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1) Solar νs as harbingers of non-zero θ13 
 
 
2) Solar νs as a probe of sterile neutrinos 
 
 
3) Solar νs as a probe of the MSW dynamics  
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Tightly interconnected topics, as we will see …  



Solar νs as harbingers of  
        non-zero θ13 
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Why a non-zero θ13 is so important 

  Only if all three θij = 0 we can have CP violation   

J = �[Uµ3Ue2U
∗
µ2U

∗
e3]

The Jarlskog invariant J gives a parameterization-independent 
measure of the CP violation induced by the complexity of U 

In the standard parameterization the expression of J is:  

J =
1

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

quark-sector: JCKM ~ 3 x 10-5, much smaller than 

lepton-sector: |J| may be as large as 3 x 10-2 (it will depend on δ) 

/ 

|J |max =
1

6
√
3
∼ 0.1



CHOOZ exclusion plot 

Exclusion plot in the 
(Δm2, θ13)  plane  

Atm 
+LBL 

 Δm2  scale now 
set with precision by 

Historical result established by CHOOZ in 1998 
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The 3ν global analyses have played an increasingly relevant 
role in pinning down θ13, constantly improving their sensitivity.           

What instead – pleasantly - surprised us was that,  
for the first time, the analyses pointed towards a 

non-zero value of this parameter… 

They have first corroborated (atm. analyses) and then 
strengthened (sol+Kam analyses) the CHOOZ upper limit. 

Hence, in 2008 it was not surprising that they started to be  
competitive, reaching values of θ13 below the CHOOZ limit.  

...since then...  
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The global analysis provided a preference for θ13 > 0 at 90% C.L.  
Fogli, Lisi, Marrone, A.P, Rotunnno,  
PRL 101, 141801 (2008), arXiv:0806.2649, hep-ph. 
 

2008: Global 3ν analysis     
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FIG. 1: Global 3ν oscillation analysis (2008): Bounds on the mass-mixing oscillation parameters, in terms of standard deviations
from the best fit. Note the 1.6σ preference for θ13 > 0.

preference for θ13>0  
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FIG. 1: Allowed regions in the plane (sin2 θ12, sin2 θ13): contours at 1σ (dotted) and 2σ (solid). Left and middle panels: solar
(S) and KamLAND (K) data, both separately (left) and in combination (middle). In the left panel, the S contours are obtained
by marginalizing the δm2 parameter as constrained by KamLAND. Right panel: All data.

Hint from solar and KamLAND data.—In past years, the above “atmospheric ν hint” was not supported by
independent long-baseline reactor and solar neutrino data, which systematically preferred θ13 = 0 as best fit, both
separately and in combination [3]. Therefore, in the global data analysis, the hint of θ13 > 0 was diluted well below
1σ, and could be conservatively ignored [3].

Such trend has recently changed, however, after the latest data release from the Kamioka Liquid Scintillator Anti-
Neutrino Detector (KamLAND) [12], which favors slightly higher values of sin2 θ12, as compared to solar neutrino
data [13] at fixed θ13 = 0. As discussed in [14], and soon after in [15], this small difference in sin2 θ12 can be reduced
for θ13 > 0, due to the different dependence of the survival probability Pee = P (νe → νe) on the parameters (θ12, θ13)
for solar and KamLAND neutrinos [16]. Indeed, recent combinations of solar and KamLAND data prefer θ13 > 0,
although weakly [14, 15, 17].

Remarkably, the recent data from the third and latest phase of the Sudbury Neutrino Observatory (SNO) [18] pre-
sented at Neutrino 2008 [19] further reduce the solar neutrino range for sin2 θ12 and, in combination with KamLAND
data, are thus expected to strengthen such independent hint in favor of θ13 > 0. We include SNO-III data in the form
of two new integral determinations of the charged-current (CC) and neutral current (NC) event rates [18], with error
correlation ρ " −0.15 inferred from the quoted CC/NC ratio error [18], but neglecting possible (so far unpublished)
correlations with previous SNO data [13]. We ignore the SNO-III elastic scattering (ES) event rate [20], which appears
to be affected by statistical fluctuations [18, 19] and which is, in any case, much less accurate than the solar neutrino
ES rate measured by Super-Kamiokande [21].

In the solar neutrino analysis, we update the total Gallium rate (66.8 ± 3.5 SNU) [22] to account for a recent
reevaluation of the GALLEX data [23, 24]. The latest Borexino data [25, 26], presented at Neutrino 2008 [27], are
also included for the sake of completeness. We do not include the Super-Kamiokande phase-II results [28], which
would not provide significant additional constraints. Finally, concerning KamLAND, we analyze the full spectrum
reported in [12], and marginalize away the low-energy geoneutrino fluxes from U and Th decay in the fit. We have
checked that our results agree well with the published ones (in the case θ13 = 0) both on the oscillation parameters
(δm2, sin2 θ12) and on the estimated geo-ν fluxes [29].

Figure 1 (left panel) shows the regions separately allowed at 1σ (∆χ2 = 1, dotted) and 2σ (∆χ2 = 4, solid)
from the analysis of solar (S) and KamLAND (K) neutrino data, in the plane spanned by the mixing parameters
(sin2 θ12, sin2 θ13). The δm2 parameter is always marginalized away in the KamLAND preferred region (which is
equivalent, in practice, to set δm2 at its best-fit value 7.67 × 10−5 eV2). The mixing parameters are positively and
negatively correlated in the solar and KamLAND regions, respectively, as a result of different functional forms for
Pee(sin

2 θ12, sin
2 θ13) in the two cases. The S and K allowed regions, which do not overlap at 1σ for sin2 θ13 = 0,

merge for sin2 θ13 ∼ few× 10−2. The best fit (dot) and error ellipses (in black) for the solar+KamLAND combination
are shown in the middle panel of Fig. 1. A hint of θ13 > 0 emerges at ∼1.2σ level,

sin2 θ13 = 0.021 ± 0.017 (1σ, solar + KamLAND) , (2)

with errors scaling linearly, to a good approximation, up to ∼3σ.

