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Light sterile neutrino oscillations in the light of  upcoming laboratory 
and cosmological data; (see also WP4) 
 
Constraints on new neutrino interactions; (see also WP4) 
 
Neutrinoless double beta decay beyond light Majorana neutrinos;  
 
Long-distance and multi-messenger tests of  dispersion relations;  
 
Neutrinos as components or signals of  dark matter; (see also WP3) 
 
Neutrino model building and leptogenesis. 

WP2 - Beyond the standard neutrino framework 
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Probing light sterile neutrinos and NSI at LBLs (A)  
 
Investigating see-saw mechanisms at SHIP (A) 
 
0ν2β decay BSM [see-saw SO(10) GUT]  (A) 
 
ν  phenomenology from leptogenesis in SO(10) (A) 
 
Light sterile neutrinos in cosmology (N) 
 
Secret interactions and heavy sterile neutrinos  (N) 
 
Neutrino-Dark Matter connections (N)        
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   SBL anomalies: I) accelerators 

(unexplained νe appearance in a νµ beam)  
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LSND
[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⇤e and ⇤̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⇤µ & ⇤̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⌅0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⇤µ & ⇤̄µ 89.6 ± 22.9 22.3 ± 3.5

⇤e & ⇤̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⇤e & ⇤̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⇤e & ⇤̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⇤e & ⇤̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⇤µ ! ⇤e 463.1 100.0

energy range for the total 12.84� 1020 POT data. Each
bin of reconstructed EQE

� corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⇥e CCQE event selection requirements
with 200 < EQE

� < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5⇤ e⇥ect. Note that the 162.0 event excess in the
first 6.46 � 1020 POT data is approximately 1⇤ lower
than the average excess, while the 219.2 event excess in
the second 6.38 � 1020 POT data is approximately 1⇤
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

� < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⇥e plus ⇥̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8⇤ excess. The signif-
icance of the combined LSND (3.8⇤) [1] and MiniBooNE
(4.8⇤) excesses is 6.1⇤. Fig. 2 shows the total event ex-
cesses as a function of EQE

� in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
� distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⇤e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.

FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2� = 0.894 with
a ⌅2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

4

FIG. 3: A comparison between the L/EQE
⇥ distributions for

the MiniBooNE data excesses in neutrino mode (12.84� 1020

POT) and antineutrino mode (11.27�1020 POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The solid curve shows the best fit to the
LSND and MiniBooNE data assuming standard two-neutrino
oscillations. The excess of MiniBooNE electron-neutrino can-
didate events is consistent with the LSND excess.

A standard two-neutrino model is assumed for the
MiniBooNE oscillation fits. Note, however, that there
are tensions with fits presented here between appearance
and disappearance experiments [10, 12], and other mod-
els [15–19] may provide better fits to the data. The os-
cillation parameters are extracted from a combined fit of
the observed EQE

⇥ event distributions for muon-like and
electron-like events using the full covariance matrix de-
scribed previously. The fit assumes the same oscillation
probability for both the right-sign ⇥e and wrong-sign ⇥̄e,
and no significant ⇥µ, ⇥̄µ, ⇥e, or ⇥̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level val-
ues for the fitting statistic, �⌅2 = ⌅2(point)� ⌅2(best),
as a function of oscillation parameters, �m2 and sin2 2�,
is determined from frequentist, fake data studies. With
this technique, the best neutrino oscillation fit in neu-
trino mode for 200 < EQE

⇥ < 1250 MeV occurs at (�m2,
sin2 2�) = (0.037 eV2, 0.958), as shown in Fig. 4. The
⌅2/ndf is 10.0/6.6 with a probability of 15.4%. The
background-only fit has a ⌅2-probability of 0.02% relative
to the best oscillation fit and a ⌅2/ndf = 26.7/8.8 with a
probability of 0.14%. Fig. 4 shows the MiniBooNE closed
confidence level (CL) contours for ⇥e appearance oscilla-
tions in neutrino mode in the 200 < EQE

⇥ < 1250 MeV
energy range.
Nuclear e⇥ects associated with neutrino interactions

on carbon can a⇥ect the reconstruction of the neutrino
energy, EQE

⇥ , and the determination of the neutrino os-
cillation parameters [33]. These e⇥ects were studied pre-
viously [3] and were found to not a⇥ect substantially the
oscillation fit. In addition, they do not a⇥ect the gamma
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FIG. 4: MiniBooNE allowed regions in neutrino mode (12.84�
1020 POT) for events with 200 < EQE

⇥ < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND �̄µ ⇥ �̄e allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]
experiments.

background, which is determined from direct measure-
ments of NC ⇤0 and dirt backgrounds.
Fig. 5 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

⇥ < 1250 MeV within a two-neutrino oscilla-
tion model. For this oscillation fit the entire data set
is used and includes the 12.84 ⇥ 1020 POT in neutrino
mode and the 11.27⇥1020 POT in antineutrino mode. As
shown in the figure, the MiniBooNE favored allowed re-
gion overlaps with the LSND allowed region. Also shown
are 90% C.L. limits from the KARMEN [34] and OPERA
[35] experiments. The best combined neutrino oscillation
fit occurs at (�m2, sin2 2�) = (0.041 eV2, 0.958). The
⌅2/ndf for the best-fit point is 19.5/15.4 with a prob-
ability of 20.1%, and the background-only fit has a ⌅2-
probability of 5⇥ 10�7 relative to the best oscillation fit
and a ⌅2/ndf = 49.3/17.5 with a probability of 0.007%.
Fitting both LSND and MiniBooNE data, the best fit
remains at (�m2, sin2 2�) = (0.041 eV2, 0.958) with a
⌅2/ndf = 22.4/23.4, corresponding to a probability of
52.0%.

In summary, the MiniBooNE experiment observes a
total ⇥e CCQE event excess in both neutrino and an-

3.8σ$

4.8σ$
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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.
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  II) Reactor rates and solar calibration 

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

(unexplained νe disappearance)  

27.01.2020 5 



III) Reactor spectra 
NEOS arXiv:1610:05134
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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

Figure 6: Distance between positron and neutron reconstructed
positions. Errors are smaller than sizes of points.

Figure 7: Time between prompt and delayed signals. Errors are
smaller than sizes of points.

systematic error studies. This is the most important back-
ground. It constitutes 2.7 % of the IBD rate at the top
detector position.

The energy spectrum of the background from fast neu-
trons produced outside the detector shielding is estimated
by a linear extrapolation from a (10—16) MeV region to
lower energies. This background calculation and subtrac-
tion is performed separately for the positron candidate
energy spectra with and without muon veto. This back-
ground constitutes � 0.1% of the IBD signal in the (1—
8) MeV region.

A background from 9Li and 8He produced by cosmic
muons was estimated using the time distribution between
cosmic events with the energy deposit in the detector big-
ger than 800 MeV and the IBD candidates. No sign of the
exponential decay component with known 9Li decay time
of 257.2 ms was found. The corresponding upper limit
on this type of background is 5.4 events/day at the 90%
confidence level.
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Figure 8: Positron energy distributions measured at di⇥erent de-
tector positions. Statistical errors only.

The shape of the positron spectrum agrees roughly
with the MC predictions based on the ⇥̃e spectrum from
[14, 4]. However, a quantitative comparison requires ad-
ditional studies of calibration and systematic errors and
improvements in the MC simulation of the detector. Since
the results of the present analysis practically do not de-
pend on the ⇥̃e spectrum shape and normalization we post-
pone these studies till a forthcoming paper.

Figure 9 shows the ratio of positron energy spectra at
the bottom and top detector positions.

Figure 9: Ratio of positron energy spectra measured at the bottom
and top detector positions (statistical errors only). The dashed line
is the prediction for 3⇥ case (⇤2 = 35.0, 24 degrees of freedom). The
solid curve is the prediction for the best fit in the 4⇥ mixing scenario
(⇤2 = 21.9, sin2 2�14 = 0.05, �m2

14 = 1.4 eV2). The dotted curve is
the expectation for the optimum point from the RAA and GA fit [5]
(⇤2 = 83, sin2 2�14 = 0.14, �m2

14 = 2.3 eV2)

The exclusion area in the sterile neutrino parameter
space was calculated using the Gaussian CLs method [15]
assuming only one type of sterile neutrinos. For a grid
of points in the �m2

14, sin
2 2�14 plane predictions for the

5

DANSS  arXiv:1911:10140

�2
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Best fit points very similar: (sin2 2✓, �m2) ' (0.05, 1.4eV2)
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Recent results of the DANSS experiment M. Danilov
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Figure 5: Ratio of positron energy spectra mea-
sured at the bottom and top detector positions ( sta-
tistical errors only). The dashed line is the predic-
tion for 3n case. The solid curve is the best fit in the
4n mixing scenario (Dm2

14 = 0.35 eV2, sin2 2q14 =
0.15).

Figure 6: 90%(dark cyan) and 95%(cyan) CL
exclusion areas in the Dm2

14, sin2 2q14 parameter
space. The shaded areas represent our analysis.
Curves show allowed regions from neutrino disap-
pearance experiments [4, 12], and the star is the best
point from the RAA and GA fit [4]. The black curve
is the 90 %CL sensitivity of the DANSS experiment.

Dm2
14, sin2 2q14 plane predictions for the ratio Rpre(E) of positron spectra at the bottom and top

detector positions were calculated. Calculations included the MC integration over the ñe produc-
tion point in the reactor core, ñe detection point in the detector, and positron energy resolution.
The ñe production point distributions in the reactor core were provided by the KNPP for different
periods. The distribution averaged over the campaign was used in the calculations. It was checked
that this approximation practically did not influence the final results. Predicted positron spectra at
different detector positions were normalised using the observed numbers of IBD events.

