e
+ ( N i

ø! µ # ø! e
%N i

ø! e

' N i
ø! e

" 2

+

%
( %1

'(

&2

. (11)
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Figure 5. Comparison of the 99% C.L. regions of the global LSND analysis [19]
(shaded region) and of the analysis performed in Ref. [31] (solid line) using mainly
the decay-at-rest (DAR) data sample.

of the LSND data. First, we use the likelihood function obtained in the Þnal
LSND analysis [19] from their global data with an energy range of 20 <
Ee < 200 MeV and no constraint on the likelihood ratioR! (see Ref. [19]
for details). This sample contains 5697 events including decay-at-rest (DAR)
ø! µ ! ø! e, and decay-in-ßight (DIF) ! µ ! ! e data. We refer to this analysis
as LSND global. Second, we use the LSND analysis performed in Ref. [31]
based on 1032 events obtained from the energy range 20< E e < 60 MeV and
applying a cut of R! > 10! 5. These cuts eliminate most of the DIF events
from the sample, leaving mainly the DAR data, which are more sensitive to
the oscillation signal. We refer to this analysis asLSND DAR.

In both cases the collaboration has provided us with the likelihood function
obtained in their analyses [46, 47] which we convert into a" 2 according to" 2 "
# 2 ln L (see Ref. [28] for details). In Fig. 5 we compare the 99% C.L. regions
obtained from the two LSND analyses. The LSND DAR data prefers somewhat
larger mixing angles, which will lead to a stronger disagreement of the data in
(3+1) oscillation schemes. Furthermore, the differences in" 2 between the best
Þt point and no oscillations for the two analyses are given by∆" 2

no osc = 29
(global) and ∆" 2

no osc = 47 (DAR). This shows that the information leading to
the positive oscillation signal seems to be more condensed in the DAR data.

Concerning the NEV data, we take into account the detailed information from
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FIG. 2: Allowed regions for LSND (solid) and KARMEN (dashed) at 99% CL, and LSND and KARMEN

combined (shaded regions) at 90% and 99% CL. The left panel corresponds to neutrino oscillations and the

right panel to the decay scenario presented in this work.

fall below the detection threshold.4 Although the Þt in the decay scenario is slightly worse
than for oscillations, the overall goodness of Þt (GOF) is still acceptable. The! 2 value cited
above implies a GOF of 29%. Note, however, that a more reÞned analysis of the LSND
spectral data might allow a signiÞcant discrimination between oscillations and decay. In the
following we will assume that LSND data can be explained by our decay model and we shall
proceed with the combination with other SBL data.

First we discuss the compatibility of LSND and KARMEN in the decay scenario (see
Ref. [36] for a detailed analysis in the case of oscillations). Much as in LSND, also in
KARMEN neutrinos are produced by the decay of pions at rest and the subsequent muon
decay. However, in KARMEN detailed time information is available from the pulse structure
of the proton beam and the excellent time resolution of the detector. Taking into account
the muon lifetime of 2.2µs compared with the pion lifetime of 26 ns, a possible contribution
of neutrinos from the pion decay was suppressed in the ø" µ → ø" e oscillation analysis by an
appropriate time cut. Hence, in contrast to LSND the helicity-ßipping decay of neutrinos
from the " µ line does not contribute to the ø" e signal in KARMEN, and the Þrst term in
Eq. (3.3) is absent. For the statistical analysis of KARMEN data we are using the 9 data
points as well as the expected background for the prompt energy given in Fig. 11b of Ref. [2].

4 Note that here we neglected the dependence of the couplingsgα on the helicity indices due to complex

phases inUαl and g4l according to Eq. (2.11). If this additional freedom is taken into account, different

branching ratios Re for the helicity-conserving and helicity-ßipping decays can be obtained, which will

modify the relative size of the ! µ line contribution.
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LOW HIG noMB noLSND
No ! 2 339.2 308.0 283.2 286.7
Osc. NDF 259 253 221 255

GoF 0.06% 1% 0.3% 8%
3+1 ! 2

min 291.7 261.8 236.1 278.4
Osc. NDF 256 250 218 252

GoF 6% 29% 19% 12%
! m2

41[eV
2] 1.6 1.6 1.6 1.7

|Ue4|2 0.033 0.03 0.03 0.024
|Uµ4|2 0.012 0.013 0.014 0.0073

sin2 2" eµ 0.0016 0.0015 0.0017 0.0007
sin2 2" ee 0.13 0.11 0.12 0.093
sin2 2" µµ 0.048 0.049 0.054 0.03
(! 2

