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How to measure:

1. Matter effects in nu oscillation
(i) Long baseline experiments
(ii) Atmospheric nu experiments
(iii)Supernova neutrinos

2. Interference effects in nu oscillation
(i) Reactor nu experiments at 
      intermediate baselines

Absolute nu mass: 0vbb,cosmology
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Statistically insignificant…can they be called hints?
R. Wendell, Talk at  Neutrino 2014
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FIG. 4. The Erec
ν distribution for νe candidate events with

the MC prediction at the best fit of sin22θ13 = 0.144 (normal
hierarchy) by the alternative binned Erec

ν analysis.
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [30]. The shaded region shows the average θ13 value
from the PDG2012 [8].

For any values for these parameters, consistent with their
present uncertainties, the significance remains above 7σ.

As the precision of this measurement increases, the un-
certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on θ23 and∆m2

32

are taken into account in the fit by adding a Lconst term
and marginalizing the likelihood over θ23 and ∆m2

32. The
Lconst term is the likelihood as a function of sin2θ23 and

∆m2
32, obtained from the T2K νµ disappearance mea-

surement [30]. The value of δCP and the hierarchy are
held fixed in the fit. Performing the fit for all values of
δCP, the allowed 68% and 90% CL regions for sin22θ13
are obtained as shown in Figure 5. For δCP = 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22θ13 = 0.136+0.044

−0.033 (0.166+0.051
−0.042). With

the current statistics, the correlation between the νµ dis-
appearance and νe appearance measurements in T2K is
negligibly small.

Constraints on δCP are obtained by combining our re-
sults with the θ13 value measured by reactor experiments.
The additional likelihood constraint term on sin22θ13 is
defined as exp{−(sin2 2θ13− 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a
function of δCP is shown in Figure 6, where the likeli-
hood is marginalized over sin22θ13, sin2θ23 and ∆m2

32.
The combined T2K and reactor measurements prefer
δCP = −π/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [31]
in order to extract the excluded region. The data ex-
cludes δCP between 0.19π and 0.80π (−π and −0.97π,
and −0.04π and π) with normal (inverted) hierarchy at
90% CL.

The maximum value of −2∆ lnL is 3.38 (5.76) at
δCP = π/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,
sin2θ23 = 0.5 and ∆m2

32 = 2.4 × 10−3 eV2. The MC
averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35π and 0.63π (0.09π and 0.90π) radians for
normal (inverted) hierarchy case.

Conclusions—T2K has made the first observation of
electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |∆m2

32| = 2.4 × 10−3 eV2,
sin2 θ23 = 0.5, δCP = 0, and ∆m2

32 > 0 (∆m2
32 < 0), a

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained, with a significance of 7.3σ over the hypothesis
of sin2 2θ13 = 0. When combining the T2K result with
the world average value of θ13 from reactor experiments,
some values of δCP are disfavored at the 90% CL.

T2K will continue to take data to measure the neutrino
oscillation parameters more precisely and to further ex-
plore CP violation in the lepton sector.

We thank the J-PARC staff for superb accelerator per-
formance and the CERN NA61 collaboration for provid-
ing valuable particle production data. We acknowledge
the support of MEXT, Japan; NSERC, NRC and CFI,
Canada; CEA and CNRS/IN2P3, France; DFG, Ger-
many; INFN, Italy; Ministry of Science and Higher Edu-

T2K Collaboration, arXiv:1311.4750

Is NH favored?

Is delta_cp=-90o favored?

Is non-maximal th23  favored?

Is there NSI?
Talk by E.Lisi

Gerardi,Meloni,Petcov (2014)
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Good zenith angle resoln

e vs mu discrimination

low E threshold

statistical separation of   
nue vs anti-nue

large statistics

Megaton-class Water Cerenkov Detectors
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3 sigma discovery in 
less than 5 years

HK LOI, 1109.3262
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Multi-megaton Ice/Water Detectors

e vs mu discrimination

very large statistics
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Srubabati Goswami  

Hierarchy sensitivity : PINGU   

Neutrino Phenomenology 24 

¾         in       3 yrs  for 1st   octant (multichannel) 
 
 

Initial baseline geometry :  40 new strings and 60 
optical modules in the deep core region  of Icecube 

