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δm2/eV2 ~ 7.37 x 10-5 ±2.3% 
	


Δm2/eV2  ~ 2.52 x 10-3 ±1.6% 
 

sin2θ12   ~ 0.297   ±3.4% 
 

sin2θ13     ~  0.0215   ±4.0% 
  

sin2θ23    ~  0.5   ±9.6% 
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solar model prediction. Continued data-taking refined these results. Data-taking was 
concluded in 2006 and the final results were published in 2013 [35]. The 8B neutrino flux 
from the final fit to all reactions is 
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in very good agreement with the theoretically expected 5.94 (1 ± 0.11) [SSM BPS08] or 5.58 
(1 ± 0.14) [SSM SHP11] (see [36] and references therein). 
 
The flux of muon- and tau-neutrinos deduced from the results shown in figure 4 is 
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deviating significantly from zero. A comparison with the total 8B flux clearly demonstrates 
that about two thirds of the solar electron-neutrinos changed flavour, arriving at Earth as 
muon-neutrinos or tau-neutrinos. SNO’s ES results are consistent with the results from Super-
Kamiokande and with the SNO results above, however by themselves insufficient as evidence 
for flavour change (figure 4). 

Figure 4: Fluxes of 8B solar neutrinos from SNO and Super-Kamiokande. The SSM BS05 
[38] prediction is shown as a range between the dashed lines. C.L. stands for confidence level.
From [36] and references therein.

The SNO evidence for neutrino flavour conversion was confirmed a year later by the 
KamLAND reactor experiment. KamLAND (Kamioka Liquid scintillator AntiNeutrino 
Detector) [39] was proposed in 1994, funded in 1997 and started data-taking in January 2002. 
The first KamLAND results were published in January 2003 [40] and show clear evidence for 
disappearance of electron anti-neutrinos, consistent with the expectation from the solar 
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Interpretation known knowns 

Outstanding progress in ν physics in ~ 20 years  

    + many other ones:  
    solar, KamLAND, 
    θ13 at reactors & T2K  
    … 

CPV (δ) 
 

sign(Δm2) 
 

θ23 (non-maximal, octant) 
 

absolute ν mass 
 

Dirac/Majorana 

NSI, sterile states, 
PMNS non-unitarity, ...? 

 
 

 
 

known unknowns 
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3-flavor scheme now established as the standard framework… 

unknown unknowns 



Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, A.P. 
arXiv: 1703.04471, PRD 95 096014 (2017)

~ 2σ preference  
 for normal mass 

ordering 

Current status of  3-flavor parameters  

~ 2σ indication of  CPV  
δ ∈ [π, 2π] (sin δ < 0) 	


Hint of   
non-maximal θ23 
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Many extensions of  the Standard Model predict 
new effects in neutrino oscillations 

Beyond the standard picture 

• Sterile neutrinos   
  

• Non unitarity of  the PMNS matrix   

• Long-range forces 

• Lorentz and CPT violations 

An incomplete list: 

• Non standard neutrino interactions  
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• Quantum decoherence … 
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Sterile neutrinos, i.e. singlets of  SU(2)xU(1) gauge 
group, provide a very economical extension of  SM 

Sterile neutrinos 

• GUT, see-saw models of  ν mass, leptogenesis  
  

• keV, (warm) dark matter candidates  

• eV, SBL (and LBL) oscillation experiments 

• sub-eV, θ13-reactors and solar neutrinos 

νs investigated at several scales: 

• TeV, production at LHC and impact on EWPOs 

✓ 
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The SBL anomalies and  
the hypothesis of  sterile νs  
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1) The SBL accelerator anomalies 

LSND
[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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February 25, 2013 14:7 WSPC/146-MPLA S0217732313300048 3–11

Phenomenology of Light Sterile Neutrinos
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Fig. 1. Regions allowed by the main published experiments sensitive to the accelerator anomaly
superimposed to the limits established by the ICARUS experiment. Figure taken from Ref. 9.

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

2. The Anomalies

2.1. The accelerator anomaly

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

(

L
Eν

∼ 1 m/MeV
)

are sensitive probes of neutrino

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

14 and
sin2 2θ ≡ 4|Ue4|2|Uµ4|2.

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

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

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

MiniBooNE Results 
#  " #e 

#  " #e 

!  Results published from 2007-12 

!  Channel: (anti-)#  ! (anti-)#e 

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

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

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

!  MiniBooNE is not conclusive to check  
  the LSND anomaly 

Th. Lasserre – ICFA-ν 2014 

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

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

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

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

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

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

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

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

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

new,MB| = 1.9

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

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

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

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

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

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

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

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

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

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

sin2(2θnew,R&MB) ∼ 0.1.

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

2) The reactor and gallium anomalies 

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

(unexplained νe disappearance)  

Warning: both are mere normalization issues 
 

The culprit may be hidden in unknown systematics   
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New-generation detectors confirm deficit  

However, the same detectors give us a warning … 
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4

driven oscillation effect must be corrected for in each detec-
tor. A normalization factor R was defined to scale the mea-
sured rate to that predicted with a fissile antineutrino spectrum
model. The value of R, together with the value of sin2 2θ13,
were simultaneously determined with a χ2 similar to the one
used in Ref. [4]:

χ2 =
6�

d=1

[Md −R · Td(1 + �D +
�

r ω
d
rαr + �d) + ηd]2

Md +Bd

+
�

r

α2
r

σ2
r

+
6�

d=1

�
�2d
σ2
d

+
η2d
σ2
Bd

�
+

�2D
σ2
D

, (3)

where Md is the number of measured IBD events in the d-th
detector with backgrounds subtracted, Bd is the correspond-
ing number of background events, Td is the number of IBD
events predicted with a fissile antineutrino spectrum model
via Eq. (2), and ωd

r is the fractional IBD contribution from
the r-th reactor to the d-th detector determined with baselines
and reactor antineutrino rates, σr (0.9%) is the uncorrelated
reactor uncertainty, σd (0.2% [17]) is the uncorrelated de-
tection uncertainty, σBd is the background uncertainty listed
in Ref. [17], and σD (2.1%) is the correlated detection un-
certainty, i.e. the uncertainty of detection efficiency in Ta-
ble I. Their corresponding nuisance parameters are αr, �d,
ηd, and �D, respectively. The best-fit value of sin2 2θ13 =
0.090± 0.009 is insensitive to the choice of model. The best-
fit value of R is 0.946±0.022 (0.991±0.023) when predicting
with the Huber+Mueller (ILL+Vogel) model. Replacing the
Mueller 238U spectrum with the recently-measured spectrum
in Ref. [35] yields negligible change in R. The uncertainty in
R is dominated by the correlated detection uncertainty σD.

With the oscillation effect for each AD corrected using
the best-fit value of sin2 2θ13 in Eq. (3), the measured IBD
yield for each AD is expressed in two ways: the yield per
GWth per day, Y , and equivalently, the yield per nuclear fis-
sion, σf . These results are shown in the top panel of Fig. 1.
The measured IBD yields are consistent among all ADs after
further correcting for the small variations of fission fractions
among the different sites. The average IBD yield in the three
near ADs is Y = (1.55 ± 0.04) × 10−18 cm2/GW/day, or
σf = (5.92 ± 0.14) × 10−43 cm2/fission. These results are
summarized in Table II along with the flux-weighted average
fission fractions in the three near ADs.

A global fit for R was performed to compare with previous
reactor antineutrino flux measurements following the method
described in Ref. [36]. Nineteen past short-baseline (<100 m)
measurements were included using the data from Ref. [14].
The measurements from CHOOZ [37] and Palo Verde [38]
were also included after correcting for the effect of standard
three-neutrino oscillations. All measurements were compared
to the Huber+Mueller model. All predictions were fixed at
their nominal value in the fit. The resulting past global average
is Rpast

g = 0.942±0.009 (exp.)±0.025 (model). Daya Bay’s
measurement of the reactor antineutrino flux is consistent with
the past experiments. Including Daya Bay in the global fit, the

TABLE II. Average IBD yields (Y and σf ) of the near halls, flux nor-
malization with respect to different fissile antineutrino model predic-
tions, and flux-weighted average fission fractions of the near halls.

IBD Yield
Y ( cm2/GW/day) (1.55± 0.04)× 10−18

σf (cm2/fission) (5.92± 0.14)× 10−43

Data / Prediction
R (Huber+Mueller) 0.946± 0.022

R (ILL+Vogel) 0.991± 0.023
235U : 238U : 239Pu : 241Pu 0.586 : 0.076 : 0.288 : 0.050

new average is Rg = 0.943 ± 0.008 (exp.) ± 0.025 (model).
The results of the global fit are shown in the bottom panel of
Fig. 1.

Extending the study from the integrated flux to the en-
ergy spectrum, the measured prompt-energy spectra of the
three near-site ADs were combined after background subtrac-
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as a dotted gray line) with its 1σ systematic uncertainty (gray band).
The rate predicted with the Huber+Mueller (ILL+Vogel) model and
its uncertainty are shown in blue (orange). Bottom: The measured
reactor ν̄e rate as a function of the distance from the reactor, nor-
malized to the theoretical prediction with the Huber+Mueller model.
The rate is corrected for 3-flavor neutrino oscillations at each base-
line. The blue shaded region represents the global average and its 1σ
uncertainty. The 2.7% model uncertainty is shown as a band around
unity. Measurements at the same baseline are combined for clarity.
The Daya Bay measurement is shown at the flux-weighted baseline
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R = 0.946 ± 0.022 

R = 0.942 ± 0.009 (exp) 
Previous average 

Daya Bay 

Daya Bay, PRL 061801 (2016) [1508.04233]
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Understanding of  reactor spectrum is incomplete  
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Observation of new reactor # component at 5 MeV!

Double-CHOOZ 

RENO  Daya Bay 

Bump/shoulder at 5 MeV observed in all the three experiments  

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

Found both a near & far sites: not imputable to new osc. physics 

1/12/2017 Antonio Palazzo, UNIBA & INFN 

Anatael Cabrera (CNRS-IN2P3 & APC)

θ13 R+S fit result…  59

FD-IND FD-II

sin2(2θ13)R+S=(0.119±0.016) with χ2 / ndf: 236.2 / 114
(marginalised over Δm2=(2.44±0.09)eV2 — Parke et al. arXiv:1601.07464)

3x SD-fits (MC) ⊕ MD-fit (inter-detector correlations)

ND
FD-I FD-II

~40k IBDs~40k IBDs~200k IBDs
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3) NEOS: scent of  sterile neutrinos?  

NEOS arXiv:1610:05134

1/12/2017 Antonio Palazzo, UNIBA & INFN 13 

Hanbit Nuclear Power 
Complex, Korea 

Daya-Bay absolute  
spectrum used as 
a normalization 

NEOS
[arXiv:1610.05134]
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⋅  ⋅

� Hanbit Nuclear Power Complex in
Yeong-gwang, Korea.

� Thermal power of 2.8 GW.

