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Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

Pνµ→νe = | aatm
µ→e + asol

µ→e |2
CP Violation comes from the Difference
in the Interference of aatm

µ→e amd asol
µ→e

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are θ13 and δ.
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New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia
and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
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Leptonic CP and T Violation 
in Neutrino Oscillations
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Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

sparkE – 17 Nov 2003 3

Minakata, Nunokawa + SP 
hep-ph/0204171



Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi〉, are a Mixture of Flavor States, |να〉:
|να〉 = Uαi|νi〉. (using sij = sin θij and cij = cos θij)

Uαi =

 1
c23 s23

−s23 c23

  c13 s13e−iδ

1
−s13eiδ c13

  c12 s12

−s12 c12

1



=

 c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ
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Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ

For Majorana Nu’s

U → U

0@ 1
eiα2

eiα3

1A Phases α2, α3 are unobservable in oscillation

phenomena, (UαiU
∗
βi).

Important in neutrinoless double beta decay.
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CP Violation and Leptogenesis

• For most Neutrino Mass Models there is a relationship between
the Dirac CP phase δ and Majorana CP phases α2, α3.

• At a minimum they are all zero or all non-zero.

• α2, α3 are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N → l+φ− and N → l−φ+

• B = 1
2(B − L) + 1

2(B + L), however (B + L) violated.

• Hence the Dirac CP violating phase, δ, is a handle on
Leptogenesis and hence Baryogenesis.

Fukugita and Yanagida, Phys. Lett. B174, 45 (1986)
Frampton, Glashow and Yanagida – hep-ph/0208157
Endoh, Kaneko, Kang, Morozumi – hep-ph/0209098

.....
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.9 ± 1.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC ≈ sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.5× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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Mixings and Masses Overview:
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Atmospheric (2-3) Sector:
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However, if one tries to fit all of the data from the oscillation experiments, to
obtain a reasonable χ2 it is necessary to include light sterile neutrinos. We shall
illustrate some of the effects of sterile neutrinos with a toy model in which one
studies the minimal number, n! = 1.

3.1.1 Neutrino Oscillations in Vacuum

The presence of non-zero masses for the light neutrinos introduces a leptonic
mixing matrix, U , which is the analogue of the CKM quark mixing matrix, and
which in general is not expected to be diagonal. The matrix U connects the
flavor eigenstates with the mass eigenstates:

|να〉 =
∑

i

Uαi|νi〉, (22)

where α denotes one of the active neutrino flavors, e, µ or τ or one of the n! light
sterile flavors, while i runs over the light mass eigenstate labels. The number of
flavor states considered here is equal to the number of light mass eigenstates, so
U is a square unitary matrix.

The neutrino mass differences and the mixing parameters can be probed by
studying oscillations between different flavors of neutrinos, as a function of the
neutrino energy E and the distance traversed L. The oscillation probability
P (να → νβ) is given by the absolute square of the overlap of the observed flavor
state, |νβ〉, with the time-evolved initially-produced flavor state, |να〉. In vacuum,
the evolution operator involves just the Hamiltonian H0 of a free particle, yielding
the well-known result:

P (να → νβ) =
∣∣∣〈νβ|e−iH0L|να〉

∣∣∣2 =
∑

i,j UαiU∗
βiU

∗
αjUβje

−iδm2
ijL/2E

= PCP−even(να → νβ) + PCP−odd(να → νβ) .
(23)

The CP-even and CP-odd contributions are

PCP−even(να → νβ) = PCP−even(ν̄α → ν̄β)

= δαβ − 4
∑

i>j Re (UαiU∗
βiU

∗
αjUβj) sin2(

δm2
ijL

4E )

PCP−odd(να → νβ) = −PCP−odd(ν̄α → ν̄β)

= 2
∑

i>j Im (UαiU∗
βiU

∗
αjUβj) sin(

δm2
ijL

2E )

(24)

so that

P (ν̄α → ν̄β) = P (νβ → να) = PCP−even(να → νβ) − PCP−odd(να → νβ) (25)

where, by CPT invariance, P (να → νβ) = P (ν̄β → ν̄α). In vacuum the CP-even
and CP-odd contributions are even and odd, respectively, under time reversal:
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the well-known result:

P (να → νβ) =
∣∣∣〈νβ|e−iH0L|να〉

∣∣∣2 =
∑

i,j UαiU∗
βiU

∗
αjUβje

−iδm2
ijL/2E

= PCP−even(να → νβ) + PCP−odd(να → νβ) .
(23)

