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Sterile Neutrinos
• Anomalies in a variety of 

experiments provide 
hints to the possible 
existence of sterile 
neutrinos   

• The most significant of 
these come from LSND 

• MiniBooNE followed up 
with additional 
anomalous results
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sterile neutrinos with Δm2~1eV2 and an L/E ≈ 1 km/GeV
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Short baseline experiments indicating presence of sterile neutrinos .......

a) LSND 
b) MiniBooNE 
c) Reactor Anomaly 
d) Ga, Ar source Anomalies

Liquid Scintillator, L= 31 
m, E~ <50 MeV
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Figure 1. (color online) The final MiniBooNE oscillation results [16]. The top plots
are antineutrino mode results, and bottom plots are neutrino mode results. The
left plots show the reconstructed neutrino energy distribution of oscillation candidate
events, and the right plots show the allowed region in �m2-sin22✓, where the best fit
points are shown in black stars. Both modes show excesses in the low energy region,
while the neutrino mode has higher statistical significance. On the other hand, the
compatibility with the LSND signal is better in antineutrino mode.

Experiments to test MiniBooNE signal

The measured signal, especially in neutrino mode, does not quite agree with the

expected sterile neutrino signal. The MiniBooNE detector cannot distinguish an electron

(positron) and a gamma ray, therefore ⌫

µ

NC interaction with single gamma ray in the

final state is a potential misID background. Therefore, to test the MiniBooNE signal,

experiments are desired to have;

• MiniBooNE beam energy and baseline,

• ability to distinguish NC or CC interaction, or

• ability to distinguish an electron (positron) and a gamma ray.

The MiniBooNE+ was proposed to fulfil these criteria [17]. By doping scintillator

(PPO) in the MiniBooNE detector mineral oil, MiniBooNE+ can measure scintillation

light from the neutron capture. This allows statistical separation between ⌫

e

CCQE

interaction (higher proton multiplicity in the final state), and ⌫

µ

NC interactions (protons

and neutrons are half-and-half in the final state). However, the proposal of MiniBooNE+

was not accepted by Fermilab recently.

MiniBooNE, mineral oil 
based Cherenkov 

detector, L= 540 m, E> 
200 meV

MiniBooNE, to test LSND…..

Anti-nu data more 
consistent with LSND 

than Nu data

Un-understood excess 
at low energies in both 

 nu and anti-nu mode , not 
expected in oscillation 

hypothesis
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ν e disappearance: reactor and gallium experiments

The reactor anomaly

Reevaluation of reactor ν̄e flux is ∼ 3.5% above previous prediction
→ systematic uncertainties or new physics?
Mueller et al. 1101.2663, Huber 1106.0687, Hayes et al. 1309.4146 & talk by G. Garvey
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ν e disappearance: reactor and gallium experiments

The reactor anomaly

Reevaluation of reactor ν̄e flux is ∼ 3.5% above previous prediction
→ systematic uncertainties or new physics?
Mueller et al. 1101.2663, Huber 1106.0687, Hayes et al. 1309.4146 & talk by G. Garvey

The gallium anomaly

Experiments with intense radioactive νe sources (51Cr and 37Ar)

Neutrino detection via
71Ga + νe → 71Ge + e−

Observation: Neutrino deficit (∼ 3σ)

Giunti Laveder 1006.3244
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Calibration experiments for 
solar neutrino detectors 
using radioactive sources 
find lower than expected 
electron neutrino fluxes

Recent re-calculations of 
reactor anti-neutrino 

fluxes have lead to about a 
3.5% increase in flux 
predictions, raising 

speculations of oscillations

Neutrino detection via  

71Ga+νe →71Ge+e−  

Observation: Neutrino deficit (∼ 3σ)  



These translate to

✓24 2 [0, 11o], ✓34 2 [0, 31o]

Apropos eq. 2.3, we note that the vacuum appearance probability is independent of76

the 3-4 mixing angle and the associated CP phase, due to the fact that the first and77

second row terms (U
ei

and U
µi

) in U3+1
PMNS do not have ✓34 and �34 in them. This important78

simplification, however, does not carry over to the matter case, as we show below. Secondly,79

Equation 2.3 contains terms proportional to the sines of the 3 + 1 CP phases. These are80

interference terms which are invoked for non-zero values of the phases, and, due to the81

significant presence of 3 + 0 mixings and mass-squared di↵erences, and not all of them are82

necessarily small, e.g., the term proportional to the sine of the sum of the phases �13 and83

�24. Note also that its CP conserving counterpart, the term proportional to the cosine of the84

sum of these phases, can also contribute to significant di↵erences between the probabilites85

in the 3 + 0 and 3 + 1 cases. These contributions become all the more significant once86

matter e↵ects are large. We elaborate on these points further in what follows.87

The matter eigenstates bring about a dependence on all mixing angles and phases.88

Specifically, unlike the vacuum case, the 3�4 mixing angle and its associated phase are no89

longer quiescent, and the 3+1 electron neutrino appearance probability exhibits a signifi-90

cant dependence on them. This is illustrated by Figure 1, where we have used the General91

Long Baseline Experiment Simulator (GLoBES) [33, 34] to generate the plots. The left92

panel shows the variation of P 4⌫
µe

with energy for no CP violation (all three Dirac CP phases93

set to zero) and four di↵erent values of the 3� 4 mixing angle. While the variation due to94

✓34, shown in the left panel, is not very large, the e↵ect of varying �34 (while keeping ✓3495

fixed, right panel) within its allowed range is quite significant. It is also striking that these96

large e↵ects on the probability in the presence of matter are brought about by parameters97

which are completely absent in the vacuum expression (Equation 2.3) and which (in our98

chosen parametrization) play no role in SBL situations. They illustrate the important role99

matter plays in invoking and enhancing the e↵ects of sterile states at long baselines. In100

these plots, all other parameters are fixed as described in the caption.101

Figure 2 emphasizes the dependences discussed above from a slightly more general102

perspective. Considering the right panel first, the red curves show P 4⌫
µe

for the case when CP103

violation is absent, with all phases set to zero, while the blue curves depict it with the phases104

all having a non-zero value. Dashed curves in both cases are for matter, while the solid105

curves depict the vacuum case. The significant di↵erences between the solid and dashed106

lines of a given colour emphasize the role played by matter, while the equally significant107

di↵erences between the blue and red dashed (solid) lines demonstrate the important role108

played by sterile-induced CP violating phases at long baselines in matter (vacuum) if they109

are non-zero. For comparison, the left panel shows the same curves for the 3 + 0 case. For110

the CP violating case (blue curves) in 3+ 0, we have put �CP = 30o, to maintain a parallel111

with its counterpart, �13, in the 3+1 case. We note the relatively large di↵erences between112

these curves and their counterparts in the right panel, underlining the significant e↵ects of113

sterile neutrinos at the operational baseline for DUNE.114

In summary, Figures 1 and 2 demonstrate that additional CP phases related to a eV2
115
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After substituting the values of the U
↵i

in terms of the mixing angles, we obtain :74

P 4⌫
µe

=
1

2
sin2 2✓4⌫

µe

+ (a2 sin2 2✓3⌫
µe

� 1

4
sin2 2✓13 sin

2 2✓4⌫
µe

)
⇥
cos2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32

⇤

+ cos(�13)ba
2 sin 2✓3⌫

µe

⇥
cos 2✓12 sin

2�21 + sin2�31 � sin2�32
⇤

+ cos(�24)ba sin 2✓
4⌫
µe

⇥
cos 2✓12 cos

2 ✓13 sin
2�21 � sin2 ✓13(sin

2�31 � sin2�32)
⇤

+ cos(�13 + �24)a sin 2✓
3⌫
µe

sin 2✓4⌫
µe

⇥
� 1

2
sin2 2✓12 cos

2 ✓13 sin
2�21

+ cos 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇤

� 1

2
sin(�13)ba

2 sin 2✓3⌫
µe

⇥
sin 2�21 � sin 2�31 + sin 2�32

⇤

+
1

2
sin(�24)ba sin 2✓

4⌫
µe

⇥
cos2 ✓13 sin 2�21 + sin2 ✓13(sin 2�31 � sin 2�32)

⇤

+
1

2
sin(�13 + �24)a sin 2✓

3⌫
µe

sin 2✓4⌫
µe

⇥
cos2 ✓12 sin 2�31 + sin2 ✓12 sin 2�32

⇤

+ (b2a2 � 1

4
a2 sin2 2✓12 sin

2 2✓3⌫
µe

� 1

4
cos4 ✓13 sin

2 2✓12 sin
2 2✓4⌫

µe

) sin2�21

(2.3)

where75

sin 2✓3⌫
µe

= sin 2✓13 sin ✓23 (2.4)

b = cos ✓13 cos ✓23 sin 2✓12 (2.5)

sin 2✓4⌫
µe

= sin 2✓14 sin ✓24 (2.6)

a = cos ✓14 cos ✓24 (2.7)

(2.8)

Prior to proceeding, we briefly discuss the allowed ranges for the 3 + 1 mixing angles

that we have used in our calculations. These have been obtained using the results of [32],

which takes all available data on short-baseline oscillations and performs a global fit to

constrain active-sterile mixing. U2
e4 is constrained by ⌫

e

and ⌫̄
e

disappearance searches,

and is equal to sin2 ✓14. From [32], the 99% C.L. limit can be taken to be (with some

extrapolation, as the result is given for 95%),

|U
e4|2 2 [0, 0.1],

which gives

✓14 2 [0, 20o].