� Detector: a ton of Gd-loaded
liquid scintillator in a gallery
approximately 24 m from the
reactor core.

� The measured antineutrino event
rate is 1976 per day with a signal
to background ratio of about 22.

C. Giunti − SBL Neutrino Anomalies − IFIC − 7 March 2017 − 16/55

Detector: 1 ton  
Gd-loaded liquid 
scintillator 24 m from 
the reactor core 

Oscillating pattern 
visible after normalization  



Two different perspectives 

NEOS, arXiv:1610:05134 Gariazzo et al.,  arXiv: 1703.00860 

negative view 

Best fit:  Δm2  = 1.73 eV    sin2 2θ = 0.05   
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positive view 

Raster Scan [NEOS, arXiv:1610.05134]

Best Fits:
∆m2

41 = 1.7 eV2 sin2 2θ14 = 0.05
∆m2

41 = 1.3 eV2 sin2 2θ14 = 0.04
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≈ 2.1σ anomaly

C. Giunti − SBL Neutrino Anomalies − IFIC − 7 March 2017 − 17/55

4

for the NEOS data and the ones for Daya Bay are taken into
account and small corrections are made using the H-M flux
model as instructed in Ref. [31].

The excess around 5 MeV versus S3ν
hmv is clearly seen, as

shown in Figs. 3(a) and (b), for the first time at this short base-
line whereas previous short baseline measurements [10, 32]
did not show a clear excess. The excess does not completely
disappear even when the data are divided by S3ν

dyb, as shown
in Fig. 3(c). This can be explained as that the excess can be
contributed differently from each fission element [33]. It is,
however, difficult to conclude with the current level of un-
certainties. Another large discrepancy other than the 5 MeV
excess for the S3ν

hmv case is found at the lowest energy range.
The disagreement is as large as 8% at 1 MeV and drops rapidly
as energy increases. For the incident antineutrino flux below
2 MeV and above 8 MeV, where tabulated data do not exist,
we used the exponential functions in Refs. [11, 33] for extrap-
olation. For the comparison with Sdyb, the fluctuation shown
in the lowest energy range is mainly due to convolution of the
spectrum from the original one with large neutrino energy bin
sizes to one with finer prompt energy bin sizes for this work.
Other small fluctuations at several energies also seem to have
some small structures which are common for both reference
spectra but, regarding the uncertainties, are not so significant.

Following systematic uncertainties are taken into account.
Errors in the reference antineutrino spectra are the main con-
tributors to the total uncertainties. The 0.5% uncertainty in
the reconstructed energy scale is another large contributor to
the total uncertainty. Other sources of uncertainty, such as the
inaccuracy of the effective baseline, fuel related uncertainties
from burn-up and fission fractions, spill-in from inactive vol-
umes, events generated by antineutrinos from neighbor reac-
tors, and other detector-related uncertainties have negligible
effects on the spectral shape.

Probing an oscillation in a spectrum measured with a sin-
gle detector at one fixed distance from the reactor core de-
pends on the accuracy and precision of the reference spec-
trum. Among the available references, the flux calculation by
Huber and Mueller provides tabulated uncertainties with their
correlations between the neutrino energy bins and isotopes
and, even though their uncertainties are underestimated [18],
their spectral shapes (not their absolute rates) are generally
in good agreement with existing experimental results except
for the region of the 5 MeV excess. A recent high-resolution
ab initio calculation by Dwyer et al. [17] better describes the
observed 5 MeV excess, but its large uncertainties and their
correlations, which are yet to be exactly quantified, make a
comparison with our data impractical. Experimentally, only
the Daya Bay unfolded spectrum [31] is based on a direct
measurement and, therefore, the uncertainties in antineutrino
spectrum are relatively small. The correlation of uncertainties
among the energy bins can be dealt with the provided covari-
ance matrix.

In the present work, the measured prompt energy spectrum
is compared with Sdyb for testing the oscillation. A χ2 is con-
structed with 61 data points in 1-10 MeV prompt energy spec-

trum and a covariance matrix Vij that accounts for correlations
between uncertainties:

χ2 =
N�

i=1

N�

j=1

(Mi−
ton

toff
Bi−Ti)V

−1
ij (Mj−

ton

toff
Bj−Tj) , (3)

where M (B) is the number of measured IBD candidate events
accumulated during the reactor-on (-off) period, T is the pre-
diction from a reference spectrum that accounts for oscillation
parameters, and the subscripts i and j denote the prompt en-
ergy bin. To construct Vij , the elements for the errors in refer-
ence antineutrino spectrum are calculated from the matrix in
Table 13 of Ref. [31], by convolving them with the detector
response shown in the inset of Fig. 3(a). Then the other el-
ements from statistical and detector systematic uncertainties
are added.

The χ2 values are calculated on a fine grid in the sensi-
tive ∆m2

41 range from 0.06 eV2 to 6 eV2. The χ2 value
with the 3-ν hypothesis is χ2

3ν/NDF = 64.0/61, where NDF
denotes the number of degrees of freedom. The minimum
χ2 value with the 3+1 hypothesis, χ2

4ν/NDF = 57.5/59 is
obtained at (sin2 2θ14, ∆m2

41) = (0.05, 1.73 eV2), and the
second minimum at (0.04, 1.30 eV2) has similar χ2 value
to the first one. The corresponding χ2 difference between
the 3-ν hypothesis and the best fit for the 3+1 hypothesis,
∆χ2 = χ2

3ν − χ2
4ν = 6.5, shows no significant favor for

the 3+1 hypothesis. As a result, no apparent parameter set of

14θ22sin
2−10 1−10 1

]2
 [e

V
412

m
Δ

1−10

1

RAA allowed
90% CL
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Bugey-3 90% CL

sDaya Bay 90% CL

FIG. 4. Exclusion curves for 3+1 neutrino oscillations in the
sin2 2θ14−∆m2

41 parameter space. The solid-blue curve is 90% CL
exclusion contours based on the comparison with the Daya Bay spec-
trum, the dashed-gray curve is the Bugey-3 90% CL result [10]. The
dotted curve shows the Daya Bay 90% CLs result [34]. The shaded
area is the allowed region from the reactor antineutrino anomaly fit
and the star is its optimum point [12].

χ2
no osc − χ2

min = 6.5 > 95% CL indication! 
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A thorn in the side of  sterile neutrinos …  
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stability. The Wilks confidence intervals [64] were vali-
dated using Feldman-Cousins ensembles along the con-
tour [39] and found to be accurate frequentist confidence
intervals.

An independent search was conducted using the 59-
string IceCube data [65, 66], introduced previously, that
also finds no evidence of sterile neutrinos. The IC59
analysis, described in detail in [17], used different treat-
ments for the systematic uncertainties, for the fitting
methods and employed independent Monte Carlo sam-
ples that were compared to data using unique weighting
methods. In particular, the event selection used for this
data set had higher efficiency for low-energy neutrinos,
using a threshold at 320 GeV, extending the sensitivity
of the analysis to smaller ∆m2. However, detailed a pos-
teriori inspections revealed that a background contam-
ination from cosmic ray induced muons, on the level of
0.3% of the full sample, is largest in this region and could
lead to an artificially strong exclusion limit. Further-
more, the energy reconstruction algorithm used in both
analyses, which measures the level of bremsstrahlung and
other stochastic light emission along the muon track, is
vulnerable to subtle detector modeling issues and suf-
fers degraded energy resolution in the low-energy region
where most muons are minimum-ionizing tracks and a
large fraction either start or stop within the detector. It
was therefore decided to exclude these events to avoid bi-
asing the resulting exclusion regions. As a result of this
a posteriori change, the IC59 analysis retains a compara-
ble range of sensitivity in ∆m2 but the reach in sin2θ24 is
strongly reduced (see Fig. 4). However, we still present
this result as it independently confirms the result pre-
sented here.

DISCUSSION AND CONCLUSION

Resonant oscillations due to matter effects would pro-
duce distinctive signatures of sterile neutrinos in the large
set of high energy atmospheric neutrino data recorded by
the IceCube Neutrino Observatory. The IceCube collab-
oration has performed searches for sterile neutrinos with
∆m2 between 0.1 and 10 eV2. We have assumed a mini-
mal set of flavor mixing parameters in which only θ24 is
non-zero.

A nonzero value for θ34 would change the shape of the
MSW resonance while increasing the total size of the dis-
appearance signal [25]. As discussed in [27], among the
allowed values of θ34 [8], the model with θ34=0 presented
here leads to the most conservative exclusion in θ24. The
angle θ14 is tightly constrained by electron neutrino dis-
appearance measurements [12], and nonzero values of θ14
within the allowed range do not strongly affect our result.

Figure 5 shows the current IceCube results at 90% and
99% confidence levels, with predicted sensitivities, com-
pared with 90% confidence level exclusions from previ-

FIG. 4. Results from IceCube sterile neutrino searches (re-
gions to the right of the contours are excluded). The dot-
dashed blue line shows the result of the original analysis based
on shape alone, while the solid red line shows the final result
with a normalization prior included to prevent degeneracies
between the no-steriles hypothesis and sterile neutrinos with
masses outside the range of sensitivity. The dashed black line
is the exclusion range derived from an independent analysis
of data from the 59-string IceCube configuration.

ous disappearance searches [7–10]. Our exclusion con-
tour is essentially contained within the expected +/- 95%
range around the projected sensitivity derived from sim-
ulated experiments, assuming a no-steriles hypothesis. In
any single realization of the experiment, deviations from
the mean sensitivity are expected due to statistical fluc-
tuations in the data and, to a considerably lesser ex-
tent, in the Monte Carlo data sets. Also shown is the
99% allowed region from a fit to the short baseline ap-
pearance experiments, including LSND and MiniBooNE,
from [12, 13, 25], projected with |Ue4|2 fixed to its world
best fit value according to global fit analyses [12, 13, 67].
This region is excluded at approximately the 99% con-
fidence level, further increasing tension with the short
baseline anomalies, and removing much of the remaining
parameter space of the 3+1 model. We note that the
methods developed for the IC59 and IC86 analyses are
being applied to additional data sets, including several
years of data already recorded by IceCube, from which
we anticipate improvements in IceCubes sterile neutrino
sensitivity.

We acknowledge the support from the following
agencies: U.S. National Science Foundation-Office of
Polar Programs, U.S. National Science Foundation-
Physics Division, University of Wisconsin Alumni Re-
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lines are excluded at their respective confidence levels.

