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FIG. 5. Same as Fig. 4 for the reconstructed neutrino energy spectrum of the events which pass

all ⌫
e

appearance signal selection criteria with the exception of the energy cut. The vertical line

shows the applied cut at 1250 MeV.

probabilities and matter e↵ects [36] with �m2
12 = 7.6⇥ 10�5 eV2, �m2

23 = +2.4⇥ 10�3 eV2,

sin2 2✓12 = 0.8704, sin2 2✓23 = 1.0, an average Earth density ⇢=3.2 g/cm3 and �CP = 0 unless

otherwise noted. The expectations are 0.03(0.03) ⌫
µ

+ ⌫̄
µ

CC, 0.8(0.7) intrinsic ⌫
e

CC, and

0.1(4.1) ⌫
µ

! ⌫
e

oscillation events for sin2 2✓13=0(0.1), and 0.6 NC events. As shown in Ta-

ble III, the total systematic uncertainty on N exp

SK

depends on ✓13. Neutrino flux uncertainties

contribute 14.9%(15.4%) to the far(near) event rates, but their ratio has an 8.5% error due to

cancellations. The near detector ⌫
µ

CC selection e�ciency uncertainty yields +5.6
�5.2% and the

statistical uncertainty gives 2.7%. The errors from cross-section modeling are dominated

by FSI uncertainties and by the knowledge of the �(⌫
e

)/�(⌫
µ

) ratio, estimated to ±6%.

The systematic uncertainties due to event selection in SK were studied with cosmic-ray

muons, electrons from muon decays, and atmospheric neutrino events. Their contribution

14

●  T2K first data in May 2011. It 
observed 6 events 

with a background of 1.5.

PRL 107 (2011)

● MINOS looked for 
appearance by distinguishing 

NC from e-like events.
The 2011 results provided a 1.7 
sigma hint of nonzero theta13.

MINOS Coll, 1108.0015
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FIG. 2. (Color online) Top: Background-subtracted data
(black points with statistical error bars) are superimposed on
the prompt energy spectra expected in the case of no oscilla-
tions (dashed blue line) and for our best fit sin22θ13 (solid red
line). The best fit has χ2/DOF of 38.9/30. Solid gold bands
indicate systematic errors in each bin. Middle: The ratio of
data to the no-oscillation prediction (black points with sta-
tistical error bars) is superimposed on the expected ratio in
the case of no oscillations (blue dashed line) and for our best
fit sin22θ13 (solid red line). Gold bands indicate systematic
errors in each bin. Bottom: The difference between data and
the no-oscillation prediction is shown in the same style as the
ratio (above).

error which can be improved by collecting more data.
This includes uncertainty from our current statistics (see
Tab. II) and uncertainty on background shapes. We de-
fine systematic error as the uncertainty which cannot be
reduced simply by collecting more data. Figure 1 shows
the complete spectrum of IBD candidates with the fit-
ted background contributions, while Fig. 2 shows the
background-subtracted Eprompt spectrum along with the
best fit. The pull parameters from the fit are summa-
rized in Tab. III together with the input values. We
have performed a frequentist study to determine the
compatibility of the data and the no-oscillation hypoth-
esis. Based on a ∆χ2 statistic, defined as the differ-
ence between the χ2 at the best fit and at sin22θ13 = 0,
the data exclude the no-oscillation hypothesis at 97.4%
(2.0 σ). A fit incorporating only the rate information
yields sin22θ13 = 0.044 ± 0.022 (stat.) ± 0.056 (syst.).
A simple ratio of observed to expected signal statistics
yields R = 0.978 ± 0.011 (stat.) ± 0.029 (syst.) at the far
site.

TABLE III. Summary of pull parameters in the oscillation fit.
The input values are determined by measurements, and the
best-fit values are outcome of oscillation fit.

Pull parameter Initial value Best-fit value
Cosmogenic isotope [day−1] 2.8 ± 1.2 3.9± 0.6
Fast neutrons [day−1] 2.5 ± 0.5 2.6± 0.4
Energy scale 1.00 ± 0.02 0.99 ± 0.01
∆m2(10−3eV2) 2.32 ± 0.12 2.31 ± 0.12

The smaller best-fit value of sin22θ13 by the rate-only
analysis can be explained by the 9Li background. The fit
to the energy spectrum indicates a larger 9Li background
contamination than the original estimate, although it is
consistent within the systematic uncertainty.

In summary, due to the low level of backgrounds
achieved in the Double Chooz detector, we have made the
first measurement of sin22θ13 using the capture of IBD
neutrons on hydrogen. This technique enabled us to use
a different data set with partially different systematic un-
certainties than that used in the standard Gd analysis [6].
An analysis based on rate and spectral shape information
yields sin22θ13 = 0.097 ± 0.034 (stat.) ± 0.034 (syst.),
which is in good agreement with the result of the Gd anal-
ysis sin22θ13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.) [6].
With increased statistics and a precise evaluation of the
correlation of the systematic uncertainties, a combination
of the two results is foreseen for the future.
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FIG. 3. The χ2 distribution as a function of sin2 2θ13. Bot-
tom: Ratio of the measured reactor neutrino events relative
to the expected with no oscillation. The curve represents the
oscillation survival probability at the best fit, as a function of
the flux-weighted baselines.

Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
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The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
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All oscillation parameters are 
measured with good precision, 
except for the mass hierarchy and 
the delta phase. One needs to 
check the 3-neutrino paradigm.

M. C. Gonzalez-Garcia et al., 1209.3023
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Several “anomalies” are unexplained and might point 
towards new physics. Sterile neutrinos are advocated 
as a possible explanation (3+1 or 3+2 schemes).

● LSND:              oscillations

● MiniBooNE: observes an excess of events at low 
energy in the electron (anti-)neutrino spectra

● Gallium anomaly: a flux of solar neutrinos lower than 
expected at low energy

● Reactor anomaly: at short baseline (L<100 m) a 
reactor neutrino flux smaller than predicted.
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1 Introduction

Huge progress has been made in the study of neutrino oscillations [1–4], and with the recent
determination of the last unknown mixing angle ✓

13

[5–10] a clear first-order picture of the
three-flavor lepton mixing matrix has emerged, see e.g. [11]. Besides those achievements there
are some anomalies which cannot be explained within the three-flavor framework and which
might point towards the existence of additional neutrino flavors (so-called sterile neutrinos)
with masses at the eV scale:

• The LSND experiment [12] reports evidence for ⌫̄
µ

! ⌫̄
e

transitions with E/L ⇠ 1 eV2,
where E and L are the neutrino energy and the distance between source and detector,
respectively.

