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Molte estensioni del Modello Standard 
comportano singoletti del suo gruppo di gauge   

Neutrini Sterili 

• GUT, modelli see-saw, leptogenesi  
  

• keV, candidati di dark matter   

• eV, anomalie negli esperimenti di oscillazione SBL 

• sub-eV, reattori LBL e neutrini solari 

Neutrini sterili studiati in diversi contesti: 

• TeV, produzione a LHC e impatto su EWPOs 

✓ 
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Anomalie agli esperimenti short-baseline: 
una review critica 
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Le anomalie agli acceleratori SBL 

LSND
[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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Fig. 1. Regions allowed by the main published experiments sensitive to the accelerator anomaly
superimposed to the limits established by the ICARUS experiment. Figure taken from Ref. 9.

nary” pieces of data, namely the solar neutrino sector experiments together with the
new dual-baseline θ13-sensitive reactor experiments Daya Bay and RENO, are able
to put interesting constraints on the 3+1 scheme. Finally we draw our conclusions.

2. The Anomalies

2.1. The accelerator anomaly

Accelerator experiments with baselines L of few tens of meters and neutrino ener-
gies Eν of a few tens of MeV

(

L
Eν

∼ 1 m/MeV
)

are sensitive probes of neutrino

oscillations potentially occurring at ∆m2 ∼ 1 eV2. Their results are commonly in-
terpreted in terms of a new mass-squared difference ∆m2 and of an effective mixing
angle θ. In a 3 + 1 framework the following identifications hold: ∆m2 ≡ ∆m2

14 and
sin2 2θ ≡ 4|Ue4|2|Uµ4|2.

In fact, the anomalous result recorded at the LSND accelerator experiment4,5

was the first piece of data pointing towards light sterile neutrinos. Such an ex-
periment, designed to study ν̄µ → ν̄e transitions, evidenced an excess of electron
antineutrino events at ∼ 3.8σ level.5 The mass-mixing regions preferred by LSND
are depicted in Fig. 1 as colored bands.

The experiment KARMEN,6 which is very similar to LSND, observed no such
a signal, but could not rule out all the mass-mixing parameter regions allowed by
LSND, as shown in Fig. 1, where the region excluded by KARMEN is delimited by
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(apparizione di νe in un fascio di νµ)  

MiniBooNE Results 
#  " #e 

#  " #e 

!  Results published from 2007-12 

!  Channel: (anti-)#  ! (anti-)#e 

!  Detection: #e (p)n " e  p (CCQE) 
 

!  Results: 
!  An overall 3.8  excess of  events 
!  Mostly at low energy  
 

!  Interpretation: 
!  Backgrounds issue? 
   (to be checked by MicroBooNE) 
!  4th neutrino? Or more…. 
  

!  MiniBooNE is not conclusive to check  
  the LSND anomaly 

Th. Lasserre – ICFA-ν 2014 

MiniBooNE 
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FIG. 4. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.937±0.027. The red line shows a 3 active neutrino mixing solution fitting the
data, with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1
eV2 (for illustration) and sin2(2θnew,R)=0.16.

noted anomalies affecting other short baseline electron
neutrino experiments Gallex, Sage and MiniBooNE, re-
viewed in Ref. [43]. Our goal is to quantify the compati-
bility of those anomalies.
We first reanalyzed the Gallex and Sage calibration

runs with 51Cr and 37Ar radioactive sources emitting
∼1 MeV electron neutrinos. [44], following the method-
ology developed in Ref. [43, 45]. However we decided to
include possible correlations between these four measure-
ments in this present work. Details are given in in Ap-
pendix B. This has the effect of being slightly more con-
servative, with the no-oscillation hypothesis disfavored at
97.73% C.L., instead of 98% C.L in Ref. [43]. Gallex and
Sage observed an average deficit of RG = 0.86±0.05(1σ).
Considering the hypothesis of νe disappearance caused by
short baseline oscillations we used Eq. (11), neglecting
the ∆m2

31 driven oscillations because of the very short
baselines of order 1 meter. Fitting the data leads to
|∆m2

new,G| > 0.3 eV2 (95%) and sin2(2θnew,G) ∼ 0.26.
Combining the reactor antineutrino anomaly with the
Gallium anomaly gives a good fit to the data and disfa-
vors the no-oscillation hypothesis at 99.7% C.L. Allowed
regions in the sin2(2θnew) −∆m2

new plane are displayed
in Figure 5 (left). The associated best-fit parameters are
|∆m2

new,R&G| > 0.7 eV2 (95%) and sin2(2θnew,R&G) ∼
0.16.
We then reanalyzed the MiniBooNE electron neutrino

excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [43]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.23 >0.2 95.0

Gallium (G) 0.06-0.4 >0.3 97.7
MiniBooNE (M) — — 72.4

ILL-S — — 68.2
R∗ + G 0.07-0.24 >1.5 99.7
R∗ + M 0.04-0.23 >1.4 97.5

R∗ + ILL-S 0.04-0.23 >2.0 97.1
ALL 0.06-0.25 >2.0 99.93

TABLE III. Best fit parameter intervals or limits at (95%)
for (sin2(2θnew), ∆m2

new) and significance of the sterile neu-
trino oscillation hypothesis in %, for different combinations of
the reactor experiment rates only (R∗), the ILL-energy spec-
trum information (ILL-S), the Gallium experiments (G), and
MiniBooNE-ν (M) re-analysis of Ref. [43].

eV2 and sin2(2θnew,MB) ∼ 0.2, but are not significant
at 95% C.L. The no-oscillation hypothesis is only dis-
favored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-
analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
97.5% C.L., dominated by the reactor experiments’ data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 5 (right). The associated best-fit
parameters are |∆m2

new,R&MB | > 1.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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C. Giunti Recent Progress in Neutrino Physics 1 Mar 2011 21/25

Anomalie dei reattori e del gallio  

Mention et al. arXiv:1101:2755 [hep-ex]
 SAGE coll., PRC 73 (2006) 045805 


(sparizione di νe)  

Entrambe sono discrepanze nel rate totale 
  

Sistematici ignoti potrebbero essere responsabili   
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Nessuna sparizione SBL di νµ	



Solo limiti superiori (sino ad ora) 

Figure 44. 90% CL sensitivity (dot-dash curve) and 90% CL limit (solid black curve) from simultaneous
MiniBooNE/SciBooNE fit, and 90% CL limit from the spectrum fit method (red dashed curve). Previous
limits from CCFR, CDHSW, MINOS, and MiniBooNE are also shown.

For the simultaneous fit, the χ2 for the null hypothesis was 45.1 for a 59% probability (48 DOF).
Using MiniBooNE Run I data, the best fit point was at ∆m2 = 43.7 eV2, sin2 2θ = 0.60, which had
a χ2 of 39.5. The best fit point using Run II data had a χ2 of 41.5. Combining the two MiniBooNE
data run periods provided negligible improvement relative to the Run I data alone. For the spectrum
fit method, the χ2 for the null hypothesis was 41.5 for a 12% probability (32 DOF). The best fit
point was at ∆m2 = 41.7 eV2, sin2 2θ = 0.51, which had a χ2 of 35.6. In Fig. 44, the 90% CL limit
curve for the simultaneous fit is based on a ∆χ2 of 9.34. For the spectrum fit method, the ∆χ2 value
for the 90% CL limit curve is 8.41.