Similarly, using ⌫
µ

, ⌫̄
µ

and neutral current disappearance searches, one can constrain U
µ4

and U
⌧4, which are given by

|U
µ4| = cos ✓14 sin ✓24, |U⌧4| = cos ✓14 cos ✓24 sin ✓34

and lead to

|U
µ4|2 2 [0, 0.03], |U

⌧4|2 2 [0, 0.3].
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ν e appearance in the 3+1 scenario and beyond
Motivated by LSND and MiniBooNE: excess of

(
_

)

ν e events in
(
_

)

ν µ beam.
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Preliminary χ2
3+1/dof χ2

3+2/dof χ2
1+3+1/dof

LSND 11.0/11 8.6/11 7.5/11
MiniB ν 19.3/11 10.6/11 9.1/11
MiniB ν̄ 10.7/11 9.6/11 12.7/11
E776 32.4/24 29.2/24 31.3/24
KARMEN 9.8/9 8.6/9 9.0/9
NOMAD 0.0/1 0.0/1 0.0/1
ICARUS 2.0/1 2.3/1 1.5/1

Combined 87.9/66 72.7/63 74.6/63

Global fit to all appearance data is consistent

Background oscillations important
in MiniBooNE and E776

Significant improvement
in 3 + 2 and 1 + 3 + 1

JK Machado Maltoni Schwetz, 1303.3011
see also fits by Giunti Laveder et al.

Conrad Ignarra Karagiorgi Shaevitz Spitz Djurcic Sorel
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3 + 1 3 + 2 1 + 3 + 1

All appearance data when 
combined identify a 

region in the ~ 1 eV^2 
neighbourhood

In tension with 
disappearance data 

Combining everything in a 
3+1 scenario gives the 

following ranges for the 
new mixings (95% CL) 
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FIG. 3. The top panel shows the ratio of the Bugey-3 15 m IBD data
to a three-neutrino prediction, while the bottom panel shows the ratio
of the MINOS FD-to-ND ratio data for CC events to a three-neutrino
prediction. The red lines represent the four-flavor predictions at
(�m2

41 = 1.2 eV2, sin2 2✓µe = 0.003). The shaded band displays
the sizes of the systematic uncertainties. A value of sin2 2✓14 = 0.11
is used for the Bugey-3 prediction so that when multiplied by the MI-
NOS 90% CLs limit on sin2 ✓24, it matches sin2 2✓µe = 0.003. A
��2 value of 48.2 is found between the data and this 4⌫ prediction.
Similarly, a value of sin2 ✓24 = 0.12 is combined with the Bugey-3
90% CLs limit on ✓14 to produce the MINOS four-flavor prediction,
resulting in ��2 = 38.0 between the data and the prediction.

Daya Bay and Bugey-3 results at fixed values of �m2

41

to
obtain constraints on electron neutrino or antineutrino appear-
ance due to oscillations into sterile neutrinos. Since the sys-
tematic uncertainties of accelerator and reactor experiments
are largely uncorrelated, for each (sin

2

2✓
14

, sin2 ✓
24

,�m2

41

)

grid point, a combined ��2

obs

is constructed from the sum
of the corresponding MINOS and Daya Bay/Bugey-3 ��2

obs

values. Similarly, the combined ��2

3⌫ and ��2

4⌫ distributions
are constructed by adding random samples drawn from the
corresponding MINOS and Daya Bay/Bugey-3 distributions.
Finally, the CLs value at every (sin

2

2✓
14

, sin2 ✓
24

) point is
calculated using Eq. (6), while the �m2

41

value is fixed. While
CLs is single valued at every (sin

2

2✓
14

, sin2 ✓
24

) point for
a given value of �m2

41

, it is multivalued as a function of
sin

2

2✓µe (cf. Eq. (5)). To obtain a single-valued function,
we make the conservative choice of selecting the largest CLs

value for any given sin

2

2✓µe. The 90% CLs exclusion con-
tour resulting from this procedure is shown in Fig. 4. Un-
der the assumption of CPT conservation, the combined con-
straints are equally valid in constraining electron neutrino
or antineutrino appearance. The combined results of the
Daya Bay + Bugey-3 and the MINOS experiments constrain
sin

2

2✓µe < [3.0⇥ 10

�4 (90% CLs), 4.5⇥ 10

�4 (95% CLs)]
for �m2

41

= 1.2 eV2.
In conclusion, we have combined constraints on sin

2

2✓
14

derived from a search for electron antineutrino disappear-
ance at the Daya Bay and Bugey-3 reactor experiments
with constraints on sin

2 ✓
24

derived from a search for muon

2|4µU|2|e4U = 4|eµθ22sin
6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (e

V
412

m
∆

4−10

3−10

2−10

1−10

1

10

210
90% C.L. Allowed

LSND
MiniBooNE

 mode)νMiniBooNE (

) ExcludedsCL90% C.L. (
NOMAD
KARMEN2
MINOS and Daya Bay/Bugey-3

FIG. 4. MINOS and Daya Bay + Bugey-3 combined 90% CLs limit
on sin22✓µe compared to the LSND and MiniBooNE 90% CL al-
lowed regions. Regions of parameter space to the right of the red
contour are excluded. The regions excluded at 90% CL by the KAR-
MEN2 Collaboration [45] and the NOMAD Collaboration [46] are
also shown. We note that the excursion to small mixing in the exclu-
sion contour at around �m2

41 ⇠ 5 ⇥ 10�3 eV2 is originated from
the island in Fig. 1.

(anti)neutrino disappearance in the NuMI beam at the MINOS
experiment. Assuming a four-flavor model of active-sterile
oscillations, we constrain sin

2

2✓µe, the parameter control-
ling electron (anti)neutrino appearance at short-baseline ex-
periments, over 6 orders of magnitude in �m2

41

. We set the
strongest constraint to date and exclude the sterile neutrino
mixing phase space allowed by the LSND and MiniBooNE
experiments for �m2

41

< 0.8 eV2 at a 95% CLs . Our re-
sults are in good agreement with results from global fits (see
Refs. [13, 47] and references therein) at specific parameter
choices; however, they differ in detail over the range of pa-
rameter space. The results explicitly show the strong ten-
sion between null results from disappearance searches and
appearance-based indications for the existence of light sterile
neutrinos.

The MINOS experiment is supported by the U.S. Depart-
ment of Energy, the United Kingdom Science and Technol-
ogy Facilities Council, the U.S. National Science Foundation,
the State and University of Minnesota, and Brazil’s FAPESP
(Fundação de Amparo à Pesquisa do Estado de São Paulo),
CNPq (Conselho Nacional de Desenvolvimento Cientı́fico e
Tecnológico), and CAPES (Coordenação de Aperfeiçoamento
de Pessoal de Nı́vel Superior). We are grateful to the Min-
nesota Department of Natural Resources and the personnel
of the Soudan Laboratory and Fermilab. We thank the Texas
Advanced Computing Center at The University of Texas at

Recent constraints on LSND and MiniBooNE allowed space .......
|Ue4|2 = sin2 θ14,

 
|Uμ4|2 = sin2 θ24 cos2 θ14,

4|Ue4|2|Uμ4|2 = sin22θ14sin2 θ24 

≡ sin2 2θμe. 

MINOS, Daya-Bay/
BUGEY combined

1607.01177

 |Ue4|2  constrained by electron antinu 
disappearance, (Daya Bay and Bugey-3 ) 

|Uµ4|2  constrained by measurements 
of muon neutrino and antineutrino 
disappearance, ( MINOS ) 

This is used to constrain the appearance  

4|Ue4|2|Uµ4|2 = sin2 2θ14 sin2 θ24  

≡ sin2 2θµe.  
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FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the 99% CL allowed region from global fits
to appearance experiments including MiniBooNE and LSND,
assuming |Ue4|2= 0.023 [12] and |Ue4|2= 0.027 [13] respec-
tively.

search Foundation, the Grid Laboratory Of Wisconsin
(GLOW) grid infrastructure at the University of Wis-
consin - Madison, the Open Science Grid (OSG) grid
infrastructure; U.S. Department of Energy, and Na-
tional Energy Research Scientific Computing Center,
the Louisiana Optical Network Initiative (LONI) grid
computing resources; Natural Sciences and Engineer-
ing Research Council of Canada, WestGrid and Com-
pute/Calcul Canada; Swedish Research Council, Swedish

Polar Research Secretariat, Swedish National Infrastruc-
ture for Computing (SNIC), and Knut and Alice Wal-
lenberg Foundation, Sweden; German Ministry for Ed-
ucation and Research (BMBF), Deutsche Forschungsge-
meinschaft (DFG), Helmholtz Alliance for Astroparticle
Physics (HAP), Research Department of Plasmas with
Complex Interactions (Bochum), Germany; Fund for
Scientific Research (FNRS-FWO), FWO Odysseus pro-
gramme, Flanders Institute to encourage scientific and
technological research in industry (IWT), Belgian Fed-
eral Science Policy O�ce (Belspo); University of Oxford,
United Kingdom; Marsden Fund, New Zealand; Aus-
tralian Research Council; Japan Society for Promotion of
Science (JSPS); the Swiss National Science Foundation
(SNSF), Switzerland; National Research Foundation of
Korea (NRF); Villum Fonden, Danish National Research
Foundation (DNRF), Denmark

Note added: Recently, an analysis using IceCube pub-
lic data [68] was performed [69]. Though this indepen-
dent analysis has a limited treatment of systematics, it
follows the technique described here and in refs. [40, 41],
and obtains comparable bounds. To allow for better re-
production of the result shown in this paper in the future,
we have put forward a data release that incorporates de-
tector systematics [62].

