
What can be done for 
CP violation in the next 

10 years?
Pedro A N Machado1

1Univ. de São Paulo, 2PUC-Rio

arXiv:1307.3248
PAN Machado

in collaboration with:
Hisakazu Minakata2, Hiroshi Nonukowa2, 

and Renata Zukanovich Funchal1

Invisibles Jul-2013



Things change...

PAN MachadoInvisibles Jul-2013

After θ13, the experimental
strategies should be re-
thought...

Do we need a neutrino 
factory? A β-beam?

Can T2K and NOvA help us 
in probing δcp?
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Figure 15. Same as Figure 14, but for the CP discovery reach. For parameter values
inside the ellipse-shaped curves CP conserving values of δCP can be excluded at 3σ
(∆χ2 > 9) (Campagne et al 2006).

1964) which has measured solar neutrinos from the first time. Afterwards, neutrinos

from a core-collapse Supernova have been observed during the explosion of the SN1987A,
located in the Large Magellanic Cloud, at about 50 kpc from the Earth. For these

important observations, both R. Davis and M. Koshiba received (with R. Giacconi) the

Nobel Prize in 2002. Nowadays, neutrinos are currently used as a probe of astrophysical

objects. In particular, the measurement of the neutrino lightcurve from a future core-

collapse Supernova explosion constitute an essential ingredient to unravel the explosion

mechanism, which keeps being a mystery: in the most recent tri-dimensional models
the shock wave stalls and fails to eject the mantle. The neutrinos closely follow the

explosion, from the collapse and the accretion phases, to the cooling of a proton-neutron

star, or the formation of a black hole. Besides a recently proposed technique, that

consists in adding Gadolinium to a water Čerenkov detector (Beacom and Vagins 2004),

can increase the sensitivity to the diffuse Supernova neutrino background from past

Supernova explosions, for which there is at present an upper limit. The observation of
both future and past Supernova neutrinos would bring invaluable information not only

for our knowledge of Supernova physics, but also on neutrino properties which are still

poorly known (Raffelt 1996, Fogli et al 2005). The water Čerenkov detector considered

for the beta-beam project can measure about 150000 events from a Supernova at 10

Campagne et al JHEP 0704 (2007) 003
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Last unknown in neutrino mixing

Is observable CP violation confined to hadrons?
Glashow, Particle Physics in the United States - A Personal Point of view 1305.5482

“I would assign very high priority to experiments that could 
demonstrate the existence of CP violating effects.”

“The other important mass-related issue is the binary choice 
between two orderings of neutrino masses. [...] The result is also 
relevant to the design of experiments to search for CP violation 
in neutrino oscillations.”

Model building, leptogenesis, etc...
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E Bertuzzo, PANM, R Zukanovich Funchal 1302.0653

Normal hierarchy, m0 = 0What do we know 
about the mass matrix 
and its correlations?

Monte Carlo simulation
based on pdfs of global 
fits

(δcp = 0, 10o error)

Gonzalez-Garcia, Maltoni, 
Salvado, Schwetz 1209.3023

current knowledge

possible future knowledge
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Measuring the CP phase is tough

P (ν̄e → ν̄e) = 1− sin2 2θ13 sin
2

�
∆m2

atmL

4E

�Arafune et al PRD 56 3093 (1997)

Let’s combine reactor and accelerator experiments

Take a look at the probabilities:
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Measuring the CP phase is tough
P [νµ → νe(ν̄µ → ν̄e)]
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Measuring the CP phase is tough
Arafune et al PRD 56 3093 (1997)
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Measuring the CP phase is tough
Arafune et al PRD 56 3093 (1997)P [νµ → νe(ν̄µ → ν̄e)]
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Measuring the CP phase is tough
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Measuring the CP phase is tough
Arafune et al PRD 56 3093 (1997)

intrinsic CPC
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Measuring the CP phase is tough
Arafune et al PRD 56 3093 (1997)

matter CPV
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Measuring the CP phase is tough
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Measuring the CP phase is tough

We need dedicated machines to measure it!

But it will take ~ 10 years (or more?) to start these!!!