A joint search for ν̄µ disappearance using data from MiniBooNE and SciBooNE is underway.
This new analysis will take advantage of neutrino cross section measurements from neutrino mode
data, as well as constraints on neutrino background in the antineutrino beam. In particular, the new
analysis incorporates information learned from MiniBooNE’s measurement of νµ CCQE cross
sections and CC1π backgrounds in neutrino mode [411]. The normalization of the neutrino con-
tamination in the antineutrino beam is adjusted based on direct measurements [412, 413]. A new
K+ constraint from SciBooNE [414] reduces the MC estimate for K+ production in the beam and
reduces its uncertainty.

The test statistic is a likelihood ratio for a two-neutrino oscillation fit. Normalization information
is included (not a shape-only analysis). MiniBooNE’s antineutrino mode data from 7.4×1020 POT
and SciBooNE’s antineutrino mode data from 1.53 × 1020 POT will be used. SciBooNE SciBar-
stopped and MRD-stopped samples are combined. νµ are assumed to not oscillate, based on the
results of the νµ disappearance analyses discussed above. MiniBooNE and SciBooNE CCQE event
samples are in 21 bins, based on EQE

ν from 300 MeV to 1.9 GeV. Both histograms are simultane-

92

sin22θµµ	



Δm2 
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È l’ipotesi del neutrino sterile in grado di  
spiegare simultaneamente tutte 

le osservazioni effettuate nei tre canali? 
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|Us4| ~ 1 

 Δmsol
 

 Δmatm
 2 

2 

schema 3ν  

schema 3+1 

Come introdurre un neutrino sterile 

 Δm14   ~ 1 eV 
2      

2  

11 31/03/16 Antonio Palazzo, UNIBA & INFN 



Tensione apparizione/sparizione 

Giunti 

&


 Laveder 




arXiv:1107.1452 


νµ -> νe  positivo  
νe –> νe   positivo 
νµ -> νµ    negativo 

3+1 3+2 

sin2 2θeµ � 1

4
sin2 2θee sin

2 2θµµ � 4|Ue4|2|Uµ4|2

|Ue4||Uµ4| > 0  
|Ue4| > 0 
|Uµ4| ~ 0 
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2

FIG. 1. Three-dimensional illustration of the relation in
Eq. (9) (without approximation) and the approximated rela-
tion in Eq. (10) (with approximation).

∆m2

k1 � ∆m2

SBL
and ∆k1 � 1 for k ≥ 4, choosing p = 1

in Eq. (2) we obtain

P (SBL)

(−)

να→
(−)

νβ

� δαβ − 4
N�

k=4

|Uαk|2
�
δαβ − |Uβk|2

�
sin2 ∆k1

+ 8
N�

k=4

N�

j=k+1

|UαjUβjUαkUβk| sin∆k1 sin∆j1

× cos(∆jk

(+)

− ηαβjk). (4)

Considering the survival probabilities of active neutri-
nos, let us define the effective amplitudes

sin2 2ϑ(k)
αα = 4|Uαk|2

�
1− |Uαk|2

�
� 4|Uαk|2, (5)

for α = e, µ, τ and k ≥ 4. The approximation is due to
the constraint (3), which allows to neglect the quadrat-
ically suppressed contribution proportional to |Uαk|4.
Dropping the quadratically suppressed terms also in the
survival probabilities, we obtain

P (SBL)

(−)

να→
(−)

να

� 1−
N�

k=4

sin2 2ϑ(k)
αα sin2 ∆k1, (6)

for α = e, µ, τ . Hence, each effective mixing angle ϑ(k)
αα

parameterizes the disappearance of
(−)

να due to its mixing

with
(−)

νk.
Let us now consider the probabilities of short-baseline

(−)

να →(−)

νβ transitions between two different active neutri-
nos or an active and a sterile neutrino. We define the

sin
22ϑee

(4)

s
in

2
2

ϑ
µ

µ
(4

)

+

+

10−2 10−1
10−2

10−1

3+1

DIS
APP
GLO

FIG. 2. Allowed regions in the sin2 2ϑ(4)
ee –sin2 2ϑ(4)

µµ plane
obtained in the global 3+1 analysis of short-baseline data
presented in Ref. [44]. The green shadowed regions are the
regions allowed at 1σ, 2σ and 3σ by the analysis of short-
baseline disappearance (DIS) data, with the best fit value
indicated by a dark-green cross. The strips enclosed by the
blue diagonal lines are allowed at 1σ, 2σ and 3σ by the analy-
sis of short-baseline appearance (APP) data, with the central
best fit dark-blue line. The solid lines correspond to the ex-
act relation in Eq. (9), whereas the dashed lines correspond to
the approximated relation in Eq. (10). The regions inside the
red-orange closed curves are allowed at 1σ, 2σ and 3σ by the
global (GLO) analysis of short-baseline data, with the best
fit value indicated by a dark-red cross.

transition amplitudes

sin2 2ϑ(k)
αβ = 4|Uαk|2|Uβk|2, (7)

for α �= β and k ≥ 4, which allow us to write the transi-
tion probabilities as

P (SBL)

(−)

να→
(−)

νβ

�
N�

k=4

sin2 2ϑ(k)
αβ sin2 ∆k1

+ 2
N�

k=4

N�

j=k+1

sin 2ϑ(k)
αβ sin 2ϑ(j)

αβ sin∆k1 sin∆j1

× cos(∆jk

(+)

− ηαβjk). (8)

From the first line one can see that each effective mixing

angle ϑ(k)
αβ parameterizes the amount of

(−)

να →(−)

νβ transi-

tions due to the mixing of
(−)

να and
(−)

νβ with
(−)

νk. The second

line in Eq. (8) is the interference between the
(−)

νk and
(−)

νj
contributions, which depends on the same effective mix-
ing angles.

Un problema “indecidibile” 

Apparizione e sparizione 
compatibili solo a livello 2σ  

Tuttavia, la loro combinazione  
migliora di ben 6σ il fit rispetto  
al caso 3-flavor standard 

3ν limit 

Difficile prendere una  
decisione sui neutrini sterili ! 