⇤ Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

† Instituto de F́ısica Corpuscular, Universidad de Valencia
CSIC, Valencia 46071, Spain

‡ NASA Goddard Space Flight Center, Greenbelt, MD
20771, USA

§ please direct correspondence to: analy-
sis@icecube.wisc.edu
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Recent constraints on LSND and MiniBooNE allowed space .......

IceCube, muon 
survival 

1605.01990

MSW resonance and matter enhancement in muon 
antineutrinos due to sterile nu 

expected over the energy range leading to dip in the 
muon spectrum. (Not seen)

atmospheric muon/antimuon 
neutrino spectrum as a function 
of zenith angle and energy in the 
approximate 320 GeV to 20 TeV 
range  

The allowed region from global analysis of appearance 
experiments, including LSND and MiniBooNE, is excluded 
at approximately the 99% confidence level for the global 
best fit value of |Ue4|2.  

θ34  held to zero, since that provides the most 

conservative bound, θ14 varied in its range 



The recent results from IceCube , Daya Bay, Bugey and MINOS strongly 
disfavor 3+1 as a solution to the LSND/MiniBoone anomalies.

3+1  ? .......

The work described here uses 3+1 not as a explanation for existing data, 
but as the simplest possible case that can be used to study the generic 

effects of sterile neutrinos on long baseline experiments. 

All existing constraints are incorporated in the parameter ranges we vary over 
for the purpose of doing calculations.



3+0 and 3+1….. 
P(νμ → νe) = PI(νμ → νe) + PII(νμ → νe) + PIII(νμ → νe) + matter + smaller terms

PI(νµ → νe) = sin2 θ23 sin2 2θ13 sin2

(

∆m2
31L

4Eν

)

(10)

PII(νµ → νe) =
1

2
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13

sin

(

∆m2
21L

2Eν

)

×

[

sin δ sin2

(

∆m2
31L

4Eν

)

+ cos δ sin

(

∆m2
31L

4Eν

)

cos

(

∆m2
31L

4Eν

)]

(11)

PIII(νµ → νe) = sin2 2θ12 cos2 θ13 cos2 θ23 sin2

(

∆m2
21L

4Eν

)

(12)

while for ν̄µ, δ → −δ and matter effects change sign.
The rich structure of νµ → νe oscillations is nicely illustrated in Figs. 1-4 for BNL-

Homestake and Fermilab-Homestake distances. Matter modifies the oscillation amplitudes and
peak positions (the effect is opposite for an inverted hierarchy), making it straight forward to
determine the sign of ∆m2

31 with only a νµ beam. Also, the effect of δ is important even for
δ = 0, no CP violation. By measuring the νµ oscillation probability as function of a L

Eν
over

a broad rage, one can in principle measure all the parameters of neutrino oscillations with no
degeneracies in δ, θ23 and the mass hierarchy by a fit to Eq(9). For that reason, we favor[3, 4, 5]
using an on axis broad band neutrino beam for 0.5 GeV ≤ Eν ≤ 5 GeV .

Do we need to know the value of θ13 before we embark on measuring δ? Not really, since
the degree of difficulty for measuring δ is to a large extent independent of θ13 (unless it is very
small) and the baseline distance (for 1200 km <∼ L <∼ 4000 km ) if we use the wide band beam.
To see that feature, consider the CP violation asymmetry.

ACP ≡
P (νµ → νe) − P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
(13)

It is given to leading order in ∆m2
21 (assuming sin2 2θ13 is not too small) by

ACP ≃
cos θ23 sin 2θ12 sin δ

sin θ23 sin θ13

(

∆m2
21L

4Eν

)

+matter effects (14)

For fixed Eν , the asymmetry grows linearly with distance and increases as θ13 gets smaller. Of
course |ACP | is bounded by 1; so, if it exceeds that value, e.g. if sin2 2θ13

<∼ 0.003, a breakdown
in our assumption about the dominance of PI in the denominator of eq.(13) is occurring.

The statistical figure of merit[3] is given by

F.O.M. =
(

δACP

ACP

)−2

=
A2

CP N

1 − A2
CP

(15)

where N is the total number of νµ → νe + ν̄µ → ν̄e events (properly normalized). Since N falls
(roughly) as sin2 θ13 and A2

CP ∼ 1/ sin2 θ13, we see that to a first approximation the F.O.M. is
independent of sin θ13. Similarly, for a given Eν the neutrino flux and consequently N falls as
1/L2 but that is canceled by L2 in A2

CP . So, to a good approximation, our ability to measure
CP violation is insensitive to L(at oscillation max.) and the value of θ13 (if it is not too small).

“atmospheric” term, large

“interference” term, CP 
dependent

“solar” term, small
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Thus, projections/predictions of sensitivities  of LBL experiments have tended to ignore the 
effects of short wavelength oscillations so far, since it is expected that the finite energy 
resolution of a LBL detector will not probe them. 

To get a feeling for the consequences, we assume 
that there is just 1 extra mass eigenstate, so that —
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The introduction of 1 sterile neutrino to the standard 3 family picture leads 
to 6 mixing angles (instead of 3) and 3 CP phases (instead of 1) which affect 
oscillation. 

Study the impact of these on CP measurements at long baselines 

2 The 3 + 1 electron appearance probability in vacuum and matter60

For CPV discovery in long baseline super-beam experiments, the electron appearance prob-61

ability P
µe

is crucial. We discuss its analytic form in vacuum for the 3+1 scenario prior to62

discussing the matter case. While it is the latter that is relevant for DUNE in particular,63

and other LBL experiments at baselines of O(1000) km in general, the form of the vac-64

uum expression provides a useful template for the identification of terms the importance65

of which will be accentuated by the presence of matter.66

We adopt the following parameterisation for the PMNS matrix in the presence of a67

sterile neutrino.68

U3+1
PMNS = O(✓34, �34)O(✓24, �24)O(✓14)O(✓23)O(✓13, �13)O(✓12) (2.1)

Here, in general, O(✓
ij

, �
ij

) is a rotation matrix in the ij sector with associated phase �
ij

.

For example,

O(✓24, �24) =

0

BBB@

1 0 0 0

0 cos ✓24 0 e�i�24 sin ✓24
0 0 1 0

0 �ei�24 sin ✓24 0 cos ✓24

1

CCCA
;O(✓14) =

0

BBB@

cos ✓14 0 0 sin ✓14
0 1 0 0

0 0 1 0

� sin ✓14 0 0 cos ✓14

1

CCCA
etc.

Using the standard formula for a flavour transition oscillation probability, we have, for the69

3+1 case:70

P 4⌫
µe

= 4|U
µ4Ue4|2 ⇥ 0.5

� 4Re(U
µ1U

⇤
e1U

⇤
µ2Ue2) sin

2�21 + 2Im(U
µ1U

⇤
e1U

⇤
µ2Ue2) sin 2�21

� 4Re(U
µ1U

⇤
e1U

⇤
µ3Ue3) sin

2�31 + 2Im(U
µ1U

⇤
e1U

⇤
µ3Ue3) sin 2�31

� 4Re(U
µ2U

⇤
e2U

⇤
µ3Ue3) sin

2�32 + 2Im(U
µ2U

⇤
e2U

⇤
µ3Ue3) sin 2�32. (2.2)

In arriving at the above expression, we have only assumed (based on eq. 2.2 above)71

that sin2�4i averages out to be 0.5 at long baselines, and similarly sin 2�4i averages out72

to be 0, when i = 1, 2, 3.73
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Mixing angles
 From Data

phases which are not necessarily small, especially in the presence of matter, e.g., the term98

proportional to the sine of the sum of the phases �13 and �24 [27, 39].99

B. Simulation Procedure100

In this section, we describe the details of the simulation technique adopted in estimating101

the sensitivities and other results obtained. We have used the GLoBES [40, 41] software102

package for performing all our analyses. For extending the simulation to the 3+1 scenario,103

we used [42, 43]; which is an add-on to the default GLoBES software. Our assumptions104

regarding the values and ranges of the oscillation parameters for the 3+0 sector are as105

follows.106

• ✓12 and ✓13 are taken to be 33.48� and 8.5� respectively [44].107

• �m2
21 is taken to be 7.5⇥10�5 eV2 while �m2

31 is set to be 2.457⇥10�3 eV2 (�2.374⇥108

10�3 eV2) for NH (IH) [44].109

• The currently-allowed 3� range on ✓23 is [38.3�, 53.3�] with the best fit at 42.3�(49.5�)110

for NH (IH) [44]. The ✓23 best fit values from the global analyses [19, 45] are somewhat111

di↵erent from [44]. In this work, we make the simplifying assumption that 2-3 mixing is112

maximal; i.e. ✓23 = 45�. However, the conclusions we draw also apply to non-maximal113