2
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7

3 ⌫e and ⌫̄e disappearance searches

Disappearance experiments in the
(–)

⌫
e

sector probe the moduli of the entries in the first row
of the neutrino mixing matrix, |U

ei

|. In the short-baseline limit of the 3+1 scenario, the only
relevant parameter is |U

e4

|. For two sterile neutrinos, also |U
e5

| 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
(–)

⌫
e

survival probability takes an e↵ective two flavor form

P SBL,3+1

ee

= 1� 4|U
e4

|2(1� |U
e4

|2) sin2

�m2

41

L

4E
= 1� sin2 2✓

ee

sin2

�m2

41

L

4E
, (7)

where we have defined an e↵ective
(–)

⌫
e

-disappearance mixing angle by

sin2 2✓
ee

⌘ 4|U
e4

|2(1� |U
e4

|2) . (8)

This definition is parametrization independent. Using the specific parametrization of Eq. (6)
it turns out that ✓

ee

= ✓
14

.

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. e.g. [77,
78]. 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 experiments 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 eV2. On the other hand, for long-baseline experiments, oscillations due to (�m2

31

, ✓
13

) are
most relevant, and oscillations due to eV2-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 ✓
12

), whereas all ✓
1k

with k � 3 lead only to a constant flux reduction.
For the SBL reactor experiments we show in Tab. 3 also the ratio of the observed and

predicted rate, where the latter is based on the flux calculations of [21] for neutrinos from
235U, 239Pu, 241Pu fission and [20] for 238U fission. The ratios are taken from [37] (which
provides and update of [26]) and are based on the Particle Data Group’s 2011 value for the
neutron lifetime, ⌧

n

= 881.5 s [79].4 We observe that most of the ratios are smaller than one.
In order to asses the significance of this deviation, a careful error analysis is necessary. In the
last column of Tab. 3, we give the uncorrelated errors on the rates. They include statistical
as well as uncorrelated experimental errors. In addition to these, there are also correlated
experimental errors between various data points which are described in detail in appendix B.
Furthermore, we take into account the uncertainty on the neutrino flux prediction following
the prescription given in [21], see also appendix B for details.

4This number di↵ers from their 2012 value 880.1 s by less than 0.2% [80]. The neutron lifetime enters
the calculation of the detection cross section and therefore has a direct impact on the expected rate. The
quoted uncertainties of . 0.2% are small compared to the uncertainties on the predicted flux, see [81] for a
discussion of the neutron lifetime determination.
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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
(–)

⌫ e disappearance, where for fixed

|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
(–)

⌫ µ and NC disappearance data

(blue region, black curves). We minimize with respect to |Uµ4| and we show the weakest (“best phase”)

and strongest (“worst phase”) limits, depending on the choice of the complex phase '
24

. In both panels

we minimize with respect to �m2

31

, ✓
23

, and we fix sin2 2✓
13

= 0.092 and ✓
14

= 0 (except for the evidence

regions in the left panel).

Additional constrains on ⌫
µ

mixing with eV-scale states (not used in this analysis) can be
obtained from data from the Ice Cube neutrino telescope [107–112].

Limits on the |U
µi

| row of the mixing matrix come from
(–)

⌫
µ

disappearance experiments.

In a 3+1 scheme the
(–)

⌫
µ

SBL disappearance probability is given by

P SBL,3+1

µµ

= 1� 4|U
µ4

|2(1� |U
µ4

|2) sin2

�m2

41

L

4E
= 1� sin2 2✓

µµ

sin2

�m2

41

L

4E
, (14)

where we have defined an e↵ective
(–)

⌫
µ

disappearance mixing angle by

sin2 2✓
µµ

⌘ 4|U
µ4

|2(1� |U
µ4

|2) , (15)

i.e., in our parametrization (6) the e↵ective mixing angle ✓
µµ

depends on both ✓
24

and ✓
14

.
In contrast to the ⌫

e

disappearance searches discussed in the previous section, experiments

probing
(–)

⌫
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 e↵ects 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 e↵ects 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 (1)
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Figure 5: Constraints in the plane of |Uµ4|2 and |U⌧4|2 for three fixed values of �m2

41

from MINOS CC +

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

⌫ 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 the �2 minimum at the fixed �m2

41

. We

minimize with respect to complex phases and include e↵ects of ✓
13

and ✓
14

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.

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
as MINOS data, thanks to the NC matter e↵ect and SNO NC data. No relevant limit can
be set on |U

µ4

|2 from solar neutrinos.

5 ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄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
fixed ↵, an appearance experiment in the channel

(–)

⌫
↵

!
(–)

⌫
�

is sensitive to two rows via com-
binations like |U

↵i

U
�i

| and potentially to some complex phases. In the SBL approximation

the 3+1 appearance probability in the phenomenologically most relevant channel
(–)

⌫
µ

!
(–)

⌫
e

takes the form

P SBL,3+1

(–)

⌫ µ!
(–)

⌫ e

= 4|U
µ4

U
e4

|2 sin2

�m2

41

L

4E
= sin2 2✓

µe

sin2

�m2

41

L

4E
, (17)

where we have defined an e↵ective mixing angle by

sin2 2✓
µe

⌘ 4|U
µ4

U
e4

|2 . (18)

In the parametrization from Eq. (6) we obtain sin 2✓
µe

= sin ✓
24

sin 2✓
14

. The oscillation
probability in the 3+2 scheme is given in Eq. (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 [33,58].

Our analyses of LSND [12], KARMEN [115], NOMAD [116]
(–)

⌫
µ

!
(–)

⌫
e

appearance data
are based on [33,77,117], where references and technical details can be found. Our analyses
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Figure 8: Results of the global fit in the 3+1 scenario, shown as exclusion limits and allowed regions for the

e↵ective mixing angle sin2 2✓µe = 4|Ue4|2|Uµ4|2 and the mass squared di↵erence �m2

41

. Left: Comparison

of the parameter region preferred by appearance data (LSND, MiniBooNE appearance analysis, NOMAD,

KARMEN, ICARUS, E776) to the exclusion limit from disappearance data (atmospheric, solar, reactors,

Gallium, CDHS, MINOS, MiniBooNE disappearance, KARMEN and LSND ⌫e �12 C scattering). Right:

Regions preferred by experiments reporting a signal for sterile neutrinos (LSND, MiniBooNE, SBL reactors,

Gallium) versus the constraints from all other data, shown separately for disappearance and appearance

experiments, as well as their combination.

at the best fit point of the global data. �2

PG

should be evaluated with the number of dof cor-
responding to the number of parameters in common between appearance and disappearance
data (2 in the case of 3+1). From the numbers given in Tab. 7 we observe that the global
3+1 fit leads to �2

min

/dof = 712/680 with a p-value 19%, whereas the PG test indicates that
appearance and disappearance data are consistent with each other only with a p-value of
about 10�4. The strong tension in the fit is not reflected in the global �2 minimum, since
there is a large number of data points not sensitive to the tension, which leads to the “dilu-
tion” of the GOF value in the global fit, see [121] for a discussion. In contrast, the PG test
is designed to test the consistency of di↵erent parts of the global data.