Letter [40], we present a combination of this constraint
with those on θ14 from the Daya Bay [16] and Bugey [17]
reactor experiments to set a limit that is directly compa-
rable with the possible hints of sterile neutrinos seen by
the LSND and MiniBooNE experiments.
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Note Added.—A paper by the IceCube Collabora-
tion that sets limits using sterile-driven disappearance
of muon neutrinos has recently appeared [41]. The re-
sults place strong constraints on sin2 2θ24 for ∆m2

41 ∈
(0.1, 10) eV2. Furthermore, a paper that reanalyses the
same IceCube data in a model including nonstandard
neutrino interactions has also recently appeared [42].
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2

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

∆m2

k1 � ∆m2

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

in Eq. (2) we obtain

P (SBL)

(−)

να→
(−)

νβ

� δαβ − 4
N�

k=4

|Uαk|2
�
δαβ − |Uβk|2

�
sin2 ∆k1

+ 8
N�

k=4

N�

j=k+1

|UαjUβjUαkUβk| sin∆k1 sin∆j1

× cos(∆jk

(+)

− ηαβjk). (4)

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

sin2 2ϑ(k)
αα = 4|Uαk|2

�
1− |Uαk|2

�
� 4|Uαk|2, (5)

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

P (SBL)

(−)

να→
(−)

να

� 1−
N�

k=4

sin2 2ϑ(k)
αα sin2 ∆k1, (6)

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

parameterizes the disappearance of
(−)

να due to its mixing

with
(−)

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

(−)

να →(−)

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

sin
22ϑee

(4)

s
in

2
2

ϑ
µ

µ
(4

)

+

+

10−2 10−1
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10−1

3+1
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FIG. 2. Allowed regions in the sin2 2ϑ(4)
ee –sin2 2ϑ(4)

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

transition amplitudes

sin2 2ϑ(k)
αβ = 4|Uαk|2|Uβk|2, (7)

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

P (SBL)

(−)

να→
(−)

νβ

�
N�

k=4

sin2 2ϑ(k)
αβ sin2 ∆k1

+ 2
N�

k=4

N�

j=k+1

sin 2ϑ(k)
αβ sin 2ϑ(j)

αβ sin∆k1 sin∆j1

× cos(∆jk

(+)

− ηαβjk). (8)

From the first line one can see that each effective mixing

angle ϑ(k)
αβ parameterizes the amount of

(−)

να →(−)

νβ transi-

tions due to the mixing of
(−)

να and
(−)

νβ with
(−)

νk. The second

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

νk and
(−)

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

An “undecidable” problem 
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Another Analysis of SBL + IceCube
[Collin, Arguelles, Conrad, Shaevitz, PRL 117 (2016) 221801 (arXiv:1607.00011)]

SBL SBL + IceCube

→

Red: 90% CL Blue: 99% CL
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Figure 9. Allowed regions in the sin2 2ϑeµ–∆m2
41 (a), sin2 2ϑee–∆m2

41 (b), and sin2 2ϑµµ–∆m2
41

(c), planes obtained in the 3+1 global fit “Glo16B” of all 2016 SBL data. There is a comparison with
the 3σ allowed regions obtained from

(−)

νµ →(−)

νe SBL appearance data (App) and the 3σ constraints
obtained from

(−)

νe SBL disappearance data (νe Dis),
(−)

νµ SBL disappearance data (νµ Dis) and the
combined

(−)

νe and
(−)

νµ SBL disappearance data (Dis). The best-fit points of the Glo16B and App fits
are indicated by crosses.
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Figure 10. Comparison of (a) the 3σ allowed regions in the sin2 2ϑeµ–∆m2
41 plane and (b) the

2σ allowed regions in the |Uτ4|2–∆m2
41 plane obtained by adding to the data set of the Glo16A fit

the MINOS and IceCube data separately and together, and by adding also the NEOS data.

– 35 –

Collin et al. PRL 117 (2016) Gariazzo et al. 1703.00860

Similar best fit points around Δm2 ~ 1.7 eV2 

If  one accepts to live with the tension 



Impact of  the latest measurements 
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NEOS selects a subregion of  the region allowed by 
all the other data : very intriguing! 
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A lower best fit implies that detection/exclusion 
           may be more difficult than expected  
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Figure 2: Oscillometry: waves in the reconstructed 2D spectrum for m2
14 = 2eV 2 and

sin2(2θ14) = 0.15.

3.1 Calorimetric measurement

In case of rate analysis, it is fundamental to have a precise measurement (uncertainties below
1%) of the source activity. In order to infer the source activity, the heat released by the source
is measured by two calorimeters (INFN-TUM and CEA). Both the calorimeters have been
conceived to measure the source activity with high precision by knowing the power released
by the radiation in the tungsten shield and absorbed by a water flow. In the INFN-TUM
calorimeter, the water flows inside a copper heat exchanger in contact with the tungsten shield
[8], while in the CEA calorimeter, the source with the tungsten is directly immersed in the
water contained in the calorimeter apparatus. In both systems, neglecting the heat losses (that
are measured by a calibration apparatus), the power is measured from the difference between
the water temperature entering and exiting from the calorimeter and from the water mass flow.

4 Monte Carlo simulation code and the physics modelling
the detector response

In order to properly take into account efficiencies and signal properties, for both the rate and
shape analyses, a deep understanding of the detector behavior is necessary. Consequently, a
full Monte Carlo simulation code has been developed.

Particles depositing energy in the scintillator produce light (both scintillation and Cherenkov

Magellan Workshop 2016 5

MONTE CARLO SIMULATIONS IN NEUTRINO PHYSICS: THE EXAMPLE OF THE SOX . . .

Magellan Workshop 2016 109

Figure 3: Neutrino anomaly region and foreseen sensitivity for SOX.

effect) which propagates inside the detector and it is detected by the 2212 PMTs. For each
event, it is important to relate measurable quantities (the number of photons measured and
the charge collected by each PMT, the time of arrival of each photon) with physical properties
of the event(energy, position, particle identification). Consequently, a precise knowledge of the
detector response for different particle types and energies is important for properly connecting
measurable and physical quantities. The method of evaluation of the detector response function
is based on a Monte Carlo simulation. This code is able to predict the shapes of the signal and
the background both for SOX and solar neutrino analysis. The simulation takes into account
all the processes that can influence the energy deposits inside the detector. The scintillation
and Cherenkov light emission, the light propagation and detection processes are fully simulated.
Moreover the read-out electronics is simulated as well. The Monte Carlo simulation output is a
raw data file with the same format of the real data raw file, allowing an identical data processing.
The simulation of the whole detector, from the energy deposit up to the detection of light is
simulated using the standard GEANT4 [9] package. The simulation of the readout electronics
is performed with a custom c++ code. In view of the Borexino phase II solar neutrino analysis
and the SOX measurement, the Monte Carlo code has been extended. Particular attention
have been devoted in developing generators for sterile neutrino signal as well as in improving
the reliability of the light collection and the detector’s response for events far away from the
center. The code has been widely used for solar neutrino analysis and has been tested and
validated deploying calibration sources inside the active volume and comparing the simulation

6 Magellan Workshop 2016

ALESSIO CAMINATA et al.

110 Magellan Workshop 2016

3+1 best fit 
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The SBL race for the light sterile neutrino 

Gariazzo et al., arXiv: 1703.00860

Opportunity and challenge for LBL experiments… 

But sterile neutrinos are not just a SBL affair 
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The Race for νe and ν̄e Disappearance
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CeSOX (Gran Sasso, Italy) 144Ce → ν̄e
BOREXINO: L � 5-12m [Vivier@TAUP2015]

BEST (Baksan, Russia) 51Cr → νe
L � 5-12m [PRD 93 (2016) 073002]

IsoDAR@KamLAND (Kamioka, Japan)
8Li → ν̄e L � 16m [arXiv:1511.05130]

IsoDAR@C-ADS (Guangdong, China)
8Li → ν̄e L � 15m [JHEP 1601 (2016) 004]

DANSS (Kalinin, Russia) L � 10-12m [arXiv:1606.02896]

Neutrino-4 (RIAR, Russia) L � 6-11m [JETP 121 (2015) 578]

PROSPECT (ORNL, USA) L � 7-12m [arXiv:1512.02202]

SoLid (SCK-CEN, Belgium) L � 5-8m [arXiv:1510.07835]

STEREO (ILL, France) L � 8-12m [arXiv:1602.00568]

KATRIN (Karlsruhe, Germany) 3H → ν̄e [Drexlin@NOW2016]
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At SBL atm/sol oscillations are negligible 

∆13 � 0
∆12 � 0L

E
∼ m

MeV

Impossible to observe phenomena of  interference 
between the new frequency (Δ14 ~ 1) and atm/sol ones 

This is relevant because we need to observe 
 such phenomena in order to measure the  

new CP-phases induced by sterile neutrinos 

An intrinsic limitation of  SBL 
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Imprints of CP violation induced by sterile neutrinos in T2K data

N. Klop* and A. Palazzo
Max-Planck-Institut für Physik (Werner Heisenberg Institut), Föhringer Ring 6, 80805 München, Germany

(Received 9 February 2015; published 29 April 2015)

We investigate the impact of light (∼ eV) sterile neutrinos in the long-baseline experiment T2K. We
show that, within the 3þ 1 scheme, for mass-mixing parameters suggested by the short-baseline
anomalies, the interference among the sterile and the atmospheric oscillation frequencies induces a
new term in the νμ → νe transition probability, which has the same order of magnitude of the standard
3-flavor solar-atmospheric interference term. We show, for the first time, that current T2K data, taken
together with the results of the θ13-dedicated reactor experiments, are sensitive to two of the three
CP-violating phases involved in the 3þ 1 scheme. Both the standard CP phase and the new one (δ13 ≡ δ
and δ14 in our parameterization choice) tend to have a common best-fit value δ13 ≃ δ14 ≃−π=2. Quite
intriguingly, the inclusion of sterile neutrino effects leads to better agreement between the two estimates of
θ13 obtained, respectively, from reactors and T2K, which in the 3-flavor framework are slightly different.