2-3 mixing.114

It is anticipated that even if the 3+0 scenario is not realised in nature, the above values and115

ranges will still hold to a very good approximation.1116

Our assumed ranges for the sterile sector mixing angles corresponding to the 3+1 scenario117

draw upon current constraints and are as follows:118

• Measurements at the Daya Bay experiments put constraints on the e↵ective mixing119

angle in the electron anti-neutrino disappearance channel. This e↵ective mixing angle120

is the same as ✓14 under the choice of PMNS parameterisation in this work. Based on121

[47], we assume ✓14  13� at 99% C.L.122

1 Some of our early calculations showed that the disappearance data at the far detector is less a↵ected by

the active-sterile mixing angles compared to the appearance data. Thus, the measurements that depend

on Pµµ, like sin
2 2✓23 or |�m2

31|, are expected to change less with the change of theoretical framework from

3+0 to 3+1. Likewise, it was shown in [46] that ✓13 measurements at the reactor neutrino experiments

will be robust even if there are sterile neutrinos. Also see [36] regarding this.
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• Both MINOS and the IceCube experiments are sensitive to the 2-4 mixing angle. With123

their current data, only ✓24  7� can be allowed at 99% C.L. [48, 49]124

• The MINOS experiment with its observed CC as well NC events spectra can constrain125

the 3-4 mixing angle. From [48], we have ✓34  25� at 90% C.L.126

In addition, we assume �m2
41 to be +1 eV2 along with127

�m2
41 ⇠ �m2

42 ⇠ �m2
43 >> |�m2

31| ⇠ |�m2
32| >> �m2

21 (2)

We also vary �13, �24 and �34 for 3+1 and �CP for 3+0 over the full possible range of128

[�180�, 180�]. Finally, we use the fluxes provided by [50]. Details regarding the calcula-129

tion of poissonian �2, treatment of systematic uncertainties etc. can be found in [40, 41].130

C. Details of Experiments131

T2K and T2HK132

The Tokai to Kamioka (T2K) experiment is an ongoing neutrino experiment in Japan133

whose main goals are to observe ⌫
µ

! ⌫
e

oscillations and to measure ✓13. It may, however,134

be in a position to provide hints on CPV and the hierarchy, especially when its data is135

used in conjunction with that of other experiments. Neutrinos beams generated at the J-136

PARC accelerator facility in Tokai are directed towards a 22.5 kton water Čerenkov detector137

placed in Kamioka, 295 km away at a 2.5� o↵-axis angle [51]. The ⌫
µ

beam peaks sharply138

at 0.6 GeV, which is very close to the first oscillation maximum of the ⌫
µ

! ⌫
e

appearance139

probability, P
µe

. The flux falls o↵ quite rapidly, such that it is negligible at energies greater140

than 1 GeV. The beam power is 750 kW, with a proton energy of 30 GeV, for runs in both141

the ⌫ and ⌫̄ modes. Combining both runs, the experiment will gather a total exposure of142

⇠ 8⇥ 1021 protons on target (POT). The neutrino flux is monitored by the near detectors,143

located 280 m away from the point of neutrino production. Details regarding the detector144

e�ciencies and background events used in our work have been taken from [40].145

The T2HK experiment [52], in essence, is a scaled-up version of the T2K experiment. It146

will accumulate 1.56 ⇥ 1022 protons on target with a 30 GeV proton beam. The detector147

size is expected to be 25 times the T2K detector. We have taken the details regarding signal148

and background events and detector e�ciencies for T2HK from [52].149
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placed in Kamioka, 295 km away at a 2.5� o↵-axis angle [51]. The ⌫
µ

beam peaks sharply138

at 0.6 GeV, which is very close to the first oscillation maximum of the ⌫
µ

! ⌫
e

appearance139

probability, P
µe

. The flux falls o↵ quite rapidly, such that it is negligible at energies greater140

than 1 GeV. The beam power is 750 kW, with a proton energy of 30 GeV, for runs in both141

the ⌫ and ⌫̄ modes. Combining both runs, the experiment will gather a total exposure of142

⇠ 8⇥ 1021 protons on target (POT). The neutrino flux is monitored by the near detectors,143

located 280 m away from the point of neutrino production. Details regarding the detector144

e�ciencies and background events used in our work have been taken from [40].145

The T2HK experiment [52], in essence, is a scaled-up version of the T2K experiment. It146

will accumulate 1.56 ⇥ 1022 protons on target with a 30 GeV proton beam. The detector147

size is expected to be 25 times the T2K detector. We have taken the details regarding signal148

and background events and detector e�ciencies for T2HK from [52].149

6

Related work: Hollander and Mocioiu, 1408.1749; Klop and Palazzo, 1412.7524; Berryman et 
al, 1507.03986; Agarwalla et al, 1603.03759
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(MINOS/Daya Bay/BUGEY, IceCube)

(reactors)



After substituting the values of the U
↵i

in terms of the mixing angles, we obtain :74

P 4⌫
µe

=
1

2
sin2 2✓4⌫

µe

+ (a2 sin2 2✓3⌫
µe

� 1

4
sin2 2✓13 sin

2 2✓4⌫
µe

)
⇥
cos2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32

⇤

+ cos(�13)ba
2 sin 2✓3⌫

µe

⇥
cos 2✓12 sin

2�21 + sin2�31 � sin2�32
⇤

+ cos(�24)ba sin 2✓
4⌫
µe

⇥
cos 2✓12 cos

2 ✓13 sin
2�21 � sin2 ✓13(sin

2�31 � sin2�32)
⇤

+ cos(�13 + �24)a sin 2✓
3⌫
µe

sin 2✓4⌫
µe

⇥
� 1

2
sin2 2✓12 cos

2 ✓13 sin
2�21

+ cos 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇤

� 1

2
sin(�13)ba

2 sin 2✓3⌫
µe

⇥
sin 2�21 � sin 2�31 + sin 2�32

⇤

+
1

2
sin(�24)ba sin 2✓

4⌫
µe

⇥
cos2 ✓13 sin 2�21 + sin2 ✓13(sin 2�31 � sin 2�32)

⇤

+
1

2
sin(�13 + �24)a sin 2✓

3⌫
µe

sin 2✓4⌫
µe

⇥
cos2 ✓12 sin 2�31 + sin2 ✓12 sin 2�32

⇤

+ (b2a2 � 1

4
a2 sin2 2✓12 sin

2 2✓3⌫
µe

� 1

4
cos4 ✓13 sin

2 2✓12 sin
2 2✓4⌫

µe

) sin2�21

(2.3)

where75

sin 2✓3⌫
µe

= sin 2✓13 sin ✓23 (2.4)

b = cos ✓13 cos ✓23 sin 2✓12 (2.5)

sin 2✓4⌫
µe

= sin 2✓14 sin ✓24 (2.6)

a = cos ✓14 cos ✓24 (2.7)

(2.8)

Prior to proceeding, we briefly discuss the allowed ranges for the 3 + 1 mixing angles

that we have used in our calculations. These have been obtained using the results of [32],

which takes all available data on short-baseline oscillations and performs a global fit to

constrain active-sterile mixing. U2
e4 is constrained by ⌫

e

and ⌫̄
e

disappearance searches,

and is equal to sin2 ✓14. From [32], the 99% C.L. limit can be taken to be (with some

extrapolation, as the result is given for 95%),

|U
e4|2 2 [0, 0.1],

which gives

✓14 2 [0, 20o].