Figure from Giunti & Zavanin, arXiv:1508:03172


1,2,3σ contours 

Solo nuovi e più sensibili 
esperimenti potranno farlo … 
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SOX:  SHORT DISTANCE OSCILLATIONS WITH BOREXINO (II)
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Una opzione promettente: SOX a Borexino 

Molti altri progetti in fase di studio 

Pattern di oscillazione (in energia e/o distanza) 
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SOX:  SHORT DISTANCE OSCILLATIONS WITH BOREXINO (II)
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Neutrini sterili e CPV:  
una nuova sfida per gli 

esperimenti long-baseline 

15 31/03/16 Antonio Palazzo, UNIBA & INFN 



Matrice di mixing nello schema 3+1  

U = R34 R24 R14 R23 R13 R12 
∼ 

In generale abbiamo più sorgenti di CPV 

charged current part, the Lagrangian is invariant under the following global phase

transformations:

νkL → eiφkνkL, νkR → eiφkνkR (k = 1, 2, 3) (66)

�αL → eiφα�αL, �αR → eiφα�αR (α = e, µ, τ) (67)

A 3 × 3 Dirac mixing matrix therefore depends on three mixing angles and one CP-

violating phase. In the Majorana case, the mass term is not invariant under the phase

transformation in equation 66. Hence in the Majorana case, the mixing matrix depends

on two extra Majorana phases, which makes three mixing angles and three CP-violating

phases. In this case, the mixing matrix can be written as

U = UDDM
(68)

where UD
is the mixing matrix of the Dirac case and DM

is a diagonal unitary matrix

with two independent phases:

DM
= diag(eiλ1 , eiλ2 , eiλ3), λ1 = 0. (69)

The oscillation probability however is independent of the Majorana phases. The mixing

matrix elements in the Majorana case are written as

Uαk = UD
αke

iλk . (70)

The product of the mixing matrix that appears in the oscillation probability therefore

becomes

U∗
αkUβkUαjU

∗
βj = UD∗

αk e
−iλkUD

βke
iλkUD

αje
iλjUD∗

βj e
−iλj = UD∗

αk U
D
βkU

D
αjU

D∗
βj . (71)

Hence, neutrino oscillations do not depend on the Majorana phases and the Majorana

phases cannot be measured by neutrino oscillation experiments. The oscillation prob-

ability for Dirac and Majorana neutrinos is identical, so from now on we will not treat

them as different cases anymore.

The mixing matrix U can be parameterized by the multiplication of the real orthogonal

matrices Rjk
. These matrices perform a rotation of an angle θjk in the j–k plane. For

a 2× 2 matrix, they are simply given by:

Rij =

�
cij sij
−sij cij

�
, R̃ij =

�
cij s̃ij
−s̃∗ij cij

�
(72)

sij = sin θij s̃ij = sije
−iδij

cij = cos θij

For mixing matrices with higher dimensions, the matrices Rjk
can be constructed from:
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3ν	



3 angoli di mixing  
1 fase di Dirac  
2 fasi di Majorana  

3+3N   
1+2N  
2+N   

3+N   3ν	
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 {6   
3  
3   

3+1   {
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Agli SBL le oscillazioni atm/sol sono trascurabili 

∆13 � 0
∆12 � 0L

E
∼ m

MeV

Impossibile osservare fenomeni di interferenza 
tra la nuova frequenza (Δ14 ~ 1) e le frequenze atm/sol 

Questo è rilevante perché abbiamo bisogno  
di osservare tali fenomeni per misurare 

le nuove fasi di CP indotte dagli stati sterili 

Una limitazione intrinseca degli SBL 

Δij =  
Δm2

ij L 

4E  

17 31/03/16 Antonio Palazzo, UNIBA & INFN 

Gli esperimenti long-baseline (LBL) ci vengono incontro 



E = 0.6 GeV 

L = 295 km 

∆ =
∆m2

13L

4E
� π

2

Esperimenti LBL: T2K & NOνA   

Primo  
massimo 

 di oscillazione 

A narrow-band, long-
baseline beam

810 km away, 14 mrad (0.84o) off-axis, the beam spectra 
is narrow and at a good L/E for oscillation physics
NuMI beam has operated routinely at up to 500 kW

NO A upgrades will put it to 700 kW in 2016 
(compared to 1.2 MW eventually in new beam for DUNE)
Plans are to run in both neutrino and anti-neutrino modes

A narrow-band, long-
baseline beam

810 km away, 14 mrad (0.84o) off-axis, the beam spectra 
is narrow and at a good L/E for oscillation physics
NuMI beam has operated routinely at up to 500 kW

NO A upgrades will put it to 700 kW in 2016 
(compared to 1.2 MW eventually in new beam for DUNE)
Plans are to run in both neutrino and anti-neutrino modes

E = 2 GeV 

L = 810 km 

fascio 
off-axis 
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(a) The results from T2K. The figure is taken from
[65]. (b) Our reproduction of the T2K results.

Figure 19: The allowed regions for sin2 2θ13 as a function of δCP in the standard framework,
including matter effects. The upper panels refer to normal hierarchy, the lower panels to
inverted hierarchy. The left panel shows the results from T2K, the right panel shows our
reproduction.

The CP-violating phase and the value of θ13 were varied while the other parameters
were fixed at the values of table 2. The graphs show the allowed regions for sin2 2θ13,
for various values of δCP . The middle line in the plots show the best fit values of
sin2 2θ13. At 68% confidence level, the best fit value from T2K is sin2 2θ13 = 0.136+0.044

−0.033

for δCP = 0 and NH, while for IH, the best fit value is sin2 2θ13 = 0.166+0.051
−0.042 [65]. The

best fit value from our own analysis for δCP = 0 is sin2 2θ13 = 0.136+0.044
−0.032 for NH, and

sin2 2θ13 = 0.171+0.051
−0.041 for IH, which is in excellent agreement with the T2K estimate,

especially in the NH case. The plot of the T2K collaboration also shows the estimated
region for sin2 2θ13 identified by the combination of the reactor experiments, published
in the 2012 Edition of the Particle Data Group [14]. As can be seen from the plots,
the results from T2K indicate a non-zero δCP with a preferred value of δCP = −π

2 , as
evidenced in all the latest global neutrino fits (see for example [25]).

In order to interpret the impact of matter effects, the results of the analysis obtained
in the vacuum case are shown in figure 20.

60

PATM leading à θ13 > 0 

Probabilità di transizione in 3-flavor 
(come misuriamo δ)   

NH 

IH 

5.3 νµ → νe appearance in T2K, the three-neutrino case in

vacuum

In this section, the transition probability for νµ → νe is derived in the LBL approxi-
mation. In this approximation, we use that |∆m

2
31| � |∆m

2
21| and that |Ue3| is small.

In the calculation, the following definitions are used:

∆ =
∆m

2
31L

4E
, α =

∆m
2
21

∆m
2
31

. (146)

From current three-flavour global fits we know that α ∼ 0.03. For normal hierarchy

∆m
2
32 = ∆m

2
31 −∆m

2
21. (147)

Taking into account that in the T2K setup ∆ is O(1), we can use the approximate
relation

sin∆α � ∆α. (148)

The following goniometric identities are used:

sin(a− b) = sin a cos b− cos a sin b (149a)

cos(a+ b) = cos a cos b− sin a sin b (149b)

cos 2a = 1− 2 sin2
a (149c)

sin 2a = 2 sin a cos a. (149d)

We assume that |α| and s13 have similar magnitude � as described in [66]. Using
the elements from the 3 × 3 mixing matrix of equation 76 and the expression for
the probability of equation 61, we calculate the approximate transition probability to
second order in �. Therefore, only terms proportional to {s13, α, α2

, αs13, s
2
13} remain.