2008: First indication of non-zero θ13 

Fogli, Lisi, Marrone, A.P., Rotunno, Phys. Rev. Lett. 101, 141201 (2008)  

sin2θ13 ~ 0.016  

Two independent hints came from  
  solar and atmospheric sectors: 
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FIG. 2: Global ν oscillation analysis: Allowed 1σ ranges of sin2 θ13 from different input data.

Combination. We have found two independent hints of θ13 > 0, each at a level of ∼1σ, and with mutually consistent
ranges for sin2 θ13. Their combination reinforces the overall preference for θ13 > 0, which emerges at the level of ∼1.6σ
in our global analysis. In particular, Fig. 1 (right panel) shows the 1σ and 2σ error ellipses in the (sin2 θ12, sin2 θ13)
plane from the fit to all data, which summarizes our current knowledge of electron neutrino mixing [30]. Marginalizing
the sin2 θ12 parameter we get

sin2 θ13 = 0.016± 0.010 (1σ, all oscillation data) , (3)

with linearly scaling errors. This is the most important result of our work. Allowed ranges for other oscillation
parameters are reported separately [31]. Summarizing, we find an overall preference for θ13 > 0 at ∼ 1.6σ or,
equivalently, at ∼90% C.L., from a global analysis of neutrino oscillation data, as available after the Neutrino 2008
Conference. The preferred 1σ ranges are summarized in Eqs. (1)–(3), and are graphically displayed in Fig. 2.

Conclusions and Prospects.—In this Letter, we have focused on the last unknown neutrino mixing angle θ13. Within
a global analysis of world neutrino oscillation data, we have discussed two hints in favor of θ13 > 0, each at the level of
∼1σ. Their combination provides an overall indication for θ13 > 0 at a non-negligible 90% confidence level. To some
extent, the present hints of θ13 > 0 can be corroborated by more refined analyses. Concerning atmospheric neutrinos,
an official, complete 3ν analysis by the Super-Kamiokande collaboration, including all experimental details, would
be very important. The analysis should include δm2-driven terms in the oscillation probability [32, 33], which have
been neglected in the official publication [34]. Concerning solar neutrinos, a detailed, fully documented and official
combination of all the SNO-I, II, and III data [35] would be helpful to sharpen the bounds on solar νe mixing and to
contrast them with (future) KamLAND data. The latter would benefit by a further reduction of the normalization
error, which is directly transferred to the mixing parameters. In our opinion, such improvements might corroborate
the statistical significance of the previous hints by another ∼1σ but, of course, could not replace direct experimental
searches for θ13 at reactors or accelerators. Two hints make for a stronger indication, but do not make for a compelling
proof.

Acknowledgments. G.L.F., E.L., A.M., and A.M.R. acknowledge support by the Italian MIUR and INFN through
the “Astroparticle Physics” research project, and by the EU ILIAS through the ENTApP project. A.P. thanks
J.W.F. Valle for kind hospitality at IFIC, and acknowledges support by MEC under the I3P program, by Spanish
grants FPA2005-01269 and by European Commission network MRTN-CT-2004-503369 and ILIAS/N6 RII3-CT-2004-
506222.
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FIG. 4. Top: Expected prompt energy spectra, including
backgrounds, for the no-oscillation case and for the best fit
sin22θ13, superimposed on the measured spectrum. Inset:
stacked histogram of backgrounds. Bottom: Difference be-
tween data and the no-oscillation spectrum (data points) and
difference between the best fit and no-oscillation expectations
(curve)

oscillation hypothesis at the 94.6% C.L.
We determine our best estimate of the ν̄e and back-

ground rates with a pulls-based approach [49], the results
of which are shown in Table III. From the best fit we ob-
tain a contribution from 9Li reduced by ∼19%, and with
an uncertainty decreased from 52% to 26%. The fast
neutron value is decreased by 5% with almost unchanged
uncertainty.

TABLE III. Summary of the effect of a pulls term approach
on the fast neutron and 9Li backgrounds and on the energy
scale. Uncertainty values are in parentheses.

Fast n. Bkg(%) 9Li (%) EScale (value)
Rate only 100 (46) 100 (52) 0.997 (0.007)
Rate + Shape 95.2 (38) 81.5 (25.5) 0.998 (0.005)

Figure 4 shows the measured positron spectrum super-
imposed on the expected spectra for the no-oscillation
hypothesis and for the best fit (including fitted back-
grounds).
Combining our result with the T2K [11] and MI-

NOS [12] measurements leads to 0.003 < sin22θ13< 0.219
at the 3σ level.
In summary, Double Chooz has searched for

ν̄e disappearance using a 10 m3 detector located
1050 m from two reactors. A total of 4121 events
were observed where 4344 ± 165 were expected for no-
oscillation, with a signal to background ratio of ≈11:1.
In the context of neutrino oscillations, this deficit leads
to sin22θ13= 0.086 ± 0.041 (stat) ± 0.030 (syst), based
on an analysis using rate and energy spectrum informa-
tion. The no-oscillation hypothesis is ruled out at the
94.6% C.L. Double Chooz continues to run, to reduce
statistical and background systematic uncertainties. A
near detector will soon lead to reduced reactor and de-
tector systematic uncertainties and to an estimated 1σ
precision on sin22θ13 of ∼ 0.02.
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uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Parameter estimates as of June 2012 

θ13 non-zero at 8σ	


~2σ indication of 	

 non-maximal θ23  
    (θ23<π/4) 

Hint of δ ~ π	


no sensitivity to  
 mass hierarchy 

Fogli, lisi, Marrone, Montanino, A.P., Rotunno, PRD 86 013012 (2012) 
                    (includes Neutrino 2012 results) 
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IV. SUMMARY OF OSCILLATION CONSTRAINTS AND IMPLICATIONS FOR ABSOLUTE MASSES

In this section we summarize the previous results in terms of one-parameter constraints, all the others being
marginalized away. We also show updated oscillation constraints on the main absolute mass observables [44, 45],
namely, the effective electron neutrino mass mβ (probed in β decay), the effective Majorana mass (probed in 0ν2β
decay searches), and the sum of neutrino masses Σ, which can be probed by precision cosmology.