The conflict between the hints for eV2-scale oscillations and null-result data is also il-
lustrated in the right panel of Fig. 8. In red we show the parameter regions indicated by

�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

Table 7: Global �2 minima, GOF values, and parameter goodness-of-fit (PG) test [121] for the consistency

of appearance versus disappearance experiments in the 3+1, 3+2, and 1+3+1 schemes. The corresponding

parameter values at the global best fit points are given in Tab. 8. The last four columns give the contributions

of appearance and disappearance data to �2

PG

, see Eq. (22).
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Figure 10: Allowed regions for 3+2 in the plane of |Ue4Uµ4| vs. |Ue5Uµ5| for fixed values of �m2

41

and

�m2

51

at 90% and 99% CL (2 dof). We minimize over all undisplayed mixing parameters. We show the

regions for appearance data (blue), disappearance data (green), and the global data (red).

global fit compared to 3+1 by

�2

3+1,glob

� �2

3+2,glob

= 10.7 . (23)

Evaluated for 4 additional parameters relevant for SBL data in 3+2 compared to 3+1 this
corresponds to 96.9% CL.

The origin of the very low parameter goodness of fit can be understood by looking at the
contributions of appearance and disappearance data to �2

PG

. Tab. 7 shows that the �2 of
appearance data at the global best fit point, �2

app,glob

, changes only by about 3 units between
3+1 and 3+2. However, if appearance data is fitted alone, an improvement of 15.2 units
in �2 is obtained when going from 3+1 to 3+2, see Eq. (19). The fact that appearance
data by themselves are fitted much better in 3+2 than in 3+1 leads to the large value of
�2

PG

= 25.8, with a contribution of 19.7 from appearance data. In other words: the fit to
appearance data at the global 3+2 best fit point (�2

app,glob

= 92.4/68, p-value 2.6%) is much
worse than at the appearance-only 3+2 best fit point (�2

min,app

/dof = 72.7/63, p-value 19%).
This interpretation is also supported by Fig. 6, showing an equally bad fit to MiniBooNE
neutrino data at the 3+1 and 3+2 global best fit points (black solid and red solid histograms,
respectively).

We further investigate the origin of the tension in the 3+2 fit in Figs. 9 and 10. In Fig. 9
we show the allowed regions in the multi-dimensional parameter space projected onto the
plane of the two mass-squared di↵erences for appearance and disappearance data separately,
as well as the combined region. The 3+2 global best fit point happens close to an overlap
region of appearance and disappearance data at 95% CL in that plot. However, an overlap in
the projection does not imply that the multi-dimensional regions overlap. In the left panel of
Fig. 10 we fix the mass-squared di↵erences to values close to the global 3+2 best fit point and
show allowed regions in the plane of |U

e4

U
µ4

| and |U
e5

U
µ5

|. These are the 5-neutrino analogs
to the 4-neutrino SBL amplitude sin 2✓

µe

. Similar as in the 3+1 case we observe a tension
between appearance and disappearance data, with no overlap at 99% CL. This explains the

25

Some tension is present between appearance and 
disappearance data.

Kopp et al.,  1303.3011
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Present status of (standard) neutrino 
physics

�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires:         and the ordering. mmin
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Neutrino mixing

Mixing is described by the Pontecorvo-Maki-
Nakagawa-Sakata matrix, which enters in the CC 
interactions

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

U =

�

⇤
c12 s12 0
�s12 c12 0

0 0 1

⇥

⌅

�

⇤
1 0 0
0 c23 s23

0 �s23 c23

⇥

⌅

Solar, reactor �⇥ ⇥ 30o Atm, Acc. �A ⇥ 45o
�

⇤
1 0 0
0 1 0
0 0 e�i⇥

⇥

⌅

�

⇤
c13 0 s13

0 1 0
�s13 0 c13

⇥

⌅

�

⇤
1 0 0
0 e�i�21/2 0
0 0 e�i�31/2+i⇥

⇥

⌅

CPV phase Reactor, Acc. � < 12o CPV Majorana phases✓13 ⇠ 9o

U is real� � = 0, ⇥CP-conservation requires
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CPV effects in neutrino oscillations
In many experimental situations the probabilities can 
be approximated for 2 neutrinos. In this case there are 
no CPV effects.

●                    , applies to atmospheric, reactor    
(CHOOZ...), current accelerator neutrino experiments 

�m2
21

4E
L� 1

P (�� ⇥ �⇥) =
����U�1U

⇥
⇥1 + U�2U

⇥
⇥2 + U�3U

⇥
⇥3e

�i
�m2

31
2E L

����
2

=
�����U�3U

⇥
⇥3 + U�3U

⇥
⇥3e

�i
�m2

31
2E L

����
2

=
��U�3U

⇥
⇥3

��2
�����1 + e�i

�m2
31

2E L

����
2

= 4 |U�3U⇥3|2 sin2(
�m2

31

4E
L)

P (�� ⇥ �⇥) =
����U�1U

⇥
⇥1 + U�2U

⇥
⇥2 + U�3U

⇥
⇥3e

�i
�m2

31
2E L

����
2

=
�����U�3U

⇥
⇥3 + U�3U

⇥
⇥3e

�i
�m2

31
2E L

����
2

=
��U�3U

⇥
⇥3

��2
�����1 + e�i

�m2
31

2E L

����
2

= 4 |U�3U⇥3|2 sin2(
�m2

31

4E
L)

P (⇥µ ⇥ ⇥e; t) = s2
23 sin2(2�13) sin2 �m2

31L

4E

P (⇥µ ⇥ ⇥⇥ ; t) = c4
13 sin2(2�23) sin2 �m2

31L

4E

P (⇥µ ⇥ ⇥µ; t) = 1� 4s2
23c

2
13(1� s2

23c
2
13) sin2 �m2

31L

4E

P (⇥e ⇥ ⇥e; t) = 1� sin2(2�13) sin2 �m2
31L

4E

P (⇥µ ⇥ ⇥e; t) = s2
23 sin2(2�13) sin2 �m2

31L

4E

P (⇥µ ⇥ ⇥⇥ ; t) = c4
13 sin2(2�23) sin2 �m2

31L

4E

P (⇥µ ⇥ ⇥µ; t) = 1� 4s2
23c

2
13(1� s2

23c
2
13) sin2 �m2

31L

4E

P (⇥e ⇥ ⇥e; t) = 1� sin2(2�13) sin2 �m2
31L

4E

●                   :  for reactor neutrinos (KamLAND).
The oscillations due to the atmospheric mass squared 
differences get averaged out.