Similarly, using ⌫
µ

, ⌫̄
µ

and neutral current disappearance searches, one can constrain U
µ4

and U
⌧4, which are given by

|U
µ4| = cos ✓14 sin ✓24, |U⌧4| = cos ✓14 cos ✓24 sin ✓34

and lead to

|U
µ4|2 2 [0, 0.03], |U

⌧4|2 2 [0, 0.3].
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P𝝁e in vacuum for 3+1 

large 
interference 

terms

Note that  𝜹34 

and θ34 do not 
appear, and 
θ14  and θ24 

appear in a 

multiplicative 

combination

Two reasons why short-wavelength effects may not be as benign as assumed: a) 
phases, when non-zero, may make interference terms larger and b) matter, which 
redefines the eigenstates, may introduce large changes to overall probabilities 



 3+1 effects at LBL….. matter brings in new aspects 

sterile sector play an important role at long baselines. Their e↵ects are heightened by the116

presence of matter. In addition, parameters related to the sterile sector which are dormant117

at short baselines and in vacuum-like conditions are no longer inert once baselines are long118

and matter e↵ects are important.119
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Figure 1: P
µe

vs E
⌫

(GeV) plots in earth matter for 1300 km, generated using GLoBES. Averaging has

been done for �m2
4i induced oscillations. In the left panel, the e↵ect of varying ✓34 within its allowed range

has been shown with all the CP phases kept equal to 0. We set ✓14 = 20�, ✓24 = 10�. In the right panel,

we show the e↵ect of varying the CP violating phase �34 when ✓34 = 30�. Other phases were set equal to

0. ✓14 and ✓24 set same as the left panel and parameters related to the 3+0 sector have been set at best-fit

values specified in Section 3
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Figure 2: P
µe

(both for vacuum and matter) for 3+0 (left panel) and 3+1 (right panel) scenarios is

shown as a function of energy. The red curves represent the CP conserving case, while the blue ones depict

the case with phases set to non-zero fixed values (see the plot label). For the blue curve in the left panel,

the relevant phase �CP was taken as 30o. Normal hierarchy is taken to be the true hierarchy here, and

parameters related to the 3+0 sector have been set at best-fit values specified in Section 3
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 3+1 effects at LBL….. phases and matter brings in large effects 

Solid: vacuum 
Dashed:matter

Red: no CPV 
Blue:CPV

Left panel: 3+0 
Rt. panel:3+1

Conclusions:

Left vs Right: Even at LBL, a sterile 𝜈 causes large differences in amplitude
Red vs Blue: Phases play important role, more so in 3+1

Solid vs Dashed: matter plays an important role, more so in 3+1 



3 A discussion of Neutrino-Antineutrino asymmetries in matter120

The consideration of CP violation in terms of an asymmetry defined at the probability level121

provides additional insight into the conclusions which can be reliably drawn from data if we122

do not know whether 3+0 or 3+1 is the choice nature has made. Consider the asymmetry123

defined as,124

125

A↵�

⌫⌫̄

=
P (↵ ! �)� P (↵̄ ! �̄)

P (↵ ! �) + P (↵̄ ! �̄)
=

�P
↵�

P (↵ ! �) + P (↵̄ ! �̄)
(3.1)

126

We begin by noting an important di↵erence between the 3+0 and 3+1 scenarios with127

respect to the numerators ofA↵�

⌫⌫̄

. In the 3+0 scenario, CPT invariance and the conservation128

of probability lead us to the conclusion that the three independant CP violating di↵erences,129

�P
eµ

,�P
µ⌧

and �P
⌧e

must all be equal. This is not true in the 3+1 (or 3+n) case. In the130

latter case, if one of these di↵erences is measured to be zero in a given experiment, then it131

does not imply that CP is conserved in all other channels, contrary to the 3+0 case.2132

In Fig. 3, we show the spread of A
⌫⌫̄

3 (for both normal and inverted hierarchies and133

L = 1300 km) for a case chosen to illustrate some of the important features which arise134

due to the presence of a fourth sterile state. In all panels, the solid(dashed) lines are for135

sets of oscillation parameters which result in the maximum(minimum) energy integrated136

A
⌫⌫̄

values. Red (Blue) curves represent the 3 + 0 (3 + 1) case. The left panels, both top137

(NH) and bottom (IH), depict the (intrinsic) CP conserving case with all phases set to138

zero. The regions between the dashed and solid lines of a given colour thus represents the139

band of matter-induced energy-integrated A
⌫⌫̄

values. These were obtained by varying ✓23140

and �m2
31 over their allowed ranges for the 3 + 0 case (in red), with �

cp

= 0. Similarly, for141

the 3+1 case ✓14, ✓24, ✓34 were varied over their allowed ranges to obtain the curves in blue.142

We note that both these (intrinsic) CP conserving bands have similar spectral shapes and143

cover roughly similar regions which are fairly narrow in width.144

It is clear that if an experiment were to measure asymmetries which consistently lie145

outside these two bands it would provide evidence of CP violation in either the 3+0 or the146

3+1 case. However, asymmetry values measured within these two bands in the left panels147

of Fig. 3 do not unambiguously signal a CP conserving situation, because, as mentioned148

above, in the 3+1 case, CP conservation in a given channel does not guarantee that it will149

remain conserved in others. A second, somewhat more obvious eventuality, for both the150

3+0 and the 3+1 case, is that for some non-zero values of the CP phases, the asymmetry151

could still remain close enough to the A
⌫⌫̄

for a CP conserving case with mixing angles152

2We note that any long baseline experiment involves earth-matter e↵ects, which break CPT (in addition

to CP). Such breaking is extrinsic, and due to the asymmetry of the target as neutrinos propagate through

the earth. While this may appear to destroy the conclusion reached above vis a vis the equality of the

�P
↵�

, which depends on CPT conservation, this is not the case as long as an experiment seeks to measure

intrinsic (i.e.driven by phases in the mixing matrix) CP violation and devises appropriate means to do so.
3Henceforth we drop the superscripts ↵ and � and take A

⌫⌫̄

to denote the asymmetry for ↵ = µ and

� = e.
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 Matter-Antimatter asymmetries in 3+0 and 3+1 

In the 3+0 scenario, there are  three independent CP violating differences,  
                                     ∆Peµ,   ∆Pµτ   and   ∆Pτe 

From Conservation of probability, ΣP𝛼𝛽 = 1, ΣPbar
𝛼𝛽 = 1, 

Thus, Pe𝜇 + Pe𝜏 + Pee = Pbare𝜇 + Pbare𝜏 + Pbaree  = 1 and, by CPT, Pee = Pbaree 

and ∆Peµ, = ∆Pτe 

Similarly, ∆Pτe = ∆Pµτ.  

Thus, CP violation in each channel is equal in 3+0, and in particular, if CP is conserved in one 
channel, it must be conserved overall. 

However, if there are 4 neutrinos, on gets, via this reasoning, relations like  

∆Peµ, = ΔP𝜏e + ΔPse   etc   

 Thus, CP violation in the “active” channels need not be equal in 3+1, it may very well happen that  
if CP may be conserved  in one channel, while having large violations in other difficult to 
measure channels. 



 Matter-Antimatter asymmetries in 3+0 and 3+1 for DUNE 

Red: 3+0 
Blue:3+1

Solid: Max 
intergrated 

asymm 
Dashed:Min 
integrated 

asymm

Left panels: all 
phases zero 
Rt. panels:all 

phases running

Top : NH 
Bottom:IH

Thus, if an experiment sees CP asymmetries consistently outside of the red/blue  left panels, one can 
conclude that CP must be violated, though its origin may remain uncertain. 

However, if one sees asymmetry lying within the bands of the left panels, then it is not obvious that it is 
conserved.

observed CP violation.

To understand why the e↵ect of a fourth, sterile neutrino on CP violation at long base-

lines can be so large, one notes that CP-violating phases a↵ect physics through interferences

between amplitudes. As pointed out in [26], around the first maximum of the atmospheric-

wavelength oscillation, where the long-baseline experiments work, or will work, the (new,

short wavelength oscillation) - (atmospheric-wavelength oscillation) interference, and the

(atmospheric-wavelength oscillation) - (solar-wavelength oscillation) interference, can eas-

ily be of comparable size. Then, if the CP phases are right, 3+1 can be quite di↵erent

from 3+0.

In the next section, we see how the probability-level results of this section and the

previous one translate into observable consequences for DUNE by calculating event rates.
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Figure 3: The neutrino-antineutrino asymmetry A
⌫⌫̄

vs. energy E. See text for explanation and discus-

sion.

4 Event Rates at DUNE in the 3+1 and 3+0 scenarios

Having discussed some of the salient features of the probability P 4⌫
µe

both in vacuum and

matter at baselines characteristic of DUNE, we now perform event rate calculations by

realistically simulating the experiment.

We recall that DUNE (with specifications very similar to LBNE,[18], [19]) is a proposed

future super-beam experiment, to be located in the United States, with a main aim of

establishing or refuting the existence of CPV in the leptonic sector. In addition to this

primary goal, this facility will also be able to resolve other important issues like the mass

– 9 –
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 Why is the  the effect of a fourth, sterile neutrino on CP 
violation at long baselines unexpectedly large? 

 CP-violating phases affect physics through interferences 
between amplitudes. These effects get amplified by matter. 

Around the first maximum of the atmospheric- wavelength 
oscillation, where the long-baseline experiments work, the 
(new, short wavelength oscillation) - (atmospheric-wavelength 
oscillation) interference, and the (atmospheric-wavelength 
oscillation) - (solar-wavelength oscillation) interference, can 
easily be of comparable size. Then, if the CP phases are 
right, 3+1 can be quite different from 3+0.  



where each phase could either be 0 or 180o. We minimise the ��2 over these 8 test CP187

conserving cases to quote the most conservative estimate. The ��2 so obtained, is then188

minimised over various test ✓14, ✓24, ✓34 samples in the allowed range in the fit, so as to189

account for the lack of information regarding active-sterile mixings. This gives us a ��2
min190

as a function of the true parameters. We did not marginalise over the 3+0 parameters, or191

the hierarchy.3. For a particular true �13, we show the maximum and the minimum ��2
min192

that can be obtained corresponding to a variation of the other two true CP phases �24 and193

�34. For 3+0, the situation is simpler, where we contrast a true �CP against �CP = 0 and194

�CP = ⇡ in the fit.195
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FIG. 2: Same as Fig. 1, but for DUNE.