3V

Including Cascades important   
Talk by K. Clark , ICHEP 2014 

~

3 sigma discovery in 
about 3 years

PINGU LOI, 1401.2046
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Large Magnetized Iron Detectors

Good E and θ resoln

99% charge-id

good statistics
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Srubabati Goswami  

Hierarchy Sensitivity : Atmospheric Neutrinos   (INO)  

Neutrino Phenomenology 22 

3D analysis with  
Information on  
hadron energy  

Devi,Thakore,Agarwalla 
Dighe  (2014) 

Talk by  Agarwalla, 
ICHEP 2014 

        sensitivity  in 10 years  for  
Hierarchy sensitivity more for higher octant  and higher  

¾Incorporation of  Hadron information :  event by event analysis in    , cos , hadE EP PT

¾Improves the hierarchy sensitvity significantly : 40 % increase in  
2F

13T
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Figure 6: Constant ∆χ2 contours in the reconstruction efficiency and energy resolution plane. The left
panels shows the contours from the analysis which uses only the muon data from the experiments. The
right panels shows the contours for the analysis in which both the muon and hadron data were included
in the combined statistical analysis.

present results for both 80 bins as well as 20 bins between 1 GeV and 11 GeV.

The dependence of the mass hierarchy sensitivity to the muon energy resolution and muon recon-
struction efficiency are shown in Figs. 5. In the left panel on Fig. 5 we show the ∆χ2 as a function of
the muon energy resolution σEµ

/Eµ, for different values of the muon reconstruction efficiency ϵ. We vary
σEµ

/Eµ continuously between 20% and 2% and repeat this for ϵ = 70% to 100%. For a given ϵ, we see
that the ∆χ2 falls sharply as the σEµ

/Eµ is increased from 2% to about 6%. Thereafter, the rate of fall
of ∆χ2 reduces, and it falls steadily as σEµ

/Eµ worsens. As expected, ∆χ2 is seen to increase with the
reconstruction efficiency ϵ. For comparison, we show by the black dot-dashed lines in the figure, the ∆χ2

obtained in [28] using the full detector simulation results for the muon analysis.

In the right panel of Fig. 5 we show the ∆χ2 as a function of the reconstruction efficiency ϵ, for
different values of the muon energy resolution σEµ

/Eµ. The ∆χ2 is seen to increase linearly with ϵ. This
is not surprising as in the way we have included it in our analysis, ϵ linearly increases the statistics of
the experiment. Since the mass hierarchy signal in an ICAL@INO like experiment for a 50× 10 kton-yrs
exposure is still in the statistics dominated regime, the ∆χ2 grows linear with more data.

Finally, in the left panel of Fig. 6, we show contours of constant ∆χ2 obtained in the reconstruction
efficiency and energy resolution plane, from the analysis of the muon events in the detector. We show the
contours for ∆χ2 = 6 to 16. The figure shows that for energy resolution in the range of 2% to 3% and
reconstruction efficiency above 90%, one would get a 4σ signal for the neutrino mass hierarchy from the
analysis of the muon data alone. We reiterate the the reconstruction efficiency can be compensated by
adjusting the exposure of the experiment. On the other hand, a 3σ measurement of the mass hierarchy
from the muon analysis alone seems to be extremely plausible for reasonable range of values for the muon
energy resolution and reconstruction efficiency.

19

Devi,Thakore,Agarwalla,Dighe,arXiv:1406.3689
S.C.,Ghosh, arXiv:1306.1423 

3 sigma discovery in 
about 10 years

Sensitivity can increase if
muon energy resolution is 
improved40% improvement above muon only analysis

Ghosh,Thakore, S.C.,arXiv:1212.1305 PINGU Ribordy, Smirnov, arXiv:1303.0758

Include inelasticity y, increase sensitivity by 20-50%
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Hierarchy sensitivity of atmospheric neutrino 
experiments is almost independent of delta_cp