�m2
31

4E
L� 1
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CP-violation will manifest itself in neutrino oscillations, 
due to the delta phase. The CP-asymmetry:

● CP-violation requires all angles to be nonzero.

● It is proportional to the sine of the delta phase.

● If one can neglect        , the asymmetry goes to zero 
as effective 2-neutrino probabilities are CP-symmetric.

�m2
21

P (⇥� ⇤ ⇥⇥ ; t)� P (⇥̄� ⇤ ⇥̄⇥ ; t) =

=
����U�1U

⇥
⇥1 + U�2U

⇥
⇥2e

�i
�m2

21L

2E + U�3U
⇥
⇥3e

�i
�m2

31L

2E

����
2

� (U ⇤ U⇥)

= U�1U
⇥
⇥1U

⇥
�2U⇥2e

i
�m2

21L

2E + U⇥
�1U⇥1U�2U

⇥
⇥2e

�i
�m2

21L

2E � (U ⇤ U⇥) + · · ·

= 4s12c12s13c
2
13s23c23 sin �

⌅
sin

⇥
�m2

21L

2E

⇤
+ sin

⇥
�m2

23L

2E

⇤
+ sin

⇥
�m2

31L

2E

⇤⇧

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =
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Neutrino oscillations in matter

● When neutrinos travel through a medium, they interact 
with the background of electron, proton and neutrons and 

acquire an effective mass and oscillations are modified.

 ● Typically the background is CP and CPT violating and the 
resulting oscillations are CP and CPT violating.

Neutrinos undergo forward elastic scattering. [L. Wolfenstein, 
Phys. Rev. D 17, 2369 (1978); ibid. D 20, 2634 (1979), S. P. Mikheyev, A.  Yu Smirnov, Sov. J. Nucl. 

Phys. 42 (1986) 913.]

L4�f = �2
⌅

2GF (⇥̄eL��⇥eL)(ēL��eL) + · · ·

If additional interactions were present, these would 
modify the matter effects we observe.
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Electron neutrinos have CC and NC interactions, while 
muon and tau neutrinos only the latter.

We treat the electrons as a background:                     .

For a useful discussion, see E. Akhmedov, hep-ph/0001264;  A. de Gouvea, hep-ph/0411274.

⇥ē�0e⇤ = Ne ⇥ē��e⇤ = ⇥�ve⇤ ⇥ē�0�5e⇤ = ⇥�⇥e · �pe

Ee
⇤ ⇥ē���5e⇤ = ⇥�⇥e⇤

Strumia and Vissani
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The full Hamiltonian in matter can then be obtained by 
adding the potential terms, diagonal in the flavour basis. 

For electron and muon neutrinos

For antineutrinos the potential has the opposite sign.

In general the evolution is a complex problem (e.g. for 
atmospheric neutrinos, see talks later) but there are few 
cases in which analytical or semi-analytical results can be 

obtained (atmospheric neutrino in some cases, long 
baseline neutrino, solar neutrino oscillations) .

i
d

dt

�
|⇥e⇥
|⇥µ⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne
�m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥e⇥
|⇥µ⇥

⇥
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2-neutrino case in constant density

i
d

dt

�
|⇥e⇥
|⇥µ⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne
�m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥e⇥
|⇥µ⇥

⇥

● The diagonal basis and the flavour basis are related by a 
unitary matrix with angle in matter

tan(2�m) =
�m2

2E sin(2�)
�m2

2E cos(2�)�
⇥

2GF Ne

● The oscillation probability can be obtained as in the two 
neutrino mixing case but with 

P (⇥e ⇥ ⇥µ; t) = sin2(2�m) sin2 (EA � EB)L
2
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�
2GF Ne =

�m2

2E
cos 2�● If                               : resonance    �m = ⇥/4

● The resonance condition can be satisfied for 
        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

● If                              , matter effects dominate 
and oscillations are suppressed.

⇥
2GF Ne �

�m2

2E
cos(2�)
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2-neutrino oscillations with varying density

Let’s consider the case in which the density profile is more 
complex. This happens, e.g., for atmospheric neutrinos.

Gandhi et al., 2004
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For large theta13 and subdominant 1-2 oscillations

relevant if genuine 3-flavor neutrino mixing takes place, i.e., if the ✓13 mixing angle is di↵erent from
zero [4–15]. Moreover, in this energy range and for these baselines (L > 1000 km), CP-violation
e↵ects are very small and can be safely neglected. Likewise, e↵ects due to the 1-2 sector are also
subdominant and, as a first approximation, can also be neglected. In this context, the calculation of
the transition probabilities e↵ectively reduces to a 2-neutrino problem, with �m2

31 and ✓13 playing
the role of the relevant 2-neutrino oscillation parameters. Within these approximations, the 3-
neutrino oscillation probabilities of interest for atmospheric ⌫

e,µ

having energy E
⌫

and crossing
the Earth along a trajectory characterized by a zenith angle4 ✓, have the following form [7,11–13]
(see also Refs. [8, 10, 14, 15]):

P3⌫(⌫e ! ⌫
e

) ' 1� P2⌫ , (2)

P3⌫(⌫e ! ⌫
µ

) ' P3⌫(⌫µ ! ⌫
e

) ' sin2 ✓23 P2⌫ , (3)

P3⌫(⌫e ! ⌫
⌧

) ' cos2 ✓23 P2⌫ , (4)

P3⌫(⌫µ ! ⌫
µ

) ' 1� 1

2
sin2 2✓23 � sin4 ✓23 P2⌫ +

1

2
sin2 2✓23 Re (e�iA2⌫(⌫⌧ ! ⌫

⌧

)) , (5)

P3⌫(⌫µ ! ⌫
⌧

) = 1� P3⌫(⌫µ ! ⌫
µ

)� P3⌫(⌫µ ! ⌫
e

) (6)

where P2⌫ ⌘ P2⌫(�m2
31, ✓13;E⌫

, ✓) is the 2-neutrino probability describing ⌫
e

! ⌫
x

transitions,
where ⌫

x

= sin ✓23 ⌫µ +cos ✓23 ⌫⌧ , and  and A2⌫(⌫⌧ ! ⌫
⌧

) ⌘ A2⌫ are the phase and the 2-neutrino
transition probability amplitude. For antineutrinos the oscillation probabilities are analogous to
those for neutrinos: they can be obtained formally from Eqs. (2) - (6) by changing the sign of the
matter potential (or equivalently, ⇢ by �⇢). It is interesting to note that, within the approximation
�m2

21 = 0, the probabilities for neutrinos and NH (IH) are the same as those for antineutrinos
and IH (NH).