Figure 3 shows the Nσ bounds on the 3ν oscillation parameters. Blue (solid) and red (dashed) curves refer to
NH and IH, respectively. The curves are expected to be linear and symmetric around the best fit only for gaussian
uncertainties. This is nearly the case for the squared mass differences δm2 and ∆m2, and for the mixing parameters
sin2 θ12 and sin2 θ13. The bounds on sin2 θ23 are rather skewed towards the first octant, which is preferred at <∼ 2σ in
NH and <

∼ 3σ in IH. Also the probability distribution of δ is highly nongaussian, with some preference for δ close to
π, but no constraint above ∼2σ. As expected, there are no visible differences between the NH and IH curves for the
parameters δm2 and sin2 θ12, and only minor variations for the the parameters ∆m2 and sin2 θ13. More pronounced
(but <∼ 1σ) differences between NH and IH curves can be seen for sin2 θ23 and, to some extent, for δ.
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FIG. 3: Results of the global analysis in terms of Nσ bounds on the six parameters governing 3ν oscillations. Blue (solid) and
red (dashed) curves refer to NH and IH, respectively.



  A closer look to the solar hint of θ13>0 shows that 
it emerged from a delicate interplay of solar and KamLAND  

  	


   
 

θ13 > 0  θ13 = 0  
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Solar νs are thus a very precise machine and we can 
trust it also when searching for non-standard physics! 



   Exploring new neutrino properties  
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   Beyond the standard 3ν paradigm 
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Experimental hints 
Although the 3ν scheme explains most of the data  

an increasing number of anomalies is showing up   

Acquired knowledge  
Precision on standard parameters enhances  
the sensitivity to any kind of perturbation  

Why go beyond the standard 3ν picture? 

Theory 
Many extensions of the SM point towards new    

 ν properties (interactions, new states,…) 

Future data 
A rich plan of new experiments will allow us 
 to explore and chart unknown territories  



The hints of light sterile neutrinos 

14 
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Hint #1: The Gallium calibration anomaly 

Deficit observed in calibration performed with radioactive 
sources   

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]

0.7
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GALLEX Cr1

GALLEX Cr2

SAGE Cr

SAGE Ar

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

RGa = 0 86 0 05

C. Giunti Recent Progress in Neutrino Physics 1 Mar 2011 21/25

SAGE coll., PRC 73 (2006) 045805  

But it could be due to overestimate of νe + 71Ga à 71Ge + e-  
cross section 
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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.

Mention et al., PRD 83 073006 (2011)   

Hint #2: The reactor antineutrino anomaly 

With new reactor fluxes deficit of all the short-baseline 
                     reactor measurements  

Mueller et al., PRC 83 054615 (2011)  
Huber, PRC 84 024617 (2011)    
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FIG. 5. (Color online) The blue hatched area shows the con-
tribution of our ab inito prediction (ENSDF + pandemonium
corrected nuclei) relative to the ILL reference data. The miss-
ing contribution coming from unknown nuclei and remaining
systematic effects of nuclear databases (red hatched area) is
fitted using a set of 5 effective β-branches.

ucts), and assuming that transitions are allowed tran-
sitions. The normalization and the end-point are two
free parameters for each branch. An example of the ”ab
initio” and ”fitted” contributions of 235U electron spec-
trum is illustrated in figure 5 as stacked histograms. The
residues of the fitted missing contribution are shown in
figure 6(a). They are small, typically at the level of the
statistical error of the ILL data, except in the 4.5-6.0
MeV range where one can see an oscillation pattern with
an amplitude reaching three times the error of the ILL
data at maximum. This may point to a systematic ef-
fect due to a failure of the fit model. We checked that
using more effective branches is not efficient because of
the limited number of experimental points available. The
impact of these non statistical residues in the final error
is discussed latter.

C. New reference antineutrino spectra

Converting all branches from the nuclear databases
plus the 5 fitted ones into antineutrino branches (as de-
scribed in section II), we obtain the predicted antineu-
trino spectrum. The residues with respect to the pre-
diction of Schreckenbach et al. are shown in figure 6(b).
It exhibits a good agreement in shape but a mean nor-
malization shift of about +3%. This shift of the emit-
ted antineutrino flux is modulated at higher energy by
oscillations which look like images of the oscillations in
the electron residues. When folded with the β-inverse
cross section the predicted increase of detected antineu-
trino rate from 235U is about 2.5%. Note that this posi-
tive shift is a mean value computed between the energy
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FIG. 6. Relative difference to ILL spectra for electron (a) and
antineutrino (b) spectra for 235U. While electron residues are
zeroed at the ±1% level by the fitting procedure, antineu-
trino residues exhibit a mean normalization shift of about 3%
(dashed line in(b)).

threshold (1.8 MeV) imposed by the detection process
and infinity. The physical constraint of one emitted elec-
tron for one emitted antineutrino must still be fulfilled.
We did check that the total integral of our electron spec-
trum fitted on the ILL reference and the integral of the
associated converted neutrino spectrum were identical at
the 10−4 level. Since all our individual β and antineu-
trino branches are normalized to the same integral with
much higher accuracy this result gives an estimate of the
numerical precision in the sum of thousands of branches.