So, the question is
“How can an experiment that is not actually capable of 
observing CP violation due to δcp help us to pave the 
way to a final discovery?”
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1) Allowed regions in δCP x sin2θ13 or δCP x sin2θ23

44 III PHYSICS POTENTIAL
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FIG. 21. Allowed regions for the parameter sets of sin
2
2θ13 = (0.01, 0.03, 0.05, 0.07, 0.10) and δ =

(− 1
2π, 0,

1
2π,π) overlaid together. Blue, green, and red lines represent 1, 2, 3 σ allowed regions, respec-

tively. Stars indicate the true parameters. It is assumed that the mass hierarchy is known to be the normal

hierarchy.

neutrino events available. Similarly, ring counting and particle identification uncertainties are lim-

ited by statistics of the νe-enriched atmospheric neutrino sample. Another source of uncertainty

is the limited knowledge of the neutrino interaction cross section. With more than an order of

magnitude larger statistics available with Hyper-K, the beam neutrino events as well as the atmo-

spheric neutrino events can be used to study systematics. Together with improved understanding

of the neutrino interaction, uncertainties associated with the far detector will be reduced.

Based on the experience from T2K analysis and prospects for future improvements described

above, σX is set to 5% for all four systematic parameters.

For each set of (θtest13 , δtest, sign(∆m2
32)

test
), the χ2

is minimized by changing the systematic

parameters, fX . The χ2
is then compared to the value at the true oscillation parameters, and the

difference ∆χ2 ≡ (χ2
(test) − χ2

(true)) is used to evaluate the significance of the measurement.

When allowed regions are drawn on a (sin
2
2θ13)-δ plane, the 68.3% (1σ), 95.5%(2σ), and 99.7%

(3σ) CL allowed regions are defined as the regions of parameters where ∆χ2 < 2.30, 6.18, and

11.83, respectively. For measurements where a single parameter is concerned, e.g. the uncertainty

of δ, mass hierarchy determination, and exclusion of sin δ = 0, ∆χ2
values corresponding to a single

parameter are used [5].

Sensitivity if the mass hierarchy is known Let us first consider the case where the mass

hierarchy is known by other measurements. If the mass hierarchy is known to be the normal

Pros:
simple, straightforward 
interpretation

Cons:
local, misses global picture

Hyper-Kamiokande Letter of Intent 1109.3262
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2) CP violation fraction -  sin2θ13 (sin2θ23?)

A Accelerator based neutrinos 45

1
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Inverted Hierarchy

FIG. 22. Allowed regions for inverted hierarchy. See caption of Fig. 21.
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FIG. 23. 1σ error of δ as a function of sin2 2θ13 for the normal hierarchy case.

-1

0

1

0 0.05 0.1 0.15
sin22 13

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

2
1

3Normal Hierarchy

-1

0

1

sin22 13

10-3 10-2 10-1

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

2
1

3

10-4

Normal Hierarchy

FIG. 24. Sensitivity to CP violation. Blue, green, and red lines correspond to 1, 2, and 3 σ exclusion of

sin δ = 0, respectively. Left: horizontal axis is linear scale, right: log scale.

Hyper-Kamiokande Letter of Intent 1109.3262

Pros:
global, clear “yes or no” 
message for CPV

Cons:
“bias” for δcp = 0,π
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3) Achievable uncertainty in δcp

0 Π
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�
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Figure 1: ∆δ as a function of δ for ∆ = 1
2 ,

2
3 ,

5
6 , 1×

π
2 (dotted to solid) and with negligible

matter effects, assuming the same weight for neutrinos and antineutrinos (left) or 50% less

antineutrinos (right). The error plotted here corresponds to the approximate formula in

Eq. (3.10).

0 Π
2 Π 3 Π

2
2 Π

∆

�
∆

Figure 2: ∆δ as a function of δ for the µ → e channel for Â = 1/10, 1/3, 5/12, 1/2 (dashed

to solid), assuming the same weight for neutrinos and antineutrinos. The error plotted here

corresponds to the result of substituting the approximate formula (3.11) in Eq. (3.7).