3 Our results show that a close to 5� determination of hierarchy is very likely with the DUNE experiment,

even in the 3+1 paradigm. Among other 3+0 oscillation parameters, marginalisation over ✓23 may be

important when the non-maximal true values like the ones in lower octant or higher octant are considered.

Disappearance (Pµµ) data fixes sin2 2✓23 very accurately and hence, marginalisation over test ✓23 is not

necessary for true ✓23 = 45�.
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 . When the active-sterile mixings are small, in general  the sensitivity to CP violation of 
the experiment  will be decreased compared to what we would expect in the 3+0 
scenario. 

        For sufficiently large mixings, the sensitivity spans both sides of the 3+0 curve; and 
 depending on the true value of the other phases - δ24 and δ34 the sensitivity to CP 
violation can be greatly amplified. Also, it can be very high in regions where there is 
almost no sensitivity in the 3+0 scenario. 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FIG. 5: Same as Fig. 4, but for DUNE.
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In general, the presence of a  sterile state lowers the hierarchy sensitivity. 
However, the hierarchy should still be determined at DUNE at ~ 5 sigma for 

the full space of parameters
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FIG. 7: The allowed-region contours in test �13 - test �24 plane for DUNE. True (✓14, ✓24, ✓34) were taken

to be (12�, 7�, 25�) and true �34 = 0. Results have been shown for true (�13, �24) = (0,±90�) and (±90�, 0).

2�, 3�, and 4� results (corresponding to ��2
min = 6.18, 11.83 and 19.33 respectively for two degrees of

freedom) have been shown. The true point in each plot has been shown with a cross.

The top panels of Fig. 7 correspond to the choice of true (�13, �24) being (0,�90�) (left)313

and (0, 90�) (right). In the left panel, we see that test values of (�13, �24) close to (90�, 0) and314

(90�,�180�) are allowed within 3� contours. Thus, it might be concluded that attributing315

CP violation unambiguously to �24 may not be possible at 3�. The same plot also tells that316
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 True (θ14,θ24,θ34) were 
taken to be (12◦, 7◦, 25◦) 
and true δ34 = 0. Results 
have been shown for true 
(δ13, δ24) = (0, ±90◦) and 
(±90◦, 0), at  2σ, 3σ, and 4σ.  

 Top panels show that 
attributing CP violation 
unambiguously to δ24 is not 
possible at 3𝛔. Also, it is not 
possible to rule out CP 
conserving values of δ24 at 
this level. 

 Bottom panel (rt)  shows 
distinguishing maximally CP-
violating δ13 and CP 
conserving δ24 from 
maximally CP-violating δ24 
and CP conserving δ13 may 
not be possible at 4σ.  

Is  Is DUNE sensitive to which 3+1 phase is causing CP violation? 

Assume that there is a ~1 ev^2 sterile neutrino and DUNE finds evidence of CPV



become, in a sense, complementary detectors of sterile neutrinos[27]. It must be emphasized,345

however, that definitive detection of the sterile sector would depend on strong oscillation346

e↵ects being seen at short baselines with convincing redundancy. SIgnals which could pos-347

sibly be interpreted as those for sterile neutrinos at long-baseline experiments like DUNE348

would remain complementary and supportive evidence, because they could concieveably be349

mimicked by other physics beyond the SM.350
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FIG. 8: Neutrino events rates for the DUNE experiment as a function of the reconstructed neutrino energy.

The black lines show the maximum and the minimum events rates corresponding to a variation of �CP in

3+0. Also shown are the corresponding ±5% error in the events rates for each energy bin. The grey band

corresponds to the maximum and minimum events rates assuming 3+1 with ✓14, ✓24, ✓34 = 3�, 2�, 10� (left

panel), ✓14, ✓24, ✓34 = 10�, 5�, 20� (right panel) and �13, �24, �34 varied in [�180�, 180�]. Only the channel

⌫µ ! ⌫e has been considered with 5 years of ⌫-running assuming normal hierarchy.

IV. CONCLUSIONS AND SUMMARY351

This work examines how sensitivities of long-baseline experiments to the MH and CP352

are a↵ected and altered in the presence of a sterile neutrino. It attempts to quantitatively353

examine questions raised in [27]. While we use DUNE as our benchmark example, we study354

these sensitivities for T2K, HK, and NOvA also. Depending on the values of sterile mixing355

angles and phases, these can be both significantly enhanced or supressed compared to the356

3+0 case. We examine and discuss the reasons for this behaviour using the total event rate357

as a tool.358

We also examine the ability of DUNE to pinpoint the origin of CPV, if such violation359
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Is  Is DUNE sensitive to small values of active sterile mixing? 

 . For ∆m241 ∼ 1 eV2 induced oscillations, the short baseline experiments can see a 3σ effect 

only if sin2 2θµe = sin2 2θ14 sin2 θ24  ≥ 0.001 .  

The left plot compares 3+0 with 3+1 for very small mixing angles - θ14,θ24,θ34  3◦, 2◦, 10◦ (sin2 2θµe ≈ 
0.00008)  

The right panel shows  the comparison for  θ14 , θ24 , θ34 = 10◦ , 5◦ , 20◦ (sin2 2θµe ≈ 0.0009).  

DUNE may exhibit sensitivity to values of mixing angles below the sensitivity of SBL 
experiments. However, such signals may be mimicked by other new physics. The presence of 
a sterile sector requires confirmation via SBL oscillations.  

 



In the presence of even a single sterile neutrino, conclusions at DUNE such as, a) Whether CP 
is conserved or violated, and b) if the latter, whether the violation is ascribable to the active 
neutrinos or the additional sterile neutrino, or a combination of the two, are all rendered 
significantly ambiguous.

Implications and Conclusions .......

Unless the presence of a sterile sector is conclusively ruled out by SBL experiments, 
measurements which, when interpreted in the context of the standard three family paradigm, 
indicate CP conservation at long baselines, may, in fact hide large CP violation if there is a 
sterile state.  

The presence of sterile states in general causes a reduction in the anticipated sensitivity to 
hierarchy. 

The presence of sterile states can  cause either a decrease or an increase in the anticipated 
sensitivity to CP violation. 



  We find that while the discovery potential for the violation could be  large, 
determining its origin (i.e. ascribing it unambiguously to either the 3+0 phase δcp or 
one of the 3+1 phases, δ13,δ24,δ34) is much more challenging.  

Implications and Conclusions .......

 DUNE may exhibit signals hinting at the presence of a sterile sector even if the relevant mixing 
angles  lie below the sensitivity of the planned short-baseline experiments.  

 The sensitivity of DUNE to sterile neutrinos is truly complementary to the sensitivity of SBL 
experiments, because it stems from amplification by matter of the interference terms 
containing 3+1 CP phases 

 Definitive confirmation or refutation of the presence of sterile neutrinos must come from the SBL 
experiments from measurements of short-wavelength oscillations.  



The rates expected at the FD depend on fluxes and cross-sections 
measured, along with their energy dependence, to significantly high 
accuracy at the ND for all four species of neutrinos, νe, ν ̄e, νµ, ν ̄µ.  

In the 3 + 0 scenario, these measurements, while very demanding, are 
assumed to be made under conditions where there are no oscillations 
between the source and the ND. This task is rendered significantly more 
complex, however, in the presence of a sterile sector capable of altering 
the fluxes between the source and the ND over the planned distance of ∼ 
500 m in DUNE.  

Implications and Conclusions .......



Thank you for your attention!
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C. Using total event rates to understand the DUNE sensitivity to Hierarchy and252
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FIG. 6: Neutrino and Anti-neutrino events rates for the DUNE experiment. For details regarding the

legends, please refer to text.

This subsection attempts to obtain a better understanding of the reasons for and the254

manner in which long-baseline sensitivities are altered (as seen in subsections A and B) in255

the presence of a sterile neutrino. We use DUNE as our primary example, but the features256

14
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What do we know at present ?….. 
The three flavours of neutrinos mix, much like the quarks. The mixing is parametrized 
by 3 angles and a phase 
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1 Introduction

It is now an established fact that neutrinos are massive and leptonic flavors are not sym-

metries of Nature [1, 2]. In the last decade this picture has become fully proved thanks to

the upcoming of a set of precise experiments. In particular, the results obtained with solar

and atmospheric neutrinos have been confirmed in experiments using terrestrial beams:

neutrinos produced in nuclear reactors and accelerators facilities have been detected at

distances of the order of hundreds of kilometers [3]. The minimum joint description of all

these data requires mixing among all the three known neutrinos (⌫e, ⌫µ, ⌫⌧ ), which can be

expressed as quantum superpositions of three massive states ⌫i (i = 1, 2, 3) with masses

mi. This implies the presence of a leptonic mixing matrix in the weak charged current

interactions [4, 5] which can be parametrized as:
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where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij . In addition to the Dirac-type phase �
CP

, analogous

to that of the quark sector, there are two physical phases associated to the Majorana

character of neutrinos, which however are not relevant for neutrino oscillations [6, 7] and

are therefore omitted in the present work. Given the observed hierarchy between the solar

and atmospheric mass-squared splittings there are two possible non-equivalent orderings

for the mass eigenvalues, which are conventionally chosen as

�m2

21

⌧ (�m2

32

' �m2

31

> 0) ; (1.2)