To test the validity of our procedure we applied it to ef-
fective calculated electron and antineutrino spectra. This
method was inspired from the work of P. Vogel [46]. We
generated electron and antineutrino spectra as the sum
of the spectra of all fission products indexed in ENSDF,
weighted by the activity predicted by the MURE code
after 12 hours of irradiation. We know from section III
that these spectra are close to the ones measured at ILL
and in the context of this test we call them ”true” spec-
tra in the sense that they are unambiguously connected
to each other by the conversion of each single branch of
the sum. Then we followed the exact same procedure as

But new calculations, like older ones, are still anchored to  
(one single) β-spectrum experiment (ILL)  
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FIG. 6. Allowed regions in the sin2(2θnew)−∆m2
new plane obtained from the fit of the reactor neutrino data to the 3+1 neutrino

hypothesis, with sin2(2θ13) = 0. The left panel is the combination of the reactors and the gallium experiment calibration results
with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the MiniBooNE
data following the method of Ref. [56]. In both cases the ILL energy spectrum information is not included.

Our ILL re-analysis, including only the en-
ergy spectrum shape, leads to the allowed regions
in the sin2(2θnew) − ∆m2

new plane presented in
Figure 7. We notice a hint of neutrino oscil-
lations such that |∆m2

new,ILL−shape| > 1 eV2 and

sin2(2θnew,ILL−shape) ∼ 0.2, in agreement with our
fourth neutrino hypothesis, but still compatible with the
absence of oscillations at the 1σ level. Figure 3 is our
reproduction of the illustration 3 of Ref. [2]; we superim-
posed the oscillation pattern that would be induced by
neutrino oscillations at our best fit (combined analysis).
The ILL positron spectrum is thus in agreement with
the oscillation parameters found independently in our
re-analyses, mainly based on rate information. Because
of the differences in the systematic effects in the rate
and shape analyses, this coincidence is in favor of a true
physical effect rather than an experimental anomaly. As
a cross check we performed a Monte-Carlo simulation of
the ILL and Bugey-3 experiments, including the finite
spatial extension of the nuclear reactors and the ILL and
Bugey-3 detectors. We found that the small dimensions
of the ILL nuclear core lead to small corrections of the
oscillation pattern imprinted on the positron spectrum.
However the large extension of the Bugey nuclear core is
sufficient to wash out most of the oscillation pattern at
15 m. This explains the absence of shape distortion in
the Bugey-3 experiment.

Table III summarizes all the results of our fits of reac-
tor, gallium, and MiniBooNE-ν data to the sterile neu-
trino oscillation hypothesis. We observe that all the data
sets taken separately are very consistent with one an-
other, pointing to very similar oscillation parameters. We
thus performed a global fit to all available data.

The no-oscillation hypothesis is disfavored at
99.8% C.L. The significance is dominated by the
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FIG. 7. Allowed regions in the sin2(2θnew) − ∆m2
new plane

obtained from a fit of the ILL energy spectrum shape only.
The best fit value reported by the authors of Ref. [36] is very
close to our best fit, at |∆m2

new| ∼2 eV2, but it is worth noting
its poor statistical significance, compatible with the absence
of oscillations at the 1σ level. The best-fit point is indicated
by a star.

gallium and reactor data. Allowed regions in the
sin2(2θnew) − ∆m2

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

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

new| > 1.5 eV2

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

Fitting the short-distance νe-disappearance 

Mention et al., PRD 83 073006 (2011)   

sin2 2θnew � 0.1 ∆m2
new � 1 eV2
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Hint #3: Anomalous short-distance νe-appearance 

Giunti and Laveder, arXiv:1107.1452  

    In tension with disappearance searches: 
νµ->νe positive appearance signal incompatible with  
joint νe–>νe (positive) & νµ->νµ (negative) searches  

3+1 3+2 

sin2 2θeµ � 1

4
sin2 2θee sin

2 2θµµ � 4|Ue4|2|Uµ4|2

Warning:  

 ~ 0.1     < few %   ~ few %o 

Theory: 

Experiments: 

LSND
[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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Hint #4: Cosmology favors extra radiation 

CMB + LSS tend to prefer 
extra relativistic content  

~ 2 sigma effect 
[Hamann et al., PRL 105, 181301 (2010)] 

- eV masses acceptable only abandoning standard ΛCDM  
  (Kristiansen & Elgaroy arXiv:1104.0704 , Hamann et al. arXiv:1108.4136)   
 

- Ns is not specific of νs 
   (new light particles, decay of dark matter particles, quintessence, …)  
  

Warnings: 

- Ns>1 at BBN strongly disfavored (Mangano & Serpico PLB 701, 296, 2011)   
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Can we get some information on νs 
 from the solar neutrino sector? 



21 

The 4th ν state induces 
a small perturbation of  
the 3-flavor framework 

|Us4| ~ 1 

From the “point of view” of the solar doublet (ν1,ν2)  
we expect similar sensitivity to Ue3 & Ue4 

 Δmsol
 

 Δmatm
 

   Δmnew>1eV2 2 

2 

2 

The 3+1 scheme: 
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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.

Pee � 1− sin2 2θnew sin2
∆m2

newL

4E

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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GALLEX Cr1

GALLEX Cr2
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SAGE Ar

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

RGa = 0 86 0 05

C. Giunti Recent Progress in Neutrino Physics 1 Mar 2011 21/25

VSBL νe disappearance in a 3+1 scheme  

Mention et al. arXiv:1101:2755 [hep-ex] 

SAGE coll., PRC 73 (2006) 045805  sin2 θnew � U2
e4 = sin2 θ14

Pee = 1− 4
�

j>k

U2
ejU

2
ek sin

2
∆m2

jkL

4E

In a 2ν framework: 

In a 3+1 scheme: 

∆m2
sol � ∆m2

atm � ∆m2
new

  3+1 scheme has several consequences: solar, atm, react., accel. 