Therefore, the magnitude of the matter e↵ects depends on the 2-neutrino oscillation probability
P2⌫ . In case of oscillations in vacuum, P2⌫ ⇠ sin2 2✓13, so this probability is small. However, matter
e↵ects can strongly enhance P2⌫ and thereby greatly modify the 3-neutrino probabilities. On the
other hand, if ✓13 = 0, then P2⌫ = 0 and Re (e�iA2⌫(⌫⌧ ! ⌫

⌧

)) = cos (�m2
31L/(2E⌫

)), and hence
matter e↵ects are absent. If this were the situation, these probabilities would get reduced to the
case of ⌫

µ

$ ⌫
⌧

2-neutrino oscillations, so for NH and IH they would be equal and identical to the
case of vacuum oscillations.

In Fig. 2 we show the ⌫
µ

! ⌫
µ

(upper panels) and ⌫
e

! ⌫
µ

(lower panels) transition probabilities
as a function of cos ✓ for two di↵erent energies (E

⌫

= 5 GeV in left panels and E
⌫

= 10 GeV in right
panels) for NH (red regions) and IH (green regions limited by blue lines). The bands correspond to
how the probabilities change if the density (according to the PREM) varies up to ±10%. We can
see that matter e↵ects, that are very sensitive to the value of the density, tend to greatly enhance
the ⌫

e

$ ⌫
µ

transitions and reduce the ⌫
µ

! ⌫
µ

survival probability, and also shift the positions
of the maxima and minima with respect to the case of negligible matter e↵ects. Moreover, a
change in the matter density profile would shift the location of both the resonance energy and

4Neutrinos with cos ✓ = �1 are directly upgoing and traverse the entire diameter of the Earth, those with
cos ✓ = 0 come from the horizon and those with cos ✓ > 0 are downgoing and reach the detector from above.
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Similar results are obtained for the case of antineutrinos by exchanging the curves for NH (IH) by those for IH

(NH). We have used the current best-fit values for the oscillation parameters [42].
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Figure 5: We show as a function of the total number of events the ∆χ2 between NH and IH as defined in

Eq. (33) including systematical uncertainties (left panel), and the ratio between the ∆χ2(NH; IH) including

systematical uncertainties and with statistical errors only (right panel). The values for the systematical

uncertainties are given in Tab. 1. The thin solid lines in the left panel correspond to statistical errors

only (shown only for µ-like events). The oscillation parameters are fixed to sin2 2θ13 = 0.1, sin2 θ23 = 0.5,

|∆m2| = 2.4×10−3 eV2, and we use 20×20 bins in the intervals 2 GeV ≤ Eν ≤ 10 GeV and 0.1 ≤ cos θn ≤ 1,

and a charge identification of 95%.

parameter fID are important. Moreover, also the errors on the cos θn and Eν shapes are
relevant, since we take them to be uncorrelated between neutrino and antineutrino events.
In the case of e-like events also the uncertainty on the νe/νµ flux ratio contributes noticeable,
whereas this error has practically no impact for µ-like events.

Let us comment on the relatively small effect of systematics in case of the high resolution
µ-like data, visible in the right panel of Fig. 5. This follows from the fact that the discrimina-
tion between NH and IH is based on a very characteristic signal (compare Fig. 1), consisting
of pronounced structures in the Eν and cos θn distributions, which cannot be easily mimicked
by the systematic effects. If these structures are washed out to some degree by the averaging
implied by worse resolutions, the impact of the systematics is increased, since the effect of
changing the hierarchy can be reduced by adjusting the initial fluxes. The same argument
applies also in the case of e-like events.

6 Results from the General Fit

Before we are going to present the results of a full fit including all parameters, we define
in Tab. 2 three benchmark setups which we will use in the following. We give in the table the
experimental characteristics used in the simulation and the χ2 analysis. All our results in
the following are normalized to 200 events for the “true” parameters values. A rough scaling
of the results can be performed by using Fig. 5. The difference between the two µ-like event
samples Shigh

µ and Sµ is given by the adopted values for energy and angular resolutions. Setup
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Figure 4: Number of muon-like contained events in PINGU-0 after 10 years for NH and IH in the

case of a PREM matter profile, in the 5-10 GeV bin (left) and 10-15 GeV (right) as a function of cos ✓ (also shown

is the corresponding baseline on the upper axis). We also show the event numbers in the case of a PREM matter

profile with an overall fluctuation of +10% for neutrino with NH and antineutrino with IH. Note that the vertical

axis is di↵erent in each panel. Although shown independently, in the analyses we add together the neutrino and

antineutrino events, due to the lack of charge-identification of the detectors.

10% with respect to the PREM: neutrino-induced events for NH and antineutrino-induced events
for IH, where resonant matter e↵ects are at play. We show the neutrino and antineutrino rates
independently for the sake of illustrating the matter e↵ect taking place for one case or the other,
depending on the mass hierarchy, although in the analysis they are added.

These plots show the dependence of the numbers of muon-like events on the mass hierarchy
(compare the red solid and the blue dotted lines for neutrinos with the magenta dotted and the
black dotted lines for antineutrinos) and on changes of the normalization of the matter profile
(compare the red solid with the green dotted lines for neutrinos and NH and the magenta dotted
with the brown dotted lines for antineutrinos and IH). We only show the results with a change
in the density with respect to the PREM for the neutrino-NH events and the antineutrino-IH
events because matter e↵ects take place inside the Earth in the case of NH for antineutrinos and
of IH for antineutrinos. The e↵ect is larger for the neutrino channel mainly due to the larger cross
section and due to the fact that the flux of neutrinos is slightly higher than that of antineutrinos,
⌫
µ

/⌫̄
µ

⇠ 1.15 and ⌫
e

/⌫̄
e

⇠ 1.25, for the energies of interest here [115–118].
A general feature in both panels is the absence of significant matter e↵ects for cos ✓ & �0.4 (L <

5100 km), as expected (see Sec. 2.3). For neutrinos crossing the Earth deeply, resonant ✓13-driven
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Figure 7: Statistical significance per bin of the di↵erence between NH and IH for one year of PINGU
data from ⌫

µ

induced events, binned in neutrino energy (bin width �E
⌫

= 1 GeV) and cosine of
the zenith angle (bin width � cos ✓

z

= 0.05). In the left (right) pannel neutrino energy and angular
reconstruction resolutions of 2 (4) GeV and 11.25� (22.5�) have been assumed. Figures from [76].

panels in Fig. 6 are based on a water Cerenkov detector, but similar results can be achieved in large
(100 kt scale) liquid argon detectors [58]. We mention also that atmospheric data from such big
detectors (including also the sub-GeV samples) provide excellent sensitivity to the octant of ✓23 (see
e.g. [68]) through the e↵ects discussed already in the context of present data in section 2.3.