Prospects at T2K & NOvA

13

(true)cpδ
0 50 100 150 200 250 300 350

2 χ
∆

0

2

4

6

8

10

12

14

16

18

20

Marginalized

NoVA

LBL+reactors

All expts

NORMAL HIERARCHY

Figure 12: Impact of δCP (true) on the mass hierarchy sensitivity. The sensitivity change of NOνA due
to δCP (true) is shown by the green solid line. The ∆χ2 for the wrong mass hierarchy expected from the
combined data from T2K, NOνA and the reactor experiments is shown by the short-dashed blue line.
The global ∆χ2 for the wrong mass hierarchy from the combined ICAL@INO plus the accelerator and
reactor data is shown by the red long-dashed line. Data was generated for normal hierarchy and at the
benchmark oscillation point from Table 1 with sin2 θ23(true) = 0.5 and sin2 2θ13(true) = 0.1 and at each
value of δCP (true) shown in the x-axis. The fit to the wrong inverted hierarchy was fully marginalized
over all oscillation parameters. The ICAL@INO exposure was taken as 10 years.

rises sharply giving a ∆χ2 = 8.21 around δCP (true) ≃ 270◦, and then finally falls back to ∆χ2 = 1.77 for
δCP (true) = 360◦. When T2K and all reactor data are added, there is an improvement to the combined
sensitivity due to constraint coming from the mismatch between the best-fit for different experiments.
This is specially relevant in the δCP (true) ≃ [50◦ − 150◦] range where NOνA by itself gives no mass
hierarchy sensitivity. However, once we add the T2K and reactor data to NOνA data, the ∆χ2 of this
combined fit in this region of δCP (true) increases to ≃ 3.5. The reason for this can be understood as
follows. For the case where δCP (true) = 72◦, the best-fit for NOνA alone was δCP = 234◦, sin2 θ23 = 0.5
and sin2 2θ13 = 0.1. For this δCP (true), T2K data taken alone gave ∆χ2 ≃ 0 with best-fit at δCP = 198◦,
sin2 θ23 = 0.52 and sin2 2θ13 = 0.08. A combined fit with all accelerator and reactor data gave best-fit
at δCP = 198◦, sin2 θ23 = 0.48 and sin2 2θ13 = 0.1. This results in a contribution to the mass hierarchy
∆χ2 = 0.92 from NOνA, ∆χ2 = 1.41 from T2K and ∆χ2 = 1.1 from reactors. That the reactor data
return a ∆χ2 contribution to the mass hierarchy sensitivity might appear strange at the outset since the
combined fit given above has a best-fit sin2 2θ13 = 0.1, and one usually does not expect the reactor data
to depend on sign of ∆m2

31, δCP and sin2 θ23. However, note that the reactor data depend on |∆m2
31|

and what we use in our fits is ∆m2
eff given by Eq. (3) which is related to δCP . Therefore, as discussed

earlier in section 6, this subtlety regarding the choice of the definition of the neutrino mass hierarchy
results in a small change in the best-fit |∆m2

31|, which in turn results in a small ∆χ2 contribution to
the mass hierarchy from the reactor experiments. Finally, addition of the ICAL@INO data raises the

24

Ghosh,Thakore, S.C.,arXiv:1212.1305

3 sigma sensitivity expected if
NH true and delta_cp is -90 deg
                    or if 
IH true and delta_cp is 90 deg

Addition of 10 years INO data
gives 3 sigma sensitivity for 
both hierarchies and all delta_cp

3

of θ23 and δCP comes primarily from the νµ → νe oscilla-
tion probability Pµe. An approximate analytical formula
for this probability can be derived perturbatively [63–65]
in terms of the two small parameters α = ∆21/∆31 and
sin θ13.

Pµe = 4 sin2 θ13 sin
2 θ23

sin2 [(1 − Â)∆]

(1− Â)2

+α sin 2θ13 sin 2θ12 sin 2θ23 cos (∆+ δCP )×

sin Â∆

Â

sin [(1 − Â)∆]

(1− Â)
+O(α2) . (1)

Here, ∆ = ∆31L/4E is the oscillating term, and the ef-
fect of neutrinos interacting with matter in the earth is
given by the matter term Â = 2