min)APP 99.3 77.0 50.9 91.8
(! 2

min)DIS 180.1 180.1 180.1 180.1
! ! 2

PG 12.7 4.8 5.1 6.4
NDFPG 2 2 2 2
GoFPG 0.2% 9% 8% 4%

p-valNo Osc. 3 ! 10! 10 5 ! 10! 10 3 ! 10! 10 4 ! 10! 2

n#No Osc. 6.3# 6.2# 6.3# 2.1#

TABLE I. Results of the fit of short-baseline data taking
into account all MiniBooNE data (LOW), only the Mini-
BooNE data above 475 MeV (HIG), without MiniBooNE data
(noMB) and without LSND data (noLSND). The results of
the fit without neutrino oscillations are given in the first three
lines, whereas the other lines refer to the 3+1 fit. We list the
! 2, the number of degrees of freedom (NDF), the goodness-of-
fit (GoF), the best-fit values of the 3+1 oscillation parameters
and the quantities relevant for the appearance-disappearance
(APP-DIS) parameter goodness-of-fit (PG) [45]. In the last
three lines we give the p-value (p-valNo Osc.) and the cor-
responding number of excluding #’s (n#No Osc.) of the no-
oscillation case.

global goodness-of-Þt and the appearance-disappearance
parameter goodness-of-Þt are acceptable in the 3+1-HIG
Þt tells us that the Þt is reliable. Hence, in Figs. 2 and
3 we present the allowed regions in the sin2 2! eµ Ð∆m2

41,
sin2 2! eeÐ∆m2

41 and sin2 2! µµ Ð∆m2
41 planes, which are

relevant, respectively, for
( ! )
" µ !

( ! )
" e appearance,

( ! )
" e dis-

appearance and
( ! )
" µ disappearance searches. One can see

that the allowed region is well deÞned, with

0.82 < ∆m2
41 < 2.19 eV2 (3#) . (2)

Figure 2 shows also the region allowed by
( ! )
" µ !

( ! )
" e

appearance data and the constraints on sin2 2! eµ from
( ! )
" e disappearance and

( ! )
" µ disappearance data. One can

see that the combined disappearance constraint excludes
a large part of the region allowed by

( ! )
" µ !

( ! )
" e ap-

pearance data, leading to the well-known appearance-
disappearance tension [21Ð26, 28, 29] quantiÞed by the
parameter goodness-of-Þt in Tab. I. With respect to the
results presented in Refs. [22Ð24, 26, 28], the region at

∆m2
41 " 6 eV2 which is allowed by

( ! )
" µ !

( ! )
" e appearance

data is not allowed any more (at 3#) by the global Þt,
mainly because of the old BNL-E776 data, which we in-
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FIG. 2. Allowed region in the sin2 2" eµ–! m2
41 plane in

the global (GLO) 3+1-HIG fit compared with the 3# allowed

regions obtained from
( ! )
$µ "

( ! )
$e appearance data (APP; in-

side the blue curves) and the 3# constraints obtained from
( ! )
$e disappearance data ($e DIS; left of the dark red curve),

( ! )
$µ disappearance data ($µ DIS; left of the dark green curve)
and the combined disappearance data (DIS; left of the dark
orange curve). The best-fit points of the GLO and APP fits
are indicated by crosses.

cluded following the wise approach of Ref. [29]. This is
consistent with the cosmological exclusion of this region
[26, 28].

It is interesting to investigate what is the impact of the
MiniBooNE experiment towards the test of the LSND
signal. With this aim we performed two additional 3+1
Þts: a 3+1-noMB Þt without MiniBooNE data and a
3+1-noLSND Þt without LSND data. From Tab. I one
can see that the results of the 3+1-noMB Þt are similar
to those of the 3+1-HIG Þt and the exclusion of the case
of no-oscillations remains at the level of 6#. On the other
hand, in the 3+1-noLSND Þt the exclusion of the case of
no-oscillations drops dramatically to3 2.1#. Therefore, it
is evident that the LSND experiment is still crucial for
the indication in favor of short-baseline ø" µ ! ø" e tran-
sitions and the MiniBooNE experiment has been rather

3 This is due to the fact that without LSND the main indication i n
favor of short-baseline oscillations is given by the reacto r [36] and
Gallium [37] anomalies. In fact, the 2 .1! exclusion (∆" 2/ NDF =
8.3/ 3) of the case of no-oscillations in the global Þt without LSN D
is comparable with the 2 .7! exclusion (∆" 2/ NDF = 10 .1/ 2) that

we obtain from the analysis of
( ! )
#e disappearance data alone [18].
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Figure 5: The ∆m2
41 vs. sin2 2! µe allowed space from Þts to neutrino (left) and antineutrino (right)

data in a (3+1) model.

Figure 6: The∆m2
41 vs. sin2 2! µe allowed space from Þts to appearance (left) and disappearance (right)

data in a (3+1) model.
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