The obtained theoretical prediction for a given point on the Dm2
14, sin2 2q14 plane was com-

pared with the prediction for the three neutrino case using the Gaussian CLs method for the exclu-
sion area estimation. The difference in c2 for the two hypotheses Dc2 = c2

4n � c2
3n was used for

the comparison. The c2 for each hypothesis was constructed using 36 data points Robs
i in the 1.5-

6 MeV positron energy range and minimized over nuisance parameters (systematic effects) using
all combinations of their discrete values mentioned above:

c2 =
N

Â
i=1

(Robs
i �Rpre

i )2/s2
i , (2.1)

where Robs
i (Rpre

i ) is the observed (predicted) ratio of ñe counting rates at the two detector positions
and si is the statistical standard deviation of Robs

i . The c2 does not depend on the integral IBD
event rate dependence on the distance from the reactor core because of Rpre normalisation. Only
differences in the positron energy spectrum shapes are considered.

The oscillations due to the known neutrinos were neglected since at such short distances they
do not change the ñe spectrum. The procedure was repeated for all points of the grid in order to

5

�2
4⌫ � �2
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Figure 5

Results of SBL
(�)
�µ disappearance experiments (a) and global fit of appearance (App) and

disappearance (Dis) data (b). All the lines in panel (a) and the Dis lines in panel (b) exclude the
region on their right at 3⇥. The App lines in panel (b) enclose the 3⇥ allowed regions. The shaded
regions are allowed by the global combined fit.

4.4. Appearance and disappearance

Figure 5b shows the results of the global fit of appearance and disappearance data. The

appearance data are those corresponding to Fig. 4b, without the controversial low-energy

MiniBooNE data. In spite of this choice, one can see that there is a strong tension between

the region within the blue contours allowed at 3⇥ by the appearance data and the combined

bound of
(�)
�e and

(�)
�µ disappearance data that exclude at 3⇥ all the region outside the two

red semicontours. Although the standard goodness-of-fit is fine (54%), the appearance-

disappearance parameter goodness-of-fit is as low as 0.015%, disfavoring the global 3+1

fit at 3.8⇥. Considering a global fit with the low-energy MiniBooNE data, we get still

a favorable standard goodness-of-fit of 21%, but the appearance-disappearance parameter

goodness-of-fit drops to 2 � 10�7, which disfavors the global 3+1 fit at 5.2⇥ (see also

Ref. (85)).

Therefore, the current status of the global fit of appearance and disappearance data

indicates that the interpretation of the results of some experiment or group of experiments

in terms of neutrino oscillations is not correct. We can envisage the following scenarios:

(A) The LSND excess of �̄e-like events is not due to oscillations and the coincidence of

oscillations in NEOS/Daya Bay and DANSS is a fluke. In this case the remaining

indications in favor of neutrino oscillations (MiniBooNE, total reactor event rates

versus theoretical predictions, and the Gallium anomaly) are rather weak and could

also have other explanations, leading to the demise of the eV-scale sterile neutrinos.

(B) The LSND excess is not due to oscillations, but the coincidence of oscillations in

NEOS/Daya Bay and DANSS is real. In this case, the lack of observation of SBL
(�)
�µ disappearance is due to a small value of |Uµ4|2, that can generate, together with
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Figure 3

Results on SBL
(�)
�e disappearance found in Ref. (84) (a) and Ref. (85) (b). The shaded regions in

panel (a) have been obtained from the combined fit of the NEOS/Daya Bay and DANSS spectral
ratio data (NEOS+DANSS). The blue and red contour lines delimit the regions allowed by the
reactor and Gallium anomalies, respectively, at 2⇥ (solid lines) and 3⇥ (dashed lines). The blue
shaded regions in panel (b) were obtained in Ref. (85) from a global fit of the reactor neutrino
data including the NEOS/Daya Bay and DANSS spectral ratio data and the total event rates
considering as free the dominant 235U and 239Pu reactor �̄e fluxes and constraining the
subdominant 238U and 241Pu fluxes around their theoretical predictions with a large 10%
uncertainty. The red shaded regions have been obtained by adding the Gallium, solar, and �e-12C
constraints, that are also shown separately. The figure shows also the atmospheric neutrino
constraint obtained from the Super-Kamiokande (SK) (92), DeepCore (DC) (93) and IceCube
(IC) (94) data, that is comparable to the solar neutrino constraint.

flux calculations. Let us however emphasize that the model-independent indication hinges

crucially on the NEOS/Daya Bay and DANSS spectral ratios that must be confirmed by new

experiments. It is also important to emphasize that the search for SBL
(�)
�e disappearance is of

fundamental importance independently from the validity or not of the indication of
(�)
�µ �

(�)
�e appearance discussed in the following subsection, because it is possible that |Ue4|2 ⇥
0.01, whereas |Uµ4|2 is much smaller and the corresponding

(�)
�µ � (�)

�e appearance and
(�)
�µ

disappearance has not been seen yet.

4.2. �µ ! �e and �̄µ ! �̄e appearance

Figure 4 illustrates the results of all the relevant SBL
(�)
�µ � (�)

�e appearance experiments:

LSND (4), MiniBooNE (6), BNL-E776 (96), KARMEN (5), NOMAD (97), ICARUS (98)

and OPERA (99). Of all the experiments only LSND and MiniBooNE found indications in

favor of SBL
(�)
�µ �(�)

�e transitions and in Fig. 4a they have closed contours in the plane of the

oscillation parameters sin2 2⇥eµ and �m2
41. The other experiments provide exclusion curves

that constitute upper limits on sin2 2⇥eµ for each value of �m2
41. The di⇥erence between

Figs. 4a and 4b is that in Fig. 4a all the MiniBooNE data are used, whereas Fig. 4b

the controversial low-energy MiniBooNE data are omitted according to the “pragmatic
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3ν scheme  

3+1 scheme 

How to enlarge the 3-flavor scheme 

 Δm14   ~ 1 eV 
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At LBL the effective 2-flavor SBL description is no more valid 
and calculations should be done in the 3+1 (or 3+Ns) scheme      
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27.01.2020 

It is timely to pose a new question  

LBL experiments start 
to be sensitive to the  
CP violating phase δ   

Can sterile neutrinos generate observable CP 
violating effects at LBL experiments?  

Question basically ignored in the past ! 
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3-flavor fit 
Capozzi, Lisi, Marrone, A.P,  
PPNP 102, 48 (2018)
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Figure 3: Global analysis of oscillation data from long-baseline accelerator, solar and Kam-
LAND, short-baseline reactor, and atmospheric neutrino experiments. Line styles and colors
are as in Fig. 1.

Adding atmospheric neutrinos: Global analysis of all oscillation data. Figure 3 is
analogous to Fig. 2, but includes atmospheric neutrino constraints as described in Section 2. With
respect to Fig. 2, the main di⇥erences concern the unknown oscillation parameters. There is a more
pronounced preference for ⇥23 > ⇤/4, although both octants are allowed at < 2⌅. The preference for
CP violation with sin � < 0 is confirmed, while CP conservation is disfavored at > 1.9⌅ for NO and
> 3.5⌅ for IO. Remarkably, the sensitivity of atmospheric data to the mass ordering is also consistent
with the hints from previous data sets and leads to

⇧2
min(IO)� ⇧2

min(NO) = 9.5 (all oscillation data) , (18)

corresponding to a statistically significant confidence level N⌅ ⇤ 3.1. The increase from Eq. (17) to
Eq. (18) is mainly due to SK atmospheric data [80], but there is also a synergic contribution (by about
one unit of �⇧2) from IC-DC data, that will be discussed in Sec. 4.

3.2 Summary and discussion of results

The preference for NO at the level of �⇧2 ⇥ 9 in Eq. (18) represents an interesting result of our work.
This indication emerges consistently for increasingly rich data sets, as shown by the progression in
Eqs. (16)–(18), and thus deserves attention. Taken at face value, a 3⌅ rejection of IO would imply that
the only relevant scenario is NO, together with its parameter ranges (see Fig. 3).

However, caution should be exercised at this stage, since the value �⇧2 ⇥ 9 derives from two main
contributions of comparable size �⇧2 ⇤ 4–5 (corresponding to ⇥ 2⌅) but with rather di⇥erent origin.
One contribution [Eq. (17)] comes basically from long-baseline accelerator data and their interplay
with short-baseline reactor data, where mass-ordering e⇥ects can be understood with relatively simple
arguments in terms of ⇥13 (see next Section). The other incremental contribution [from Eq.(17) to (18)]
comes basically from atmospheric data, where mass-ordering e⇥ects are not apparent “at a glance”,
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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:

⌅kL ⇤ ei⇧k⌅kL, ⌅kR ⇤ ei⇧k⌅kR (k = 1, 2, 3) (66)

⌃�L ⇤ ei⇧�⌃�L, ⌃�R ⇤ ei⇧�⌃�R (� = e, µ, ⇧) (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(ei⌅1 , ei⌅2 , ei⌅3), ⇤1 = 0. (69)

The oscillation probability however is independent of the Majorana phases. The mixing
matrix elements in the Majorana case are written as

U�k = UD
�ke

i⌅k . (70)

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

U⇥
�kU⇥kU�jU

⇥
⇥j = UD⇥

�k e
�i⌅kUD

⇥ke
i⌅kUD

�je
i⌅jUD⇥

⇥j e
�i⌅j = UD⇥

�k U
D
⇥kU

D
�jU

D⇥
⇥j . (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 di�erent 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 ⇥jk 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 ⇥ij s̃ij = sije
�i⇤ij

cij = cos ⇥ij

For mixing matrices with higher dimensions, the matrices Rjk can be constructed from:
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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    
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  Sensitivity to the new CP-phase δ14   
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A new interference term in the 3+1 scheme 
N. Klop & A.P., PRD (2015)



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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Consequences for T2K, NOνA, DUNE, T2HK, ESSνSB  
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Analized in several papers in collaboration with:  
Agarwalla and Chatterjee, 
Capozzi, Giunti, Laveder 

A.P. Invited Review for Universe (to appear) 



Reconstruction of  the CP phases  
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CPV discovery potential 

- Poor sensitivity to the new CP-phases δ14     

- Sensitivity to CPV induced by δ13 reduced in 3+1 scheme    

27.01.2020 

- Second oscillation maximum is not optimal for steriles    

ESSνSB  

14 
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Present developments (I)  

Optimization of  ESSνSB for sterile neutrinos 
 
The benchmark configuration considers L = 540 km. 
Our preliminary results suggest that working with a shorter  
baseline would provide more sensitivity to CPV induced by 
sterile neutrinos preserving the sensitivity to standard CPV. 