√
2GFneE/∆31, where

ne is the number density of electrons in the earth. Note
that this expression is valid in matter of constant density.
This approximate formula is useful for understanding the
physics of neutrino oscillations. However in our simula-
tions, we use the full numerical probability calculated by
GLoBES.
In the analyses that follow, we have evaluated the χ2

for determining the mass hierarchy, octant of θ23 and
CP violation using a combination of LBNE and the cur-
rent/upcoming experiments T2K, NOνA and ICAL. For
each set of ‘true’ values assumed, we evaluate the χ2

marginalized over the ‘test’ parameters. In our simula-
tions, we have used the effective atmospheric parameters
corrected for three-flavour effects [66–68]. The true val-
ues assumed for the parameters are: sin2 θ12 = 0.304,
|∆31| = 2.4 × 10−3 eV2, ∆21 = 7.65 × 10−5 eV2 and
sin2 2θ13 = 0.1. The true value of δCP is varied through-
out the full range [0, 360◦). For true θ23, we have consid-
ered three values – 39◦, 45◦ and 51◦ which are within the
current 3σ allowed range. The test values of the param-
eters are varied in the following ranges – θ23 ∈ [35◦, 55◦],
sin2 2θ13 ∈ [0.085, 0.115], δCP ∈ [0, 360◦). The test hier-
archy is varied as well. The solar parameters are already
measured quite accurately, and their variation does not
impact our results significantly. Therefore, we have not
marginalized over them. We have imposed a prior of
σ(sin2 2θ13) = 0.005 on the value of sin2 2θ13, which is the
expected precision from the reactor neutrino experiments
[69]. The systematic uncertainties are parametrized in
terms of four nuisance parameters – signal normalization
error (2.5%), signal tilt error (2.5%), background normal-
ization error (10%) and background tilt error (2.5%).
In section III, our aim is to economize the configura-

tion of LBNE with the help of the current generation of
experiments. We have done that by evaluating the ‘ad-
equate’ exposure for LBNE. The qualifier ‘adequate’, as
as defined in Ref. [41] in the context of LBNO, means
the exposure required from the experiment to determine
the hierarchy and octant with χ2 = 25, and to detect
CP violation with χ2 = 9. To do so, we have varied the
exposure of LBNE, and determined the combined sensi-
tivity of LBNE along with T2K, NOνA and ICAL. The
variation of total sensitivity with LBNE exposure tells us

what the adequate exposure should be. In this work, we
have quantified the exposure for LBNE in units of MW-
kt-yr. This is a product of the beam power (in MW),
the runtime of the experiment (in years) 1 and the detec-
tor mass (in kilotons). As a phenomenological study, we
will only specify the total exposure in this paper. This
may be interpreted experimentally as different combina-
tions of beam power, runtime and detector mass whose
product gives this value for exposure. For example, an
exposure of 20 MW-kt-yr could be achieved by using a
10 kt detector for 2 years (in each, ν and ν mode), with
a 1 MW beam. We use events in the energy range 0.5
- 1 GeV for LBNE which covers both first and second
oscillation maxima. The relative contribution of the 2nd
oscillation maxima is discussed in Section V.

III. ADEQUATE EXPOSURE FOR LBNE

A. Hierarchy sensitivity

In the left panel of Fig. 1, we have shown the combined
sensitivity of LBNE, NOνA, T2K and ICAL for deter-
mining the mass hierarchy, as the exposure for LBNE
is varied. Note that hierarchy sensitivity depends very
strongly on the true value of δCP and θ23. In this work,
we are interested in finding out the least exposure needed
for LBNE, irrespective of the true values of the param-
eters in nature. Therefore, we have evaluated the χ2

for various true values of these parameters as listed in
Section II, and taken the most conservative case out of
them. Thus, the exposure plotted here is for the most
unfavourable values of true δCP and θ23. Since hier-
archy sensitivity of the Pµe channel increases with θ23,
the worst case is usually found at the lowest value con-
sidered – θ23 = 39◦. The most unfavourable of δCP is
around +(−)90◦ for NH(IH) [24]. Separate curves are
shown for both hierarchies, but the results are almost
the same in both cases. We find that the adequate ex-
posure for LBNE in this case is around 22 MW-kt-yr for
both NH and IH. For the benchmark values of 1.2 MW
power and 10 kt detector, this corresponds to just under
2 years of running in each mode. The two intermediate
curves show the same sensitivity, but without including
ICAL data in the analysis. In this case, the adequate
exposure is around 39 MW-kt-yr. Thus, in the absence
of ICAL data, LBNE would have to increase its expo-
sure by over 75% to achieve the same results. Finally, we
show the sensitivity from LBNE alone, in the lowermost
curves. For the range of exposures considered, LBNE
can achieve hierarchy sensitivity up to the χ2 = 16 level.

