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Introduction 
 
Pre-post Neutrino 2014 comparison 
 
Focus on the “hottest” parameters δ & θ23 
 
Conclusions        

Outline 
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NH IH 

ν3	


The 3ν mass spectrum 
  or 

ν2	


ν1	


νe νµ	
 ντ	


δm2 

+Δm2 

-Δm2 

sub-eV 
ν3	


? 

NMH and absolute mass at the center of investigation 

δm2 = 7.5 x 10-5 eV2  

Δm2 = 2.4 x 10-3 eV2  



    Dirac CP-violating phase δ  

The 3ν mixing matrix 

Explicit  
 form  
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  θ23 ~ 41º θ13 ~ 9º θ12 ~ 34º 

 U is non-real if δ ≠ (0, π)   

Three non-zero θij: Way open to CPV searches  
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Precondition for leptonic CPV 
     (together with two non-zero mass-splittings) 

  Only if all three θij ≠ 0 the CP symmetry can be violated   

J = �[Uµ3Ue2U
∗
µ2U

∗
e3]

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

In the standard parameterization the expression of J is:  

J =
1

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

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

         - leptons: |J| may be as large as 3 x 10-2  
 

|J |max =
1

6
√
3
∼ 0.1

It will depend on δ … it seems ν physicists are lucky …      
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Capozzi, Fogli, Lisi, Marrone, Montanino, A.P.  
 PRD 89, 093018 (2014) [arXiv:1312.2878v2] 

Some preference for  
 first octant of θ23 
but weaker in IH  

No sensitivity  
to neutrino 

mass hierarchy 

Status of global 3ν oscillation analysis 

Weak preference for  
δ ∈ [π, 2π] (sin δ < 0)  

(Just before Neutrino 2014) 
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.
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News from Neutrino 2014 

• New reactor data (Daya-Bay, RENO, D-CHOOZ)  

• RENO & D-CHOOZ show excess around 5 MeV  

• Rumors about similar findings in Daya-Bay    

• 5 MeV bump does not affect θ13 (near/far ratios)  

• New data from ICECUBE, MINOS+, SK-IV ATM   

Daya-Bay has the most important impact on the fit  
On θ13 (direct) & on [δ, θ23] via correlation with θ13   

Our preliminary post ν-2014 global fit includes 
the new Daya-Bay & RENO. Inclusion of other 
data sets (having a minor impact) is in progress.     
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Capozzi, Fogli, Lisi, Marrone, Montanino, A.P. 

Preferred θ23 octant 
swaps with NH <-> IH  

No sensitivity  
to neutrino 

mass hierarchy 

Status of global 3ν oscillation analysis 

Preference for  
δ  ∈ [π, 2π] (sin δ < 0) 

NH: stable 
IH: enhanced  

(After Neutrino 2014) 
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.
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Pre-post ν 2014 comparison: θ13 

Improvement in precision (8.5% à 6%) 

Best fit value sensibly lower (0.0237 à 0.0217)  

Combination dominated by Daya-Bay 
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.
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Pre-post ν 2014 comparison: θ23 

Situation almost unaltered  

In IH now it is preferred the second octant  

In NH second octant less disfavored than before   
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Pre-post ν 2014 comparison: δ 

PRE-ν 2014 
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.

Preference for sin δ < 0 slightly enhanced   
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Reinforced for increasingly rich data sets  

LBL + SOL + Kam + REA + ATM 

But mostly driven by “large”  T2K νe signal  
(real o statistical over-fluctuation?)  

In part due to ATM (delicate analysis) 

Is the hint of sin δ < 0 robust ?  
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13 

In IH different data sets prefer opposite octants 
no global octant preference emerges   

LBL + SOL + Kam + REA + ATM 

Estimate of θ23 octant is currently very fragile     

In NH slight preference for first octant emerges      
  totally driven by SK ATM 

Situation much different for θ23  



14 
* Figures shown in this slide do not necessarily contain up to date material;  
  they are used here only for illustration purposes 
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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).