  
 
Agarwalla, Chatterjee, A.P (in preparation) 
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Present developments (II)  

27.01.2020 

Impact of  sterile ν in real data of  T2K and NOvA   
 
In a previous work (A.P., PLB 2016) we have shown that the effects 
of  light sterile neutrinos were already visible. In particular, there was  
a weak sensitivity to the new CP-phase δ14. We plan to update such 
a work taking into account the latest data of  these experiments. 
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Neutrino oscillations in the presence of  NSI  

i.e., T2K [21] and NOvA [22]. Finally, we will also compare its reach to a proposed future

neutrino oscillation experiment with much larger statistics but a much shorter baseline, to

illustrate the importance of the long-baseline over the size of the event sample collected.

As an example, we will consider the reach of the T2HK experiment [23].

The impact of NSI in propagation at long-baseline experiments has been studied ex-

tensively in the literature, see Refs. [24–32] for an incomplete list, or see Refs. [33, 34] for

recent reviews on the topic. In particular, the reach of the LBNE experiment (very similar

to the DUNE setup considered in this work) was studied in Ref. [35]. However, this study

was performed under the assumption of a vanishing ⌃13, and only one non-standard pa-

rameter was switched on at a time. In the current work, we will follow the same approach

as in Ref. [32]: all NSI parameters are included at once in the simulations, in order to

explore possible correlations and degeneracies among them. As we will see, this will reveal

two important degeneracies, potentially harmful for standard oscillation analyses.

The recent determination of ⌃13 also has important consequences for the sensitivity to

NSI parameters. On one hand, the large value of ⌃13 makes it possible for the interference

terms between standard and non-standard contributions to the oscillation amplitudes to

become relevant (see, e.g., Ref. [36] for a recent discussion). In addition, the value of ⌃13
has now been determined to an extremely good accuracy by reactor experiments [37–39],

while the current generation of long-baseline facilities expects to significantly improve the

precision on the atmospheric parameters in the upcoming years [40]. At the verge of the

precision Era in neutrino experiments, it thus seems appropriate to reevaluate the sensitiv-

ity of current and future long-baseline experiments to NSI parameters and, in particular,

of the DUNE proposal.

The paper is structured as follows. In Sec. 2 we introduce the NSI formalism; Sec. 3

describes the simulation procedure and the more technical details of the experimental

setups under study; Sec. 4 summarizes our results, and we present our conclusions in

Sec. 5. Finally, App. A contains some more technical details regarding the implementation

of previous constraints on the oscillation parameters in our simulations.

2 The formalism of NSI in propagation

NSI a�ecting neutrino propagation (from here on, we will refer to them simply as NSI)

take place through the following four-fermion e�ective operators:

⌅LNSI = �2
⌅
2GF

⇤

f,P

⇧fP�⇥ (��⇤
µPL�⇥)

�
f⇤µPf

⇥
, (2.1)

where GF is the Fermi constant, f = u, d, e stands for the index running over fermions in

the Earth matter, P stands for the projection operators PL ⇥ 1
2(1� ⇤5) or PR ⇥ 1

2(1+ ⇤5),

and �,⇥ = e, µ,  . From neutrino oscillations we have no information on the separate

contribution of a given operator with coe⌅cient ⌦fP�⇥ , but only on their sum over flavours

and chirality. The e�ects of these operators appear in the neutrino evolution equation, in

– 3 –
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1 Introduction

The discovery of neutrino oscillations (and with them, neutrino masses) stands today as

one of the most clear evidences of physics beyond the Standard Model (SM). If the SM is

regarded as a low-energy e⇥ective theory, neutrino masses can be added by the inclusion

of a non-renormalizable d = 5 operator, also known as the Weinberg operator [1]:

cd=5

�
(Lc

L⇥̃
�)(⇥̃†LL) , (1.1)

where LL stands for the lepton doublet, ⇥̃ = i�2⇥, ⇥ being the SM Higgs doublet, and �

is the scale of New Physics (NP) up to which the e⇥ective theory is valid to. In Eq. 1.1,

cd=5 is a coe⌅cient which depends on the high energy theory responsible for the e⇥ective

operator at low energies. Interestingly enough, the Weinberg operator is the only SM

gauge invariant d = 5 operator which can be constructed within the SM particle content.

Furthermore, it beautifully explains the smallness of neutrino masses with respect to the

rest of fermions in the SM through the suppression with a scale of NP at high energies.

When working in an e⇥ective theory approach, however, an infinite tower of operators

would in principle be expected to take place. The e⇥ective Lagrangian at low energies

would be expressed as:

Leff = LSM +
cd=5

�
Od=5 +

cd=6

�2
Od=6 + . . . . (1.2)
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ability probed at LBL facilities acquires a new interference term 
that 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 creating a potential source of confusion in the recon-
struction of the θ23 octant. Taking the Deep Underground Neutrino 
Experiment (DUNE) [33–37] as a case study,2 we show that for 
values of the NSI coupling as small as few% (relative to the Fermi 
constant GF), for unfavorable combinations of the two CP-phases δ
and φ, the discovery potential of the octant of θ23 gets completely 
lost.

2. Theoretical framework

A neutral-current NSI can be described by a four-fermion 
dimension-six operator [6]

LNC-NSI = −2
√
2GF ε

f C
αβ

(
ναγ µPLνβ

)(
f γµPC f

)
, (1)

where subscripts α, β = e, µ, τ indicate the neutrino flavor, super-
script f = e, u, d labels the matter fermions, superscript C = L, R
denotes the chirality of the ff current, and ε f C

αβ are dimensionless 
quantities which parametrize the strengths of the NSI’s. The her-
miticity of the interaction demands

ε f C
βα = (ε f C

αβ )∗ . (2)

For neutrino propagation through matter, the relevant combina-
tions are

εαβ ≡
∑

f =e,u,d

ε f
αβ

N f

Ne
≡

∑

f =e,u,d

(
ε f L
αβ + ε f R

αβ

) N f

Ne
, (3)

where N f denotes the number density of fermion f . For the 
Earth, we can assume neutral and isoscalar matter, implying Nn ≃
Np = Ne , in which case Nu ≃ Nd ≃ 3Ne . Therefore,

εαβ ≃ εe
αβ + 3εu

αβ + 3εdαβ . (4)

The NSI’s modify the effective Hamiltonian for neutrino propaga-
tion in matter, which in the flavor basis reads

H = U

⎡

⎣
0 0 0
0 k21 0
0 0 k31

⎤

⎦U † + VCC

⎡

⎣
1+ εee εeµ εeτ

ε∗
eµ εµµ εµτ

ε∗
eτ ε∗

µτ εττ

⎤

⎦ , (5)

where U is the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) ma-
trix, which, in the standard parameterization, depends on three 
mixing angles (θ12, θ13, θ23) and one CP-phase (δ). We have 
also introduced the solar and atmospheric wavenumbers k21 ≡
*m2

21/2E and k31 ≡ *m2
31/2E and the charged-current matter po-

tential

VCC =
√
2GF Ne ≃ 7.6 Ye × 10−14

[
ρ

g/cm3

]
eV , (6)

where Ye = Ne/(Np + Nn) ≃ 0.5 is the relative electron num-
ber density in the Earth crust. It is useful to introduce the di-
mensionless quantity v = VCC/k31, whose absolute value is given 
by

|v| =
∣∣∣∣
VCC

k31

∣∣∣∣ ≃ 0.22
[

E
2.5 GeV

]
, (7)

since it will appear in the analytical expressions of the νµ → νe
transition probability. In Eq. (7), we have taken the energy of 

2 Recent work on the impact of NSI’s at DUNE can be found in [23,21,22,15,17,
38].

the DUNE first oscillation maximum E = 2.5 GeV as a bench-
mark.

In the present work, we limit our investigation to flavor non-
diagonal NSI’s, that is, we only allow the εαβ ’s with α ≠ β to 
be non-zero. More specifically, we will focus our attention on the 
couplings εeµ and εeτ , which, as will we discuss in detail, intro-
duce an observable dependency from their associated CP-phase in 
the appearance νµ → νe probability probed at the LBL facilities. 
For completeness, we will comment about the (different) role of 
the third coupling ϵµτ , which mostly affects the νµ → νµ disap-
pearance channel and has not a critical impact in the θ23 octant 
reconstruction. We recall that the current upper bounds (at 90% 
C.L.) on the two NSI’s under consideration are: |εeµ| ! 0.33, as re-
ported in the review [1], and |εeτ | ! 0.45 as derived from the most 
recent Super-Kamiokande atmospheric data analysis [39] under the 
assumption ϵee = 0 (see also [40]). As we will show in detail, the 
strengths of |εeµ| and |εeτ | that can give rise to a degeneracy prob-
lem with the octant of θ23 are one order of magnitude smaller than 
these upper bounds.