We will focus on the implications for Solar (S) & KamLAND (K) 
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Pee = 1− 4
�

j>k

U2
ejU

2
ek sin

2
∆m2

jkL

4E

∆m2
sol � ∆m2

atm � ∆m2
new

Pee = (1− U2
e3 − U2

e4)
2P 2ν

ee + U4
e3 + U4

e4

LBL νe disappearance in a 3+1 scheme 

Exact degeneracy between Ue3 and Ue4 

U2
e3 = c214s

2
13 U2

e4 = s214

 -driven osc. averaged 
 Δmnew

 

 Δmatm
 2 

2 

KamLAND 
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i
d

dx





νe
νµ
ντ
νs



 = H





νe
νµ
ντ
νs





VCC =
√
2GF Ne VNC =

1

2

√
2GF Nn

K =
1

2E
diag(k1, k2, k3, k4) ki =

m2
i

2E

V = diag(VCC , 0, 0, −VNC)

H = UKU
T + V (x)

Solar ν conversion in a 3+1 scheme 

 wavenumbers 
in vacuum 

Useful to write the 
mixing matrix as*: 

MSW potential 

U = R23 S R13 R12 S = R24 R34 R14  

  S = I   -->   3-flavor case  θ14=θ24=θ34=0  -->  

* We assume U to be real but in general it can be complex due to CP phases   



ν� = (R23 S R13)
T ν = AT ν = R12U

T

H
� = A

T
HA = R12KR

T
12 +R

T
13S

T
V SR13

    Change of basis: 

In the new basis: 

H
� �

At zeroth order in:  

V

katm

V

knew
and 

The 3rd & 4th state evolve independently from the 1st & 2nd   

The dynamics reduces to that of a 2x2 system   

25 
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The 2x2 Hamiltonian 
is diagonalized by a 

  1-2 rotation  

The starting Hamiltonian 
is then diagonalized by     

Ũ
T
HŨ = diag(k̃1, k̃2, k3, k4)

R̃
T
12H

�
2νR̃12 = diag(k̃1, k̃2)

Ũ = AR̃12

which defines the solar 
mixing angle in matter  θ̃12(x)

k̃iwavenumbers in matter 

For ν3 and ν4 (averaged) vacuum-like propagation  

Diagonalization of the Hamiltonian 



27 

r(x) =
VNC(x)

VCC(x)

The 2x2 Hamiltonian:  H2ν = H2ν   +  H2ν  ‘ kin ‘ dyn ‘ 

H
�dyn
2ν = VCC(x)

�
γ2 + r(x)α2

r(x)αβ
r(x)αβ r(x)β2

�

H
�kin
2ν =

�
c12 s12

−s12 c12

��
−ksol/2 0

0 ksol/2

��
c12 −s12

s12 c12

�
ksol =

m2
2 −m2

1

2E

New MSW dynamical corrections induced by the 4th state are 
smaller than 1% and too small to be observable (see later). 

But important new kinematical effects are present …  

* 

* A.P. PRD 83 113013 (2011) [arXiv: 1105.1705 hep-ph]  

Formally equivalent to NSI 
(see later) 



Pee =
4�

i=1

U2
eiŨ

2
ei = U2

e1Ũ
2
e1 + U2

e2Ũ
2
e2 + U4

e3 + U4
e4

Pes =
4�

i=1

U2
siŨ

2
ei = U2

s1Ũ
2
e1 + U2

s2Ũ
2
e2 + U2

s3U
2
e3 + U2

s4U
2
e4

For adiabatic propagation (valid for small deviations around the LMA) 

The elements of U are obtained replacing θ12 with θ12  
calculated in the production point (near the sun center) 

~ 

Expressions for Usi’s 
 valid for θ24 = θ34 = 0 

Expressions for Uei’s  
(always valid)  

∼ 1− s214

∼ 0

{{ ∼ s214∼ 1− s214 − s213

∼ s213

~ 

28 
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Solar ν: Two simple limit cases  

(3ν) 

{Pes = 0

{

θ13 = 0  θ14 = 0 

(4ν) θ13 = 0  θ14 = 0 

/ 

/ 
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(θ13,θ12) vs (θ14,θ12) constraints 

But unfortunately only small 
differences among 3ν and 4ν   

We expect a degeneracy 
among θ13 and θ14 

CC ~ ΦB Pee 

NC ~ ΦB (1-Pes) 

Solar  ν  sensitive to Pes    
CC/NC (SNO) & ES (SK) 

ES ~ ΦB (Pee+ 0.15 Pea) 
{

A.P.  PRD 83 113013 (2011) [arXiv: 1105.1705 hep-ph]  
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Complete degeneracy 

(θ13,θ14) constraints 

θ13-θ14 indistinguishable 

Solar sector essentially 
sensitive to ~ Ue3 + Ue4

 

Different probes are 
necessary to determine 
if νe mixes with ν3 or ν4   

 

2 2 

Hint for νe mixing with  
 states others than (ν1,ν2) 

A.P. PRD 83 113013 (2011) [arXiv: 1105.1705 hep-ph]  
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  Evidence of θ13>0 kills preference of θ14>0  

- Upper limit   

All the rest   

ALL 

UPDATE of: A.P. PRD 85 077302  (2012) [arXiv: 1201.4280 hep-ph]  

sin2 θ14 < 0.04 (90% C.L.)

- KamLAND, only spectral shape included: 
  limit is independent of reactor flux estimates 

- θ13 estimate independent of θ14   
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e and ē Disappearance

sin22ϑee

Δm
412     

[eV
2 ]

10−2 10−1 1
10−2

10−1

1

10

102

99% C.L.
Bugey3
Bugey4+Rovno
Gosgen+ILL
Krasnoyarsk
νe − 12C
Gallium
SUN

99% C.L.
Bugey3
Bugey4+Rovno
Gosgen+ILL
Krasnoyarsk
νe − 12C
Gallium
SUN

! New Reactor ē Fluxes
[Mueller et al., PRC 83 (2011) 054615]

[Mention et al., PRD 83 (2011) 073006]

[Huber, PRC 84 (2011) 024617]

! KARMEN + LSND

e + 12C 12Ng.s. + e
[Conrad, Shaevitz, PRD 85 (2012) 013017]