We calculate the probability in multiple steps using

P
LBL

νµ→νe
=− 4�[U∗

µ3Ue3Uµ1U
∗
e1] sin

2

�
∆m

2
31L

4E

�

+ 2�[U∗
µ3Ue3Uµ1U

∗
e1] sin

�
∆m

2
31L

2E

�
(150a)

− 4�[U∗
µ2Ue2Uµ1U

∗
e1] sin

2

�
∆m

2
21L

4E

�

+ 2�[U∗
µ2Ue2Uµ1U

∗
e1] sin

�
∆m

2
21L

2E

�
(150b)

− 4�[U∗
µ3Ue3Uµ2U

∗
e2] sin

2

�
∆m

2
32L

4E

�

+ 2�[U∗
µ3Ue3Uµ2U

∗
e2] sin

�
∆m

2
32L

2E

�
. (150c)
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where the plus sign is for neutrinos and the minus sign for antineutrinos. From equation
158 it can be seen that CP-violation can only take place when all three mixing angles
are different from zero. The third term in the probability has a different sign for
neutrinos and antineutrinos. Therefore, oscillations occur differently for neutrinos and
antineutrinos, violating CP. By comparing the results of the appearance channel with
both neutrinos and antineutrinos, it should be possible to observe CP violation, which
would be the first observation of CP-violation in the lepton sector ever.

When we change from normal hierarchy to inverted hierarchy, ∆m
2
31 changes sign,

with the following effects:

∆m
2
31 → −∆m

2
31

∆ → −∆

α → −α (159)

α∆ → α∆ (unchanged).

The neutrino probability in vacuum for LBL experiments can be written as the sum
of three distinct components: the atmospheric term, the solar term and the term that
comes from the interference between the two:

P
3ν
νµ→νe

= P
ATM + P

SOL + P
INT

, (160)

where

P
ATM = 4s223s

2
13 sin

2 ∆

P
SOL = 4c212c

2
23s

2
12(α∆)2 (161)

P
INT = 8s23s13c12c23s12(α∆) sin∆ cos(∆ + δCP ).

These components are plotted in figure 14 as a function of sin 2θ13, where the other
parameters are fixed at the best fit values from table 2 and the neutrino energy is fixed
at Eν = 0.6 GeV. The interference term P

INT is taken at his maximal value by fixing
δCP such that cos(∆ + δCP ) = 1.
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nel vuoto: 

Δ ∼ π/2 	



α ∼ 0.03 	



Gli effetti di materia rompono 
la degenerazione tra NH & IH  

PSOL trascurabile 

PINT subleading à dipendenza da δ	



sin 2θ13 

Pµe 

ATM 
INT 
SOL 

  best θ13 
 estimate 

E = 0.6 GeV 
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Prime indicazioni su CPV & MH 

- IH leggermente sfavorita rispetto a NH (90% C.L.) 

T2K (νe+νe)  &  NOνA (νe)  -  

20 31/03/16 Antonio Palazzo, UNIBA & INFN 

A.P., arXiv: 1509.03148 to appear in PLB 


- Lieve preferenza per CPV (90% C.L.) 



 Probabilità di transizione nello schema 3+1     

- Δ14 >> 1 : oscillazioni veloci sono mediate  

- Informazione su Δm2
14  persa (differentemente dagli SBL)  

- Differentemente da SBL, interferenza di Δ14 & Δ13 osservabile    

s13 ~ s14 ~ s24 ~ 0.15 ~ ε    

  

P 4ν
µe � PATM + P INT

I + P INT
II

P INT
I � 8s13s23c23s12c12(α∆) sin∆ cos(∆ + δ13)

P INT
II � 4s14s24s13s23 sin∆ sin(∆ + δ13 − δ14)

Ο(ε2)	



Ο(ε3)	



Ο(ε3)	


{

α = δm2/Δm2  ~ 0.03 ~ ε2    

  Sensibilità alla nuova fase di CP δ14   

PATM � 4s223s
2
13 sin

2 ∆

_ 

_ _ _ 

_ 
_ 
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sin2 2θµe = 4|Ue4|2|Uµ4|2

|P  |INT 

PSTR 

I 

II  

|P   |INT 

Psol 
III 

sin 2θµe 

PATM 

|P |INT 

SBL T2K 
θ13 = 9o   
E = 0.6 GeV 

3ν limit 

  

Un nuovo termine di interferenza nello schema 3+1  

Pµe 

22 31/03/16 Antonio Palazzo, UNIBA & INFN 

N. Klop and A.P., PRD 91 073017 (2015)
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Figure 6. Expected signal event spectra in the νe appearance channel as a function of the recon-
structed neutrino energy. The left (right) panel refers for T2K (NOνA). The black line corresponds
to the 3-flavor case. The colored histograms refer to the 3+1 scheme for the four different values of
δ14 indicated in the legend. In all cases (both 3-flavor and 4-flavor) we have set δ13 = 0.

appearance data providing a solid evidence of νµ → νe oscillation over a baseline of 810

km which is the longest baseline in operation now [64–67]. In this work, we take the full

projected exposure of 3.6×1021 p.o.t. which the NOνA experiment aims to use during their

full running time with a NuMI beam power of 700 kW and 120 GeV proton energy [56].

In our simulation, we assume that NOνA would also use 50% of its full exposure in the

neutrino mode which is 1.8 × 1021 p.o.t. and the remaining 50% would be utilized to

collect the data in the anti-neutrino mode. Following references [57, 68, 69], we estimate

the signal and background event spectra and their total rates in our calculations. We use a

simplified systematic treatment for NOνA: an uncorrelated 5% normalization uncertainty

on signal and 10% normalization uncertainty on background for both the appearance and

disappearance channels. This is true for both the neutrino and antineutrino modes which

are also assumed to be uncorrelated.

3.2 Event spectra

We devote this section to discuss the expected event spectra in 3ν and 3+1 schemes for

both the T2K and NOνA setups using their full projected exposures as mentioned in the

previous section. The number of expected appearance electron events9 in the i-th energy

bin in the detector is estimated using the following well known expression

Ni =
T nn �

4πL2

� Emax

0
dE

� Emax
Ai

Emin
Ai

dEA φ(E)σνe(E)R(E,EA)Pµe(E) , (3.1)

9We can calculate the number of positron events using Eq. (3.1), by taking into account appropriate

oscillation probability and cross-section. The same strategy can be applied to estimate µ± events.