MINOS @ Neutrino 2012 by Ryan Nichol
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Adding in the extra 
data and the 
atmospherics

New MINOS neutrino 
oscillation parameters:

PνP
ν = E2 − p2 = m2

N(t) = N0e
−t/τ

Γ = 1/τ

�

i

BRi = 1

Γi = BRiΓ
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�
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192π3

∆m2 = 2.41+0.XX
−0.Y Y × 10−3eV 2
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−0.XX

∆m2 = 2.39+0.09
−0.10 × 10−3eV 2

sin2 (2θ) = 0.96+0.04
−0.04

sin2 (2θ) > 0.90 at 90% C.L.
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New

LBL νµ disappearance  

 Mostly sensitive to octant symmetric    
  deviations from maximal mixing 

LBL νe appearance  

•  θ13, θ23 anti-correlated 
 
• MSW à NH: θ13↓ IH: θ13↑ 

•  δ = - π/2 à max PINT > 0   

Pµµ∝ sin22θ23 

Pµe = PATM + PINT + PSOL     
 

PATM  ∝ sin2θ13 sin2θ23 (1+2v)           

A few basic observations   

v = 2VE/Δm2 = 0.05 

NH, v>0, Pµe ↑ 
IH, v<0, Pµe ↓ 

ΔP 
P 
∼ 20% 

•  4=,)7*+-U!H+.#!.#$!
$(.$*-78!*$7M.=*!
M=-5.*7+-.!.#$!N$5.!
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Note: Marginalized  
over "23 and $m2

32   

T2K ν 2014 MINOS ν 2012 

   T2K 

PINT   ∝ - |J| sin δ         

NH 

IH 
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Once REA fix θ13 octant asymmetry may emerge 

ATM tend to push θ23 in the first octant (NH & IH)  

[θ23 , θ13] correlation plot 

- IH: θ23 in 2nd octant (REA lie in the lower part of LBL region) 

LBL νµ disappearance  

Slight non-maximal preference  
from MINOS but T2K preference 
for maximal mixing dominates 

LBL νe appearance  

Strong T2K signal points to big 
values of θ13 , especially in IH, 
where MSW tends to suppress Pµe   

- NH: no octant asymmetry (REA lie just in the middle of LBL) 

- NH: ATM easily push global θ23 estimate in the first octant 
- IH: no global octant preference (ATM counterbalance REA+LBL) 
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Effect of SK Atm in the global δ estimate is twofold:  

 I) Direct: in SK we find a weak preference for δ = 1.2 π  (NH & IH)  

II) Indirect: via [δ, θ23] anticorrelation (especially important in NH)   

[θ23 - δ] correlation plot    
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Summary 

• Be ready to surprises to come from new data   

• 3-flavor scheme describes all data (except VSBL) 

• Intriguing indication in favor of sin δ  < 0  

• No sensitivity to neutrino mass hierarchy 

• Preference for octant of θ23 is very fragile 
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Thank you for your attention ! 
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Backup slides 
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Sensitivity emerges  
 once reactors fix θ13 

SK Atmospheric  
slightly reinforce 

sin δ < 0  

LBL + Sol + KL  
almost  

insensitive to δ   

[θ13 - δ] correlation plot   
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SK-IV ATM update 

IceCUBE MINOS+ 

Other data presented at Neutrino 2014*   

* To be included in our global analysis; work in progress. 
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|Us4| ~ 1 

 Δmsol
 

 Δmatm
 2 

2 

3ν	


4ν	


Small mixing of active flavors with the 4th state 

Introducing a light sterile neutrino 

 Δm14  2  ~ 1 eV 
2      
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Estimate of θ13 in a 3+1 scheme 

• Solar + LBL reactors:    sin2 θ14 < 0.04 (90% C.L.)

• Bound indep. of reactor fluxes (KamLAND only shape)     

A.P., Review for Mod. Phys. Lett. A 28, 1330004 (2013)     

Δm2 ~ 1 eV2 
14 
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11

FIG. 3: Results obtained from the 4-flavor analysis for a free θ13, which is marginalized away. The contours refer to 2 d.o.f.
90% C.L. (blue thick line) and 99% (red thin line).