DOI: 10.1103/PhysRevD.91.073017 PACS numbers: 14.60.Pq, 14.60.St

I. INTRODUCTION

Neutrino physics is entering a new era. The discovery of
a relatively large value of the long-sought third mixing
angle θ13 has raised hopes of completing the picture of the
standard 3-flavor framework. The determination of the two
missing unknown properties, i.e., the amount (if any) of
leptonic CP-violation (CPV) and the neutrino mass hier-
archy are now realistic targets.
Leptonic CPV is a genuine 3-flavor phenomenon [1],

which can occur only if no pair of neutrino mass eigenstates
is degenerate (m2

i −m2
j ≠ 0 for i ≠ j; i; j ¼ 1; 2; 3) and if all

the three mixing angles (θ12; θ23; θ13) are nonzero. Now that
all these (six) necessary conditions are known to be realized
in nature, the next task is to ascertain if a further (last)
condition is fulfilled, i.e., if the lepton mixing matrix is
nonreal, or, equivalently, if theCP phase δ is different from 0
and π. The CP phase δ is already being probed by the long-
baseline (LBL) accelerator experiment T2K [2] (and also by
MINOS [3] with less statistical power) in combination with
the reactor θ13-dedicated experiments [4–7], which “fix” θ13
independently of δ. Some (weaker) information on such a
fundamental phase is also provided by atmospheric neutrinos
[8]. Quite intriguingly, all the latest global analyses [9–11]
show a weak indication (close to the 90% C.L.) of CPV, the
best-fit value of the CP phase being δ ∼ −π=2.
An apparently unrelated issue in present-day neutrino

physics is provided by the hints of light (∼eV) sterile
species suggested by the short-baseline (SBL) anomalies
(see [12–14] for reviews). In the presence of sterile
neutrinos, the 3-flavor scheme must be enlarged so as to
include one (or more) mass eigenstates having nonzero
admixture with the active flavors. In such more general

frameworks, new CP phases automatically appear and,
thus, the question naturally arises as to whether the current
and planned LBL experiments, designed to underpin the
standard CP phase δ, also have some chance to detect the
new potential sources of CPV.1

In this work we show, for the first time, that the existing
measurements of νμ → νe appearance performed by the
LBL experiment T2K, taken in combination with those of
ν̄e → ν̄e disappearance deriving from the θ13-dedicated
reactor experiments, are already able to provide informa-
tion on the nonstandard sterile-induced CP phases. In fact,
differently from the SBL experiments, in LBL setups the
oscillations induced by the new sterile neutrino species
can interfere with those driven by the two standard squared-
mass splittings, giving rise to observable effects. In
particular, it turns out that the interference among the
sterile and the atmospheric oscillation frequencies induces
a new term in the νμ → νe transition probability, which has
the same order of magnitude of the standard 3-flavor solar-
atmospheric interference term.
Working within the simple 3þ 1 scheme, we show that,

for mass-mixing parameters suggested by the current SBL
fits [13,14], it is possible to extract quantitative information
on two of the three CP phases involved in the model (one
of them being the standard phase δ). Quite intriguingly, the
statistical significance of the information obtained on the
new CP phase is similar to that achieved for the standard
phase δ. In addition, our analysis evidences that the
presence of 4-flavor effects tends to resolve the slight
tension (present within the 3-flavor framework) between
the two estimates of θ13 extracted, respectively, from T2K
and from reactor experiments.

*Present address: GRAPPA Institute, University of Amsterdam,
Science Park 904, 1098 XH Amsterdam, Netherlands.

1Previous work on the effects of light sterile neutrinos in LBL
setups can be found in [15–24].
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Mixing Matrix in the 3+1 scheme  

U = R34 R24 R14 R23 R13 R12 
∼ 

In general, we have additional sources of  CPV 

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

transformations:

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

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

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

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

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

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

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

U = UDDM
(68)

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

is a diagonal unitary matrix

with two independent phases:

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

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

matrix elements in the Majorana case are written as

Uαk = UD
αke

iλk . (70)

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

becomes

U∗
αkUβkUαjU

∗
βj = UD∗

αk e
−iλkUD

βke
iλkUD

αje
iλjUD∗

βj e
−iλj = UD∗

αk U
D
βkU

D
αjU

D∗
βj . (71)

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

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

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

them as different cases anymore.

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

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

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

Rij =

�
cij sij
−sij cij

�
, R̃ij =

�
cij s̃ij
−s̃∗ij cij

�
(72)

sij = sin θij s̃ij = sije
−iδij

cij = cos θij

For mixing matrices with higher dimensions, the matrices Rjk
can be constructed from:
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(a) The results from T2K. The figure is taken from
[65]. (b) Our reproduction of the T2K results.

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

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

−0.033

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

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

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

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

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

In order to interpret the impact of matter effects, the results of the analysis obtained
in the vacuum case are shown in figure 20.
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PATM leading à θ13 > 0 

LBL transition probability in 3-flavor  

NH 

IH 

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

vacuum

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

2
31| � |∆m

2
21| and that |Ue3| is small.

In the calculation, the following definitions are used:

∆ =
∆m

2
31L

4E
, α =

∆m
2
21

∆m
2
31

. (146)

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

∆m
2
32 = ∆m

2
31 −∆m

2
21. (147)

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

sin∆α � ∆α. (148)

The following goniometric identities are used:

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

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

cos 2a = 1− 2 sin2
a (149c)

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

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

,αs13, s
2
13} remain.

We calculate the probability in multiple steps using

P
LBL

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

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

with the following effects:

∆m
2
31 → −∆m

2
31

∆ → −∆

α → −α (159)

α∆ → α∆ (unchanged).

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

P
3ν
νµ→νe

= P
ATM + P

SOL + P
INT

, (160)

where

P
ATM = 4s223s

2
13 sin

2 ∆

P
SOL = 4c212c

2
23s

2
12(α∆)2 (161)

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

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

INT is taken at his maximal value by fixing
δCP such that cos(∆+ δCP ) = 1.
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2
31 changes sign,

with the following effects:

∆m
2
31 → −∆m

2
31

∆ → −∆

α → −α (159)

α∆ → α∆ (unchanged).

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

P
3ν
νµ→νe

= P
ATM + P

SOL + P
INT

, (160)

where

P
ATM = 4s223s

2
13 sin

2 ∆

P
SOL = 4c212c

2
23s

2
12(α∆)2 (161)

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

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

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

Δ ∼ π/2 	


α ∼ 0.03 	


Matter effects break  
NH-IH degeneracy  

PSOL negligible 

PINT subleading à dependency on δ	


sin 2θ13 

Pµe 

ATM 
INT 
SOL 

  best θ13 
 estimate 

E = 0.6 GeV 
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ACP
αβ = −16J12

αβ sin∆21 sin∆13 sin∆32

∆ ≡ ∆13 � ∆23 � 1

ACP
αβ �= 0

CPV and averaged oscillations 

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

(relevant for the 4ν case)  

It can be:  (if  sin δ = 0)  / 

{

if  

osc. averaged out by finite E resol. 
→ �sin2 ∆� = 1/2

ACP
αβ ≡ P (να → νβ)− P (ν̄α → ν̄β)
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- Δ14 >> 1 : fast oscillations are averaged out    

- But interference of  Δ14 & Δ13 survives and is observable    

s13 ~ s14 ~ s24 ~ 0.15 ~ ε    

  

P 4ν
µe � PATM + P INT

I + P INT
II

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

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

∼ ε2	


∼ ε3	


∼ ε3	

{

α = δm2/Δm2  ~ 0.03 ~ ε2    

  Sensitivity to the new CP-phase δ14   

PATM � 4s223s
2
13 sin

2 ∆

_ 

_ _ _ 

_ 
_ 
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A new interference term in the 3+1 scheme 
N. Klop & A.P., PRD (2015)



sin2 2θµe = 4|Ue4|2|Uµ4|2

|P  |INT 

PSTR 

I 

II  

|P   |INT 

Psol 
III 

sin 2θµe 

PATM 

|P |INT 

SBL T2K 
θ13 = 9o   
E = 0.6 GeV 

3ν limit 

  

Amplitude of  the new interference term 

Pµe 
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Numerical examples of  4ν probability 

Different line styles 
⇔  

  Different values of  δ14 

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

10

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

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

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

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

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

P 4ν
µe " (1 − s214 − s224)P̄

3ν
µe (38)

− 2s14s24Re(e
−iδ14 S̄eeS̄

∗
eµ)

+ s214s
2
24(1 + P̄ 3ν

ee ) .

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

S̄ee " 1−O(ε2) . (39)

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

S̄eµ " Asm13 sin∆
m +B(α∆) , (40)

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

A = −2 i s23e
−i(∆+δ13) , (41)

B = −2 i c23s12c12 , (42)

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

(s13,∆) in matter

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

∆m " (1− v)∆ , (44)

with v = VCC/|k13| " 0.05. Making use of Eqs. (39)-
(44) in the expression of the transition probability in
Eq. (38), in the limit case v = 0 we recover, in an al-
ternative way, the fourth-order expansion of the vacuum
formula in Eq. (13) presented in Sec. II. For v $= 0, one
sees that the structure of the transition probability re-
mains the same as in vacuum, containing six terms of
which three are of the interference type. The only im-
pact of matter effects (at least for the T2K setup) is to
break the degeneracy between NH and IH, exactly as it
occurs in the 3-flavor case, because of the shifts s13 → sm13
and ∆ → ∆m in Eqs. (43),(44).
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The modifications induced by δ14 are almost as large  
as those induced by the standard CP-phase δ13 
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LBL constraints change in the 3+1 scheme 

- The level of  (dis-)agreement of  LBL & Rea. depends on δ14  

- In this analysis θ14 and θ24 are fixed at the SBL best fit values   

- These results call for a more refined analysis … 

3ν: T2K + NOνA (IH) 

4ν	
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Constraints on the new parameters [θ14,θ24,δ14] 

   

- [θ14, θ24] determined by SBL experiments   

- δ14 constrained by LBL experiments	

    

1/12/2017 Antonio Palazzo, UNIBA & INFN 

SBL (all available data)  
 
(Icecube and NEOS not  
included in this analysis) 

(Neutrino 2016 data)  

SBL + LBL 

35 

LBL ≡ T2K + NOνA 
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FIG. 1: Regions allowed by the combination of the SBL and
LBL data (T2K and NOνA) together with the θ13-sensitive
reactor results for the NH case. The left-bottom panel re-
ports the projection on the plane of the two mixing angles
(θ14, θ24). The other two panels display the constraints in
the plane formed by each one of these two mixing angles and
the new CP-phase δ14. The confidence levels correspond to
68%, 90% and 95% for 2 d.o.f (∆χ2 = 2.3, 4.6, 6.0), and the
best-fit points are marked with a red point.

VI. NUMERICAL RESULTS

A. Constraints on the new mixing angles (θ14, θ24)
and the new CP-phase δ14

Figure 1 and 2 represent the bidimensional projections
of the ∆χ2 for normal hierarchy (NH) and inverted hier-
archy (IH) in the planes [sin2 θ14, δ14], [sin

2
θ14, sin

2
θ24]

and [δ14, sin
2
θ24] for the top left, bottom left and bot-

tom right panels respectively. The three contours are
drawn for ∆χ2 = 2.3, 4.6, 6.0, corresponding to 68%,
90% and 95% for 2 d.o.f. The allowed regions in the
[sin2 θ14, sin

2
θ24] plane are almost the same of those (not

shown) that we obtain from the fit of the SBL data taken
alone. This finding can be understood by observing that
the SBL experiments currently dominate over the LBL
ones in the determination of the two new mixing an-
gles. We find that the overall goodness of fit is satis-
factory (GoF = 24%), while the parameter goodness of
fit (see [76] for its definition), which measures the statis-
tical compatibility between the (discordant) appearance
and disappearance data sets, is lower (GoF = 7%). This
implies that even if the closed contours presented for the
two new mixing angles θ14 and θ24 exclude zero with high
significance (more than six standard deviations), one can-
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FIG. 2: Regions allowed by the combination of the SBL and
LBL data (T2K and NOνA) together with the θ13-sensitive
reactor results for the IH case. The left-bottom panel re-
ports the projection on the plane of the two mixing angles
(θ14, θ24). The other two panels display the constraints in
the plane formed by each one of these two mixing angles and
the new CP-phase δ14. The confidence levels correspond to
68%, 90% and 95% for 2 d.o.f (∆χ2 = 2.3, 4.6, 6.0), and the
best-fit points are marked with a red point.

not naively interpret this circumstance as an evidence
for sterile neutrinos. In addition, we mention that light
sterile neutrinos, unless dressed with new properties, are
in strong tension with cosmological data (see for exam-
ple [77–81]).