– 18 –
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Figura da Agarwalla, Chatterjee, Dasgupta, A.P., JHEP 02 (2016) 111




Risultati dell’analisi nello schema 3+1 

- Per δ14 = -π/2 perfetto accordo tra LBL & Reattori  

- Quindi la preferenza per NH svanisce nello schema 3+1 

- Neutrini sterili -> fragilità dei LBL nella ricerca della MH ? … 

3ν: T2K + NOνA (IH) 

4ν	
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T2K+NOνA: Potenziale di scoperta della MH  

   

NH true IH true 

    Sostanziale deterioramento nello schema 3+1    
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Figure 14. Discovery potential for excluding the wrong hierarchy as a function of true δ13. Upper
panels are for T2K. Middle panels are for NOνA. Lower panels are for T2K and NOνA combined.
In the left (right) panels, we consider NH (IH) as true hierarchy choice. In each panel, we give the
results for the 3-flavor case (black line) and for the 3+1 scheme for four different values of true δ14.
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Deterioramento ma sensibilità a livello di 4σ preservata 
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Figure 5. Discovery potential for excluding the wrong hierarchy (IH) as a function of true δ13. In
both panels we have fixed θ14 = θ24 = 90. The left (right) panel refers to θ34 = 0 (θ34 = 300). In
each panel, we give the results for the 3-flavor case (black line) and for the 3+1 scheme for four
different values of true δ14. In the right panel the CP-phase δ34 has been marginalized over its full
allowed range.

region of the minimum, the sensitivity never drops below the 5σ level. In the right panel

(corresponding to θ34 = 300) the situation is qualitatively similar but the deterioration

is quantitatively larger. In particular, in the range δ13 ∈ [450, 1350], the sensitivity can

drop down to the 4σ level. This range corresponds to the region of the space spanned by

the thee CP-phases, where there is a basically a complete degeneracy at the level of the

total number of events (in both neutrino and antineutrino channels) and the distinction

between NH and IH is totally entrusted to the energy spectrum. A concrete example of

this kind has been provided in the previous subsection. To this regard it is important

to underline the fundamental difference between the experiments (like DUNE) that make

use of an on-axis broad-band neutrino beam and those using an off-axis configuration

(T2K and NOνA). In this last case, there is basically no spectral information and, as a

consequence, there are regions of the parameters space where the MH discovery potential

is almost zero (see for example Fig. 14 in [18]). In a nutshell, in the off-axis configuration

one has basically only the events counting at disposal, while in the on-axis case, there is

the extra information coming from the spectral shape. Needless to say, the precondition to

take advantage of this additional information is a good understanding of all the ingredients

that enter the calculation of the event spectrum and a refined treatment of the related

systematic uncertainties.

– 15 –
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DUNE: Potenziale di scoperta della MH  



Fasi di CP: stato presente (dati esistenti) 

   

NH IH 

- Simile sensibilità a δ13e δ14   

- Valori di best fit: δ13     δ14     -π/2  ~ 
- Questa informazione non può essere estratta dagli SBL !    
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Quale potrebbe essere lo stato futuro? 
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Figure 8. Reconstructed regions for the two CP-phases δ13 and δ14 for the four choices of their true
values indicated in each panel. The NH is taken as the true hierarchy, while we have marginalized
over the two possible hierarchies in the test model. The contours refer to 2σ and 3σ levels. We
have fixed the values θ34 (true) = 00.

violating cases [−π/2,−π/2] and [π/2, π/2]. The two confidence levels correspond to 2σ

and 3σ (1 d.o.f.). We see that in all cases we obtain a unique reconstructed region at the 3σ

level7. The typical 1σ level uncertainty on the reconstructed CP-phases is approximately

200 (300) for δ13 (δ14). The regions in Fig. 8 should be compared with the analogous ones

7Note that this is true also in the second panel, because the four corners of the square form a connected

region due to the cyclic nature of the two CP-phases.
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DUNE  



T2K+NOVA: CPV discovery potential 

   

NH 0

0

2

4

6

8

10

-180 -135 -90 -45 0 45 90 135

 
2 C

PV

13 (true) [degree]

T2K + NO A

 90% 

 2

 3

14 (true) = 00

14 (true) = 1800

14 (true) = -900

14 (true) = 900 

-135 -90 -45 0 45 90 135 180

13 (true) [degree]

T2K + NO A

 90% 

 2

Figure 10. Discovery potential of CP-violation induced by sin δ13. Upper panels refer to T2K.
Middle panels to NOνA. Lower panels to T2K and NOνA combined. In the left (right) panels, we
consider NH (IH) as the true hierarchy choice. In each panel, the black curve corresponds to the
3-flavor case. The colored curves are obtained in the 3+1 scheme for four different true values of
δ14. We marginalize over θ23 and δ14 over their allowed ranges in the fit, and also over the hierarchy.
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Sostanziale deterioramento nello schema 3+1     
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DUNE: CPV discovery potential 

- Potenziale sensibilità anche alle nuove fasi δ14 e δ34    
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Figure 7. The bands displayed in the left, middle and right panels represent the discovery
potential of the CPV induced, respectively, by sin δ13, sin δ14 and sin δ34 in the 3+1 scheme. The
thinner (magenta) bands correspond to the case in which all the three new mixing angles have the
identical value θ14 = θ24 = θ34 = 90. The thicker (green) bands correspond to the case in which
θ14 = θ24 = 90 and θ34 = 300. In each panel the two undisplayed CP-phases are assumed to be
unknown and have been marginalized away. The left panel also reports the 3-flavor curve (black
dashed line) for the sake of comparison.

the discovery potential assumes the maximal value, it can decrease from the ∼ 5σ level

(3-flavor case) to the ∼ 4σ level (3+1 case).

In the 3+1 scheme one expects CPV to come also from the two new phases δ14 and

δ34. In the second and third panels of Figure 7 we display the discovery potential of the

CPV induced by such two phases. In the first panel, for the sake of comparison, we report

the discovery potential of the standard CP-phase δ13 so that one can have a global view

of the sensitivities. The thinner (magenta) bands correspond to the case in which all the

three new mixing angles have the identical value θ14 = θ24 = θ34 = 90. The thicker (green)

bands correspond to the case in which θ14 = θ24 = 90 and θ34 = 300. In each panel the

two undisplayed CP-phases are assumed to be unknown and have been marginalized away.

From the comparison of the three panels we can see that if the three mixing angles have

all the same value θ14 = θ24 = θ34 = 90 (see the magenta bands), there is a clear hierarchy

in the sensitivity to the three CP-phases. The standard phase δ13 comes first, δ14 comes

next, and δ34 is the last one, inducing a negligible amount of CPV. In particular, we see

that, in the less optimistic cases, corresponding to the lower border of the bands, only

the standard CP-phase δ13 can give rise to a signal stronger than 3σ for an appreciable

fraction of the true values of the phase. This fraction appreciably decreases if θ34 increases

(compare the red band in the left panel of Figure 6 with the two bands in the left panel

of Figure 7). In Table 2, for completeness, we report such a fraction for the three values

of θ34 = 00, 90 and 300 as well as for the 3-flavor case. In the same table we also report

as a benchmark the “guaranteed” discovery potential for the particular value δ13 = −900.