Fig. 2 shows the dependence of ∆δ on δ for several values of Â, that is, of the
strength of matter effects. In this plot we observe the two main implications of matter
effects. First the peaks in ∆δ move to the left (right) in the µ → e (e → µ) channels.
Second the dependence on δ is smoothed out, but the best achievable precision gets
worse, as expected since matter effects tend to hide genuine CP violation.

In this case, if we move away from the peak, that is, (1∓ Â)∆ = �π2 with � ≤ 1,
there is no improvement in ∆δ. Therefore we expect that energy dependence in the

10

Coloma et al 1203.5651

Pros:
global quantification of δcp 
sensitivity

Cons:
only appropriate for 
powerful experiments
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.

– 7 –

Larger separation between hierarchies: more matter effects



Qualitatively

PAN MachadoInvisibles Jul-2013
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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the nominal design luminosity, and the results for the ν + ν̄ beam time sharing of 5 + 0,

3 + 2, and 2 + 3 years are shown (panels from left to right). Intermediate runnings, like

4 + 1 years, lie between the results shown. In the upper panels (lower panels) of Fig. 3

the inverted (normal) hierarchy is assumed as the input true mass hierarchy. It is quite

likely that the mass hierarchy will not be determined with high confidence level when T2K

completes its running period of 5 years. Therefore, we present here only the case where we

fit for an unknown mass hierarchy, obtained by marginalizing over both cases.
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Figure 3. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for T2K running in

ν+ν̄ mode for 5 + 0 (left), 3 + 2 (center) and 2 + 3 (right) years. The top (bottom) panels are for

the case of inverted (normal) input mass hierarchy. The fit marginalizes over both hierarchies.

By comparing the CP exclusion fractions of the three cases of ν + ν̄ running periods

of 5 + 0, 3 + 2, and 2 + 3 years in Fig. 3, it is evident that running in antineutrino mode

helps to improve the CP sensitivity. Notice that the darker region implies higher sensitivity

to CP in the sense that in this region a larger fraction of δCP values can be excluded at

90% CL. It is notable that the performance of 3+2 and 2+3 years of runnings are roughly

comparable to each other.

We note some characteristic features of iso-contours of the exclusion fraction we can

see in Fig. 3:

• Overall, the regions of relatively high sensitivity to CP are centered around δCP �
±π/2.

• In the 5 + 0 years running option the CP sensitive region is restricted mostly to two

regions centered at (δCP � π/2, low sin
2 θ23) and (δCP � −π/2, high sin

2 θ23), whereas
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the nominal design luminosity, and the results for the ν + ν̄ beam time sharing of 5 + 0,

3 + 2, and 2 + 3 years are shown (panels from left to right). Intermediate runnings, like

4 + 1 years, lie between the results shown. In the upper panels (lower panels) of Fig. 3

the inverted (normal) hierarchy is assumed as the input true mass hierarchy. It is quite

likely that the mass hierarchy will not be determined with high confidence level when T2K

completes its running period of 5 years. Therefore, we present here only the case where we

fit for an unknown mass hierarchy, obtained by marginalizing over both cases.
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Figure 3. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for T2K running in

ν+ν̄ mode for 5 + 0 (left), 3 + 2 (center) and 2 + 3 (right) years. The top (bottom) panels are for

the case of inverted (normal) input mass hierarchy. The fit marginalizes over both hierarchies.

By comparing the CP exclusion fractions of the three cases of ν + ν̄ running periods

of 5 + 0, 3 + 2, and 2 + 3 years in Fig. 3, it is evident that running in antineutrino mode

helps to improve the CP sensitivity. Notice that the darker region implies higher sensitivity

to CP in the sense that in this region a larger fraction of δCP values can be excluded at

90% CL. It is notable that the performance of 3+2 and 2+3 years of runnings are roughly

comparable to each other.

We note some characteristic features of iso-contours of the exclusion fraction we can

see in Fig. 3:

• Overall, the regions of relatively high sensitivity to CP are centered around δCP �
±π/2.