�m2

21

⌧ �(�m2

31

' �m2

32

< 0) , (1.3)
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CP phase

Several decades of various 
types of neutrino 
experiments  and 
constraints from various 
sources  have helped us 
obtain a picture that pins 
down the mass-squared 
differences and mixing 
angles to good accuracy  

Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.302+0.013
�0.012 0.267 ! 0.344 0.311+0.013

�0.013 0.273 ! 0.354

✓12/
� 33.36+0.81

�0.78 31.09 ! 35.89 33.87+0.82
�0.80 31.52 ! 36.49

sin2 ✓23 0.413+0.037
�0.025 � 0.594+0.021

�0.022 0.342 ! 0.667 0.416+0.036
�0.029 � 0.600+0.019

�0.026 0.341 ! 0.670

✓23/
� 40.0+2.1

�1.5 � 50.4+1.3
�1.3 35.8 ! 54.8 40.1+2.1

�1.6 � 50.7+1.2
�1.5 35.7 ! 55.0

sin2 ✓13 0.0227+0.0023
�0.0024 0.0156 ! 0.0299 0.0255+0.0024

�0.0024 0.0181 ! 0.0327

✓13/
� 8.66+0.44

�0.46 7.19 ! 9.96 9.20+0.41
�0.45 7.73 ! 10.42

�CP/
� 300+66

�138 0 ! 360 298+59
�145 0 ! 360

�m2
21

10�5 eV2 7.50+0.18
�0.19 7.00 ! 8.09 7.51+0.21

�0.15 7.04 ! 8.12

�m2
31

10�3 eV2 (N) +2.473+0.070
�0.067 +2.276 ! +2.695 +2.489+0.055

�0.051 +2.294 ! +2.715

�m2
32

10�3 eV2 (I) �2.427+0.042
�0.065 �2.649 ! �2.242 �2.468+0.073

�0.065 �2.678 ! �2.252

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

with the recent spectrum from Double Chooz with 227.9 days live time [28, 29], and the

total even rates in the near and far detectors in Daya Bay [30] with 126 live days of data (a

factor 3 increase over their published results [8]) and Reno with 229 days of data-taking [9].

We also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]

with a total exposure of 3.49⇥ 1032 target-proton-year (2135 days).

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

the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-

time experiments we include the 44 data points of the electron scattering (ES) Super-

Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases

of SNO [36–38], including the results on the low energy threshold analysis of the combined

SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]

as well as their high-energy spectrum from 246 live days [41].

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

projections of the allowed six-dimensional parameter space. The results are shown for two

choices of the reactor fluxes as we will describe in more detail in the next section. The

best fit values and the derived ranges for the six parameters at the 1� (3�) level are given

in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to

the other parameters. For sin2 ✓
23

the 1� ranges are formed by two disconnected intervals

in which the first one contains the absolute minimum and the second-one the secondary

local minimum. Note that we marginalize also over the type of the neutrino mass ordering

and the two local minima in sin2 ✓
23

may correspond to di↵erent orderings. As visible in

– 3 –

(NuFit) Gonzalez-Garcia, Maltoni, Salvado & Schwetz,  1209.3023



FIG. 1: Sensitivity to CP violation as a function of the true CP violating phase δ13 for the combined 
data from T2K and NOνA. Different colors correspond to different choice of true θ14, θ24, θ34 
as shown in the key. Variation of true δ24 and δ34 results in the colored bands which show the 
minimum and maximum sensitivity that can be obtained for a particular δ13. The black curve 
corresponds to sensitivity to CP violation in 3+0. Left panel: Shows the effect as all the three 
active-sterile mixings are increased. Right panel: Shows the effect of the 3-4 mixing when the 
true θ14 and θ24 have been fixed at 12◦ and 7◦ respectively for all three bands.  

III. RESULTS AND DISCUSSION177

A. Sensitivity to CP violation in the presence of a single sterile neutrino178

In this section, we show the sensitivities of various long-baseline experiments to leptonic179

CP violation in the 3+1 scenario. Results for the 3+0 case are provided for comparison.180

Figs. 1 to 3 show the sensitivity to excluding the CP conserving values as a function of the181

3+1 oscillation parameters.182
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FIG. 1: Sensitivity to CP violation as a function of the true CP violating phase �13 for the combined data

from T2K and NO⌫A. Di↵erent colors correspond to di↵erent choice of true ✓14, ✓24, ✓34 as shown in the key.

Variation of true �24 and �34 results in the colored bands which show the minimum and maximum sensitivity

that can be obtained for a particular �13. The black curve corresponds to sensitivity to CP violation in 3+0.

Left panel: Shows the e↵ect as all the three active-sterile mixings are increased. Right panel: Shows the

e↵ect of the 3-4 mixing when the true ✓14 and ✓24 have been fixed at 12� and 7� respectively for all three

bands.

We show results for three sets of the active-sterile mixing angles ✓14, ✓24, ✓34. These are183

chosen to be (4o, 3o, 5o), (8o, 5o, 15o) and (12o, 7o, 25o). The data are simulated assuming184

the above three sets of mixing angles and various choices of the three CP phases lying in185

[�180o, 180o]. In the fit, we consider the 8 possible CP conserving combinations of �13, �24, �34186
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 Matter-Antimatter asymmetries in 3+0 and 3+1 for NOvA+T2K 



possibility of significant improvement in the hierarchy sensitivity compared to 3+0 (shown242

by black line) in the unfavourable regions of true �13. The extent of this enhancement is,243

of course, dependent on the true values of the active-sterile oscillation parameters. Fig. 4244

(right panel) shows the dependence of sensitivity on the ✓34 mixing angle - the e↵ects of245

which are noticeable even for baselines where matter e↵ects are not very large.246

In the case of DUNE, we find that the 3+1 sensitivities are usually below 3+0 sensitivities247

except for a small region of parameter space around true �13 = 90�, as can be observed in248

both the panels of Fig. 5. The ✓34-dependence of sensitivities is somewhat more pronounced249

forDUNE, as is evident from the right panel of Fig. 5. It should be noted that except for a250

small fraction of parameter space around true �13 = 90�, the sensitivity stays above 5� C.L.251
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FIG. 4: Sensitivity to Mass hierarchy as a function of the true CP violating phase �13 for the combined data

from T2K and NO⌫A. Di↵erent colors correspond to di↵erent choice of true ✓14, ✓24, ✓34 as shown in the key.

Variation of true �24 and �34 results in the colored bands which show the minimum and maximum sensitivity

that can be obtained for a particular �13. The black curve corresponds to sensitivity to the hierarchy in

3+0. Left panel: Shows the e↵ect as all the three active-sterile mixings are increased. Right panel: Shows

the e↵ect of the 3-4 mixing when the true ✓14 and ✓24 have been fixed at 12� and 7� respectively for all three

bands.
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θ24, θ34 as shown in the key. Variation of true δ24 and δ34 results in the colored bands which 
show the minimum and maximum sensitivity that can be obtained for a particular δ13. The black 
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the true θ14 and θ24 have been fixed at 12◦ and 7◦ respectively for all three bands.  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What remains, and why do we care to push on?….. 
(Are we a community that just likes to know numbers more and more precisely?) 

What is the ordering of neutrino 
masses?  (hierarchy) 

André de Gouvêa Northwestern

What We Know We Don’t Know: Missing Oscillation Parameters

(Δm2)sol

(Δm2)sol

(Δm2)atm

(Δm2)atm

νe

νµ

ντ

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy

• What is the ⇤e component of ⇤3?
(⇥13 ⇤= 0!)

• Is CP-invariance violated in neutrino
oscillations? (� ⇤= 0, ⌅?)

• Is ⇤3 mostly ⇤µ or ⇤⇥? (⇥23 > ⌅/4,
⇥23 < ⌅/4, or ⇥23 = ⌅/4?)

• What is the neutrino mass hierarchy?
(�m2

13 > 0?)

⇥ All of the above can “only” be

addressed with new neutrino

oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)

October 4, 2012 �s

Is there CP violation in the lepton 
sector?

i.e  Is  δCP  different from 0 or 𝝿 ?

Are neutrinos their own anti-particles ?
(Dirac or Majorana ? )

What are  their absolute masses ?

Possible in next decade or so

More Difficult to answer soon
�m2

s � �m2
A implies at least 3 massive neutrinos. 
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CP Violation and a long baseline: some general features….. 