– 17 –

- Sensibilità alla CPV δ13-indotta ridotta nello schema 3+1    
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- Gerarchia nelle sensibilità:  δ13>δ14>δ34  per  θ14=θ24=θ34=90    



Conclusioni 

• I neutrini sterili sono sorgenti addizionali di CPV   

• Gli esperimenti LBL (presenti e futuri) offrono  
  l'opportunità di studiare le nuove fasi di CPV 

• Diverse anomalie osservate agli esperimenti SBL  
  suggeriscono l’esistenza di neutrini sterili leggeri  

• Nuovi esperimenti SBL sono necessari. Essi daranno 
  presto nuove preziose informazioni  

31 31/03/16 Antonio Palazzo, UNIBA & INFN 

• L’interpretazione delle anomalie non è chiara   



Stiamo all’erta in vista di nuove scoperte! 

Gianini & Luzzati, Omaggio a Rossini, L’italiana in Algeri (1968)
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Back up slides 
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New-generation detectors confirm deficit  

Daya Bay @ Neutrino 2014 & ICHEP 2014 

Definitive results appeared 3 weeks ago on arXiv:1508.04233  

However, the same detectors give us a warning … 
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Understanding of rea. spectrum is incomplete  

Spectrum distortion (1)

◾ spectral distortion above 4MeV observed

◾ several crosschecks have shown

▸ θ13 measurement is not affected
▸ energy scale at E > 4MeV tested (e.g. n-12C) and as cause disfavoured
▸ unknown background disfavoured

Julia Haser (MPIK Heidelberg) DC-III @ ICHEP 2014 2014/07/04 13 / 16

V'$)C"/&"4&U&R(f&(@)(++&ZX[&#"&(@A()#(-&D9@&

"  #*2,%S%<;@=@%g^h%%=;B=>%A*-.*,&/*0(2FD%g^h%=;BC<%A*-.*9(*4%')2.*%*,,1,D%%%%%%%%%%%%%%%%%

"  P2,%%%%S%>;YYU%g^h%%=;Y=`%A*-.*,&/*0(2FD%g^h%=;B`V%A*-.*9(*4%')2.*%*,,1,D 

Observation of new reactor # component at 5 MeV!

Double-CHOOZ 

RENO  Daya Bay 

Shoulder at 4-6 MeV observed in all the three experiments  

θ13 extraction is unaffected (based on near/far comparison)   

Identical at Near & Far sites: not imputable to new osc. physics 
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• Systematics in reactor spectra not entirely under control  

Hayes et al.   
PRL 112, 202501 (2014) 

Discrepancy under active investigation  
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• Normalization & spectral issues not necessarily related  
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FIG. 2: The ENDF/B-VII.1 and JEFF-3.1.1 predictions, in-
cluding the beta-decay database update [19], for the ratio
of the Daya Bay [31], RENO [32] and Double Chooz [33]
antineutrino spectra to the Huber-Mueller or Huber-Haag
models [4, 5, 22, 34], as labeled on by the y-axis. In all
cases, the spectra are normalized to the same number of
detectable antineutrinos in the energy window Eν = 2 − 8
MeV (Eν ≈ Eprompt + 0.782 MeV) as the Huber-Mueller (or
Huber-Haag) spectra when folded over the antineutrino de-
tection cross section [37]. The database uncertainties shown
are only for the beta-decay branches. The uncertainties
arising from the fission-fragment yields are large, as is ev-
ident from the difference between the ENDF/B-VII.1 and
JEFF-3.1.1 predictions. The large difference between the two
database predictions for the shoulder, particularly for Daya
Bay and RENO, arises entirely from a difference in the evalu-
ated fission-fragment yields. The predicted shoulder for JEFF
3.1.1 relative to the Huber-Haag prediction for Double Chooz
arises because the Haag prediction for 238U is appreciably
smaller in the shoulder region than JEFF 3.1.1.

able for all neutron-induced reactions on the coolant,
cladding, and structural materials in the NRU CANDU
reactor at Chalk River. We then calculated the expected
beta-decay spectrum from the unstable nuclei produced
by these reactions. We found that all of the antineutrinos
from this source are well below the energy of the shoulder.
This is consistent with the analysis of ref. [8]. While ma-
terials in other reactors may differ in detail from those at
the NRU reactor, none is known to produce a significant
number of antineutrinos above 2 MeV, and we conclude
that non-actinide sources of antineutrinos cannot explain
the shoulder.
2. The forbidden nature of transitions: Several of
the beta-decay transitions involving 96,98Y, 90,92Rb, and
142Cs that dominate in the shoulder region have a total
angular momentum and parity change that generates no
weak-magnetism correction [25]. This fact was not taken
into account in the analyses of Huber, Mueller, or Fallot.
Above half of the end-point energy in an allowed decay,
the weak-magnetism contribution reduces the antineu-
trino component. This is opposite in sign to the other
leading corrections [4, 5, 25] that suggested the existence
of the reactor anomaly [36]. Thus, the lack of a weak-
magnetism correction for 0+ → 0− transitions increases
the magnitude of the antineutrino flux relative to the
Huber-Mueller model. A second issue is that the shape
factor, C(E), associated with 0+ → 0− forbidden transi-
tions [25] is quite different from the approximation used
by Mueller et al. [5], who took the shape factor for all
forbidden transitions to be that for a unique forbidden
transition. A third issue is the lack of a proper finite-
size Coulomb correction to the Fermi function for these
transitions [25], where all analyses to-date (including the
present one) are forced to use an approximation.
We calculated the antineutrino spectra with and with-

out taking the ∆J∆π = 0− nature of transitions into
account. There are two possible shape factors for such
transitions [25] that affect the spectrum differently, which
introduces an uncertainty in the shape of the aggregate
antineutrino spectrum. Using the shape factor that gives
the bigger increase in the antineutrino spectrum and set-
ting the weak-magnetism term to zero, we found an in-
crease in the shoulder region of less than 1%. We con-
clude that a proper treatment of forbidden transitions
cannot account for a significant fraction of the shoulder.
3. 238U as a source of the shoulder: RENO reports that
238U is responsible for about 12% of its fissions, while
Daya Bay reports only 7.6%. Referring to Fig. (1), rela-
tive to their respective experimentally established base
lines (rather than with respect to Huber-Muller), the
RENO shoulder is more than 50% larger than that ob-
served at Daya Bay. This raises the question whether
238U, which was not measured in the original ILL exper-
iments [20, 21], could be causing the shoulder. Because
238U fissions into isotopes further off the line of stabil-
ity than 235U, its antineutrino spectrum is both larger

• Dissimilar results with two different nuclear databases     

• New SBL experiments needed to shed light on both issues  

Hayes et al.  
arXiv:1506.00583 [nucl-th]  

2

emission from a reactor is due to>1000 daughter isotopes
with >6000 unique beta decays.