1 A runtime of n years is to be interpreted as n years each in
neutrino and antineutrino mode. In this work, we have always
considered equal runs in both modes for LBNE unless otherwise
mentioned.
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Sensitivity at ELBNF

5

Sensitivity LBNE+NOνA+T2K+ICAL LBNE+NOνA+T2K LBNE
Hierarchy(χ2 = 25) 22(22) 39(39) 95(106)
Octant(χ2 = 25) 35(37) 65(50) 84(76)

CP(40% at χ2 = 9) 65(36) 65(36) 114(90)

TABLE I: Adequate exposures for hierarchy, octant and CP in units of MW-kt-yr for NH(IH)
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FIG. 2: Hierarchy/Octant/CP violation discovery sensitivity χ2 vs true δCP in the left/middle/right panel. The various curves show the
effect of including a near detector on the sensitivity of LBNE alone and LBNE combined with the other experiments.

ing T2K and NOνA information the exposure required
will be 114 MW-kt-yr for 40% coverage for discovery of
δCP .
In the following sections, we fix the exposure in each

case to be the adequate exposure as listed in Table I, for
the most conservative parameter values.

IV. ROLE OF THE NEAR DETECTOR IN
REDUCING SYSTEMATICS

The role of the near detector (ND) in long-baseline
neutrino experiments has been well discussed in the lit-
erature, see for example Refs. [71–73]. The measurement
of events at the near and far detector (FD) reduces the
uncertainty associated with the flux and cross-section of
neutrinos. Thus the role of the near detector is to reduce
systematic errors in the oscillation experiment. It has
recently been seen that the near detector for the T2K
experiment can bring about a spectacular reduction of
systematic errors [74].

In this study, we have tried to quantify the improve-
ment in results, once the near detector is included. In-
stead of putting in reduced systematics by hand, we have
explicitly simulated the events at the near detector using
GLoBES. The design for the near detector is still being
planned. For our simulations, we assume that the near
detector has a mass of 5 tons and is placed 459 metres
from the source. The flux at the near detector site has

been provided by the LBNE collaboration [61]. The de-
tector characteristics for the near detector are as follows
[75]. The muon(electron) detection efficiency is taken to
be 95%(50%). The NC background can be rejected with
an efficiency of 20%. The energy resolution for electrons
is 6%/

√

E(GeV), while that for muons is 37 MeV across
the entire energy range of interest. Therefore, for the
neutrinos, we use a (somewhat conservative) energy res-
olution of 20%/

√

E(GeV). The systematic errors that
the near detector setup suffers from are assumed to be
the same as those from the far detector.

In order to simulate the ND+FD setup for LBNE, we
use GLoBES to generate events at both detectors, treat-
ing them as separate experiments. We then use these two
data sets to perform a correlated systematics analysis us-
ing the method of pulls [76]. This gives us the combined
sensitivity of LBNE using both near and far detectors.
(We have explained our methodology in Appendix A.)
Thereafter, the procedure of combining results with other
experiments and marginalizing over oscillation parame-
ters continues in the usual manner. The results are shown
in Fig. 2. The effect of reduced systematic errors is felt
most significantly in regions where the results are best.
This is because for those values of δCP , the experiment
typically has high enough statistics for systematic errors
to play an important role.

Next, we have tried to quantify the reduction in sys-
tematic errors seen by the experiment, when the near
detector is included. To be more specific, if the system-

Ghosh,Ghoshal,Goswami,Raut, arXiv:1412.1744 Sample figure. I apologise to all whose fig I could not show.

5 sig sensitivity possible for all 
values of delta_cp if one adds the
data from T2K, NOvA and INO
WO INO, the exposure needs to go
up by almost a factor of two (39)

ELBNF alone needs 95 MW-kty
data for 5 sigma
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Ghosh,Ghoshal,Goswami,Raut, arXiv:1308.5979
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Figure 3: Hierarchy sensitivity χ2 vs LBNO exposure, for both baselines and hierarchies under consider-

ation. The value of exposure shown here is adequate to exclude the wrong hierarchy for all values of δCP .