3. Analytical expressions

Let us consider the transition probability relevant for the LBL 
experiment DUNE. Using the expansions available in the litera-
ture [41] one can see that in the presence of a NSI, the transition 
probability can be written approximately as the sum of three terms

Pµe ≃ P0 + P1 + P2 , (8)

where the first two terms return the standard 3-flavor probability 
and the third one is ascribed to the presence of NSI. Noting that 
the small mixing angle sin θ13, the matter parameter v and the 
modulus |ε| of the NSI can be considered approximately of the 
same order of magnitude O(ϵ), while α ≡ *m2

21/*m2
31 = ±0.03

is O(ϵ2), one can expand the probability keeping only third order 
terms. Using a notation similar to that adopted in [11], we obtain3

P0 ≃ 4s213s
2
23 f

2 , (9)

P1 ≃ 8s13s12c12s23c23α f g cos(* + δ) , (10)

P2 ≃ 8s13s23v|ε|[af 2 cos(δ + φ) + bf g cos(* + δ + φ)] , (11)

where * ≡ *m2
31L/4E is the atmospheric oscillating frequency re-

lated to the baseline L. For compactness, we have used the nota-
tion (si j ≡ sin θi j , ci j ≡ cos θi j), and following [43], we have intro-
duced the quantities

f ≡ sin[(1− v)*]
1− v

, g ≡ sin v*

v
. (12)

We observe that P0 is positive definite being independent of the 
CP-phases, and gives the leading contribution to the probability. 
In P1 one recognizes the standard 3-flavor interference term be-
tween the solar and the atmospheric frequencies. The third term 
P2 brings the dependency on the (complex) NSI coupling and of 
course is non-zero only in the presence of matter (i.e. if v  ̸= 0). In 
Eq. (11) we have assumed for the NSI coupling the general com-
plex form

ε = |ε|eiφ . (13)

3 Interestingly, a similar decomposition of the transition probability is valid in the 
presence of a light sterile neutrino [42]. In that case, however, the origin of the new 
interference term P2 is kinematical, and it is operative also in vacuum. In fact, the 
new term is related to the interference of the atmospheric oscillations with those 
induced by the new large mass-squared splitting implied by the sterile state.
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FIG. 3: Estimates of � and ⇥23 for SM (upper panels) and
SM+NSI (lower panels) determined by the combination of
T2K and NO⇤A. The continuous (dashed) curves refer to NO
(IO).

nating between NO and IO also in the presence of NSI.
From the left panels we can observe that the reconstruc-
tion of � deteriorates in the presence of NSI. Notably,
the values of � close to ⇧/2 are rejected at a much lower
statistical level with respect to the SM case (⇥ 3⌃ in-
stead of ⇥ 5⌃). In addition, in the presence of NSI the
CP conserving values � = (0,⇧) are rejected at a lower
confidence level. Concerning ⇥23 we see that in the SM
case (right upper panel) there is a moderate preference
for non-maximal mixing (� 2 ⇤ 2.1) and for the higher
octant, the symmetric value of the best fit point in the
lower octant (sin2 ⇥23 ⇤ 0.45) being markedly disfavored
(� 2 ⇤ 4.5). In the presence of NSI both the preference
for a non-maximal mixing and that for the higher octant
found in the SM sensibly decrease. In this case maximal
mixing is disfavored only at � 2 ⇤ 1.3 and the lower
octant at � 2 ⇤ 2.9.

We close this section by making some comments on the
results of the analysis obtained considering the interac-
tion in the e�µ sector. Di⇥erently from the e� ⌥ sector
we find a significant preference for non-zero values of |⌦eµ|
both in NO and IO. We obtain best fit value |⌦eµ| = 0.15
(|⌦eµ| = 0.10) for NO (IO) with statistical significance
of 1.6⌃ (1.5⌃). The corresponding best fit value of the
CP-phase �eµ is 1.78⇧ (1.82⇧) for NO (IO). Since there
is approximately the same improvement of the fit in NO
and IO, the indication in favor of NO remains almost
unaltered with respect to the SM case. In fact, we find
that NO is preferred over IO at the 2.5⌃ level similar to

the SM case. Therefore, the fragility of the indication
in favor of the NO appears only when considering the
non-standard interactions in the e� ⌥ sector.

Conclusions. In this letter we have investigated
the impact of non-standard flavor-changing interactions
(NSI) on the interpretation of the latest T2K and NO⌅A
results. Our main result is that the indication in favor of
NO found in the standard 3-flavor scheme does not hold
anymore if one assumes the existence of neutral-current
non-standard interactions (NSI) of the flavor changing
type involving the e � ⌥ (⌦e⇥ ) flavors. This occurs be-
cause only in the inverted ordering the quality of the fit
improves significantly (at the ⇥ 2.5⌃ level) in the pres-
ence of such NSI. We conclude this letter by underlining
that it would be very interesting to complement the anal-
ysis of NO⌅A and T2K data with that of the existing at-
mospheric neutrino data which could help to alleviate the
MO confusion problem. Most probably, however, the de-
generacy issue we have pointed out can be resolved only
with the new high-statistics data expected to be collected
at future LBL and atmospheric neutrino facilities.
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FIG. 1: Bievents plot for the T2K (left panel) and NO⇥A
setup (right panel). The continuos (dashed) ellipse represents
the parametric curve corresponding the SM (SM+NSI) case
with running parameter � in the range [0, 2⇤]. The ellipses
and the best fit points located on them are determined by
fitting the combination of the two experiments (see the text
for details).

the parameters �, ⇤23 and �m2
31 to assume a common

best fit value. In particular, in the combination the CP-
phase � is forced (essentially driven by T2K) to remain
close to ⇥ 3/2⇧. From the left plot we see that in T2K
the NO best fit (red star) is closer to the data point with
respect to the IO best fit (blue star). In the right panel
we see that, once the CP-phase � is forced to lie close to
⇥ 3/2⇧, in NO⌅A there is basically no preference for any
of the two hierarchies. As a result, in the overall fit, a
moderate global preference for NO is obtained. We find
�2
SM,NO��2

SM, IO ⇤ �5.6, corresponding to 2.4⌃ in favor
of NO (see also the upper panels of Fig. 3).

In the presence of NSI the additional interference term
in the transition probability provides much more free-
dom in the fit. In this case each pair of the NSI pa-
rameters (|⇥e� |,⌥e� ) corresponds to a di⇥erent ellipse in
the bievents plot. The amplitude |⇥e� | influences mostly
the size of the ellipse, while the phase ⌥e� determines
the relative length of the two axes as well as the ori-
entation of the ellipse. The fit of the combination of
T2K and NO⌅A selects the points (marked as squares)
on those ellipses that provide the best compromise be-
tween the two experiments. In NO the best fit points in
the SM+NSI have basically the same distance from the
experimental data points with respect to the SM case. So
we expect only a marginal improvement of the fit when
including the NSI. The numerical analysis described in
the next section will confirm that in NO there is indeed
only a 0.7⌃ preference for non-zero NSI. In contrast, for
IO in T2K the best fit point is much closer to the ex-
perimental point with respect to the SM case, while in
NO⌅A the distance between best fit and data remains
basically unchanged. So in IO we expect a more marked
preference for NSI. The numerical analysis in the next
section will confirm that in IO there is indeed a ⇥ 2.5⌃
preference for non-zero NSI. We can also appreciate that

FIG. 2: Allowed regions determined by the combination of
T2K and NO⇥A for NO (left panel) and IO (right panel).
The contours are drawn at the 1⌅ and 2⌅ level for 1 d.o.f..

in the SM+NSI case the distance of the best fit points
(squares) from the data is basically the same in NO and
IO in both experiments, so we expect a similar goodness
of fit of the two mass orderings in the presence of NSI.
We find �2

SM+NSI,NO � �2
SM+NSI, IO ⇤ 0.5, corresponding

to 0.7⌃ in favor of IO (see also the lower panels of Fig. 3).
Therefore, in the presence of NSI the indication in favor
of NO found in the standard case gets lost.

Numerical Results. Figure 2 reports the results of
the analysis of the combination of T2K and NO⌅A for
NO (left panel) and IO (right panel). Each panel displays
the allowed region in the plane spanned by |⇥e� | and ⌥e� .
The CP-phase �, the mixing angles ⇤23 and ⇤13, and the
squared-mass �m2

31 are marginalized away. We show the
contours at the 1⌃ and 2⌃ level for 1 d.o.f. and indicate
with a star the best fit point. From the left panel we can
appreciate that in NO there is only a weak preference
(⇤ 0.7⌃) level for a non-zero value of the coupling |⇥e� |,
with best fit |⇥e� | ⇤ 0.09. In the right panel we see that
the preference for non-zero NSI is stronger, reaching the
2.5⌃ significance with a best fit value |⇥e� | ⇤ 0.39. In NO
(IO) the CP-phase ⌥e� has best fit value 1.42⇧ (1.30⇧).

In Fig. 3 we show the estimates of the two param-
eters � and ⇤23. The two upper (lower) panels report
the �2 expanded around the minimum value obtained
when the SM (SM+NSI) hypothesis is accepted as true.
In each panel we display the results obtained by the
combination of T2K and NO⌅A in NO (continuos lines)
and IO (dashed lines). The undisplayed parameters are
marginalized away. We observe that in the SM case
there is a preference for NO at the ⇥ 2.4⌃ level. This
preference is completely washed out in the presence of
NSI (lower panels), in which case there is even a mild
preference for IO (at ⇥ 0.7⌃). Therefore, we conclude
that the current indication in favor of NO is fragile with
respect to the perturbations induced by the NSI under
study. The situation may improve at the future facil-
ities (DUNE and T2HK), where, as shown in [22], the
high statistics energy spectrum should help in discrimi-

4



Present developments   

27.01.2020 

   
 
In the recent work 1908.06962 submitted to PRL we have shown that 
in the presence of  NSI, the indication in favor of  NO is lost (NO and IO 
are degenerate). We are now investigating if  it is possible to break such 
a degeneracy with future LBL experiments.  