[Giunti, Laveder, PLB 706 (2011) 200]

! SUN&KamLAND + 13
[Giunti, Li, PRD 80 (2009) 113007]

[Palazzo, PRD 83 (2011) 113013]

[Palazzo, PRD 85 (2012) 077301]

C. Giunti Beyond Three-Neutrino Mixing 9 May 2012 14/24

Compilation of all the existing limits on θ14 (= θee) 

Talk by C. Giunti @ νTURN 2012	


solar bound 

Solar bound is the most stringent one for Δm2
14> 1eV2  
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Neutrino 2012 - Kyoto                                                        M. Pallavicini

SOX:  SHORT DISTANCE OSCILLATIONS WITH BOREXINO (II)

distance from source (cm)
400 500 600 700 800 900 1000

ev
en

ts

0

50

100

150

200

distance from center (cm)
0 100 200 300 400 500 600

ev
en

ts

2500

3000

3500

4000

4500

!"!#$

!"#$

#$

#!$

!"!!#$ !"!#$ !"#$ #$

!
!

" #$
%

&'("""14#

%&#''$(!$)%*$
%&+,&-$
./($0123$
#4$&--"$356-7&$*+,&+3*,2$
#4$&--"$89$

:!4
$%";" &<7=60&0$

!m2 = 2.0 eV2     
sin2(2!s) = 0.05
1 year

!m2 = 2.0 eV2     
sin2(2!s) = 0.05

51Cr source - external 144Ce source - internal

sensitivity of 51Cr source - external sensitivity of 144Ce source - internal

   How to go below the solar upper limit 

Talk by M. Pallavicini @ Neutrino 2012 

Solar upper limit 

Kairos (καιρός)  

This is the right (and fleeting)  
moment (kairos) for Borexino  
to exploit its unique potential! 

Borexino sensitivity 

Identified by reactor anomaly 

The “Borexino Kairos” 

Make use of a ν source close to a Borexino-like detector 
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Solar νs as a probe 
of non-standard MSW dynamics  
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!"# !"#

Z 

f  f  

W 

!
e 

!
e 

e- e- 

!"# !$#

? 

f  f  

+ + 

NSI term(s) 

ONSI
αβ ∼ νανβff

Coherent forward scattering 
 in the presence of NSI : pictorial view 

Standard interaction terms 

NSI described  
by an effective  
four-fermions 
   operator 

(α,β) = e, µ, τ

f ≡ (e, u, d)

NC CC NC 
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i
d

dx




νe

νµ

ντ



 = H




νe

νµ

ντ





H = Hkin + H
std
dyn + H

NSI
dyn

Hkin = U




−δk/2 0 0

0 +δk/2 0
0 0 k/2



 U
†

  

V(x) =
√

2GF Ne(x)

δk = δm2/2E

k = m2/2E

Evolution in the flavor basis: 

H contains three terms: 

Kinematics  

Standard  
  MSW  
dynamics  

Non-standard  
  dynamics  

H
std
dyn = diag(V, 0, 0)

(HNSI
dyn )αβ =

√
2 GF Nf (x)�αβ

Coherent forward scattering 
 in the presence of NSI : math. view 
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Pee = c4
13P

eff
ee + s4

13

H
eff = V (x)

�
c
2
13 0
0 0

�
+
√

2GfNd(x)
�

0 ε
ε ε�

�

Reduction to an effective two flavor dynamics   

 εµτ ~ 0 (strong bounds from 
             atmospheric ν) 

Parameter space: 

One mass scale approximation: ∆m2 →∞

i
d

dx

�
νe

νa

�
= H

eff

�
νe

νa

�
survival probability 

effective evolution 

ε = −εeµc23 − εeτs23

ε� = −2εµτs23c23

For θ13 = 0 : 

[δm2, θ12, ε]

Formally similar 
  to 4ν effects 
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Impact of NSI on the solar spectrum 

A.P,  PRD 83, 101701 (2011) (Rapid Communications) 

� = −0.16

�eτ = +0.23

for interaction 
 with d-quark  

( )

NSI with a size of ~10% are needed to produce appreciable effects:  
 4ν effects induced by sterile neutrinos (~1%) are thus unobservable  
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FIG. 28: Extracted a) CC and b) ES electron spectra as a
fraction of one unoscillated SSM (BS05(OP)), from both sig-
nal extraction fits, with total uncertainties. The final 12–
20 MeV bin in the kernel estimation fit is plotted at the mean
of the spectrum in that range. Both spectra are consistent
with the hypothesis of no distortion (a flat line).

worth noting that correlations between bins, which are
not shown, tend to reduce the significance of any ob-
served shape. Fitting to an undistorted spectrum (the
flat line on Fig. 29) gives a χ2 value of 21.52 for 15 de-
grees of freedom, which is consistent with the hypothesis
of no distortion. The prediction for the Teff spectrum
for CC events taken from the best fit LMA point from a
previous global analysis of solar data [9] is also overlaid
on Fig. 29. The χ2 value of the fit of the extracted spec-
trum to this prediction is 22.56 for 15 degrees of freedom,
demonstrating that the data are also consistent with the
LMA prediction.

The one-dimensional projections of the fits in each ob-
servable parameter from the binned-histogram signal ex-
traction are shown for each phase in Figures 30 and 31.
Of particular note is the clear ES peak observed in the
cos θ! fits for both phases (Figs. 30(c) and 31(c)), demon-
strating the extraction of ES events over the integrated
energy spectrum, even with the low 3.5 MeV threshold.
The error bars represent statistical uncertainties; system-
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FIG. 29: Extracted CC electron spectrum as a fraction of one
unoscillated SSM (BS05(OP)) from the binned-histogram sig-
nal extraction fit, with the uncertainties separated into sta-
tistical (blue bars) and systematic (red band) contributions.
The predictions for an undistorted spectrum, and for the LMA
point ∆m2

21 = 7.59 × 10−5 eV2 and tan2 θ12 = 0.468 (taken
from a previous global solar+KamLAND fit [9] and floating
the 8B flux scale) are overlaid for comparison.

atic uncertainties are not shown. Figure 32 shows the
one-dimensional projection in Teff from Phase II (as in
Fig. 31(a)) but with the fitted contributions from indi-
vidual signal types separated into six categories: CC, ES,
and NC neutrino events, internal backgrounds (within
the D2O volume), external backgrounds (in the AV, H2O,
and PMTs) and hep neutrino events.
The χ2 for the one-dimensional projections of the fit are
given in Table XVIII. These were evaluated using statis-
tical uncertainties only and are, therefore, a conservative
test of goodness-of-fit in the one-dimensional projections.
In all dimensions, the final result is a good fit to the data.