The CP-even and CP-odd contributions are

PCP−even(να → νβ) = PCP−even(ν̄α → ν̄β)

= δαβ − 4
∑

i>j Re (UαiU∗
βiU

∗
αjUβj) sin2(

δm2
ijL

4E )

PCP−odd(να → νβ) = −PCP−odd(ν̄α → ν̄β)

= 2
∑

i>j Im (UαiU∗
βiU

∗
αjUβj) sin(

δm2
ijL

2E )

(24)

so that

P (ν̄α → ν̄β) = P (νβ → να) = PCP−even(να → νβ) − PCP−odd(να → νβ) (25)

where, by CPT invariance, P (να → νβ) = P (ν̄β → ν̄α). In vacuum the CP-even
and CP-odd contributions are even and odd, respectively, under time reversal:

26
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Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

Pνµ→νe = | aatm
µ→e + asol

µ→e |2
CP Violation comes from the Difference
in the Interference of aatm

µ→e amd asol
µ→e

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are θ13 and δ.
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δm2

ijL

4E
= 1.27

δm2
ijL

E

kinematical
phase

− i
dνα

dt
=

{
Uαj

m2
j

2E
U∗

βj +
√

2GFNe δαeδβe

}
νβ

re− diagonalize

=

{
U(N)αj

m2
j(N)
2E

U∗(N)βj

}
νβ
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νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π

2
δm2

21

δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Patm: P atm(νµ → νe) = |aatm|2 = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol: P sol(νµ → νe) = |asol|2 = cos2 θ23 cos2 θ13 sin2 2θ12 sin2 ∆21

Sum: P (νµ → νe) = |aatm+asol|2 = P atm+P sol +2
√

P atm.P sol cos (∆32 ± δ)

∼ cos ∆32 cos δ

∼ sin∆32 sin δ

P (νµ → νe) = |aatm + asol|2 = P atm + P sol + 2
√

P atm.P sol cos (∆32 ± δ)

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)
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Matter Effects:
Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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Figure 1: Shown are (a) the neutrino mass-squared eigenvalues in matter and (b) the ratio

Jm/Jv, for the parameters listed in eq. (15), as a function of the neutrino energy. Positive

energies correspond to neutrinos, and negative energies correspond to anti-neutrinos (vice

versa for inverted δm2’s).

produces a large value of Jm. A quantitative view of the impossibility of matter to produce

a truly large amplitude results when the explicit expression for Jv in eq. (5) is substituted

into eq. (8). The result is

P !T
m = 2 cos θv

31 sin(δv)

[
[(sin 2θ21δm2

21)(sin 2θ32δm2
32)(sin 2θ31δm2

31)]v
[δm2

21 δm2
32 δm2

31]m

]
sin ∆m

21 sin ∆m
32 sin ∆m

31 .

(17)

As seen from eqs. (10) and (13), at either resonance the bracketed factor in this equation does

not become large. What the resonance manages to do is to cancel the small vacuum value of

sin 2θv
21 or sin 2θv

31 in the amplitude (16Jv) of the T-violating oscillation. But accompanying

even this cancellation is a negative consequence for the associated oscillation lengths, to

which we now turn.

3 Baseline Limitations

A significant enhancement of T-violating oscillation amplitudes requires a small-angle reso-

nance. The conditions for this are either

δm2
21|m ! δm2

21|v or δm2
32|m ! δm2

21|v . (18)
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Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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T2K: NOvA:

Matter Effects 3 times more important
for NOvA than T2K.



Along the diagonal the two solutions for the CP violating parameter, sin δ, are identical,

sin δ1 = sin δ2.

For the inverted hierarchy, the νµ → νe appearance probabilities are

P (νµ → νe) = X−θ2 + Y−θ cos(∆13 − δ) + P"

P (ν̄µ → ν̄e) = X+θ2 − Y+θ cos(∆13 + δ) + P". (9)

These equations are identical to the equations for the normal hierarchy when we use the

constraint P = P and replace δ with δ + π, then, the solutions are

θ3 = θc (sp − βcp), sin δ3 = −sp and cos δ3 = −cp

θ4 = θc (sp + βcp), sin δ4 = −sp and cos δ4 = cp. (10)

Note that θ3 = θ1 with δ3 = π + δ1 and θ4 = θ2 with δ4 = π + δ2.