• In the 5 + 0 years running option the CP sensitive region is restricted mostly to two

regions centered at (δCP � π/2, low sin
2 θ23) and (δCP � −π/2, high sin

2 θ23), whereas
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account several factors such as energy dependence, backgrounds, systematic uncertainties

and their correlations.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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the nominal design luminosity, and the results for the ν + ν̄ beam time sharing of 5 + 0,

3 + 2, and 2 + 3 years are shown (panels from left to right). Intermediate runnings, like

4 + 1 years, lie between the results shown. In the upper panels (lower panels) of Fig. 3

the inverted (normal) hierarchy is assumed as the input true mass hierarchy. It is quite

likely that the mass hierarchy will not be determined with high confidence level when T2K

completes its running period of 5 years. Therefore, we present here only the case where we

fit for an unknown mass hierarchy, obtained by marginalizing over both cases.
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Figure 3. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for T2K running in

ν+ν̄ mode for 5 + 0 (left), 3 + 2 (center) and 2 + 3 (right) years. The top (bottom) panels are for

the case of inverted (normal) input mass hierarchy. The fit marginalizes over both hierarchies.

By comparing the CP exclusion fractions of the three cases of ν + ν̄ running periods

of 5 + 0, 3 + 2, and 2 + 3 years in Fig. 3, it is evident that running in antineutrino mode

helps to improve the CP sensitivity. Notice that the darker region implies higher sensitivity

to CP in the sense that in this region a larger fraction of δCP values can be excluded at

90% CL. It is notable that the performance of 3+2 and 2+3 years of runnings are roughly

comparable to each other.

We note some characteristic features of iso-contours of the exclusion fraction we can

see in Fig. 3:

• Overall, the regions of relatively high sensitivity to CP are centered around δCP �
±π/2.

• In the 5 + 0 years running option the CP sensitive region is restricted mostly to two

regions centered at (δCP � π/2, low sin
2 θ23) and (δCP � −π/2, high sin

2 θ23), whereas
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account several factors such as energy dependence, backgrounds, systematic uncertainties

and their correlations.
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Figure 1. Bi-probability plots, or the simultaneous presentation of the appearance probabilities,

P (νµ → νe) and P (ν̄µ → ν̄e), by continuously varying δCP from −π to π for the T2K set up of

L = 295 km and E = 0.6 GeV (left panel) and the NOνA one of L = 810 km and E = 2.0 GeV

(right panel). The three ellipses for the both mass hierarchies are for sin
2 θ23 = 0.4, 0.5, and 0.6 .

In order to have some idea about the precision of the measurements, the expected uncertainties for

T2K and NOνA are indicated by the solid (1σ) and dashed (2σ) black curves by taking into account

only statistical uncertainties for 3 + 3 years of exposure for neutrino plus antineutrino modes for

the case where the mass hierarchy is normal, δCP = −π/2 and sin
2 θ23 = 0.5.

By looking into Fig. 1, one can notice the following features of the bi-probability plots

for T2K and NOνA setup, which are very important to understand the results of our

analysis shown in this paper.

(i) For a given set of oscillation parameters, the CP ellipses for T2K are thinner and their

major axis, which are proportional to the sin δCP term in the probability, are longer than

that for NOνA. These properties follow because the neutrino energy taken for T2K is closer

to the first oscillation maximum, |∆m2
32|L/(4E) = π/2.

(ii) For a given set of oscillation parameters, the two CP ellipses for the normal and the

inverted mass hierarchies are more separated for NOνA than for T2K due to a stronger

matter effect in the former setup.

From these observations one can naively expect that the feature described in (i) would

make T2K more sensitive than NOνA to δCP determination, assuming that the numbers of

events for these two experiments are similar. While the one in (ii) is the feature familiar to

us, it would make NOνA more sensitive than T2K to the mass hierarchy, which potentially

could help also in increasing the sensitivity to δCP by reducing the degeneracy related to

the unknown mass hierarchy.
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Figure 4. CP exclusion fraction plotted on δCP − sin2 θ23 plane at 90 % CL, for T2K running in
ν+ν̄ mode for 10 + 0 (left), 7 + 3 (center) and 5 + 5 (right) years. The input mass hierarchy is
the inverted one. The top panels are for a fit marginalizing over the hierarchies, while the middle
(bottom) panels are for a fit imposing the normal (inverted) hierarchy.