The preferred values of sin2 θ14 and sin2 θ24 lie in
the range [0.01-0.03], which means that the new mix-
ing angles θ14 and θ24 are of the same order of magni-
tude of the standard mixing angle θ13 (we recall that
sin2 θ13 � 0.025). A quick estimate of the amplitude of
the new interference term in Eq. (9) reveals that its size
is similar to that of the standard interference term in
Eq. (8). Therefore, it is quite natural to expect that the
LBL data will posses some sensitivity to the new CP-
phase δ14. This qualitative conclusion is validated by
our numerical results displayed in the top left and bot-
tom right panels of Figs. 1 and 2. It is important to
observe that the input from the SBL experiments is es-
sential for the extraction of the information on δ14 from
the LBL setups, since these last ones have a very scarce
sensitivity to θ14 and θ24, and therefore are unable to
constrain the amplitude of the new interference term in
Eq. (9). In addition, we underline that also the precise
determination of θ13 attained independently by the reac-
tor experiments Daya Bay and RENO, plays a relevant

90, 95, 99% C.L. 2 dof  



Constraints on the two CP-phases 

   

- δ13 is more constrained than δ14   

- Best fit values: δ13     δ14     -π/2  ~ 
- This information cannot be extracted from SBL alone !    
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FIG. 3: Regions allowed by the combination of the SBL and
LBL data (T2K and NOνA) together with the θ13-sensitive
reactor results for NH (left panel) and IH (right panel) in
the plane spanned by the two CP phases δ13 and δ14. The
confidence levels are the same ones used in Fig. 1.

role in constraining the new CP-phase δ14, because it
helps to constrain the magnitude of the leading term in
Eq. (7) (proportional to s213) and the amplitude of the
two standard interference terms (which are both propor-
tional to s13). A comparison of our results with those
presented in [1, 2] shows that the 68% and 90% bounds
on δ14 are slightly weaker, despite the improved statis-
tics accumulated in the LBL data. This is due to having
taken into account the uncertainty on θ14 and θ24, which
in [1, 2] were both fixed to sin2 θ14 = sin2 θ24 = 0.025.

B. Correlation between the two CP-phases
δ13 and δ14

Figure 3 shows the constraints in the plane of the two
CP-phases [δ14, δ13] for NH (IH) left panel (right panel).
Also in this figure, the regions are obtained combining
the SBL data, the LBL results from NOνA and T2K,
and the data from Daya-Bay and RENO. In both mass
hierarchies the CP-conserving cases δ13 = 0,π are disfa-
vored at ∆χ2 � 2.7. The best fit value δ13 � −π/2, is
basically the same obtained in the 3-flavor case (see the
analyses [3–6]). This preference comes from the observa-
tion of an excess (deficit) of νe (ν̄e) events with respect
to the expectations for the appearance channel νµ → νe

(ν̄µ → ν̄e), when assuming a value of θ13 equal to the best
fit point of reactor experiments. In fact, Eq. (8) shows
that, around the first oscillation maximum (∆ = π/2),
the standard interference term is proportional to sin δ13.2

This implies that this term is maximized (minimized) for
neutrinos (antineutrinos) for δ13 = −π/2 in agreement
with the observed pattern. Our numerical analysis in the
3+1 scheme reveals that the presence of the new inter-

2
We recall that the when passing from neutrino to antineutrino

probability one has to invert the sign of all the CP-phases.

ference terms does not spoil this picture. This behavior
can be explained by observing that at the first oscillation
maximum (∆ = π/2) the new interference term is pro-
portional to cos(δ13 − δ14), and therefore (in contrast to
the standard term) its sign is the same for neutrinos and
antineutrinos. We observe that for δ13 � δ14 � −π/2,
the new interference term assumes its maximal positive
value (for both neutrinos and antineutrinos). In the fit
the neutrino dataset dominates over the (lower statistics)
antineutrino data set and, as a consequence, the excess
of νe’s wins over the deficit of ν̄e’s, driving the new CP-
phase to a best fit value close to δ14 � −π/2. Finally,
we note that the constraints on the new CP-phase δ14

are very weak. This is imputable to the smaller ampli-
tude of the new interference term when compared to the
standard interference term.

C. Impact of sterile neutrinos on the standard
neutrino properties

In the previous subsections we have focused our dis-
cussion on the new parameters of the 3+1 scheme and
to the correlation among the two CP-phases. However,
it is of interest to see what happens to the estimates of
the standard parameters, which were marginalized in the
figures shown until now. In particular, it seems of par-
ticular interest to assess the robustness/fragility of the
estimate of the CP-phase δ ≡ δ13, the mass hierarchy
and the mixing angle θ23, which all are at the center of
current investigations.
Figure 4 displays the regions allowed in the plane

[sin2 2θ13, δ13] by the joint analysis of all the SBL exper-
iments and the two LBL experiments T2K and NOνA.
The two upper panels correspond to the 3-flavor frame-
work,3 while the two lower ones are obtained in the 4-
flavor scheme. The two left (right) panels refer to NH
(IH). The interval of θ13 identified by the reactor ex-
periments at 68% C.L. (represented by the green vertical
band) is displayed for the sake of comparison. In all cases
∆m2

32 and the mixing angle θ23 are marginalized away.
In addition, in the 4-flavor case, we marginalize over the
two mixing angles (θ14, θ24) and the CP-phase δ14. The
contours represented in the plots correspond to the same

3
It should be noted that at the SBL experiments the 3-flavor

effects are completely negligible. Consequently, one can adopt

two different approaches when considering the 3-flavor scheme:

i) include the SBL data in the fit, ii) exclude them from the fit.

What changes between the two approaches is only the value of

the absolute minimum of the χ2
. Following the first option, one

obtains a much higher value than following the second one. This

just corresponds to the fact that in the 3+1 scheme the goodness

of fit increases, because the sterile oscillations are able to fit

the SBL data. However, when one is interested in parameter

estimation, only the expansion of the χ2
around its absolute

minimum matters and the choice of including or not including

the SBL data in the fit is irrelevant.



Impact on the standard parameters [θ13,δ13] 

   

- Allowed range for θ13 from LBL alone gets enlarged   

- Values preferred for δ13≡δ basically unaltered	


- Mismatch (in IH) of  LBL and Reactors decreases in 3+1    
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FIG. 4: Regions allowed in the plane [sin2 2θ13, δ13] by the
joint analysis of all the SBL experiments and the LBL experi-
ments (T2K and NOνA). The interval of θ13 identified by the
reactor experiments (green vertical band) is displayed for the
sake of comparison. The left (right) panels represent the NH
(IH) case. The upper (lower) panels refer to the 3-flavor (4-
flavor) scheme. The confidence levels are the same reported
in Fig. 1.

confidence levels reported in the previous plots. The com-
parison of the 3-flavor and 4-flavor allowed regions shows
the following features: i) the range allowed by LBL alone
for θ13 is appreciably larger in the 4-flavor case. This is a
consequence of the presence of the new interference term,
which allows larger excursions of the transition probabil-
ity from its average value. However, one can understand
that, once the reactor data sensitive to θ13 (Daya Bay
and RENO) are included in the fit, θ13 is “fixed” with
high precision in both 3-flavor and 4-flavor schemes; ii)
the constraints on the CP-phase δ13 are basically identi-
cal in the two schemes. In both cases there is a preference
(rejection) of values of sin δ13 < 0 (sin δ13 > 0). We have
already discussed this point in the description of Fig. 3
concerning the correlation on the two CP-phases; iii) in
both schemes the allowed regions, at low confidence lev-
els, present two lobes, which are more pronounced in the
3-flavor case. This feature is imputable to the swap of
the best fit value of θ23 among the two quasi-degenerate
non-maximal solutions, one in the lower octant (LO) and
the other one in the higher octant (HO). We will discuss
further this point when commenting Fig. 5.

Figure 4 also evidences appreciable differences between
the two cases of NH and IH, which can be traced to the
presence of the matter effects. As discussed in Sec. IV,
the matter potential tends to increase (decrease) the the-
oretically expected νe rate in the case of NH (IH). The
opposite is true for ν̄e’s but their weight in the analysis

is lower, so the neutrino data sets dominate. In addition,
as discussed in Sec. IV, the NOνA νe data are more sen-
sitive than the T2K νe data to the matter effects. More
specifically, the following differences among the two hier-
archies emerge, which are present both in the 3-flavor and
4-flavor schemes. The regions obtained for the case of IH
are shifted towards larger values of θ13 and are slightly
wider in the variable θ13 with respect to those obtained
in the NH case. In addition, in the IH case, the fit tends
to prefer (reject) values of sin δ13 < 0 (sin δ13 > 0) in a
more pronounced way.
After marginalizing over all parameters we can calcu-

late the ∆χ2(IH-NH) difference between normal and in-
verted hierarchy

∆χ
2(IH-NH) = χ

2

min(IH)− χ
2

min(NH) . (13)

For the 3-flavors (4-flavors) analysis of the LBL data
alone we obtain ∆χ2(IH-NH) � 1.0 (0.8). Therefore
this data are (still) not sensitive to the mass hierarchy.
The situation sensibly changes when the reactor experi-
ments sensitive to θ13 are included in the fit. In fact, the
combination of LBL and reactor provides a slight pref-
erence for NH: ∆χ2(IH-NH) � 2.0 (1.3) in the 3-flavor
(4-flavors) case. The reduced value obtained in the 3+1
framework is due to the inevitable widening of the pa-
rameter space in the presence of an additional neutrino.
The preference for the NH case can be understood com-
paring the allowed regions from T2K and NOνA with the
constraint on sin2 2θ13 from reactor experiments (vertical
green band in Fig. 4. One notes that there is a better
agreement for NH, whereas for IH the separation between
the two best fit points is at the level of about ∼ 1σ.
Let us now come to the estimate of the standard mix-

ing angle θ23. Recently, the disappearance analysis of
the NOνA collaboration [7] has reported a preference for
non-maximal θ23 at the level of 2.5σ. The latest 3-flavor
global fits [4, 5] have shown that this feature persists at
the level of about 2σ even when other datasets are in-
cluded in the analysis. Given the important role of the
atmospheric angle θ23 in the context of model building,
it seems opportune to assess the estimate of such a pa-
rameter in the enlarged 3+1 scheme.
We recall that, in the 3-flavor framework, the disap-

pearance channel is sensitive to possible deviations from
maximal mixing but it is blind to the octant of θ23.
This occurs because the νµ → νµ disappearance prob-
ability is proportional to sin2 2θ23. Therefore, if only the
disappearance channel data are included in the analy-
sis, the allowed ranges are symmetrical with respect to
sin2 θ23 = 0.5. This symmetry is broken when one consid-
ers also the appearance channel. This happens because
the νµ → νe transition probability is octant sensitive
since its leading term depends on sin2 θ23. In the 4-flavor
scheme, the disappearance probability remains basically
unaltered, so one expects that the sensitivity to poten-
tial deviations from maximal mixing remains unaltered.
In contrast, the appearance probability is profoundly af-
fected by the new interference term, which, as recently

3ν 

4ν 



Indication for non-maximal θ23 persists in 3+1 scheme 
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FIG. 5: Regions allowed in the plane [sin2 θ23, ∆m2
32] by the

joint analysis of all the SBL, the LBL data (T2K and NOνA),
together with the θ13-sensitive reactor results. The left (right)
panels represent the NH (IH) case. The upper (lower) panels
refer to the 3-flavor (4-flavor) scheme. The confidence levels
are the same reported in Fig. 1.

shown in [82], leads to a loss of sensitivity to the octant
of θ23.