4.3 Atmospheric neutrinos – ice

The IceCube neutrino telescope in Antarctica is able to collect a huge amount of atmospheric neutrino
events. Due to the high energy threshold those data are not very sensitive to oscillations, although
they provide interesting constraints on non-standard neutrino properties, see e.g. [71]. With the so-
called DeepCore extension [72] a threshold of around 10 GeV has been achieved and first results on
oscillations of atmospheric neutrinos have been presented [73], see [74] for a study on the neutrino
mass hierarchy. With a further proposed extension of the IceCube detector called PINGU [75] the
threshold could be even lowered to few GeV, opening the exciting possibility of a multi-mega ton
scale detector exploring the matter resonance region. The most straight forward type of events will
be muons without charge identification, and one has to rely on the huge statistic in order to identify
the e↵ect of the mass hierarchy. Below we discuss some results obtained recently in [76] focusing on
the muon signal. Signatures from ⌫

e

and ⌫
⌧

induced events have also been studied in [76].
In order to identify the di↵erence between normal and inverted mass hierarchy again a crucial issue

will be the ability to reconstruct the neutrino energy and direction. In Fig. 7 the di↵erence between
event numbers for NH and IH (weighted by the statistical error), binned in neutrino energy E

⌫

and
zenith angle ✓

z

are shown for two assumptions on the reconstruction abilities. In the left pannel, with
better resolutions, we can observe clearly the e↵ects of the matter resonance. We note also that in
di↵erent regions in the E

⌫

� cos ✓
z

plane the di↵erence between NH and IH changes sign. This means

beam) and ⌫µ ! ⌫e (superbeam) oscillations, which allows to break the mass hierarchy degeneracy already at first order

in the parameter A (see Eq. 5), which works already at the distance of 130 km [69], see also [70].
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II. NEUTRINO OSCILLATIONS WITH NSIS

In general, NSIs can be present for neutrino production, propagation, and detection. We

will concentrate on the non-standard matter effects for neutrino propagation, which should

be relevant for atmospheric and long-baseline neutrino oscillation experiments in particular.

In this section, we recall the general formulation of three-flavor neutrino oscillations in the

presence of standard and non-standard matter effects. In this case, neutrino flavor transitions

are determined by the effective Hamiltonian

H(x) = H0 +Hm(x) +HNSI(x) , (1)

where the vacuum Hamiltonian is given by

H0 =
1

2E
U







0 0 0

0 ∆m2
21 0

0 0 ∆m2
31






U † , (2)

the standard matter potential is

Hm(x) = VCC







1 0 0

0 0 0

0 0 0






, (3)

with VCC =
√
2GFNe(x), and the non-standard matter potential is parametrized by

HNSI(x) = VCC







εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ






, (4)

where εαβ are real (for α = β) or complex (for α "= β) constants, i.e., the so-called NSI

parameters. Note that GF is the Fermi constant and Ne(x) is the electron number density

in matter.

The exact oscillation probability is given by Pαβ = |Sβα(x, x0)|2, where Sβα(x, x0) is the

evolution matrix satisfying the Schrödinger-like equation,

i
d

dx
|ν(x)〉 = H(x)|ν(x)〉 , (5)

and can be obtained by solving the above equation as

S(x, x0) = exp

[

−i

∫ x

x0

H(x′) dx′

]

. (6)

Since the standard matter potential Hm is invariant under any rotation in the 2-3 plane,

it is sometimes convenient to work in a new flavor basis (νe, ν̃2, ν̃3)
T = U23(νe, νµ, ντ )

T

with U23 ≡ O23Iδ. Note that the leptonic mixing matrix can be parametrized as U =
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FIG. 1: Dependence of the effective mixing angle sin2 θ̃13 on the NSI parameters and neutrino

energy, where a constant matter density profile ρ = 4.5 g/cm3 has been assumed (i.e., the Earth

mantle density) and the dotted line corresponds to sin2 θ̃13 = sin2 θ13. In addition, the best-fit

values of neutrino parameters from Ref. [28] have been used.

computations, we assume the PREM model of Earth matter density [24], and express the

baseline in terms of the zenith angle as L = −2R cos θz , where R = 6371 km is the Earth

radius and θz = π − h with h being the nadir angle. Note that −1 < cos θz < −0.84

corresponds to the trajectories crossing both the mantle and core of the Earth, while −0.84 <

cos θz < 0 to those crossing only the Earth mantle. On the other hand, there already exist

restrictive experimental constraints on the NSI parameters in realistic models [25]. However,

in Ref. [26], the model-independent upper bounds on the matter NSI parameters have been

found to be much larger than the model-dependent ones:






|εee| < 4.2 |εeµ| < 0.33 |εeτ | < 3.0

|εµµ| < 0.068 |εµτ | < 0.33

|εττ | < 21






. (23)

Therefore, in the following discussions, we just ignore εµµ, which receives the most stringent

constraint. For the other matter NSI parameters, we will take a conservative value |εαβ| = 0.1

for illustration 2.

A. Effective Mixing Angle in Matter

First of all, it may be interesting to show how the standard and non-standard matter

effects modify the effective neutrino mixing angles θ̃ij in matter. As mentioned in the

previous section, we will focus on θ̃13, which is relevant for neutrino energies E > 1 GeV. To

2 Recently, the MINOS experiment has constrained the NSI parameter to the range −0.20 < εµτ < 0.07 at

the 90% confidence level [27], in the framework of two-flavor neutrino oscillations.
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FIG. 4: Differences between the standard and non-standard neutrino oscillograms in the νe → νµ

channel ∆Peµ ≡ PNSI
eµ −P SD

eµ (left column) and in the νµ → νµ channel ∆Pµµ ≡ PNSI
µµ −P SD

µµ (right

column), where the normal neutrino mass hierarchy and δ = 0 are assumed, and εeµ = 0.1 (upper

row), εeτ = 0.1 (middle row), and εµτ = 0.1 (lower row) are taken for illustration.

feature of all three plots is that significant NSI effects are lying in the core region, which is

only accessible in the atmospheric neutrino experiments.