 
 
Chatterjee & A.P. (in preparation) 

20 

 Sensitivity of  DUNE to NMO in the presence of  NSI      



27.01.2020 21 



27.01.2020 22 



27.01.2020 23 



27.01.2020 24 



27.01.2020 25 



27.01.2020 26 



27.01.2020 27 



27.01.2020 28 



27.01.2020 29 



27.01.2020 30 



27.01.2020 31 



 
Mass-mixing sum rules 
from gauge symmetry 

and 0ν2β decay: 
The case of SO(10) 

27.01.2020 

Buccella et al. JHEP 2017 

32 



1 Introduction

A considerable interest in discrete flavour symmetries [1–7] has been fostered by early mod-
els of quark masses and mixing angles [8,9] and, more recently, by the discovery of neutrino
oscillations. Early data were well-compatible with a highly symmetric lepton mixing pat-
tern, the tri-bimaximal one [10], which could be derived from small non-abelian discrete
symmetry groups such as A4 [11–13]. Other discrete groups like S4 and A5 produced inter-
esting alternative mixing patterns, which could be adopted as zeroth-order approximation
to the data. Today this approach is facing several di⇤culties. The formidable recent exper-
imental progress has sharpened the neutrino oscillation parameters, revealing many details
that require a precise description, such as the non-vanishing value of the reactor angle, the
deviation of the atmospheric angle from the maximal value and a non-trivial Dirac CP-
violating phase. Inclusion of these features in a realistic model based on discrete symmetries
requires departure from minimality. Large corrections to the zeroth-order approximation
can be introduced at the price of spoiling predictability, due to the ignorance about the non-
negligible higher-order contributions. Alternatively, groups of large dimensionality can be
invoked to correctly fit the data [14–19]. Discrete flavour symmetries can also be combined
with CP invariance in predictive models [20, 21]. Apart from the loss of minimality, there
are several drawbacks in this program. The breaking of flavour symmetries typically relies
on a generous set of scalar multiplets, the so-called flavons, and the Yukawa interactions
generally include non-renormalizable operators with flavon insertions. Higher-dimensional
operators with multiple flavon insertions come with unknown coe⇤cients that a⇥ect the
model predictions. Moreover the flavon energy density has to be cleverly designed to get
the correct vacuum alignment. The approach is mainly focused on lepton mixing angles
while neutrino masses are reproduced by tuning the available parameters. Finally, it is
not straightforward to extend the construction to the quark sector that seems not to like
discrete symmetries. In view of these disadvantages, anarchy [22–26] and its generaliza-
tions have gained considerable momentum. Anarchy in the neutrino sector can arise in a
variety of di⇥erent frameworks providing a common description to both quark and lepton
mass/mixing parameters, also in the context of grand unified theories [27]. However in
the anarchy paradigm the observed lepton mixing angles are regarded as environmental
quantities [28] and cannot be accurately predicted. For their intrinsic nature models based
on anarchy essentially escape experimental tests aiming at an accuracy that matches the
experimental precision.

In this wavering between order and anarchy we feel encouraged to investigate new
directions. Aim of the present work is to explore a new class of models generalizing the
current approach based on discrete symmetry groups. These models are required to be
invariant under transformations of the modular group, acting on the complex modulus �
(Im(�) > 0) as linear fractional transformations:

� ⇥ a� + b

c� + d
, (a, b, c, d integers , ad� bc = 1) .

In a supersymmetric theory these transformations naturally induce transformations of the
matter multiplets according to representations of �N , the so-called finite modular groups.
Moreover there are holomorphic combinations of the modulus � , the modular forms of level
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- Non-vanishing θ13 and deviation from maximality of  θ23 
- Many scalars and large corrections from higher order contributions 
- Quark sector not naturally included 
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AN EXAMPLE: MINIMAL SO(10)  

•  Type-I seesaw dominant over type-II  

•  Dirac neutrino mass symmetric 
 
•  Mass and mixing both involved in the sum rule 

•  Upper limit on the heaviest right handed neutrino:  • There is an upper limit on the mass of the heaviest right-handed neutrino MR3 �
1011 GeV.
This is related to the intermediate B-L symmetry breaking.

The minimal SO(10) model with one 10 and one 126 IRRs were first discussed in
ref. [48]. We remark that such a model contains 13 free parameters to fit the charged
fermion masses and the quark mixing parameters. On the other hand, the neutrino masses
and mixing parameters are completely determined from the input parameters. A lot of
e�orts has been made in the last decades in order to check the viability of this minimal
SO(10) model in view of a better understanding of the neutrino physics [8, 48–56]. In
particular, as recently pointed in ref.s [8, 56], it is possible to obtain a reasonable fit of
fermion masses and mixing parameters with only type-I seesaw mechanism. The only
residual discrepancy in these fits concerns the down quark mass, which is reproduced with
a deviation from the “experimental” value of about 2 � in ref. [8] and 1 � in the more recent
analysis of ref. [56]. It is worth observing that extending the scalar sector by adding extra
10 and 126 Higgses would improve the global fit without spoiling the main results of our
study, since the neutrino mass structure would remain the same while the number of free
parameters would increase. For the sake of simplicity, in the following we focus on the
minimal model with scalars belonging to a single 10 and 126 only.

In this framework, from type-I seesaw mechanism we have

m� = �mD
1

MR
mT

D , (2.3)

or
MR = �mT

D
1

m�
mD , (2.4)

where m� and MR are the light neutrino and the right-handed mass matrices, respectively.
By considering eq. (2.1) and by diagonalising the light neutrino mass matrix through the
neutrino mixing matrix U , the relation in eq. (2.4) can be also rewritten as

MR = �V †
Lm

diag
D V �

L

�
U

1

mdiag
�

UT

⇥
V †
Lm

diag
D V �

L = �V †
Lm

diag
D ALm

diag
D V �

L , (2.5)

where
AL = V �

L

�
U

1

mdiag
�

UT

⇥
V †
L . (2.6)

From the assumption mD ⇥ Mu we have that VL is similar to the mixing matrix that
diagonalises on the left the up-type quark mass matrix. In first approximation it results
in a rotation in the 1-2 plane with an angle of the order of Cabibbo one as provided in
eq. (2.2). Therefore, we get

mdiag
D ALm

diag
D =

⇤

⌥⇧
(AL)11m

2
D1 (AL)12mD1mD2 (AL)13mD1mD3

(AL)21mD1mD2 (AL)22m
2
D2 (AL)23mD2mD3

(AL)31mD1mD3 (AL)32mD2mD3 (AL)33m
2
D3

⌅

�⌃ , (2.7)

where the quantities mDi with i = 1, 2, 3 are the three eigenvalues of the Dirac neutrino
mass matrix. It is worth observing that the matrix of eq. (2.7) is strongly hierarchical
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due to the hierarchy of the mass matrix mdiag
D , namely mD1,2 ⇧ mD3 ⇤ O(mtop). Hence,

according to eq. (2.2) the heaviest right-handed neutrino mass MR3 is simply given by

MR3 ⇥ (MR)33 ⌅
⇤⇤⇤⇤

⌅
U

1

mdiag
⌅

UT

⇧

33

⇤⇤⇤⇤ m
2
D3 . (2.8)

This means that, in order to have MR3 � 1011 GeV, a strong cancellation is required, which
reads ⇤⇤⇤⇤

⌅
U

1

mdiag
⌅

UT

⇧

33

⇤⇤⇤⇤ � 10�2 eV�1 ⇥ ⇤ . (2.9)

Finally taking the standard Particle Data Group parametrisation for the lepton mixing
matrix U [18], we have ⇤⇤⇤⇤

A2

m1
+

B2

m2e�2i�
+

C2

m3e�2i⇥

⇤⇤⇤⇤ � ⇤ , (2.10)

with

A = cos �12 cos �23 sin �13e
i⇤ � sin �12 sin �23 , (2.11)

B = sin �12 cos �23 sin �13e
i⇤ + cos �12 sin �23 , (2.12)

C = cos �13 cos �23 , (2.13)

which reproduces the relation in eq. (1.3) assuming ⇤ = 0 and sin �13 = 0, sin �23 = 1/
⌃
2.

Notice that the relation in eq. (2.10) is a generalization of the one reported in eq. (1.3), and
we will discuss in the following its phenomenological implications.

In general, there are no theoretical predictions about the mass hierarchy even for a
given neutrino mass mechanism like the type-I seesaw, but as we have already stated in
SO(10) Grand Unified models only normal ⇥�mass ordering is allowed [8]. This can be
easily understood. In SO(10) with just a 10 and 126 in the scalar sector, three fermion
mass matrices (Mu, mD and m⌅) can be written in terms of the remaining two (Md and
Ml) as1

Mu = fu[(3 + r)Md + (1� r)Ml] ,

mD = fu[3(1� r)Md + (1 + 3r)Ml] , (2.14)
m⌅ = f⌅mD(Md �Ml)

�1mD ,

where fu, f⌅ , r are free parameters that are functions of the vev of 10 and 126 and of
Yukawa matrices (see ref. [8] for more details). If Md and Ml are strongly hierarchical this
will imply the same for Mu and mD. On the other hand, Md �Ml can be whatever, since
Ml and Md are quite similar. Yet, the resulting m⌅ is also hierarchical and therefore, an
inverted ordering is very unnatural.