Table XXII in Appendix A shows the extracted num-
ber of events for the neutrino fit parameters from the
binned-histogram signal extraction fit, with total statis-
tical plus systematic uncertainties.

Table XIX shows the total number of background
events extracted by each signal extraction in each phase,
and a breakdown of the number of background neutron
events occurring within each region of the detector. The
two methods are in good agreement based on expecta-
tions from studies of Monte Carlo-generated ‘fake’ data
sets. For comparison, the total number of events in each
data set is also given (taken from Table VI). Due to the
exponential shape of the energy spectra of most sources
of background in this fit, the majority of the background
events fit out in the lowest two bins in Teff , illustrating
one of the major challenges of the low energy analysis.

Tables XXIII–XXV in Appendix A show the effects
of the individual systematic uncertainties on the ex-
tracted NC rate, the CC rate in two energy intervals (4.0–
4.5 MeV and 9.5–10.0 MeV) and the ES rate in the 3.5–
4.0 MeV interval, all taken from the binned-histogram fit.

SNO  
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NOW 2010 - Conca Specchiulla, Sep. 6th, 2010 M. Pallavicini - Dipartimento di Fisica - Università di Genova & INFN

Comparison with models

31

Measurement of 8B!!:
  !  with liquid scintillator
  !  with the lowest energy threshold for a 

spectral measurement

First experiment able to investigate 
simultaneously, in real time, the vacuum 
and matter regimes of oscillations

Phys. Rev. D82, 033006, 2010

BOREXINO  

SK  

    NSIs can help to explain the anomalous spectrum behavior  
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SK I/II/III/IV LMA Spectrum

*) sin2"13=0.025
sin2"12=0.304 *),
#m2=7.41$10-5eV2

sin2"12=0.314 *),
#m2=4.8$10-5eV2

flat probability

flat prob., d% ratio

$8B=5.25"106/(cm2#sec)                              $hep=7.88"103/(cm2#sec)
Michael Smy, UC Irvine

oscillation distortions of  recoil e- spectrum due to:
(1) survival probability energy dependence
(2) d%((E!,Ee)/d%e(E!,Ee) E dependence

Monday, June 4, 12
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Pee = c0 + c1 (E-E0) + c2 (E-E0)2 

The response functions of SK, SNO, Borexino are centered 
around E0 = 10 MeV, where they have maximal sensitivity  

Assuming a regular behavior for the survival probability we can 
parameterize its high energy behavior as a second order polynomial 

It is then possible to: 
 
1) Extract the coefficients from the combination of all the 
   experiments sensitive to the high-energy neutrinos. 

2) Check where a given theor. model (standard MSW,+NSI, etc.) 
   “lives” in the space of the coefficients ci’s. 

This hypothesis can be tested quantitatively 
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Constraints on [c1,c2] 

NSI gains a Δχ2 ~ -2.0 from better description of the spectrum 

A.P,  PRD 83, 101701 (2011) (Rapid Communications) arXiv:1101.3875 



NSI can also alleviate tension in δm2 determinations 

 �
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Michael Smy, UC Irvine

allowed regions shrink a bit further, 
but no great change

Monday, June 4, 12
M. Smy @ Neutrino 2012 

 
 

1,2 sigma 

A.P. and J.W.F. Valle, PRD 80, 091301  (2009) 



  Summary�
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 - An important example is provided by sterile νs, now at 
   the center of intense investigation. Taking into account 
   that θ13>0, the solar sector enables us to establish: 

- A second example is given by NSI. The current analyses 
  show NSI may help in explaining two emergent anomalies. 

- New experiments are indispensable to settle both issues. 

- Solar νs gave the first indication of non-zero θ13 and  
  constitute a precision-machine usable to test new physics. 

U2
e4 < 0.04 (90% C.L.)
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Thank you  
for 

your attention! 
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Spares 
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How the indication of θ23<π/4 emerges 

Fogli, lisi, Marrone, Montanino, A.P., Rotunno, PRD 86 013012 (2012)  
                      (includes Neutrino 2012 results) 
 

     

Atm. further enhance  
octant asymmetry 

        LBL introduce:  
- θ23-θ13 anticorrelation 
- prefer. non-maximal θ23 
- weak octant asymmetry 

Once reactors fix θ13 
the octant asymmetry  

is enhanced 

Global indication of       
   θ23<π/4 emerges    

4

III. RESULTS: CORRELATIONS BETWEEN θ13, θ23 AND δ

In this section we focus on two emerging features of our analysis: converging hints in favor of θ23 < π/4, and a
possible (weak) hint in favor of δ ∼ π. The correlations of θ23 and δ with θ13 are discussed in some detail. As in our
previous works [4, 5], allowed regions are shown at Nσ confidence levels, where Nσ =

�
∆χ2 [1]. It is understood

that, in each figure, undisplayed oscillation parameters have been marginalized away.
Figure 1 shows the results of the analysis in the plane (sin2 θ13, sin

2 θ23), for both normal hierarchy (NH, upper
panels) and inverted hierarchy (IH, lower panels). From left to right, the panels refer to increasingly rich datasets:
LBL accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right).