• With marginalization over the mass hierarchies (top panels) the null sensitivity re-
gions (white regions) become significantly smaller, in particular, if we compare the
last two top panels of each figure.

• The 7 + 3 and 5 + 5 years running results, when fitted assuming the inverted mass
hierarchy (the correct one in this case), can exclude 50% (or higher) values of δCP in
almost the entire δCP − sin2 θ23 plane allowed by the current constraints. This can
be seen in the bottom center and right panels.

• The 7+3 and 5+5 years running results, when fitted using the normal mass hierarchy,
can exclude a fraction of δCP values up to 80%-90% for δCP > 0. The higher exclusion
power is due to the assumption of the wrong mass hierarchy. But for δCP < 0,
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Figure 5. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for NOνA and T2K

running in ν+ν̄ mode for 5 + 5 years. The left and center panels are for NOνA with inverted and

normal mass hierarchy as input. The right panels are for T2K with normal mass hierarchy as input.

The top panels are for a fit marginalizing over the hierarchies, while the middle (bottom) panels

are for a fit imposing the normal (inverted) hierarchy.

able to accumulate 20–30% more statistics than NOνA. In addition to this, as discussed

in Sec. 4, the fact that the major axis of the CP ellipse for NOνA is shorter than that

for T2K (see Fig. 1) makes the CP sensitivity of NOνA worse than that of T2K even for

similar statistics.

On the other hand, the powerfulness of excluding almost half the space (positive δCP

region for the inverted, and negative δCP region for the normal mass hierarchies) in the

wrong hierarchy fit is due to the larger matter effect thanks to the longer baseline of NOνA.

Using this property the CP exclusion fraction may be used as a powerful indicator of the

mass hierarchy though in a particular region of δCP. Therefore, it appears to us that these

two experiments are complementary to each other quite nicely.
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Figure 6. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for NOνA and T2K

running in ν+ν̄ mode for 5 + 5 years (each) combined as well as T2K running for 10 + 10 years.

The left and center panels are for the combination using the inverted and normal mass hierarchy,

respectively, as input. The right panels are for T2K with inverted mass hierarchy as input. The

top panels are for a fit marginalizing over the mass hierarchies, while the middle (bottom) panels

are for a fit imposing the normal (inverted) mass hierarchy.

6.2 Combination of NOνA with T2K and the synergy

One of the most intriguing questions would be how high is the sensitivity to the CP phase

when T2K and NOνA are combined, and to what extent a synergy can be expected. To

answer these questions, we present in Fig. 6 the contours of CP exclusion fraction obtained

by combining 5+5 years running of T2K and NOνA (a total of 10 years each) for the input

normal (left panels) and inverted (middle panels) mass hierarchies. To extract the effect of

the synergy we place in the right panel of Fig. 6 the contours obtained by a hypothetical

10 + 10 years running of T2K (a total 20 years). Although we do not consider it a realistic

option, we show it for the sake of revealing the synergy.

The distinctive features of Fig. 6 are as follows:
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Figure 6. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for NOνA and T2K

running in ν+ν̄ mode for 5 + 5 years (each) combined as well as T2K running for 10 + 10 years.

The left and center panels are for the combination using the inverted and normal mass hierarchy,

respectively, as input. The right panels are for T2K with inverted mass hierarchy as input. The

top panels are for a fit marginalizing over the mass hierarchies, while the middle (bottom) panels

are for a fit imposing the normal (inverted) mass hierarchy.

6.2 Combination of NOνA with T2K and the synergy

One of the most intriguing questions would be how high is the sensitivity to the CP phase

when T2K and NOνA are combined, and to what extent a synergy can be expected. To

answer these questions, we present in Fig. 6 the contours of CP exclusion fraction obtained

by combining 5+5 years running of T2K and NOνA (a total of 10 years each) for the input

normal (left panels) and inverted (middle panels) mass hierarchies. To extract the effect of

the synergy we place in the right panel of Fig. 6 the contours obtained by a hypothetical

10 + 10 years running of T2K (a total 20 years). Although we do not consider it a realistic

option, we show it for the sake of revealing the synergy.