This can be also seen in a di�erent way, starting from the relation in eq. (1.3). As
pointed out in ref. [35] one gets

tan2 �12 = �
m1

�
m2e�2i� +m3e�2i⇥

⇥

m2e�2i� (m1 +m3e�2i⇥)
, (2.15)

that gives in the IH-limit (m3 ⇧ m1 < m2) a solar mixing angle such that | tan2 �12| ⌅ 1,
inconsistent with the experimental value 0.42± 0.07 at 95% C.L. [9].

1Here we neglect the type-II neutrino mass contribution according to the considerations given above.
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Figure 1. The solid (dashed) lines bound the allowed region in the mlightest–�mee⇥ plane obtained
by spanning the 3 � ranges for the neutrino mixing parameters [9] in case of NH (IH). The dotted
(dot-dashed) line is the prediction of eq. (2.10) on the e�ective mass, once the NH (IH) best-fit
values of the neutrino mixing parameters are adopted [9]. The shaded region represents the 3 �
area obtained according to the neutrino mass-mixing dependent sum rule of eq. (2.10).

the gauge symmetry principle, when the SM gauge group is embedded in a larger Grand
Unified Theory like SO(10), under minimal and reasonable assumptions. In this case, neu-
trino masses and mixing angles are involved in simple sum rules, like the one in eq. (2.10),
and strongly suggest a normal hierarchical pattern for neutrino masses. We have analyzed
the impact of this constraint on neutrinoless double beta decay mass parameter �mee⇥, and
found that a lower limit on the absolute neutrino mass scale emerges.

So far, experiments have not been able to distinguish between the two neutrino hi-
erarchy schemes, but there are good chances that this will be possible in the near future
in several experiments, like for instance, Hyper-Kamiokande [61], T2K [62], ORCA [63],
PINGU [64]. In this framework, a possible evidence in favour of an IH scheme will rule out
the class of SO(10) models here presented.

Acknowledgments

The authors acknowledge support by the Istituto Nazionale di Fisica Nucleare, I.S. QFT-
HEP and TAsP, and the PRIN 2012 Theoretical Astroparticle Physics of the Italian Minis-
tero dell’Istruzione, Università e Ricerca.

References

[1] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974).

[2] J. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973).

– 7 –

Abud, Buccella IJMPA 2001 

27.01.2020 35 



 
Neutrino phenomenology  

from leptogenesis in SO(10)  

27.01.2020 

Buccella et al. EPJC 2018 

36 



Lagrangian 

27.01.2020 37 

which SM is extended by adding three right-handed Standard Model singlets
Ni with Yukawa interactions

L = �
⇤

�⇥

�
Y �

⇥

�⇥
LL�H�R⇥ �

⇤

�i

(Y ⇤)�i LL�H̃Ni +

�1

2

⇤

ij

(MR)ij N
c
i Nj (1)

where �,⇥, i, j = 1, 2, 3 represent family indexes. In the basis where charged
leptons are diagonal the three active light neutrinos get a Majorana mass
from the type-I seesaw mechanism [1, 2, 3, 4] that in the family space reads

M⇤ = �MD (MR)
�1MT

D , (2)

where the matrix MD ⇥ Y ⇤⇧H0⌃, and neutrino mixing parameters and
masses are fitted from the observations. In this framework the CP violating
out of equilibrium decay of Ni can produce a lepton asymmetry that is then
converted into a baryon asymmetry by sphalerons. Such a mechanism is
known as baryogenesis via leptogenesis [5] and can provide a viable origin for
BAU. The possible correlations between the high energy scale CP violation
and the low energy one, which comes from the diagonalization of Eq. (2)
and it is still waiting for an experimental confirmation, has been intensively
studied in literature [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

The existence of such kind of relation can be naively understood by in-
verting the relation of Eq. (2), namely

MR = �MT
DM

�1
⇤ MD . (3)

The lepton asymmetry generated by leptogenesis depends on the right handed
neutrino couplings and their masses, namely by the matrices MR and MD.
By fixing the Dirac neutrino mass matrix MD, one gets from Eq. (3) a con-
nection between light neutrino mass matrix M⇤ and lepton asymmetry that is
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The leptogenesis process depends on MD and MR 

angles, ⇤ is the Dirac CP phase and � and ⇥ are the Majorana phases. The
two positions A23 = A33 = 0 are complex equations that can be used to
predict four neutrino mixing parameters from the other ones (remind that
VL must be considered as given). Since the parameters m1, ⇤, �, and ⇥
are still experimentally undetermined3 the better choice is to use the two
complex equations A23 = A33 = 0 to obtain these unknown parameters as a
function of the measured ones

⇥m2
21, ⇥m2

31, ⇧12, ⇧23, ⇧13 . (12)

The latter ones are the input parameters of our numerical study that is
shown in the Section 3.

3 Neutrino mixing parameters and Leptogenesis

It is convenient in this section to use a basis where the right-handed neutrino
mass matrix is diagonal. In this basis for simplicity we denote

Mdiag
R = W †MRW

� = diag(M1,M2,M3) . (13)

where, since MR is symmetric, W is a unitary matrix. The matrix MD then
becomes

M̂D = MDW
� . (14)

Let us define the CP asymmetry in the decay of the i-th right-handed neu-
trino (with i = 1, 2, 3) in the l� lepton doublet (with � = 1, 2, 3) as the
quantity

⌅i� =
�Ni⇥l�⇥ � �Ni⇥l�⇥

�Ni⇥l�⇥ + �Ni⇥l�⇥

(15)

whith �’s denoting the rates of the the corresponding decay processes. As
well known, the asymmetries do not appear in a tree level computation of the
decay rates, but rather they originate, at the lowest order, from the inter-
ference of tree level and one loop diagrams. The corresponding expressions,
endowed with a regulating factor that gives contribution only in the case of
quasi-degenerate neutrino mass spectrum4, are reported below
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3Here for simplicity we consider the normal hierarchy only. Note that m1 has to be
replaced by m3 in case of inverse hierarchy.

4Although we have proven above that our case of study leads to a compact spectrum
with two nearly degenerate neutrinos, it turns out that the numerical di↵erences between
the two masses, although extremely small, make the regulating factors negligible in deter-
mining the final value of the yield.
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in the Dirac neutrino coupling Y � . Another possibility to fix the structure of
the Dirac mass matrix is to assume a Grand Unified gauge group like SO(10)
that implies MD � Mup, where Mup denotes the up-type quark mass ma-
trix1. These two examples will be shortly described in appendix, while here
we just remark that both scenarios imply a hierarchical Dirac Yukawa ma-
trix, namely almost diagonal and with Y �

11 ⇥ Y �
22 ⇥ Y �

33. It follows that
also the right-handed neutrino mass matrix results to be hierarchical unless
the entries of the matrix M� are strongly constrained. Thus, barring any
particular assumption we expect a hierarchical heavy right-handed neutrino
mass spectrum

MR1 ⇥ MR2 ⇥ MR3 , (4)

with MR1 , MR2 and MR3 denoting the eigenvalues of MR. Note that if the
hierarchy is too strong it could give problem in the origin of baryogenesis
via leptogenesis. Indeed, in case the heaviest of the right-handed neutrinos
has a mass of about MR3 � 1014 GeV (that is around the grand unified
scale) the lightest right-handed mass could be below the Davidson-Ibarra
limit MR1 < 109 GeV [22], which is the lower limit for a lepton asymmetry
generated by the decay of the lightest right-handed neutrino to be su⌫ciently
large2, as shown also in [8].

A mechanism to obtain a reasonable value for the lepton asymmetry in
this context has been proposed in [23]. The idea is quite simple: by imposing
a compact spectrum for the right-handed masses on the l.h.s. of Eq. (3), it
follows a condition for neutrino mass parameters on the r.h.s. of Eq. (3) (see
also [8]) once the structure of the Dirac neutrino mass matrix MD is fixed
(by hand or by some model). In this paper we provide a numerical study
of such an approach, and explore possible correlations between neutrino ob-
servables coming from the compact right-handed spectrum hypothesis and
the prediction for leptogenesis. In the next section we review the notation
and we deeper explain the basic idea of [23]. In section 2 we review the
basic ideas and relations of leptogenesis. In section 4 we report our results
with and without imposing the constraint coming from leptogenesis. Then
in section 5 we give our conclusions.

2 Compact right-handed spectrum: implication for
neutrino phenomenology

By following the notation of [23] we put

MD = V †
L Mdiag

D VR (5)
1Note that the unrealistic SO(10) model with only one 10-Higgs scalar field predicts

exactly MD = Mup.
2Of course how small is the mass of the lightest right-handed neutrino compared to the

heaviest one depends on the specific model considered.
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where v = 174 GeV is the electroweak v.e.v., Mi are the masses defined in
Eq. (13) and
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The total decay rate of the i-th right-handed neutrino, �i, can be easily
calculated from tree level diagrams as:

�i =
Mi

8⇥v2
(M̂ †

DM̂D)ii . (21)

The evolution of right-handed neutrino species and the lepton asymmetries
are described by a set of Boltzmann equations for the unknown abundances
properly normalized, namely YX = nX/s, where nX is the number density of
the X species and s = 2⇥2

45 g�ST
3 is the total entropy density5. In terms of the

abundance of left-handed �-leptons the corresponding asymmetry is defined
as Y⇥l� ⇥ Yl� � Yl� . Since sphaleronic processes, which are at equilibrium
when leptogenesis occurs, preserve the charge B � L, it is convenient to
express the equations in terms of the B � L asymmetry for the �-flavor
Y⇥� ⇥ YB/3� Y⇥L� , where YB is the total baryon asymmetry and Y⇥L� is
the total lepton asymmetry, involving both the left-handed and the right-
handed leptons.