The determination of CP violation depends on the appearance probability , and 
certain important and nice conclusions follow from an examination of the basic 
expression : Marciano hep-ph 0108181 , Marciano and Parsa, hep-ph 0610258

P(νμ → νe) = PI(νμ → νe) + PII(νμ → νe) + PIII(νμ → νe) + matter + smaller terms

PI(νµ → νe) = sin2 θ23 sin2 2θ13 sin2

(

∆m2
31L

4Eν

)

(10)

PII(νµ → νe) =
1

2
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13

sin

(

∆m2
21L

2Eν

)

×

[

sin δ sin2

(

∆m2
31L

4Eν

)

+ cos δ sin

(

∆m2
31L

4Eν

)

cos

(

∆m2
31L

4Eν

)]

(11)

PIII(νµ → νe) = sin2 2θ12 cos2 θ13 cos2 θ23 sin2

(

∆m2
21L

4Eν

)

(12)

while for ν̄µ, δ → −δ and matter effects change sign.
The rich structure of νµ → νe oscillations is nicely illustrated in Figs. 1-4 for BNL-

Homestake and Fermilab-Homestake distances. Matter modifies the oscillation amplitudes and
peak positions (the effect is opposite for an inverted hierarchy), making it straight forward to
determine the sign of ∆m2

31 with only a νµ beam. Also, the effect of δ is important even for
δ = 0, no CP violation. By measuring the νµ oscillation probability as function of a L

Eν
over

a broad rage, one can in principle measure all the parameters of neutrino oscillations with no
degeneracies in δ, θ23 and the mass hierarchy by a fit to Eq(9). For that reason, we favor[3, 4, 5]
using an on axis broad band neutrino beam for 0.5 GeV ≤ Eν ≤ 5 GeV .

Do we need to know the value of θ13 before we embark on measuring δ? Not really, since
the degree of difficulty for measuring δ is to a large extent independent of θ13 (unless it is very
small) and the baseline distance (for 1200 km <∼ L <∼ 4000 km ) if we use the wide band beam.
To see that feature, consider the CP violation asymmetry.

ACP ≡
P (νµ → νe) − P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
(13)

It is given to leading order in ∆m2
21 (assuming sin2 2θ13 is not too small) by

ACP ≃
cos θ23 sin 2θ12 sin δ

sin θ23 sin θ13

(

∆m2
21L

4Eν

)

+matter effects (14)

For fixed Eν , the asymmetry grows linearly with distance and increases as θ13 gets smaller. Of
course |ACP | is bounded by 1; so, if it exceeds that value, e.g. if sin2 2θ13

<∼ 0.003, a breakdown
in our assumption about the dominance of PI in the denominator of eq.(13) is occurring.

The statistical figure of merit[3] is given by

F.O.M. =
(

δACP

ACP

)−2

=
A2

CP N

1 − A2
CP

(15)

where N is the total number of νµ → νe + ν̄µ → ν̄e events (properly normalized). Since N falls
(roughly) as sin2 θ13 and A2

CP ∼ 1/ sin2 θ13, we see that to a first approximation the F.O.M. is
independent of sin θ13. Similarly, for a given Eν the neutrino flux and consequently N falls as
1/L2 but that is canceled by L2 in A2

CP . So, to a good approximation, our ability to measure
CP violation is insensitive to L(at oscillation max.) and the value of θ13 (if it is not too small).

“atmospheric” term, large

“interference” term, CP 
dependent

“solar” term, small

O(𝛂2)

not necessarily small, 
depending on L

32
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A. Neutrino masses 
appear to be special

(Are we a community that just like to know numbers more and more precisely?) 
What remains, and why do we care to push on?….. 

Fig. 2, for “Free Fluxes + RSBL” the best fit with sin2 ✓
23

< 0.5 is for NO and the local

minimum with sin2 ✓
23

> 0.5 is for IO, while for “Huber fluxes, no RSBL” both minima

are for IO. However, as also visible from the figure, the best fit values of the minima and

the allowed range of sin2 ✓
23

are not very sensitivite to the mass ordering. The 3� range is

connected. For �m2

31

(�m2

32

) the allowed ranges are formed by two disconnected intervals

which correspond to the two possible mass orderings. From these results we conclude that:

1. The present global analysis disfavours ✓
13

= 0 with a ��2 ⇡ 100. This is mostly

driven by the new reactor data from Daya Bay, Reno and Double Chooz (see Fig. 5

in the next section).

2. An uncertainty on ✓
13

at the level of 1� remains due to a tension between predicted

reactor neutrino fluxes and data from reactor experiments with baselines less than

100 m, as we will discuss in detail in Sec. 3.

3. Non-maximal ✓
23

is favoured at the level of ⇠ 2� (⇠ 1.5�) for Normal (Inverted)

ordering for either choice of the reactor fluxes. We elaborate more on this issue in

Sec. 4.

4. The statistical significance of the preference of the fit for the first octant of ✓
23

is  1.5� ( 0.9�) for Normal (Inverted) ordering for either choice of the reactor

fluxes.

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

than 100 m) reactor experiments are included, the absolute best-fit occurs for Normal

ordering but the statistical significance of the preference Normal versus Inverted is

 0.7�.

6. The best fit occurs for Inverted ordering when reactor short-baseline data are not

included and reactor fluxes as predicted in [42] are assumed but the statistical sig-

nificance of the preference Inverted versus Normal is  0.75�.

7. The statistical significance of the e↵ects associated with �
CP

is  1.5� ( 1.75�) for

Normal (Inverted) ordering (see Sec. 4).

From the global �2 and following the procedure outlined in Ref. [43] one can derive

the following 3� CL ranges on the magnitude of the elements of the leptonic mixing matrix

|U | =

0

B@
0.795 ! 0.846 0.513 ! 0.585 0.126 ! 0.178

0.205 ! 0.543 0.416 ! 0.730 0.579 ! 0.808

0.215 ! 0.548 0.409 ! 0.725 0.567 ! 0.800

1

CA . (2.1)

By construction the derived limits in Eq. (2.1) are obtained under the assumption of the

matrix U being unitary. In other words, the ranges in the di↵erent entries of the matrix

are correlated due to the fact that, in general, the result of a given experiment restricts

a combination of several entries of the matrix, as well as to the constraints imposed by

unitarity. As a consequence choosing a specific value for one element further restricts the

range of the others.

– 6 –

Neutrino mixings are 
quite different from 

quark mixings

quark 
mixing

neutrino 
mixing

• Neutrino mass may have a different origin 
from the masses of quarks and charged leptons

The difference between the mixing patterns of quarks 
and leptons may be a clue to the flavour problem

Both of these are signposts of physics beyond the Standard Model 
Precise measurements put us in a position to properly explore 

underlying connections and symmetries
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In the Standard Model, the existence of B+L violating sphaleron interactions 
allow a dynamically generated lepton number asymmetry to transfer itself to the 
quark sector, allowing the generation of a baryon asymmetry. 

Importance of CP measurements........

A simple realization of this is possible with the see-saw mechanism, where (at 
least) one RH neutrino decays out of equilibrium in a manner that breaks L as well 
as violates CP, satisfying all three of Sakharov’s conditions. 

An important question is:   Is the detection of CP violation at low energies in oscillation 
experiments directly related to leptogenesis? 

The most general answer appears to be NO. However, it has been argued that flavour 
effects, if present during the leptogenesis process, may connect LE CP violation to that 
at HE. 

Irrespective of the answer to the above question, the discovery of CP violation in the 
lepton sector at low energies would encourage us to believe that it could exist at HE also, 
facilitating leptogenesis. Additionally, the discovery of CPV in both the lepton and quark 
sectors would aid in our efforts to understand physics BSM.  
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probed by LBL accelerator 
and atmospheric expts

probed by LBL accelerator 
and SBL reactor  expts

probed by solar &   LBL 
reactor expts 

Types of Experiments and their scope ........

LBL accelerator experiments thus have the capability of measuring hierarchy, CP violation 
and the octant. The first and last of these depend strongly on matter effects which 
accrue with baseline length. 
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Thus, to a large extent,  in the present situation, the urgent and immediate questions that 
can be answered by oscillation experiments are confined to long baseline efforts. 

Independently, however, there is a growing body of indicators at short baselines, 
apparently disconnected from each other as well as from long baseline questions, of 
something either new, or un-understood.  

This could either be new physics, like sterile neutrinos, or perhaps something mundane, 
like un-understood backgrounds. 

In any case, the indicators, while not conclusive,  are strong enough to have created a lot 
of interest and planning for the future. 

Present LBL vs SBL situation



The DUNE Collaboration

3

The LBNE and LBNO collaborations were dissolved and a new 
collaboration has been formed w/ inclusion of other interested parties:

Recent Collaboration Milestones!
!

✤ LOI Released and collaboration 
formed (Jan 2015)!

✤ Spokespersons elected (March 
2015)!

✤ DUNE name chosen (March 2015)!
✤ First collaboration meeting (April 

2015)!
✤ Selection of new experiment logo 

(May 2015)!
✤ 10 preliminary task forces formed 

10 June 2015

DUNE: The Deep Underground Neutrino Experiment 

Laura Fields!
Northwestern University

1

ν 4 ms!
800 miles

The DUNE Collaboration

4

~750 People, ~150 institutions, 26 countries

DEEP UNDERGROUND NEUTRINO EXPERIMENT 
(DUNE)



Primary Science Goals

7

Central goal is precision measurement of neutrino oscillation parameters

✤ Measurement of CP-violating 
phase (δCP)!
✤ Non-zero value may be related 

to matter/antimatter 
asymmetry of universe!

✤ Determination of neutrino mass 
hierarchy!

✤ Precision tests of three-flavor 
oscillation hypothesis

Slide from L. Field’s talk at DUNE Collab Meeting Apr 2015 