(∆m2
13 ! 2.4× 10−3 eV2), the parameter θ13 has no lower bound. This behavior can be easily understood as in this

case the two terms in Eq. (8), respectively driven by θ13 and θ14, becomes almost identical and a complete degeneracy
among the two parameters emerges. In other words, for such values of ∆m2

14 all the reactor data could be interpreted
in terms of pure θ14-driven oscillations without resorting to a non-zero θ13. In practice, this interpretation is not

FIG. 4: Regions allowed by the combination of the three reactor experiments. The undisplayed parameter θ14 is marginalized
away. The contours refer to 90% (blue thick line) and 99% (red thin line) for 2 d.o.f.

Going down with Δm2  

3ν estimate robust provided that Δm2
14 > 6 x 10-3 eV2  

No lower bound for smaller Δm2
14 (θ13-θ14 degeneracy) 

However, in this region lower bound by T2K 

A.P.  JHEP 1310, 172 (2013)  
      [1308.5880 hep-ph] 

14  
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Figure 3: Comparison of the expected sensitivities (for rejecting the inverse hierarchy assuming the
normal hierarchy) of different experiments with the potential to measure the neutrino mass hierarchy,
following [24]. The widths of the bands cover the maximum sensitivity differences corresponding to the
two hierarchy cases in combination with true values of the CP phase δ for NOvA and LBNE, different
energy resolutions ranging from 3.0%

�
1 MeV/E to 3.5%

�
1 MeV/E for JUNO, and atmospheric mixing

angles θ23 ranging from the first to the second octant for PINGU (38.7◦ to 51.3◦) and INO (40◦ to 50◦).
The starting date and growth of sensitivity with time for PINGU are those presented in this letter, and all
other curves are taken from [24] (Fig. 11), where the left and right plots of that figure have been merged
to form the largest envelope from the curves for each experiment. Finally, the Hyper-K sensitivity is
from [25].

PINGU will be composed of the same sensors, and installed using the same techniques and
equipment as the IceCube high energy extensions under consideration, potentially leading
to substantial scaling efficiencies. The estimated total US cost for PINGU, including
contingency, ranges from $55M to $80M for the experiment as one of several IceCube
extensions or as a standalone project, respectively. The assumed foreign contribution is

17

Sensitivity to NMH of future experiments 

Reactor, Accelerators, atmospheric ν experiments 

Blennow et al. 1311.1822 



Preliminary

Figure 17: Signficance of the neutrino mass hierarchy determination as a function of time for the first
octant compared to the second octant using the Fisher/Asimov approach, multichannel events, and a full
complement of systematics (see text for details). The lower first octant line in the plot is the same as the
upper multichannel line in Fig. 16.

40
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Signature in the energy/zenith-angle distribution 

PINGU @ IceCube  

Preliminary

(a) Track-like events.

Preliminary

(b) Cascade-like events.

Figure 13: Distinguishability metric as defined in [43] for one year of simulated PINGU data with
reconstruction and particle identification applied. The left panel shows track-like events (mostly due to
CC νµ) while the right shows cascade-like events (mostly νe and ντ CC events, as well as NC events from
any neutrino flavors).

• reconstructed vertex depth within PINGU or the IceCube instrumented volume
directly below PINGU

• θrec > 90◦ (all events are upward going)

In Fig. 13 we show the distinguishability metric evaluated for the track channel and cas-
cade channel, where the energy-dependent PID efficiency for separating the two channels
is parametrized using Fig. 9, based on a full simulation and reconstruction of simulated
data.

4.1.2. Analysis Method

Three different independent analyses were employed in this study. Full details of the sta-
tistical methods are given in Appendix A, where we show that the approaches agree at
the 5% level. The most detailed method, using a library of simulated events to generate
the distribution of observables (Eν and cos θν) expected from different possible combina-
tions of true oscillation parameters, generates ensembles of pseudo-experiments for these
scenarios and uses a likelihood ratio method to determine the degree to which one hier-
archy is favored. Although this approach is currently too computationally intensive to
incorporate the full range of systematics under investigation, it provides a benchmark to
ensure that the statistical approximations used in the other two methods are valid.
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Interference of MSW potential with atmospheric Δm2 

PINGU LoI 