The corresponding Boltzmann equations for right-handed neutrinos, writ-
ten in terms of the dimensionless variable z = M

T (M being a convenient mass
scale) involve only the term describing neutrino decays and inverse decays.
The equations for the lepton asymmetries, instead, have to take into ac-
count neutrino decays and inverse decays, as well as the so-called washout
processes. These are all the processes (lepton and Higgs decays, inverse de-
cays and scatterings) which tend to wash out the initial baryon asymmetry.

5At the time of interest for leptogenesis g�S = 106.75; this result derives from all
Standard Model species being in equilibrium.
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Experimental fact:  
charged lepton masses are hierarchical  

Plausible to assume hierarchical Dirac  
neutrino Yukawa coupling  

This leads to hierachical heavy  
right-handed neutrino mass spectrum 

Davidson-Ibarra Limit can be avoided 
by imposing a “compact spectrum” Mi ⇠ 1011±2

SO(10) implies a particular structure for MD 

These relations are deduced from the equilibrium conditions for the reactions
occurring at the time of leptogenesis. We stress here that, since reactions
can go out of equilibrium at specific temperatures, they strongly depend on
the value of temperature when leptogenesis occurs.

The set of equations (22) can now be numerically solved to obtain the
asymptotic values of Y��. Once this has been done, the asymptotic value
of the baryon asymmetry yield can be found through the sphaleron relation,
derived from imposing the equilibrium condition on the chemical potential7:

Y�B =
28

79

⇧

�

Y�� . (27)

The experimental value of the baryon asymmetry yield is given by [25]

Y�B = (8.65± 0.06) · 10�11 (68% C.L.) . (28)

4 Results

In order to proceed numerically we have to fix the Dirac neutrino mass ma-
trix, mD. Even if the procedure deligned in the previous section is completely
general here we consider a SO(10) inspired model that is described in more
detail in appendix. In the SO(10) framework we expect

MD ⇧ Mup ; M⇧ ⇧ Mdown (29)

Assuming the down quark Mdown and charged lepton M⇧ mass matrices
approximatively diagonal, it follows that the up quark mass matrix must be
diagonalized by the CKM mixing matrix. Moreover if the scalar sector of
the SO(10) model does not contain the 120 irreducible representation, then
both mD and Mup are symmetric and

MD ⇧ V †
CKMMdiag

up V ⇥
CKM (30)

where Mdiag
up ⌅ {mu,mc,mt} that are the physical up, charm and top quark

masses and

VCKM =

�

⇤
1 0 0
0 cos�23 sin�23

0 � sin�23 cos�23

⇥

⌅

�

⇤
cos�13 0 sin�13ei⇥

0 1 0
� sin�13ei⇥ 0 cos�13

⇥

⌅

�

⇤
cos�12 sin�12 0
� sin�12 cos�12 0

0 0 1

⇥

⌅ , (31)

7A subtlety lies in the fact that these equilibrium conditions must be imposed not at
the time at which leptogenesis happens; in fact, lepton number is produced at this time,
but continues to be converted to baryon number until sphalerons run out of equilibrium.
It is at this temperature that the equilibrium conditions must be imposed; therefore, the
numerical coe⌦cient in (27) does not depend on the leptogenesis temperature.
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approximatively diagonal, it follows that the up quark mass matrix must be
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MD ⇧ V †
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7A subtlety lies in the fact that these equilibrium conditions must be imposed not at
the time at which leptogenesis happens; in fact, lepton number is produced at this time,
but continues to be converted to baryon number until sphalerons run out of equilibrium.
It is at this temperature that the equilibrium conditions must be imposed; therefore, the
numerical coe⌦cient in (27) does not depend on the leptogenesis temperature.
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Predictions for δ and m1  

Figure 1: (Left panel) Lightest neutrino mass vs the Dirac phase. The di�er-
ent vertical bands correspond to the experimental values for the Dirac phase
(see text for details) and the horizontal band is the upper limit coming from
Cosmology. In yellow the 3⇤ confidence band is evidenced. (Right panel)
Majorana phases � and ⇥ for the numerically generated points. In both plots
red points are obtained by imposing Y�B within the 3-⇤ experimental range
while grey points are not constrained from baryon asymmetry.

Figure 2: Jarlskog invariant parameter as a function of the baryon asymme-
try yield obtained. The vertical band correspond to the 3� ⇤ experimental
value The horizontal dashed line represents the value obtained by fixing all
the oscillating parameters to their best fit values.

see that requiring a baryon asymmetry within about a 3 � ⇤ range around
the experimental value of the baryon abundance, we get J in the range
(�0.022,�0.018) (approximately independent of the sign). It is to be noted,
however, that di�erent signs predict di�erent yields, due to the opposite
value of the CP asymmetry.
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5 Conclusions

In this paper we analize the baryogenesis via leptogenesis scenario for a
type-I seesaw mechanism at the basis of neutrino mass generation. In this
framework, we assume a reasonable structure for Dirac neutrino mass matrix,
namely symmetric and similar to up-type quark mass matrix, like occurring
in SO(10) inspired models. These assumptions imply a relevant correlation
between the parameters of CP violation at high and low energy, and this
restricts low energy neutrino parameter space (already compatible with neu-
trino phenomenology) once we require consistency with the observed baryon
asymmetry. Unfortunately, with the hierarchical structure induced on right-
handed neutrino mass matrix by previous similarity hypothesis, it is not
possible to obtain a viable leptogenesis realization, because the lightest right-
handed neutrino mass results to be below the Davidson-Ibarra limit. One can
circumvent this problem by imposing a fine tuning in the neutrino parame-
ters, which providing a compact right-handed neutrino spectrum, allows to
obtain an e⌧cient leptogenesis. This fine tuning, through the numerical res-
olution of the Boltzmann equations ruling the yields evolution, provides the
following allowed intervals for the lightest neutrino mass and the Dirac CP
phase (in a 3⌅ range from the experimental values): �0.90⇤ < � < �0.75⇤
and m1 ⇥ (0.002� 0.004) eV.
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mark point for testing our numerical solution of the Boltzman equation for
leptogenesis.

Appendix

A Examples of hierarchical lepton Yukawas

First example: FN scenarios
Assuming FN families symmetries we expect quite hierarchical Dirac Neu-
trino Yukawa interactions. Here we provide an example from reference
[21] where the three left-handed SU(2)L doublets have U(1)FN charges
(3, 0, 0), the charged lepton right-handed (3, 2, 0) and the right-handed sin-
glets (1,�1, 0). Moreover two FN scalars electroweak singlets has been intro-
duced, ⇥ and ⇥�, with charges 1 and �1 respectively. Under such assumptions
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Predictions for Majorana phases 

27.01.2020 40 Figure 1: (Left panel) Lightest neutrino mass vs the Dirac phase. The di◆er-
ent vertical bands correspond to the experimental values for the Dirac phase
(see text for details) and the horizontal band is the upper limit coming from
Cosmology. In yellow the 3⇤ confidence band is evidenced. (Right panel)
Majorana phases � and ⇥ for the numerically generated points. In both plots
red points are obtained by imposing Y�B within the 3-⇤ experimental range
while grey points are not constrained from baryon asymmetry.

Figure 2: Jarlskog invariant parameter as a function of the baryon asymme-
try yield obtained. The vertical band correspond to the 3� ⇤ experimental
value The horizontal dashed line represents the value obtained by fixing all
the oscillating parameters to their best fit values.

see that requiring a baryon asymmetry within about a 3 � ⇤ range around
the experimental value of the baryon abundance, we get J in the range
(�0.022,�0.018) (approximately independent of the sign). It is to be noted,
however, that di◆erent signs predict di◆erent yields, due to the opposite
value of the CP asymmetry.
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However mββ is too low (<0.02eV) to be detected 



(eV…) Sterile neutrinos and cosmology

• Contribution to Neff  

• neutrino mass  

• possible distortions of active neutrino spectra 

• new interactions…



Cosmological observations

1 MeV 1 eV T

Sensitivity to Neff and ν flavour (spectra)

Sensitivity to Neff and ν masses  

(and to other proprieties, i.e. neutrino 
interactions… )



"
⌫

+ "
x

=
7

8

⇡2

15
T 4
⌫

Ne↵ =
7

8

⇡2

15
T 4
⌫

(NSM
e↵ +�N)

NSM
e↵ = 3.046 Mangano et al. 2005

 The non-e.m. energy density is parameterized by the effective numbers of neutrino species Neff

  Radiation Content in the Universe

due to non-instantaneous neutrino decoupling 

(+ oscillations)

�N = Extra Radiation:  axions and axion-like particles, sterile neutrinos (totally or  
                            partially thermalized), neutrinos in very low-energy reheating 
                            scenarios, relativistic decay products of heavy particles...

NSM
e↵ = 3.0463.045 after a recent recalculation)(

De Salas & Pastor, 2016



Impact on Big Bang Nucleosynthesis

At T~1- 0.01 MeV  production of the primordial abundances of light elements, in particular 
2H, 4He

When  Γn⟷p  < H   ➜ neutron-to- proton ratio freezes out

Sterile ν influence on BBN :

   contribution to the radiation energy density governing H before  and during BBN        

   oscillating with the active neutrinos, can distort the active spectra which are the    
    basic input   for BBN

nn

np
=

n

p
= e��m/T ! 1/7

BBN constraint on ΔNeff   :   NO preference for extra radiation    

Neff                H             early freeze out          n/p               4He    , 2H 

nn

np
=

n

p
= e��m/T ! 1/7

   Non standard interaction among (sterile) neutrinos, can distort the active spectra            
and consequently impact the BBN productions

See WP1 and WP4 for further details on BBN



  Impact on CMB

Combined with other cosmological probes: Planck—>Neff ∼3

Neff  affect the time of matter-radiation equality ➟  
consequences on the amplitude of the first peak and on the peak 
locations

 If sterile neutrinos are still relativistic at the CMB epoch, they impact the CMB spectrum

Neutrino mass  (background and perturbation level, suppression of the lensing…)

 Neutrino non standard interactions 



Impact on the LSS

318 The recent times: neutrinos and structure formation
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Figure 6.5 Step-like suppression of the matter power spectrum due to neu-
trino mass. The power spectrum of a ⇤CDM model with two massless and
one massive species has been divided by that of a massless model, for several
values of m

⌫

between 0.05 eV and 0.50 eV, spaced by 0.05 eV. All spectra
have the same primordial power spectrum and the same parameters (⌦

M

,
!