The additional axis along the upper edge of the graph shows the required total pot assuming a detector

mass of 10 kt.
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Figure 4: Hierarchy sensitivity χ2 for different combinations of experiments, demonstrating the synergy

between them. The left(right) panel is for a LBNO baseline of 2290(1540) km, assuming IH to be true. With

only T2K+NOνA+LBNO (dashed, blue), the sensitivity is lower than for T2K+NOνA+LBNO+ICAL (red,

solid). Without ICAL data, the LBNO exposure would have to be increased substantially (dotted, green)

in order to get comparable sensitivity. All the plotted sensitivities are for the least favourable value of true

θ23.

not possible to cross χ2 = 25 even with extremely high exposure. Therefore we have not
shown the corresponding plots for this baseline. We considered three true values of θ23 –
39◦, 45◦, 51◦ and chose the least favourable of these in generating the figures. Thus, our

– 8 –

L=2290 km

LBNO

Along with T2K and NOvA,
one gets 5 sig sensitivity either 
with exposure of 11.2x1021pot-kt
OR with INO added with 
exposure of  7.5x1021pot-kt

Sample figure. I apologise to all whose fig I could not show.

IH true
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II. THE THREE-GENERATION ν̄e SURVIVAL PROBABILITY

The expression for the ν̄e survival probability in the case of 3 flavor neutrino mixing and neutrino mass spectrum
with normal hierarchy (NH) is given by 5 [23, 30, 35]:

PNH(ν̄e → ν̄e)

= 1 − 2 sin2 θ cos2 θ

(

1 − cos
∆m2

atm L

2 Eν

)

−
1
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)

− cos
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atm L

2 Eν

)

,

where Eν is the ν̄e energy. If the neutrino mass spectrum is with inverted hierarchy (IH), the ν̄e survival probability
can be written in the form [23, 30, 35]:

PIH(ν̄e → ν̄e)

= 1 − 2 sin2 θ cos2 θ
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The ν̄e survival probability does not depend either on the angle θatm associated with the atmospheric neutrino
oscillations, nor on the CP violating phase δ in the PMNS matrix.

In the convention (we will call A) in which the neutrino masses are not ordered in magnitude and the NH neutrino
mass spectrum corresponds to m1 < m2 < m3, while the IH spectrum is associated with the ordering m3 < m1 < m2,
it is natural to choose

∆m2
⊙ = ∆m2

21 > 0 , Convention A. (11)

We can identify further ∆m2
atm with ∆m2

31 in the case of NH spectrum,

∆m2
atm = ∆m2

31 > 0 , NH spectrum (A) , (12)

and with ∆m2
23 > 0 if the spectrum is of the IH type,

∆m2
atm = ∆m2

23 > 0 , IH spectrum (A) . (13)

In this convention the mixing angles in the standard parameterization of the PMNS mixing matrix U are given by:

θ12 = θ⊙, θ23 = θatm, θ13 = θ , Convention A . (14)

One can also number (without loss of generality) the neutrinos with definite mass in vacuum νj in such a way that
their masses obey m1 < m2 < m3. In this alternative convention (we will denote as B) it is convenient to choose

∆m2

atm = ∆m2
31 > 0 , Convention B . (15)

5 The Earth matter effects are negligible for the values of the neutrino oscillation parameters (∆m2
⊙

and ∆m2
atm), ν̄e energies and the

short baseline L ≃ 20 ÷ 30 km we are interested in.
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (11).

detector energy resolution 3%/
√

E(MeV) as a benchmark. A normal MH is assumed to
be the true one (otherwise mentioned explicitly) while the conclusion won’t be changed
for the other assumption. The relevant oscillation parameters are taken from the latest
global analysis [28] as ∆m2

21 = 7.54 × 10−5eV−2, (∆m2
31 +∆m2

32)/2 = 2.43 × 10−5eV−2,
sin2 θ13 = 0.024 and sin2 θ12 = 0.307. The CP-violating phase will be specified when
needed. Finally, the reactor antineutrino flux model from Vogel et al. [33] is adopted
in our simulation1. Because two of the three mass-squared differences (∆m2

21, ∆m2
31

and ∆m2
32) are independent, we choose ∆m2

21 and ∆m2
ee defined in Eq. (5) as the free

parameters in this work.
To obtain the sensitivity of the proposed experiment, we employ the least squares

method and construct a standard χ2 function as following:

χ2
REA =

Nbin
∑

i=1

[Mi − Ti(1 +
∑

k αikϵk)]2

Mi
+
∑

k

ϵ2k
σ2
k

, (11)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted
reactor antineutrino flux with oscillations, σk is the systematic uncertainty, ϵk is the
corresponding pull parameter, and αik is the fraction of neutrino event contribution of
the k-th pull parameter to the i-th energy bin. The considered systematic uncertainties
include the correlated (absolute) reactor uncertainty (2%), the uncorrelated (relative)
reactor uncertainty (0.8%), the flux spectrum uncertainty (1%) and the detector-related
uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The

1We have tried both the calculated [33] and the new evaluations [34, 35] of the reactor antineutrino
fluxes. The discrepancy only influences the measurement of θ12. Both evaluations give consistent results
on the MH determination.
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Hierarchy sensitivity of reactor neutrino
experiments is completely independent of delta_cp
as well as theta_23
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Synergy between PINGU and JUNO
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For unfavorable deltacp values, 
early hints expected from 
atmospheric expts and/or Juno

For favorable deltacp
early hints expected from 
NOvA

Srubabati Goswami  

Hierarchy sensitvity  in future experiments  

Neutrino Phenomenology 28 

After Blenow et al. 1311.1822  Hierarchy sensitvity of  NOvA atmospheric experiments 
 
 
  

  

CPG  NOvA  

    

23TAtmospheric 
INO/SK  40 50o o�

Pingu :    3 3.7 .8 51o o�

NoVA  :  3 3Q Q�

   

INO : arXiv:1406.3689   
HK : arXiv  1109.3262  

PINGU:  arXiv 1401.2046 

Different statistical procedure followed  by different groups  

  

  

The lower end of the bands denote worst sensitivity  
Pingu/HK  huge statistics help for higher 2-3 angle  

For favourable CP values early hint from Nova  
 and for unfavourable CP values from  NOvA + INO 
 

Adapted from Blennow et al, 1311.1822

Thank you!
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FIG. 12: The left (right) panel shows the median sensitivity in number of sigmas for rejecting the IO

(NO) if the NO (IO) is true for di↵erent facilities as a function of the date. The width of the bands

correspond to di↵erent true values of the CP phase � for NO⌫A and LBNE, di↵erent true values

of ✓23 between 40� and 50� for INO and PINGU, and energy resolution between 3%
p
1 MeV/E

and 3.5%
p
1 MeV/E for JUNO. For the long baseline experiments, the bands with solid (dashed)

contours correspond to a true value for ✓23 of 40� (50�). In all cases, octant degeneracies are fully

searched for.

plots in some detail.
In order to keep the number of MC simulations down to a feasible level, we use the

Gaussian approximation whenever it is reasonably justified. As we have shown in Sec. 4,
this is indeed the case for PINGU, INO, and JUNO. With respect to the LBL experiments,
even though we have seen that the agreement with the Gaussian case is actually quite good
(see Fig. 11), there are still some deviations, in particular in the case of NO⌫A. Consequently,
in this case we have decided to use the results from the full MC simulation whenever possible.
The results for the NO⌫A experiment are always obtained using MC simulations, while in the
case of LBNE-10 kt the results from a full MC are used whenever the number of simulations
does not have to exceed 4⇥105 (per value of �). As was mentioned in the caption of Fig. 11,
this means that, in order to reach sensitivities above ⇠ 4� (for the median experiment),
results from the full MC cannot be used. In these cases, we will compute our results using
the Gaussian approximation instead. As mentioned in App. A, the approximation is expected
to be quite accurate precisely for large values of T0. Finally, for LBNE-34 kt, all the results
have to be computed using the Gaussian approximation, since the median sensitivity for this
experiment reaches the 4� bound already for one year of exposure only, even for the most
unfavorable values of �.

For each experiment, we have determined the parameter that has the largest impact on
the results, and we draw a band according to it to show the range of sensitivities that should
be expected in each case. Therefore, we want to stress that the meaning of each band may
be di↵erent, depending on the particular experiment that is considered. In the case of long
baseline experiments (NO⌫A, LBNE-10 kt and LBNE-34 kt), the results mainly depend on
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