Figure 5 reports the allowed regions in the plane
[sin2 θ23,∆m2

32], all the other parameters having being
marginalized away. The left (right) panels refer to nor-
mal (inverted) hierarchy, while the upper (lower) panels
refer to the 3-flavor (4-flavor) case. In both schemes we
have included in the analysis all the SBL data, the LBL
results from T2K and NOνA (both appearance and dis-
appearance channels) and the θ13-sensitive reactor exper-
iments. The results reported in the upper panels show a
weak preference for non-maximal mixing in the 3-flavor
scenario. We note that there is a change in the preferred
octant when switching from normal to inverted hierar-
chy. This is a consequence of the anticorrelation between
θ13 and θ23, introduced by the appearance data set: the
lower θ13 the higher the value of θ23. In NH we find a
negligible preference for the lower octant (θ23 < 450).
In IH the effect is more pronounced and the higher oc-
tant (θ23 > 450) is favored at a non-negligible statisti-
cal level. The two lower panels depict how the situation
changes in the 4-flavor scheme. We can observe that
the allowed regions becomes basically symmetric around
maximal mixing. As expected from the discussion above,
in the 4-flavor scheme, the sensitivity to the θ23 octant
gets lost.

In order to clarify this picture, we present in Fig. 6
the marginalized ∆χ2 as a function of sin2 θ23. The left
(right) panel corresponds to NH (IH). The black solid
line indicates the 3-flavor case, while the red dashed line
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FIG. 6: Marginalized ∆χ2 for the parameter sin2 θ23 for NH
(left panel) and IH (right panel). The black solid line indicates
the 3-flavor case, while the red dashed line refers to the 3+1
scheme.

refers to the 3+1 scheme. In both NH and IH cases, in
the 4-flavor scheme non-maximal mixing is disfavored
approximately at ∆χ2 � 2.5 (corresponding almost to
90% C.L. for 1 d.o.f.). Therefore, the weak preference
for non-maximal θ23 originating from (part of) the
disappearance channel data is a stable feature, which is
independent of the scheme adopted (3-flavor or 4-flavor).
In contrast, we see that the preference for θ23 > 450

found in IH completely disappears in the 3+1 scheme.
We finally note that this behavior is in line with the
results of the sensitivity study performed in [82], where
it has been shown that even in a future experiment
like DUNE, which will make use of a high-intensity
broad-band neutrino beam, the sensitivity to the octant
drastically decreases in the 3+1 scheme. Our analysis
performed with the real data confirms such a general
behavior, showing that the indication on the octant of
θ23 becomes a fragile feature in the 3+1 framework.

VII. CONCLUSIONS

We have shown that, within the 3+1 scheme, the com-
bination of the existing SBL data with the LBL re-
sults coming from the two currently running experiments
NOνA and T2K, enables us to simultaneously constrain
two active-sterile mixing angles θ14 and θ24 and two CP-
phases δ13 ≡ δ and δ14, although the constraints on this
last CP-phase are still weak. The two mixing angles are
basically determined by the SBL data, while the two CP-
phases are identified by the LBL experiments, once the
information coming from the SBL setups is taken into
account. We have also assessed the robustness/fragility
of the estimates of the standard 3-flavor properties in the
more general 3+1 scheme. To this regard we found that:
i) the indication of CP-violation found in the 3-flavor
analyses persists also in the 3+1 scheme, with δ13 ≡ δ

having still its best fit value around −π/2; ii) the 3-flavor
weak hint in favor of the normal hierarchy becomes even
less significant when sterile neutrinos come into play; iii)

Preference for θ23 octant disappears in 3+1 scheme  

Impact of  sterile neutrinos on θ23  

Octant fragility seems to be a general feature (see later) 

SBL + LBL 
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Degradation of  sensitivity but  4σ level preserved 
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Figure 5. Discovery potential for excluding the wrong hierarchy (IH) as a function of true δ13. In
both panels we have fixed θ14 = θ24 = 90. The left (right) panel refers to θ34 = 0 (θ34 = 300). In
each panel, we give the results for the 3-flavor case (black line) and for the 3+1 scheme for four
different values of true δ14. In the right panel the CP-phase δ34 has been marginalized over its full
allowed range.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

systematic uncertainties.
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CPV discovery potential 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

– 17 –
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Reconstruction of  the CP phases in DUNE 
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Figure 8. Reconstructed regions for the two CP-phases δ13 and δ14 for the four choices of their true
values indicated in each panel. The NH is taken as the true hierarchy, while we have marginalized
over the two possible hierarchies in the test model. The contours refer to 2σ and 3σ levels. We
have fixed the values θ34 (true) = 00.

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

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

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

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

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

region due to the cyclic nature of the two CP-phases.
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Octant of  θ23 in danger with a sterile neutrino 
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FIG. 2: Discovery potential for excluding the wrong octant as
a function of true δ13 assuming the LO-NH (left panel) and
HO-NH (right panel) as the true choice. In each panel, we
present the results for the 3-flavor case (black line) and for
the 3+1 scheme for four different values of true δ14. In the 3ν
case we have marginalized over (θ23, δ13) (test). In the 3+1
scheme, we have fixed θ14 = θ24 = 90 and θ34 = 0 and we
have marginalized over (θ23, δ13, δ14) (test). In all cases we
have marginalized over the mass hierarchy.

Now, let us come to the 3+1 scheme. In this case
the third term in Eq. (12) is active. We can notice that
this term depends on the additional CP-phase δ14 (test),
so its sign can been chosen independently of that of the
second term. This circumstance gives much more free-
dom in the 3+1 scheme and there is much more space for
degeneracy. The bi-event plot in Fig. 1 confirms such a
basic expectation. The graph now becomes a blob, which
can be seen as a convolution of an ensemble of ellipses
(see [48, 49]), and the separation between LO and HO
is lost even if one is considering both neutrino and an-
tineutrino events. To better understand this point, let fix
the LO as the true octant and a generic point of the red
LO blob which is located in the overlapping (red/green)
region. This point will correspond to sin2 θ23 = 0.42 and
two values of the true CP-phases δLO13 and δLO14 . Since
this point is in the overlapping region it is also a point of
the green HO blob. This means that for sin2 θ23 = 0.58
there exist a combination of two test CP-phases δHO

13 and
δHO
14 , which leads to the same number of neutrino and
antineutrino events.

Numerical results. In our simulations we use the
GLoBES software [58, 59]. For DUNE, we consider a
total exposure of 248 kt · MW · year, shared equally
between neutrino and antineutrino modes. For the de-
tails of the DUNE setup and of the statistical analysis
we refer the reader to our recent paper [49] and refer-
ences therein. Figure 2 displays the discovery potential
for identifying the true octant as a function of true δ13.
The left (right) panel refers to the true choice LO-NH
(HO-NH). In both panels, for the sake of comparison,
we show the results for the 3-flavor case (represented by
the black curve). Concerning the 3+1 scheme, we draw
the curves corresponding to four representative values of

FIG. 3: Discovery potential for excluding the wrong octant
in the space spanned by [sin2 θ23, δ13] (true). The left panel
corresponds to the 3-flavor case, while the right panel repre-
sents the 3+1 case. In the 3-flavor case we have marginalized
over (θ23, δ13) (test). In the 3+1 case, in addition we have
marginalized away δ14 (true) and δ14 (test) since it is un-
known. The solid blue, dashed magenta and dotted black
curves correspond, respectively, to the 2σ, 3σ, and 4σ confi-
dence levels.

true δ14 (00, 1800,−900, 900). In the 3ν case we have
marginalized over (θ23, δ13) (test). In the 3+1 scheme,
we have fixed θ14 = θ24 = 90 and θ34 = 0 and we have
marginalized over (θ23, δ13, δ14) (test). In all cases we
have marginalized over the mass hierarchy. However, we
have checked that the minimum of ∆χ2 is never reached
in the wrong hierarchy. This confirms that the mass hier-
archy is not a source of degeneracy in the determination
of the octant in DUNE.

The 3-flavor curves have already been discussed in the
literature (see for example [2, 8, 42]). Nonetheless, we
deem it useful to make the following remarks: i) a good
θ23 octant sensitivity for all values of δ13 (true) can be
achieved with equal neutrino and antineutrino runs [8],
ii) the spectral information plays an important role in
distinguishing between the two octants for unfavorable
choices of true hierarchy and δ13, and iii) always the
sensitivity is higher for the LO case compared to HO
irrespective of the hierarchy choice. For the first time,
during this work, we realized that that this last issue of
asymmetric sensitivity between LO and HO is related to
a synergistic effect of the νµ → νµ and νµ → νe channels.
Basically, the νµ → νµ channel fixes the test value of θ23
in the octant opposite to its true value. However, such
a test value is not exactly equal to its octant symmetric
choice (i.e., θtest23 �= π/2 − θtrue23 ). This happens because
the νµ → νµ survival probability contains higher order
octant-sensitive terms, which can been probed in high-
statistics experiments like DUNE. We find that these cor-
rections always go in the direction of increasing (decreas-
ing) the difference | sin2 θtest23 − sin2 θtrue23 | by ∼ 15% with
respect to its default value |0.58 − 0.42| = 0.16 in the
LO (HO) case. Since the leading term of the νµ → νe
appearance channel is sensitive to this difference, the per-
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have marginalized over the mass hierarchy.
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so its sign can been chosen independently of that of the
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tails of the DUNE setup and of the statistical analysis
we refer the reader to our recent paper [49] and refer-
ences therein. Figure 2 displays the discovery potential
for identifying the true octant as a function of true δ13.
The left (right) panel refers to the true choice LO-NH
(HO-NH). In both panels, for the sake of comparison,
we show the results for the 3-flavor case (represented by
the black curve). Concerning the 3+1 scheme, we draw
the curves corresponding to four representative values of

-180

-135

-90

-45

0

45

90

135

180

0.40 0.45 0.5 0.55 0.6

13
 (t

ru
e)

sin2 23 (true)

3 

0.40 0.45 0.5 0.55 0.6

sin2 23 (true)

3 + 1

2 

3 

4 

FIG. 3: Discovery potential for excluding the wrong octant
in the space spanned by [sin2 θ23, δ13] (true). The left panel
corresponds to the 3-flavor case, while the right panel repre-
sents the 3+1 case. In the 3-flavor case we have marginalized
over (θ23, δ13) (test). In the 3+1 case, in addition we have
marginalized away δ14 (true) and δ14 (test) since it is un-
known. The solid blue, dashed magenta and dotted black
curves correspond, respectively, to the 2σ, 3σ, and 4σ confi-
dence levels.

true δ14 (00, 1800,−900, 900). In the 3ν case we have
marginalized over (θ23, δ13) (test). In the 3+1 scheme,
we have fixed θ14 = θ24 = 90 and θ34 = 0 and we have
marginalized over (θ23, δ13, δ14) (test). In all cases we
have marginalized over the mass hierarchy. However, we
have checked that the minimum of ∆χ2 is never reached
in the wrong hierarchy. This confirms that the mass hier-
archy is not a source of degeneracy in the determination
of the octant in DUNE.