M

, !
B

).

• in the intermediate region (k slightly larger than knr), neutrino pertur-
bations, although smaller than CDM perturbations, are not completely
negligible, at least at small redshift. Hence there is a smooth transition
between the region where neutrino masses have no e↵ect, and that in
which they have a maximal e↵ect.

In summary, neutrino masses produce a smooth step-like suppression of the
matter power spectrum on scales k > knr. This step is shown in Fig. 6.5 for
various masses. In the next subsection, we show how to estimate analytically
the suppression factor as a function of neutrino masses in the small scale
limit.

Suppression factor for k � knr

Several approaches for estimating analytically or semi-analytically the neu-
trino mass impact on small scales have been discussed in the literature. A
very accurate (but also very technical) discussion has been presented in (Hu
and Eisenstein, 1998) (see also (Holtzman, 1989), (Pogosian and Starobin-

  mν (Σ)  
increases

The small-scale matter power spectrum P(k > knr) is reduced in presence of massive ν:

✓   free-streaming neutrinos do not cluster  

✓   slower growth rate of CDM (baryon) perturbations



For the mass and mixing parameters preferred by laboratory 
sterile ν are copiously produced, reaching 1 extra d.o.f. 
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
(upper panels) and SIH (lower panels) cases from Ne↵ (black curves) and ⌦⌫h

2 (red curves) at 95 % C.L. The contours refer
to di↵erent values of sin2 ✓i4: sin

2 ✓i4 = 0 (continuous curves), sin2 ✓i4 = 10�3 (dashed curves), sin2 ✓i4 = 10�2 (dotted curves),
sin2 ✓i4 = 10�1.5 (dot-dashed curves). (see the text for details).

neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.

Mass bounds
Radiation bounds

Planck constraints on the parameter space of  ν  oscillation:

Too many and too heavy  
for cosmological observations 
 (BBN, CMB, LSS) 

eV sterile Compatibility with cosmology



 Possible solutions?
• Different mechanisms to suppress the νs abundance:
 

1. large ν-ν asymmetries:

Caveat: L can also generate MSW-like resonant flavor conversions among active and sterile 
neutrinos enhancing their production

2.  “secret” interactions for sterile neutrinos

Introducing L in the flavour evolution equation, this suppresses the thermalization of  
sterile neutrinos (ρss     ) by an effective νa-νs mixing reduced by large matter term ∝ L

A possible answer: primordial neutrino asymmetry 

Introducing  
Suppress the thermalization of  sterile neutrinos 
(Effective νa-νs mixing reduced by a large matter 
term       L) 

 Foot and  Volkas, 1995  

Caveat : L can also generate MSW-like resonant flavor conversions among active 
                and sterile neutrinos enhancing their production 

A lot of work has been done in this direction….. 

L =
n! ! n!
n" !

Enqvist et al., 1990, 1991,1992; Foot, Thomson & Volkas, 1995;Bell, Volkas & 
Wong, 1998; Dolgov, Hansen, Pastor & Semikoz, 1999;Di Bari & Foot, 2000;  Di 
Bari, Lipari and lusignoli , 2000;Kirilova & Chizhov, 2000; Di Bari, Foot, Volkas & 
Wong, 2001; Dolvgov & Villante, 2003; Abazajian, Bell, Fuller, Wong, 2005; 
Kishimoto, Fuller, Smith, 2006; Chu & Cirelli, 2006; Abazajian & Agrawal, 2008; 

In a simplified scenario,  L~10-4 was found to be enough in order to have a significant 
reduction of the sterile neutrino abundance    Chu & Cirelli, 2006"

… looking for the right L 

IFIC’s""Seminar,"19"Feb"2013" Nine7a"Saviano" 14)

Different authors have assumed the Standard Model (SM) is augmented by one extra species 
of light (∼ eV) neutrinos νs, which  experiment a new force. Such a new interaction can have 
profound effects on active-sterile neutrino conversion in the early Universe, since sterile ν feel 
a new potential that can  suppresses active-sterile  mixing   (by  an  effective  νa-νs  mixing 
reduced by a large matter term)

Caveat: they also generate MSW resonance and strong collisional production, increasing their 

abundance, with non trivial consequences on the cosmological observables 
Scenario ruled out in case of new vector mediator X by BBN, CMB & mass constraints from 
different investigations (most of them performed by our group) in the ranges 

Mx[10-3, 103]MeV and gx[10-6, 1]



 Possible solutions?
• Different mechanisms to suppress the νs abundance:
 

1. large ν-ν asymmetries:

conversions occur at  T ~  Tν decoupling ⇛ active not repopulated anymore by collisions  ( ρee< 1 )

L=0

L=10-4

L=10-3

L=10-2

�

If active neutrino spectra (νe) are distorted —> possible effects on BBN predictions

Work in progress:  
multi-momentum scan in 2-sigma range of the global fit-anomalies, for different values 
of neutrino asymmetry and BBN theoretical prediction with PARTHENOPE code 

Forestieri, Mangano, Miele,  Mirizzi, Pesanti e Saviano

Mirizzi, Saviano., Miele, Serpico 2012; Saviano et al., 2013; 



Heavy sterile neutrinos projects



WORK IN PROGRESS: 

Influence of heavy (O 102 MeV) sterile neutrinos  
on primordial nucleosynthesis.  

Mastrototaro, Miele, Mirizzi et al…



Massive sterile neutrinos can decay and, due to their feeble 
interaction strength, their lifetime can be of order seconds. 

 The decay products of the sterile neutrinos are injected into the 
primordial environment, increasing its temperature and shifting 
the chemical equilibrium. 

For particles that either are not in equilibrium or are about to fall out of it, such as active 
neutrinos at few MeV, the “injection” modifies the form of their spectra.

• through the contribution to the cosmological energy density by speeding up the expansion 
and enlarging the frozen neutron-to-proton ratio, rn = n/p,

• through its decay products, νe , νμ , and ντ 

Impact on BBN



Paper of Ruchayskiy and Ivashko, 2012 

Figure: Comparison of direct accelerator constraints and BBN bounds, 

             based on the Helium-4 measurements in the model where sterile 

               neutrinos mix with ντ only. 

Next steps:

• New BBN bounds
• Investigation for  Ms > 140 MeV  

Challenging task: two-particle decay channels appear (e.g. νS → π0να,π±e∓) 
and the procedure of solving Boltzmann equations should be significantly 
modified. 

See WP3 for bound from SN



Absorption of astrophysical neutrino 
flux due to secret interactions and  

massive sterile neutrinos

D. Fiorillo, G. Miele, S. Morisi, N. Saviano

WORK IN PROGRESS: 



Cosmogenic

: Cosmic neutrino Background 

νs

νs

Earth

    new pseudoscalar mediator

Neutrinos without interactions

Neutrinos absorbed and
 arriving as sterile

L = ��⌫̄�5�⌫s

�

�

Sterile and scalar masses > 0.25 GeV to avoid kaon decay and cosmological constraints

⌫s ⌫a

⌫a ⌫s

⌫s ⌫a

⌫a ⌫s

⌫HE
a

⌫HE
a

⌫C⌫B
a

C⌫B

�O(1)

No problem with energy loss in SN since  sterile nu would be trapped

O



PROPAGATION OF ASTROPHYSICAL 
NEUTRINOS

∂ϕ
∂l

= − nσϕ + n∫ dE′ � dσ
dE

(E′� → E)ϕ(E′ �) + source

Evolution
Absorption Regeneration

Cosmogenic



PRELIMINARY



Neutrino Physics and Dark Matter



Connecting Neutrino Physics with Dark Matter

NEUTRINO SECTOR

‣ Masses and mixing


‣ Dirac or Majorana

DARK SECTOR

‣ (heavy) Dark Matter

Standard Model 
extension

Connection in the past
The neutrino sector drives the DM 
production in the Early Universe 
(Neutrino portal).


‣ Model to account for a realistic 
neutrino spectrum and a viable 
DM relic density.

Connection in the present
Neutrinos are the main messenger to 
indirectly look for DM.


‣ Allowed features of a DM signal in 
Neutrino Telescopes


‣ Viable leptophilic DM model

Goal: find a minimal extension of the SM (bottom-up approach) 
with a direct link between the two sectors 

BY M. CHIANESE



Neutrinophilic Dark Matter
How to realize a model for 100 TeV Dark Matter decaying only into neutrinos? The main 
features are:


‣ requirement of a new global symmetry


‣ Dirac nature of active neutrinos


‣ A reheating temperature of the Universe as low as TeV scale

to forbid all the other decay channels

to not spoil the new global symmetry 
(e.g. extended lepton number)

to dilute the overabundant Dark Matter  
produced via freeze-out

Chianese, Miele, Morisi, Peinado, JCAP 1812 (see also Chianese and Merle, JCAP 1704)
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Neutrino sector drives  
DM production via freeze-in
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Right-handed neutrino portal

NEUTRINO SECTOR

‣ RH neutrinos


‣ type-I seesaw
�, �, ...
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DARK SECTOR

‣ Neutrino-DM relation


‣ Very heavy DM (FIMPzilla)


‣ Importance of the initial 
conditions of the Universe 
(reheating temperature)


‣ Contribution from gravity-
mediated processes


Key features

U  

connection

Next step
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