Estimation of the decay rates Ri depend on our knowl-
edge of the nuclear processes within the reactor core. For
a fission of a parent nucleus, AZNp, the propability of frag-
menting to a particular daughter nucleus A�

Z�Nd is given
by the instantaneous yield, Y i

pd. The majority of these
fission daughters are unstable, and will decay until reach-
ing a stable isotopic state. The cumulative yield Y c

pi is the

probability that a particular isotope A�

Z�Ni is produced via
the decay chain of any initial fission daughter. On aver-
age, the daughter isotopes of each fission undergo 6 beta
decays until reaching stability. For short-lived isotopes,
the decay rate Ri is approximately equal to the fission
rate Rf

p of the parent isotope p times the cumulative yield
of the isotope i,

Ri �
P�

p=0

Rf
pY

c
pi (2)

The ENDF/B.VII.1 compiled nuclear data contains ta-
bles of the cumulative fission yields of 1325 fission daugh-
ter isotopes, including relevant nuclear isomers [17, 18].
Evaluated nuclear structure data files (ENSDF) provide
tables of known beta decay endpoint energies and branch-
ing fractions for many isotopes [19]. Over 4000 beta
decay branches are found which have endpoints above
the 1.8 MeV threshold for inverse beta decay. The spec-
trum of each beta decay Sij(Eν) was calculated includ-
ing Coulomb [20], radiative [21], finite nuclear size, and
weak magnetism corrections [13]. In the following calcu-
lations we begin by assuming that all decays have allowed
Gamow-Teller spectral shapes. The impact of forbidden
shape corrections will be discussed later in the text.

The upper panel of Fig. 1 shows the electron spectrum
per fission of 235U calculated according to Eq. 1. The β−

spectrum measured in the 1980s using the BILL spec-
trometer is shown for comparison [6]. Both spectra are
absolutely normalized in units of electrons per MeV per
fission. The lower panel shows the calculated νe spec-
trum for a nominal nuclear reactor with relative fission
rates of 0.584, 0.076, 0.29, 0.05 respectively for the par-
ents 235U, 238U, 239Pu, 241Pu. The spectra have been
weighted by the cross section for inverse beta decay to
more closely correspond to the spectra observed by ex-
periments. Prediction of the νe spectrum by β− conver-
sion of the BILL measurements [11, 12] shows a different
spectral shape. In particular, there is a bump near 6 MeV
in the calculated spectrum not shown by the β− conver-
sion method. Note that the hybrid approach of Ref. [11]
used the ab initio calculation to predict most of the β−

and νe spectra, but additional fictional β− branches were
added so that the overall electron spectra would match
the BILL measurements. These corresponding νe spectra
for these branches were estimated using the β− conver-
sion method. Since this method is constrained to match

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

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

spectrum from [6] is included for reference (blue). Lower:
The corresponding νe spectrum per fission in a nominal re-
actor weighted by the inverse beta decay cross section (red),
compared with that obtained by the β−

conversion method
(blue [12], green [11]). See text for discussion of uncertainties.
Measurements of the positron spectra (green [22], brown [23])
are similar to the ab initio calculation, assuming the approx-
imate relation Eν � Ee+ + 0.8 MeV.

The significant differences between the calculation and
BILL measurements are generally attributed to system-
atic uncertainties in the ab initio calculation. The 1-
σ uncertainty bands presented here include only the
stated uncertainties in the cumulative yields and branch-
ing fractions. Three additional systematic uncertainties
are prominent but not included: data missing from nu-
clear databases, biased branching fractions, and beta de-
cay spectral shape corrections.
Missing Data: It is possible that the ENDF/B tabu-

lated fission yields lack data on rare and very short lived
isotopes in regions far from nuclear stability. In [16] it
was argued that this missing data would favor higher-
energy decays. For the known fission daughters, ∼6% of

Dwyer and Langford   
PRL 114, 012502 (2015) 
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Other potential windows  
onto sterile νs  
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 What solar exp. have to say on νss ?  

• Solar + θ13 reactors:    sin2 θ14 < 0.04 (90% C.L.)

• Bound indep. of reactor fluxes (KamLAND only shape)     

• It constitutes the only robust information on |Ue4|2  

A.P., Review for Mod. Phys. Lett. A 28, 1330004 (2013)     

38 31/03/16 Antonio Palazzo, UNIBA & INFN 



Information from atmospheric ν in IceCube   

Figures from Esmaili & Smirnov JHEP 1312, 014 (2013) 

Smoking gun: Dip at E ~ TeV due to MSW resonance  
IceCube sensitivity to sterile neutrinos

3 x IceCube-79 data (available now)
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With the already collected data 
the bound |Uµ4|2 < 0.01 (99% C.L.) 

can be established

Mixing required by 
LSND/MiniBooNE can be 
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IceCube sensitivity to sterile neutrinos

The key point is the energy binning

However, 

Energy resolution

events should be smeared in energy bins

width of smearing can reach ~ 0.3 x Log (E/GeV)

as a conservative assumption we assume %E = E
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Phenomenology of eV steriles

Neutrino mass observables: β decays

Mainz Sejersen Riis, Hannestad;

Formaggio, Barret
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Impact of a light sterile neutrino in β-decay  

Present: Mainz Future: KATRIN 

Formaggio & Barrett, arXiv:1105.1326 Kraus et al., arXiv:1105.1326 

mβ =
��

|Uei|2m2
i =

��c212c213c214m2
1 + s212c

2
13c

2
14m

2
2 + s213c

2
14m

2
3 + s214m

2
4

��1/2
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Impact of a light sterile in 0ν2β-decay  

Figure from Barry, Rodejohann, Zhang, JHEP 1107, 091 (2011) 

The usual plot for double beta decay. . .

. . . gets completely turned around!
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Normal Hierarchy Inverted Hierarchy 

mββ =
��
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eimi

�� =
��c212c213c214m1 + s212c

2
13c

2
14m2e

iα + s213c
2
14m3e

iβ + s214m4e
iγ
��

See also Girardi, Meroni, Petcov, JHEP 1311, 146 (2013) 
Giunti and Zavanin, JHEP 1507, 171 (2015) 
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What cosmology tells us?  

Small room for extra  
relativistic content  

Planck (2015) 

• A "standard” eV sterile neutrino fully thermalizes (ΔNeff = 1)  

• Several possibilities (lepton asymmetry, self-interactions, …)  

• ΔNeff = 0 requires a mechanism that prevents thermalization       

Planck Collaboration: Cosmological parameters
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Fig. 31. Samples from Planck TT+lowP chains in the Neff–H0
plane, colour-coded by σ8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s−1Mpc−1 of Eq. (30). Note that higher
Neff brings H0 into better consistency with direct measurements,
but increases σ8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Neff < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (∆Neff ≈ 0.57), or before muon
annihilation (∆Neff ≈ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(∆Neff ≈ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ΛCDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
ΛCDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Lyα flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

�
mν <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

�
mν < 0.23 eV preferred by Planck, detection with the

first generation experiment will be difficult.