Second, we turn to the difference ∆Pµµ in the disappearance channel, for which the

approximate formula in the case of constant matter density can be obtained from Eq. (22)
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FIG. 4: Differences between the standard and non-standard neutrino oscillograms in the νe → νµ

channel ∆Peµ ≡ PNSI
eµ −P SD

eµ (left column) and in the νµ → νµ channel ∆Pµµ ≡ PNSI
µµ −P SD

µµ (right

column), where the normal neutrino mass hierarchy and δ = 0 are assumed, and εeµ = 0.1 (upper

row), εeτ = 0.1 (middle row), and εµτ = 0.1 (lower row) are taken for illustration.

feature of all three plots is that significant NSI effects are lying in the core region, which is

only accessible in the atmospheric neutrino experiments.

Second, we turn to the difference ∆Pµµ in the disappearance channel, for which the

approximate formula in the case of constant matter density can be obtained from Eq. (22)

12

In presence of “new” neutrino interactions, matter 
effects can be modified significantly (NSI).

Ohlsson, Zhang, Zhou, 1303.6130

Biggio et al., JHEP 
2009

P (⌫e ! ⌫µ)
NSI � P (⌫e ! ⌫µ)

SD

P (⌫µ ! ⌫µ)
NSI � P (⌫µ ! ⌫µ)

SD
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Is it important to determine the mass 
ordering?

● This is the key information to establish neutrino 
masses -> critical to study the origin of neutrino 
masses and of flavour. 

● It has also important phenomenological 
consequences, allowing to extract further information 
from other experiments:
 - long baseline neutrino experiments
 - neutrinoless double beta decay
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Long baseline neutrino oscillations

SPC 17 March 2009  Alain Blondel

T asymmetry for sin % = 1

0.10 0.30 10 30 90

NOTES:

Asymmetry can be very large.

Stat. sensitivity

in absence of bkg

is ~independent of #13

down to max. asym. point

Asymmetry changes sign

from one max. to the next.

Sensitivity at low values
of #13 is better for short

baselines, sensitivity at
large values of #13  is

better for longer baselines

(2d max or 3d max.)

sign of asymmetry changes

with max. number.

error

Max. 
Asymmetry

100%

Stat. error 
with no background

The CP asymmetry 
peaks for sin^2 2 

theta13 ~0.001. Large 
theta13 makes its 

searches possible but 
not ideal.

CP-violation

A. Blondel

Long baseline neutrino oscillation experiments will 
aim at studying the subdominant channels 
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Degeneracies

The determination of CPV and the mass ordering is 
complicated by the issue of degeneracies: different 
sets of parameters which provide an equally good fit 
to the data (eight-fold degeneracies). 

⇥13, �, sgn(�m2
31), ⇥23

P (L/E) and P̄ (L/E)

NO
IO

both 
orderings

are allowed!

⇥�
13, �

�, sgn�(�m2
31), ⇥

�
23

Knowing the ordering allows to get better 
sensitivity to CP-violation.
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 Superbeams: T2K, NOvA, LBNE, SPL, 
LAGUNA. Use very intense muon neutrino 
beams from pion decay and search for electron 
neutrino appearance. The ones which use 
intermediate baselines will be affected 
significantly if the ordering is not known.

  Neutrino factory: Use muon and electron 
neutrinos from high-gamma muon decays and 
need a magnetised detector. It would be able to 
determine the mass ordering very rapidly.

T2K is currently running and NOvA will 
start data taking this year. They will have 
little sensitivity to mass ordering and CPV.

M
edium

 term
                  Long term

Future long baseline experiments

See Vissani’s, 
Brunner’s, 
Buizza-
Avanzini’s 
talks.
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Figure 1: θ13, MH, and CPV discovery potential as fraction of true δCP as a function of the true sin2 2θ13

for the normal hierarchy (upper row) and inverted hierarchy (lower row) at the 90% CL. Note the different

vertical scales in the different panels.

hierarchy. In Fig. 1 we show for a given true value of sin2 2θ13 (horizontal axis) and a given
true hierarchy (upper row normal, lower row inverted) the fraction of all possible true values
of δCP for which the discovery can be achieved at the 90% confidence level. Hence, a fraction
of δCP of unity (or 100%) for a given sin2 2θ13 corresponds to a discovery for any possible
value of δCP.

The θ13 discovery potential (cf., left panels of Fig. 1) of the reactor experiments does
not depend on δCP since by convention this phase does not appear in the disappearance
probability Pee. Furthermore, the probability is given to good approximation by an effective
2-flavor expression: P react

ee ≈ 1 − sin2 2θ13 sin2(∆m2
31L/4E). Thanks to the large exposure,

Daya Bay will have the best discovery potential among the reactor experiments of sin2 2θ13 =
0.0066 at the 90% CL, compared to 0.018 for RENO and 0.033 for Double Chooz.2 In
contrast, the νµ → νe appearance probability relevant for the beam experiments shows a

2Let us mention that the Daya Bay assumptions of a systematical error of 0.18%, fully uncorrelated
among all detectors is more aggressive than for other reactor experiments. For example, if the systematic
error is at the level of 0.6%, such as assumed in Double Chooz, the Daya Bay sensitivity of sin2 2θ13 = 0.0066
deteriorates to sin2 2θ13 $ 0.01. If on the other hand the systematic error is 0.38% and assumed to be fully
correlated among modules at one site the limit would sin2 2θ13 $ 0.012 [36]. See also the discussion in
Ref. [30].

5

90% CL reach for T2K (0.75 MW 5 yrs), NOvA 
(0.7 MW, 3 yrs, nu+nubar, 15 kton detector)

Huber at al., 2009

Neutrino Physics Prospects for neutrino oscillation physics

Figure 5: The time evolution of the fraction of values of the CP phase � for which the combination of
INO, NOvA, T2K, and DayaBay would be sensitive to the mass ordering at 2� (left) and 3� (right).
Black (red) curves correspond to INO detector mass of 50 kt (100 kt) and dashed (solid) curves
correspond to the low (high) resolution scenario, see text. The shaded area is the corresponding result
without atmospheric data from INO. The true value of sin2 2✓13 has been assumed to be 0.09. Figures
based on the results of [60].

in [64, 43] that the sensitivity to the mass hierarchy strongly depends on the ability to reconstruct the
neutrino energy and direction. The second term in Eq. 10 induces characteristic features in the energy
and zenith angle distribution of µ-like events. If those features can be resolved by the detector they
provide robust sensitivity to the mass hierarchy. The “low” and “high” resolution scenarios referred
to in Fig. 5 assume resolutions of �

E

/E
⌫

= 0.15, �
✓

= 15� (low) and �
E

/E
⌫

= 0.10, �
✓

= 10� (high).
Furthermore the sensitivity for a 50 kt or 100 kt detector are shown, which is supposed to start data
taking in 2017 [56]. We observe that the sensitivity to the mass hierarchy is significantly increased
compared to NOvA+T2K+DayaBay only. For all but the low resolution 50 kt detector the hierarchy
can be identified for all values of � at 2�. However, for a 3� determination with 100% coverage in �
the high resolution 100 kt detector seems necessary.