The distinctive features of Fig. 6 are as follows:
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Figure 6. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for NOνA and T2K

running in ν+ν̄ mode for 5 + 5 years (each) combined as well as T2K running for 10 + 10 years.

The left and center panels are for the combination using the inverted and normal mass hierarchy,

respectively, as input. The right panels are for T2K with inverted mass hierarchy as input. The

top panels are for a fit marginalizing over the mass hierarchies, while the middle (bottom) panels

are for a fit imposing the normal (inverted) mass hierarchy.

6.2 Combination of NOνA with T2K and the synergy

One of the most intriguing questions would be how high is the sensitivity to the CP phase

when T2K and NOνA are combined, and to what extent a synergy can be expected. To

answer these questions, we present in Fig. 6 the contours of CP exclusion fraction obtained

by combining 5+5 years running of T2K and NOνA (a total of 10 years each) for the input

normal (left panels) and inverted (middle panels) mass hierarchies. To extract the effect of

the synergy we place in the right panel of Fig. 6 the contours obtained by a hypothetical

10 + 10 years running of T2K (a total 20 years). Although we do not consider it a realistic

option, we show it for the sake of revealing the synergy.

The distinctive features of Fig. 6 are as follows:
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Figure 6. CP exclusion fraction plotted on δCP − sin
2 θ23 plane at 90 % CL, for NOνA and T2K

running in ν+ν̄ mode for 5 + 5 years (each) combined as well as T2K running for 10 + 10 years.

The left and center panels are for the combination using the inverted and normal mass hierarchy,

respectively, as input. The right panels are for T2K with inverted mass hierarchy as input. The

top panels are for a fit marginalizing over the mass hierarchies, while the middle (bottom) panels

are for a fit imposing the normal (inverted) mass hierarchy.

6.2 Combination of NOνA with T2K and the synergy

One of the most intriguing questions would be how high is the sensitivity to the CP phase

when T2K and NOνA are combined, and to what extent a synergy can be expected. To

answer these questions, we present in Fig. 6 the contours of CP exclusion fraction obtained

by combining 5+5 years running of T2K and NOνA (a total of 10 years each) for the input

normal (left panels) and inverted (middle panels) mass hierarchies. To extract the effect of

the synergy we place in the right panel of Fig. 6 the contours obtained by a hypothetical

10 + 10 years running of T2K (a total 20 years). Although we do not consider it a realistic

option, we show it for the sake of revealing the synergy.

The distinctive features of Fig. 6 are as follows:
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Summary I
We do not expect to measure δcp in the following 10 years

Right now, we do not have any strong indication of δcp

Hence, it is important to question what we can learn from 
T2K and NOvA about the CP phase

We tried to answer what would be the best experimental 
strategy for T2K and NOvA regarding the CP phase



Summary II
A way of characterizing the sensitivity to δcp, appropriate for 
non-conclusive experiments, the CP exclusion fraction

NOvA is not as powerful for CP, but can exclude a larger 
portion of the parameter space for the wrong hierarchy

T2K alone can exclude 50% or more of δcp values in half 
δCP x sin2θ23 plane independently of the hierarchy

The synergy between these experiments makes possible to 
exclude 60% or more of δcp values by combining them!

We checked that the θ23 octant determination strategy is 
much more permissive (backup slides!)

and we can also learn about the hierarchy with this



Summary II
A way of characterizing the sensitivity to δcp, appropriate for 
non-conclusive experiments, the CP exclusion fraction

NOvA is not as powerful for CP, but can exclude a larger 
portion of the parameter space for the wrong hierarchy

The synergy between these experiments makes possible to 
exclude 60% or more of δcp values by combining them!

We checked that the θ23 octant determination strategy is 
much more permissive (backup slides!)

Thank
 you

!

and we can also learn about the hierarchy with this

T2K alone can exclude 50% or more of δcp values in half 
δCP x sin2θ23 plane independently of the hierarchy
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Why δcp?

PAN MachadoInvisibles Jul-2013

What do we know 
about the mass matrix 
and its correlations?