6.4.2. Constraints on Neff

Dark radiation density in the early Universe is usually parame-
terized by Neff , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ργ at T � 1 MeV by

ρ = Neff
7
8

�
4

11

�4/3
ργ. (59)

The numerical factors in this equation are included so that
Neff = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Neff = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Neff . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional ∆Neff = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <∼ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Neff and

�
mν is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically ∆Neff < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ≈ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give ∆Neff � 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are different, and even thermalized particles could give specific
fractional values of ∆Neff . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
∆Neff = 4/7 ≈ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or ∆Neff ≈ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Neff as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Neff < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Neff = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Neff = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Neff = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Neff = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Neff = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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NH 

IH 

ν3	



  

ν2	



ν1	



νe νµ	

 ντ	



δm2 

+Δm2 

-Δm2 

ν3	



θ23 ~ 41º θ12 ~ 34º θ13 ~ 9º 

 CP-phase δ    

The 3-flavor scheme  

 (Hints of δ ≠ 0, π)   

Δm2 

δm2 
= 0.03 α = 

 NMH 
 (Hints of NH)   

 unknowns: 
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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(2θnew) − ∆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(2θnew,ILL−shape) ∼ 0.2, in agreement with our
fourth neutrino hypothesis, but still compatible with the
absence of oscillations at the 1σ 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 differences in the systematic effects in the rate
and shape analyses, this coincidence is in favor of a true
physical effect 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
sufficient 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-ν 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(2θnew) − ∆m2

new plane are displayed in Figure 8,
together with the marginal ∆χ2 profiles for |∆m2

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

new| > 1.5 eV2

(95% C.L.) and sin2(2θnew) = 0.14 ± 0.08 (95% C.L.).
An embryo of possible consequences of this result will
be discussed in Section VIII.

Fitting the reactor anomaly  
with sterile νs  

Mention et al., PRD 83 073006 (2011)   

Pee � 1− sin2 2θnew sin2
∆m2

newL

4E

sin2 θnew � U2
e4 = sin2 θ14

Pee = 1− 4
�

j>k

U2
ejU

2
ek sin

2
∆m2

jkL

4E

In a 2ν framework: 

In a 3+1 scheme: 

∆m2
sol � ∆m2

atm � ∆m2
new
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ACP
αβ = −16J12

αβ sin∆21 sin∆13 sin∆32

J ij
αβ ≡ Im [UαiUβjU

∗
αjU

∗
βi] ≡ J

�

γ=e,µ,τ

�αβγ
�

k=1,2,3

�ijk

J =
1

8
sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δ

CPV is a genuine 3-flavor effect 

- No degenerate (νi,νj) 
- No θij = (0, π/2)  
- δ = (0, π)  

J is parameterization independent (Jarlskog invariant) 

Conditions for CPV: 

In the standard parameterization: 

/ 

✔ 
✔ 
? 

Δij =  
Δm2

ij L 

4E  
ACP

αβ ≡ P (να → νβ)− P (ν̄α → ν̄β)
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ACP
αβ = −16J12

αβ sin∆21 sin∆13 sin∆32

∆ ≡ ∆13 � ∆23 � 1

ACP
αβ �= 0

CPV and averaged oscillations 

The bottom line is that if one of the three νi is ∞ far  
from the other two ones this does not erase CPV 

(relevant for the 4ν case)  

It can be:  (if sin δ = 0)  / 

{

if 
Osc. averaged out by finite E resol. 

→ �sin2 ∆� = 1/2

ACP
αβ ≡ P (να → νβ)− P (ν̄α → ν̄β)
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Numerical examples of 4ν probability 

Different line styles 
⇔  

 Different values of δ14 

The fast oscillations get 
averaged out due to the 
finite energy resolution  

10

FIG. 7: Probability of νµ → νe transition in the 3+1 scheme.
The thin blue line represents the numerical result, while the
red line represents the averaged probability obtained using
Eq. (37). In both cases the hierarchy is normal and the mixing
angles are fixed at the values s214 = s224 = 0.025.

(solid), δ14 = π (long-dashed), δ14 = π/2 (short-dashed),
and δ14 = −π/2 (dotted).
While the 3-flavor elements S̄ee and S̄eµ can be evalu-

ated numerically (as we have done) approximate expres-
sions already existing in the literature in various limits

FIG. 8: Probability of νµ → νe transition in the 3+1 scheme
for normal hierarchy. The four panels correspond to four dif-
ferent values of the standard CP-phase δ13. In each panel, the
black thick solid line represents the 3-flavor case (θ14 = θ24 =
0), while the colored lines represent the 4-flavor case (with
s214 = s224 = 0.025) for the following four different values of
the nonstandard CP-phase: δ14 = 0 (solid), δ14 = π (long-
dashed), δ14 = π/2 (short-dashed), and δ14 = −π/2 (dotted).

may help to further simplify the expression of the tran-
sition probability in Eq. (37), which, for small values of
the two mixing angles θ14 and θ24, takes the form

P 4ν
µe " (1 − s214 − s224)P̄

3ν
µe (38)

− 2s14s24Re(e
−iδ14 S̄eeS̄

∗
eµ)

+ s214s
2
24(1 + P̄ 3ν

ee ) .

First, it can be noted that for small values of s13 ∼ ε and
α∆ ∼ ε2 one has [37]

S̄ee " 1−O(ε2) . (39)

Since we are interested to terms up to O(ε4), we can
assume S̄ee = 1. Moreover, as discussed above, the
nonstandard matter effects are completely negligible and
only the small standard matter effects are relevant. In
this approximation, the 3-flavor amplitude S̄eµ has the
well-known (see, for example, [37]) form

S̄eµ " Asm13 sin∆
m +B(α∆) , (40)

where A and B are two complex coefficients with O(1)
modulus, given by

A = −2 i s23e
−i(∆+δ13) , (41)

B = −2 i c23s12c12 , (42)

and (sm13,∆
m) are the approximated expressions of

(s13,∆) in matter

sm13 " (1 + v)s13 , (43)

∆m " (1− v)∆ , (44)

with v = VCC/|k13| " 0.05. Making use of Eqs. (39)-
(44) in the expression of the transition probability in
Eq. (38), in the limit case v = 0 we recover, in an al-
ternative way, the fourth-order expansion of the vacuum
formula in Eq. (13) presented in Sec. II. For v $= 0, one
sees that the structure of the transition probability re-
mains the same as in vacuum, containing six terms of
which three are of the interference type. The only im-
pact of matter effects (at least for the T2K setup) is to
break the degeneracy between NH and IH, exactly as it
occurs in the 3-flavor case, because of the shifts s13 → sm13
and ∆ → ∆m in Eqs. (43),(44).
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The modifications induced by δ14 are as large  
as those induced by the standard CP-phase δ13 

Completely analogous conclusions for NOνA 
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Results of the 4ν analysis (LBL,NH) 

  
-  LBL combination more stable than T2K alone  
   

3ν: T2K + NOνA (NH) 

4ν	
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