4.2 Atmospheric neutrinos – water/argon

If charge identification is not possible (as for instance in water Cerenkov detectors) the e↵ect of chang-
ing the mass hierarchy is strongly diluted by summing neutrino and antineutrino events. However, the
total sample is dominated by neutrinos due to higher fluxes and detection cross sections. Therefore
the cancellation is not complete and a net-e↵ect remains between having the resonance in neutrinos
or antineutrinos. Furthermore, also a statistical separation of neutrino and antineutrino events may
be possible. For example, in SuperKamiokande the fraction of single and multi-ring events is di↵erent
for neutrinos and antineutrinos, or the probability to observe a decay electron either from a muon or
a pion is di↵erent [44]. On the other hand, water Cerenkov detectors can be made very big, possibly
at the mega ton scale [65, 66] which may allow to explore those subtle signatures. Since for those
detectors electron detection is possible, the impact of the matter e↵ect on multi-GeV e-like events (see

13

INO
+T2K,
NOvA

Blennow, 
Schwetz, 

1203.3388
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Medium baseline experiments
Experiments with distances of 100-400 km have 
subdominant matter effects and they cannot 
determine the mass ordering for all CPV values. This 
consequently affects their ability to discover CPV.

Campagne, Maltoni, 
Mezzetto, Schwetz
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Neutrino Physics Prospects for neutrino oscillation physics

Figure 14: T2HK sensitivity to CP violation at 1, 2 and 3� as a function of sin2 2✓13. The mass
hierarchy is assumed known (left panel) or not (right panel). Figure from ref. [66].

energy resolution and e�ciency. Compared to superbeams, betabeams have an extremely pure beam,
with no contamination from other flavours at the source. On the other hand, the absence of a ⌫

µ

component implies that a betabeam cannot provide a precision measurement of ✓23. Due to the
short distance, no sensitivity to the mass hierarchy is achievable, as in the case of the SPL, unless
atmospheric neutrinos are included [67]. Excellent reach for CP-violation could be obtained, especially
if the betabeam is combined with a superbeam from CERN to Fréjus. The two setups are sensitive to
the T-conjugated channels, providing a clean measurement of the CP-violating phase �, see Fig. 15.
Moreover the betabeam–superbeam combination o↵ers also improved sensitivity to the mass hierarchy,
even in the case of short baselines [69], see Fig. 6 and footnote 3.

5.3 Neutrino factory

In a Neutrino Factory [120, 121, 122] neutrinos are produced by highly accelerated muons which decay
producing a highly collimated beam of muon and electron neutrinos. The spectrum is very well known
and high energies can be achieved: the wide beam and high energies allow to reconstruct with precision
the oscillatory pattern and typically achieve a superior performance with respect to the other options.
Let’s consider the decay of µ� (µ+): it will generate an initial beam with two neutrino components, ⌫

µ

and ⌫
e

(⌫
µ

and ⌫
e

). These will oscillate inducing also ⌫
e

and ⌫̄
µ

(⌫
e

and ⌫
µ

). At the detector, for muon-
like events, two di↵erent signals will be present: the right-sign muon events which derive from the
observation of ⌫

µ

coming from the disappearance channel, ⌫
µ

! ⌫
µ

, and the wrong-sign muon events
which are due to ⌫̄

e

! ⌫̄
µ

oscillations. As the appearance oscillation is sensitive to matter e↵ects
and CPV, it is necessary to distinguish the two signals. This is achieved by means of magnetised
detectors which can distinguish µ+- from µ�-events. The mis-id rate is typically very low at a level of
10�4–10�3, depending on the detector technology. The detector of choice [124] is an iron magnetized
detector (MIND) which provides excellent background rejection and very good energy resolution but
low detection e�ciency for neutrinos with energies in the few GeV range. This detector performs very
well for high energies and is the default choice for muon energies above 8 GeV. For lower energies,
detectors with lower-Z would be preferred, such as a magnetized Totally-Active Scintillator Detector

26

Abe et al., 1109.3262. 
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FIG. 24. Sensitivity to CP violation. Blue, green, and red lines correspond to 1, 2, and 3 � exclusion of

sin � = 0, respectively. Left: horizontal axis is linear scale, right: log scale.● Knowing the mass ordering will also impact on the 
planning of future experiments and in particular on the 
choice of neutrino vs antineutrino running lengths. If 
NO, the neutrino signal is enhanced, if IO the 
antineutrinos gain impact on CPV searches.
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The predictions for |<m>| depend on the neutrino mass 
spectrum (and therefore on the ordering)

● NH (m1<<m2<<m3): |<m>| ~ 2.5-3.9 meV

● IH (m3<<m1~m2): 10 meV < |<m>| < 50 meV

● QD (m1~m2~m3): 44 meV < |<m>| < m1

Impact on neutrinoless betabeta-decay
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SP from Nakamura, Petcov review in PDG

|⇥m⇤| �
��m1 cos2 �12 + m2 sin2 �12e

i�21 + m3 sin2 �13e
i�31

��

Klapdor-Kleingrothaus
claim 2002 and 2006

Present bounds:
Heidelberg-Moscow,

IGEX, Cuoricino and NEMO3

Next generation: 
GERDA, KamLAND-
ZEN, EXO, CUORE, 
SuperNEMO, SNO+, 
Majorana,  COBRA...

Future experiments: ~1 ton

Wide experimental program for the 
future: a positive signal would indicate 
that L is violated!
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Knowing the mass ordering in neutrinoless dbeta decay

●

●

If experiments find NO 
and |<m>| > 10 meV:
- either m1 in in the 
20-100 meV region;
- or m1 smaller but a 
new mechanism is 
responsible for the signal.

 If no signal for |<m>|
~10 meV, then only NO 
is allowed. 
 If experiments find IO, 
neutrino are Dirac 
particles (without fine-
tuned cancellations).  

NO
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In the past few years, the neutrino oscillation 
parameters have been measured with good precision. 
The recent discovery of non-zero      has important 
implications for oscillation experiments. 

Matter effects can determine the mass ordering in 
atmospheric and LBL experiments. Other strategies 
include SN neutrino (See Volpe’s talk) and reactor 
neutrino exps (See Novella Garijo’s talk).

Determining the mass ordering is crucial for 
theoretical reasons (origin of neutrino masses and of 
flavour structure) and phenomenologically (impact on 
medium baseline LBL and on neutrinoless double 
beta decay, and cosmology (See Rich’s talk)).

Conclusions

�13

•

•

•

Wednesday, 17 April 13