Monte Carlo simulation
based on pdfs of global 
fits

(δcp = 0, 10o error)

Inverted hierarchy, m0 = 0

E Bertuzzo, PANM, R Zukanovich Funchal 1302.0653

Gonzalez-Garcia, Maltoni, 
Salvado, Schwetz 1209.3023



Why δcp?

PAN MachadoInvisibles Jul-2013

Normal hierarchy, m0 = 0.1 eV

E Bertuzzo, PANM, R Zukanovich Funchal 1302.0653

What do we know 
about the mass matrix 
and its correlations?

Monte Carlo simulation
based on pdfs of global 
fits

(δcp = 0, 10o error)

Gonzalez-Garcia, Maltoni, 
Salvado, Schwetz 1209.3023
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Figure 2. Bi-probability plot for T2K for sin
2 θ23 = 0.4 and the normal mass hierarchy with the

error ellipse for δCP = 0 and −π/2, which explains the impact of the increase of statistics on the

CP exclusion fraction.

5 Sensitivity to CP phase expected by T2K

In this and the following sections we discuss the results of our analyses, the sensitivities to

CP phase determination or exclusion to be expected by the T2K and NOνA experiments,

respectively, assuming accurate measurement of θ13 by the reactor experiments. We will

use, throughout this section, the CP exclusion fraction defined at 90% CL to display the

sensitivity to CP phase δCP. We focus our discussion primarily on the possibility of a total

of 10 years of data taking. The reason being, as we will see shortly, that after a total

of 5 running years T2K will only be able to exclude 50% of δCP values in a very limited

parameter space in the δCP − sin
2 θ23 plane, even if we assume that the mass hierarchy

is known. We would like to explore the possibility of increasing the CP sensitivity of the

experiment in a longer time span.

Whenever the choice between the normal or the inverted mass hierarchies is necessary

to display figures, our preference in this paper is for the latter. It is because in most cases

in the literature the normal hierarchy has been chosen as a reference and this might have

given us a slight bias when thinking about the optimization of the setting. Our treatment

will not be completely equal for T2K and NOνA, because our analysis of NOνA can not be

as mature as that of T2K for which we can profit from the informations of the experiment

in operation.

5.1 Total of 5 running years (5× 1021 POT)

In Fig. 3, the contours of equal CP exclusion fraction are plotted in the space spanned

by the true values of δCP and sin
2 θ23. A total running time of 5 years is assumed with

– 9 –
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Figure 8. Regions in which the θ23 octant degeneracy is resolved are plotted on the δ − sin2 θ23

plane for 10+0 (left panel), 7+3 (middle panel), 5+5 (right panel) years of ν + ν̄ running of T2K.
In the upper and lower panels the cases of inverted and normal mass hierarchies, respectively, are
shown.

+ ν̄ beam time sharing on the octant determination is much less important than on the
CP sensitivity, at least for the experiments we are interested in. We can conclude that
the optimal proportion of antineutrino to neutrino running of the experiments must be
dictated by the CP sensitivity, rather than by the θ23 measurement.

8 Conclusion

In the near future, 5 to 10 years from now, we do not expect to be able to measure the
lepton CP phase, since we will not yet dispose of neutrino experiments designed to discover
CP violation due to non-zero sin δCP. However, the accelerator based neutrino oscillation
experiments, T2K and NOνA, after the precise measurement of sin2 θ13 by the reactor
experiments, will have some sensitivity to δCP. This sensitivity will depend on the true
values of δCP, sin2 θ23, the neutrino mass hierarchy as well as the amount of data taking in
neutrino and antineutrino modes.

To study the maximal sensitivity to δCP attainable by a single or a set of experiments
we have introduced in this paper a new measure for the sensitivity to CP phase, the
CP exclusion fraction. It quantifies the range of δCP that can be excluded, at a certain
confidence level (we adopted 90% in this paper), by a set of experimental observables. We
expect that the CP exclusion fraction is particularly useful to examine the potential of
exploring CP phase possessed by the near future experiments which will be the unique
sources of information on the CP phase in an era without dedicated apparatus designed
for the discovery of CP violation.
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