The 3-flavor curves have already been discussed in the
literature (see for example [2, 8, 42]). Nonetheless, we
deem it useful to make the following remarks: i) a good
θ23 octant sensitivity for all values of δ13 (true) can be
achieved with equal neutrino and antineutrino runs [8],
ii) the spectral information plays an important role in
distinguishing between the two octants for unfavorable
choices of true hierarchy and δ13, and iii) always the
sensitivity is higher for the LO case compared to HO
irrespective of the hierarchy choice. For the first time,
during this work, we realized that that this last issue of
asymmetric sensitivity between LO and HO is related to
a synergistic effect of the νµ → νµ and νµ → νe channels.
Basically, the νµ → νµ channel fixes the test value of θ23
in the octant opposite to its true value. However, such
a test value is not exactly equal to its octant symmetric
choice (i.e., θtest23 �= π/2 − θtrue23 ). This happens because
the νµ → νµ survival probability contains higher order
octant-sensitive terms, which can been probed in high-
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rections always go in the direction of increasing (decreas-
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respect to its default value |0.58 − 0.42| = 0.16 in the
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Striking analogy between steriles and NSIs 

Also in this case a new CP-phase introduces a degeneracy 

Very small values of  the coupling may be harmful  
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Figure 1: Bi-event plot for the DUNE setup. The ellipses represent the SM case, while the colored blobs correspond to SM+NSI (see the legends).
We take sin2 θ23 = 0.42 (0.58) as benchmark value for the LO (HO). In the SM ellipses, the running parameter is δ varying in the range [−π, π].
In case of SM+NSI blobs, there are two running parameters: δ and φeµ (δ and φeτ) in the left (right) panel, both varying in their allowed ranges
[−π, π].

The shape of the colored blobs is slightly different between the two cases of εeµ and εeτ as a result of the different

functional dependency of the transition probability. One can notice that in both panels there is also an overlap among

the two hierarchies, which is more pronounced in the eµ case (left panel) if compared with the eτ case (right panel).

This may indicate that the MH may be a source of degeneracy in the octant identification.

This is not the case, however, because in the DUNE experiment the energy spectrum brings additional information

that breaks the MH degeneracy. In contrast, the energy spectrum is not able to offer much help in lifting the octant

degeneracy. This behavior is elucidated by Fig. 2, which represents the reconstructed electron neutrino event spectra

in DUNE for |εeµ| = 0.05 plotted for four representative cases. The left panel illustrates the comparison of two cases

in which the total number of νe events is exactly the same for NH and IH. The right panel displays the comparison of

two cases in which the total number of events is exactly the same for LO and HO. The two spectra on the left panel

are calculated for the values of the CP-phases δ and φeµ indicated in the legend, which correspond to the same point in

the bievent space located in the overlapping region of the two (red and blue) LO blobs (the cyan star in the left panel

of Fig. 1). The two spectra on the right panel are calculated for the values of the CP-phases δ and φeµ indicated in the

legend, which correspond to the same point in the bievent space located in the overlapping region of the two (red and

green) NH blobs (the black square in the left panel of Fig. 1). Figure 2 clearly shows that, while the spectra are rather

different for the two hierarchies, especially at low energies, they are almost identical for the two octants. We find a

similar behavior in the electron antineutrino spectra (not shown) for the same choices of the CP-phases indicated in
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Figure 5: Degradation of the θ23 octant sensitivity as a function of the NSI strength |ε|, assuming NH as true choice. The left (right) panel
corresponds to ε ≡ εeµ (ε ≡ εeτ). In both cases, θ23 (test) and δ (both true and test) have been marginalized away. In addition, in the left (right)
panel, the true and test values of the CP-phase φeµ (φeτ) have been marginalized away. The solid blue, dashed magenta, and dotted black curves
correspond, respectively, to the 2σ, 3σ, and 4σ confidence levels (1 d.o.f.).

5. Conclusions

We have investigated the impact of non-standard flavor-changing interactions (NSI) on the reconstruction of the

octant of the atmospheric mixing angle θ23 in the next generation LBL experiments, taking the Deep Underground

Neutrino Experiment (DUNE) as a case study. In the presence of such new interactions the νµ → νe transition

probability acquires an additional interference term, which depends on one new dynamical CP-phase φ. This term

sums up with the well-known interference term related to the standard CP-phase δ. For values of the NSI coupling as

small as f ew % (relative to the Fermi constant GF) the combination of the two interference terms can mimic a swap

of the θ23 octant. As a consequence, for unfavorable values of the two CP-phases δ and φ, the discovery potential of

the octant of θ23 gets completely lost. We point out that the degeneracy between the octant of θ23 and NSI’s discussed

in this paper has now become more important in light of the new results from the NOνA Collaboration presented a

few days ago at the Neutrino 2016 conference, which suggest that maximal θ23 is disfavored at the 2.5σ confidence

level [27].

We close the paper with a general remark. In a previous work [57], we found that a similar loss of sensitivity to

the θ23 octant can occur due to the presence of a light eV-scale sterile neutrino. Also in that case a new interference

term appears in the νµ → νe transition probability, which depends on one additional CP-phase. Therefore, albeit in the

two cases the origin of the new CP-phase is completely different, having kinematical nature in the sterile neutrino case

and dynamical nature in the NSI case, their phenomenological manifestation at the far detector of LBL experiments is
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  light sterile neutrinos 
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The dance of  the ellipses  

6

tion to be roughly a circle in the bi-probability plane, with the
diameter of ∼ 0.15 [42]. For example, by measuring P ∼ 0.05
and P ∼ 0.03, NOνA could claim to have evidence that the hi-
erarchy is normal at almost 3σ confidence level (C.L.). More-
over, at 2σ C.L., the phase δ would be determined to be
3π/2± π/2. As a second example, if NOνA were to mea-
sure P ∼ P ∼ 0.04, the hierarchy could not be established. It
would be known, however, that the δ phase is either in the in-
terval π/2±π/2 with NH, or in the interval 3π/2±π/2 with
NH. In other words, the existence of CP violation would be
suggested at the 2σ C.L.

Crucially, all these determinations would apply only if it
were somehow known that NSI was ruled out. When we allow
for nonzero NSI in the e−τ sector, the situation changes con-
siderably, and the regions corresponding to the two hierarchies
expand significantly. To illustrate this, we first consider the
NSI scenario that was used in the fit of the solar data in Fig. 1.
Recall that the thick curve in that figure was constructed for
|εeτ | = 0.4 and the phase δν = 0. In this case, at NOνA the
variation of the vacuum phase traces out the dashed ellipses in
Fig. 3, analogously to the SM ellipses discussed above. When
NSI-SM interference is constructive the probabilities in both
neutrino and antineutrino modes can be substantially larger,
approaching 0.08−0.10. If nature prefers such fortuitous val-
ues of NSI, NOνA will see dramatic deviations from the SM
expectations. We see that NOνA is in an excellent position to
probe NSI couplings at a level suggested by the solar data.

Notice that the size of the NSI effect in Fig. 3 can be once
again roughly understood from the discussion in Sect. II B:
since

√
2GF ne cosθ23εeτ is ∼ 3 times larger than ∆⊙ sin2θ12,

the dashed ellipses are roughly a factor of three longer.
Alternatively, one may be interested in the general question

of NOνA’s sensitivity to εeτ , without reference to the solar
data. To address this issue, we vary the δν phase in its entire
range. We also restrict |εeτ | to a smaller value, 0.2, which is
justified given the level of sensitivity seen in Fig. 3. With this
new fiducial value, we can repeat the same exercise as before
but now with several different values of the ν-phase. Doing
so in Fig. 4, we find the regions shown in Fig. 4 (top).

Doing this for all possible ν-phases from 0 to 2π traces out
the large blobs for the two hierarchies, see the bottom panel of
Fig. 4. Note that for any given point in the NSI regions, many
ellipses with distinct vacuum and ν-phases intersect. This
means considerable degeneracy of parameters corresponding
to distinct values of both the ν-phase and the vacuum phase δ
intersecting at any given point. This is especially true in the
central regions where one can see what in mathematical jargon
is known as a double “swallowtail catastrophe,” as the param-
eter region folds on itself. Based on this observation alone,
NOνA will have difficulty in knowing what combination of
phases they are truly measuring.

Let us now consider four qualitative possibilities for the
outcome of NOνA as illustrated in Fig. 4 (bottom):

(1) Clear NSI and hierarchy determination. For example,
the point (P,P) = (0.08,0.04) (◦ in Fig. 4) is widely dis-
crepant from any SM-only explanation. Moreover, such
a set of probabilities would not be likely to have come
from SM or NSI cases in the inverted hierarchy. In this
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FIG. 4: Similar to Fig. 3, although here we fix |εeτ | = 0.2. Top:

Scanning over many values of the NSI phase δν results in signif-
icant degeneracy, with many distinct curves intersecting at a given
point. Bottom: The result of allowing δν to float arbitrarily yields
the shaded blobs. See text for a discussion of the four qualitatively
distinct points.

case, one could fairly say that the normal hierarchy and
nonzero NSI are strongly favored. This represents an
example of the best case scenario for NOνA being sen-
sitive to this new physics.

(2) Clear NSI determination only. Here the point (P,P) =
(0.055,0.06) (• in Fig. 4), would indicate a strong pref-
erence for the existence of NSI. Of course with this
measurement alone however, no confident statement
about the sign of the mass hierarchy could be made.

(3) Hierachy determination only. An exemplary point of
this possibility is offered by (P,P) = (0.06,0.03) (� in
Fig. 4). Here the normal hierarchy would be mildly pre-
ferred over any explanation based on the inverted hier-
archy. However, this point is degenerate with SM and

non unitarity 

NSI 

Extensions of  SM are often sources of  extra CP-phases 
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Figure 4. Bi-probability plots for NOνA for four fixed values of δ14 and neutrino energy of 2 GeV.
In each panel, we also show the 3-flavor ellipses for the sake of comparison. In both the 3-flavor
and 4-flavor ellipses, the running parameter is the CP-phase δ13 varying in the range [−π,π]. The
solid (dashed) curves refer to NH (IH).

cases of NH and IH. We also observe that the centers of the 4-flavor ellipses almost coincide

with those of the 3-flavor ones since, as discussed in section 2 [see Eq. (2.10)], the matter

effects enter in a similar way in the two schemes. The very small differences in the location

of the centers of the 3-flavor and 4-flavor ellipses is imputable to corrections of order O(�4),

which are neglected in our treatment. For the two values δ14 = (0,π), the inclination of

the major axis is ω = −π/4 since the numerator in Eq. (2.38) is positive in both cases.