In the left panels, LBL appearance data anti-correlate sin2 θ13 and sin2 θ23 via Eq. (2). On the other hand, LBL
disappearance data (via their current preference for sin2 2θ23 < 1) disfavor maximal mixing at >∼ 1σ. As a consequence,
two quasi-degenerate χ2 minima emerge at complementary values of sin2 θ23 and at somewhat different values of θ13.
The degeneracy is slightly lifted by solar+KamLAND data, whose preference for sin2 θ13 � 0.02 [5] picks up the first
octant solution in NH, and the second octant solution in IH. However, as far as LBL+solar+KamLAND data are
concerned, the statistical difference between the two θ23 solutions remains negligible (<∼ 0.3σ) in both NH and IH.

In the middle panels, the addition of SBL reactor data (most notably from Daya Bay and RENO) fixes sin2 θ13
with high accuracy and at relatively “large” values, which are best matched at low θ23—hence the overall preference
for the first θ23 octant in both hierarchies. Such preference is more pronounced in NH (at the level of ∼ 1σ). In IH,
both T2K and MINOS appearance data can accommodate values of θ13 generally larger than in NH [27, 29, 42, 43]
(as also evident from the left panels), so that the agreement with SBL reactor data can be easily reached in both
octants, with only a small preference (∼0.4σ) for the first. The combination of LBL accelerator and SBL reactor data
to lift the octant degeneracy was proposed in [25].

In the right panels, atmospheric ν data do not noticeably improve the constraints on θ13, but corroborate the
preference for the first octant (as already found in [4, 5]), in both NH (slightly below the 3σ level) and IH (slightly
below the 2σ level). [We do not observe an octant flip with the hierarchy as in [38].] In conclusion, from Fig. 1
we derive that both atmospheric and non-atmospheric ν data seem to prefer, independently, the first octant of θ23
(especially in normal hierarchy), with a combined statistical significance <

∼ 3σ in NH and <
∼ 2σ in IH.
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FIG. 1: Results of the analysis in the plane charted by (sin2 θ13, sin
2 θ23), all other parameters being marginalized away. From

left to right, the regions allowed at 1, 2 and 3σ refer to increasingly rich datasets: LBL+solar+KamLAND data (left panels),
plus SBL reactor data (middle panels), plus SK atmospheric data (right panels). Best fits are marked by dots. A preference
emerges for θ23 in the first octant in both normal hierarchy (NH, upper panels) and inverted hierarchy (IH, lower panels).
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Global hint of  
δ ~ π  emerges 

LBL are almost  
insensitive to δ	


First information about δ	


If δ ~ π  confirmed it would indicate U ~ real and a small J 
… and a long and difficult way towards CPV observation! 

5

Figure 2 shows the results of the analysis in the plane (sin2 θ13, δ). The conventions used are the same as in Fig. 1.
Since the boundary values δ/π = 0 and 2 are physically equivalent, each panel could be ideally “curled” by smoothly
joining the upper and lower boundaries.

In the left panels, constraints on sin2 θ13 are placed both by solar+KamLAND data (independently of δ) and by
current LBL accelerator data (somewhat sensitive to δ). Once more, it can be noted that larger values of θ13 are
allowed in IH. The best fit points are not statistically relevant, since all values of δ provide almost equally good fits
at ∼ 1σ level. The “fuzziness” of the 1σ contours is a consequence of the statistical degeneracy of the two solutions
allowed at 1σ in Fig. 1, and which involve complementary values of θ23 and somewhat different values of θ13. At 1σ,
the fit is “undecided” between smaller and larger values of θ13, and easily flips between them. At 2 or 3σ the two
solutions merge and such degeneracy effects are no longer apparent.

In the middle panels, SBL reactor data pick up a very narrow range of θ13 and suppress degeneracy effects. Some
sensitivity to δ starts to emerge, since the “wiggles” of the bands in the left panel best match the δ-independent SBL
reactor constraints on sin2 θ13 only in certain ranges of δ. The match is generally easier in inverted hierarchy (where
LBL data allow a larger θ13 range) than normal hierarchy.

In the right panels, atmospheric neutrino data induce a preference for δ ∼ π, although all values of δ are still allowed
at ∼ 2σ. Such a preference is consistent with our previous analyses limited to cos δ = ±1 [4, 5], where we found δ = π
preferred over δ = 0, in both normal and inverted hierarchy. As discussed in [4], for δ ∼ π the interference term in
the oscillation probability provide some extra electron appearance in the sub-GeV atmospheric neutrino data, which
helps fitting the slight excess of electron-like events in this sample. In our opinion, atmospheric data can provide
valuable indications about the phase δ, which may warrant dedicated analyses by the SK experimental collaboration,
especially in combination with data from the T2K collaboration, which uses SK as far detector and thus shares some
systematics related to final state reconstruction and analysis.

Concerning the hierarchy, in the middle panels of Figs. 1 and 2 (all data but SK atm.) we find a slight preference
for IH with respect to NH (∆χ2 � −0.38). The situation is reversed in the right panels (all data, including SK atm.),
where NH is slightly favored (∆χ2 � +0.35). These fluctuations between NH and IH fits are statistically irrelevant.
We conclude that, in our analysis of oscillation data, there are converging hints in favor of θ23 < π/4, a possible hint
in favor of δ ∼ π (from SK atm. data), and no hint about the mass hierarchy.
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FIG. 2: Results of the analysis in the plane charted by (sin2 θ13, δ), all other parameters being marginalized away. From left
to right, the regions allowed at 1, 2 and 3σ refer to increasingly rich datasets: LBL+solar+KamLAND data (left panels), plus
SBL reactor data (middle panels), plus SK atmospheric data (right panels). A preference emerges for δ values around π in
both normal hierarchy (NH, upper panels) and inverted hierarchy (IH, lower panels).
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Fogli, lisi, Marrone, Montanino, A.P., Rotunno, PRD 86 013012 (2012)  
                      (includes Neutrino 2012 results) 
 