This is confirmed by the first (red curves) and second (green curves) panel of Fig. 3. For

δ14 = ±π/2, one has tan 2ω = ±0.22, approximately corresponding to ω � ±0.11 (or

±60). In the case δ14 = −π/2, the sign of the denominator in Eq. (2.38) is negative and

the inclination of −60 is that of the major axis. In the case δ14 = π/2, the sign of the

– 14 –

Bi-probability plots clearly represent this physical fact 

3

three–neutrino probability with δCP = 3π/2, as indicated
by the current best fit point [2]. In this figure we have
fixed L/E = 500 km/GeV which lies very close to the
value characterizing the T2K experiment.

III. COPING WITH THE NEW AMBIGUITY

In Fig. 1 we saw how the new degeneracy associated
to non–unitarity leads to ambiguities in Pµe. The com-
parison between the neutrino and the antineutrino chan-
nels could provide a way to disentangle the CP phase
δCP from the new “sessaw” phase φ coming from non–
unitarity. Indeed, in the unitary case, the knowledge of
a point (Pµe, Pµe) in the bi–probability plot will deter-
mine the “standard” CP phase up to the trigonometric
δCP → π − δCP ambiguity.

In order to check whether this also holds true in the
presence on non–unitarity we consider the bi–probability

FIG. 1. Top: Vacuum appearance probability Pµe versus
L/E for different phase combinations, illustrating a degen-
eracy for L/E = 500 km/GeV. Vertical lines indicate the
mean value of L/E for NOνA (405), DUNE (433) and T2K
(490 km/GeV). Bottom: iso–contours of Pµe as a function of
the two CP phases. The solid line corresponds to the standard
value P 3×3

µe with δCP = 3π/2 while colored regions denote the
corresponding 10 and 20% deviations, as indicated.

plots in Fig. 2. The upper panel shows that, for values of
L/E close to 500 km/GeV, the combination of neutrino
and antineutrino measurements removes the degenera-
cies between the CP phases present in each channel sep-
arately. In fact, this can be understood from a detailed
analysis of the CP–dependent terms in Pµe as given by
Eq. (2). One finds that, for L/E = 500 km/GeV, some
of these terms cancel exactly. The degeneracies in the
phases δCP and φ due to the remaining terms, present in
both the neutrino and antineutrino channels separately,
disappear once the two channels are combined. Fortu-
nately, neutrino long-baseline experiments are usually
tuned to the ratio L/E = 500 km/GeV, where the os-
cillation maximum is located.

However, for L/E values far from 500 km/GeV, the
interplay between the different CP–dependent terms in
Pµe is rather involved. As a result, the phase degen-
eracies present in the neutrino channel may persist even
after the combined two–channel analysis including an-
tineutrino observations. Indeed, as can be seen at the
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FIG. 2. Bi-probability plots for two different choices of L/E.
The standard CP phase δCP is fixed for each ellipse (except
for the standard one denoted in black, where it varies freely),
while the new phase φ is allowed to vary from 0 to 2π. The
upper panel, with L/E = 490 km, corresponds to T2K while
the bottom panel, with L/E = 250 km, has been chosen for
comparison.

In all cases a new interference term appears in Pµe at LBL 
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Conclusions  

• Sterile neutrinos are sources of  additional CPV   

• Several SBL anomalies point to sterile neutrinos 
  but the global picture is not clear (internal tension)   

• New SBL experiments are needed to shed light. 
  Clarification may require more time than expected   

1/12/2017 Antonio Palazzo, UNIBA & INFN 

• Full exploration of  3+1 CPV possible only with LBL      

• LBL experiments complementary to the SBL ones     

47 

• A novel intriguing hint emerges from NEOS 
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attention! 
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Sensitivity of  future SBL experiments 
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• Systematics in reactor spectra not entirely under control  

Hayes et al.  
PRL 112, 202501 (2014)

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

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

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

• Dissimilar results with two different nuclear databases     

• New SBL experiments needed to shed light on both issues  

Hayes et al. 
PRD 92, 033015 (2015) 

2

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

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

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

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

pi is the

probability that a particular isotope A�

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

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

Ri �
P�

p=0

Rf
pY

c
pi (2)

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

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

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

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

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

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

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

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

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

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

Dwyer and Langford  
PRL 114, 012502 (2015)
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Figure 1: Bi-event plot for the DUNE setup. The ellipses represent the SM case, while the colored blobs correspond to SM+NSI (see the legends).
We take sin2 θ23 = 0.42 (0.58) as benchmark value for the LO (HO). In the SM ellipses, the running parameter is δ varying in the range [−π, π].
In case of SM+NSI blobs, there are two running parameters: δ and φeµ (δ and φeτ) in the left (right) panel, both varying in their allowed ranges
[−π, π].

The shape of the colored blobs is slightly different between the two cases of εeµ and εeτ as a result of the different

functional dependency of the transition probability. One can notice that in both panels there is also an overlap among

the two hierarchies, which is more pronounced in the eµ case (left panel) if compared with the eτ case (right panel).

This may indicate that the MH may be a source of degeneracy in the octant identification.

This is not the case, however, because in the DUNE experiment the energy spectrum brings additional information

that breaks the MH degeneracy. In contrast, the energy spectrum is not able to offer much help in lifting the octant

degeneracy. This behavior is elucidated by Fig. 2, which represents the reconstructed electron neutrino event spectra

in DUNE for |εeµ| = 0.05 plotted for four representative cases. The left panel illustrates the comparison of two cases

in which the total number of νe events is exactly the same for NH and IH. The right panel displays the comparison of

two cases in which the total number of events is exactly the same for LO and HO. The two spectra on the left panel

are calculated for the values of the CP-phases δ and φeµ indicated in the legend, which correspond to the same point in

the bievent space located in the overlapping region of the two (red and blue) LO blobs (the cyan star in the left panel

of Fig. 1). The two spectra on the right panel are calculated for the values of the CP-phases δ and φeµ indicated in the

legend, which correspond to the same point in the bievent space located in the overlapping region of the two (red and

green) NH blobs (the black square in the left panel of Fig. 1). Figure 2 clearly shows that, while the spectra are rather

different for the two hierarchies, especially at low energies, they are almost identical for the two octants. We find a

similar behavior in the electron antineutrino spectra (not shown) for the same choices of the CP-phases indicated in

8

Impact of  the NSI coupling εeµ  
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Figure 1: Bi-event plot for the DUNE setup. The ellipses represent the SM case, while the colored blobs correspond to SM+NSI (see the legends).
We take sin2 θ23 = 0.42 (0.58) as benchmark value for the LO (HO). In the SM ellipses, the running parameter is δ varying in the range [−π, π].
In case of SM+NSI blobs, there are two running parameters: δ and φeµ (δ and φeτ) in the left (right) panel, both varying in their allowed ranges
[−π, π].

The shape of the colored blobs is slightly different between the two cases of εeµ and εeτ as a result of the different

functional dependency of the transition probability. One can notice that in both panels there is also an overlap among

the two hierarchies, which is more pronounced in the eµ case (left panel) if compared with the eτ case (right panel).

This may indicate that the MH may be a source of degeneracy in the octant identification.

This is not the case, however, because in the DUNE experiment the energy spectrum brings additional information

that breaks the MH degeneracy. In contrast, the energy spectrum is not able to offer much help in lifting the octant

degeneracy. This behavior is elucidated by Fig. 2, which represents the reconstructed electron neutrino event spectra

in DUNE for |εeµ| = 0.05 plotted for four representative cases. The left panel illustrates the comparison of two cases

in which the total number of νe events is exactly the same for NH and IH. The right panel displays the comparison of

two cases in which the total number of events is exactly the same for LO and HO. The two spectra on the left panel

are calculated for the values of the CP-phases δ and φeµ indicated in the legend, which correspond to the same point in

the bievent space located in the overlapping region of the two (red and blue) LO blobs (the cyan star in the left panel

of Fig. 1). The two spectra on the right panel are calculated for the values of the CP-phases δ and φeµ indicated in the

legend, which correspond to the same point in the bievent space located in the overlapping region of the two (red and

green) NH blobs (the black square in the left panel of Fig. 1). Figure 2 clearly shows that, while the spectra are rather

different for the two hierarchies, especially at low energies, they are almost identical for the two octants. We find a

similar behavior in the electron antineutrino spectra (not shown) for the same choices of the CP-phases indicated in
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Figure 2: Electron neutrino spectra of DUNE for |εeµ | = 0.05 plotted for four representative cases. The left panel illustrates the comparison of two
cases in which the total number of events is exactly the same for NH and IH (corresponding to the cyan star in the left panel of Fig. 1). The right
panel displays the comparison of two cases in which the total number of events is exactly the same for LO and HO (corresponding to the black
square in the left panel of Fig. 1). See the text for more details.

the legend of Fig. 2. This implies that the MH is not a source of confusion in the octant identification6. Nonetheless,

for generality, in the numerical analysis presented in the next section, we will treat the MH as an unknown parameter.

4. Numerical results

For DUNE, we consider a 35 kiloton fiducial liquid argon far detector in our work, and follow the detector char-

acteristics which are mentioned in Table 1 of Ref. [47]. We assume a proton beam power of 708 kW in its initial

phase with a proton energy of 120 GeV which can deliver 6 × 1020 protons on target in 230 days per calendar year.

In our calculation, we have used the fluxes which were obtained assuming a decay pipe length of 200 m and 200 kA

horn current [48]. We take a total run time of ten years, which is equivalent to a total exposure of 248 kiloton · MW

· year, equally shared between neutrino and antineutrino modes. In our work, we consider the reconstructed energy

range of neutrino and antineutrino to be 0.5 GeV to 10 GeV. As far as the systematic uncertainties are concerned, we

assume an uncorrelated 5% normalization error on signal, and 5% normalization error on background for both the

appearance and disappearance channels. The same set of systematics are taken for both the neutrino and antineutrino

channels which are also uncorrelated. In our simulations, we use the GLoBES software [49, 50]. We incorporate the

effect of the NSI parameters both in the νµ → νe appearance channel, and in the νµ → νµ disappearance channel.

The same is also applicable for the antineutrino run. The benchmark (central) values of the three-flavor oscillation

6In [11, 46], it has been pointed out that if εee is non-zero and O(1), then DUNE alone cannot determine the correct MH. In such a scenario, the
octant ambiguity that we are dealing with can be further exacerbated.
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Role of  the spectral information   

Mass hierarchy: spectrum helps   
Octant of  θ23: spectrum does not help   