With these solutions in hand it is simple to derive the principal result of this paper,

〈sin δ〉+ − 〈sin δ〉
−

= 2〈θ〉/θc (11)

where 〈sin δ〉+(−) = (sin δ1(3) + sin δ2(4))/2, the mean values of sin δ for each hierarchy, and

〈θ〉 = (θ1 + θ2 + θ3 + θ4)/4, the mean value of θ for both hierarchies. For P = P there

are many ways to write this expression, however we write it in this way because with these

variables it is accurate even if P %= P . In vacuum, θc → ∞ so that the values of sin δ for the

two hierarchies are identical.

The physical meaning of this result is clear, i.e the difference in the mean values of

sin δ (the CP violating parameter) between the mass hierarchies equals twice the mean

value of θ divided by the critical value of θ. Away from P = P it is well known that the

difference between the solutions for sin δ and θ within the same hierarchy are small[12].

This implies that the relationship given by Eqn.[11] is still useful and informative even when

P %= P . In fact we have used the approximations of Ref.[11] to derive the corrections to

this master equation and find that the corrections are of O(β2). Also the difference between

the solutions of sin δ within a hierarchy are of O(β), see the Appendix. For the currently

proposed experiments β is less than or of order 0.1 so the corrections to Eqn.[11] are no

larger than a few percent. In a follow up paper, we will explore in more detail the accuracy

of this relationship throughout the whole overlap region.

4

along

exact along diagonal ---  approximately true throughout the overlap region!!!

ansatz

Along the Diagonal:

θ = θc(sin δP − β cos δP )

cos δP = ±

√
1 − sin

2
δP

with β ∝ (aL) cos ∆32 << 1

〈sin δ〉+ − 〈sin δ〉
−

= 2〈θ〉/θc

where

O. Mena + SP 
hep-ph/0408070

sin δP =

√
(P − Psol)/(Pc − Psol) + β2

1 + β2

Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)

5

5yr + 5yr: 0.75 MW: HyperK
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T2K:

no info on sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum
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km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration
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identity, Eqn.[11], to T2K, we find:
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for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:
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√
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for NOνA. (13)
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(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties
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true | ≈ 0. (14)
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√
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5

5yr+5yr: 2 MW: 50kton hi-eff.
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NOvA:

sensitive to sign of cos δ = ±
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〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)

5

The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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if the measurement uncertainty on

√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)

if the measurement uncertainty on

sin δ ≈ ±0.2

then the two fake solutions are well separated down to sin2 2θ13 = 0.01!!!
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then the 2 fake solutions are well separated down to

√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)

if the measurement uncertainty on

sin δ ≈ ±0.2

then the two fake solutions are well separated down to

sin2 2θ13 ≈ 0.01
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hence the Hierarchy is Determined -- CP Violation???



Search for !e appearance

excluded
by reactor

sin22!13>0.006 (90%)
sin22!13>0.018 (3")

x20

Sensitivity

Sensitivities in the first phase(5yrs)

#
(s
in
2
2
!
2
3
)

0.01

1×10-4

#(sin22!)
#($m2)

OA 2.5deg.

!µ disappearance

w/ beam MC, & full SK det. simulation

True $m23
2 (10-3eV2)

#
($
m
2
3
2
)

sin22!13

<1×10-4(eV2)

~0.01

Sensitivity to 

Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.9 ± 1.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC ≈ sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.5× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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5 yrs 0.75MW 
with SK

T2K:

assumes δ = 0

Question: What exposure
is required to reach this
sensitivity if δ = ±

π

2
?



Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!
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√
Patm = ±2

√
Psol sin δ
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Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!

Also

P (δ = −π
2) = 5Psol when sin2 2θ13 = 0.003

P (δ = π
2) = 5Psol when sin2 2θ13 = 0.02
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T2K:
Pmat(νe → νµ, δm2

31, δm
2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!
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√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)
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NOvA:



Gary Feldman               Fermilab Proton Driver Workshop               7 October 2004              12

3 ! Discovery Potential for "µ#"
e

January 19, 2005Steve Brice (FNAL), Debbie Harris (FNAL), Walter Winter (IAS) 20

Physics Reach with a Proton Driver

• For every scenario, the FNAL program can offer a unique
opportunity to measure mass hierarchy

• For sin22!13>.01 FNAL has already in hand very powerful tool to get
to the physics:  the NuMI beamline

NOvA  +  ...

Sensitivity

Mass Hierarchy CP Violation



Summary

LBL LBL Reactor
Variable νµ → νµ νµ → νe ν̄e → ν̄e Comments
Measured ν̄µ → ν̄e

|∆m2
32| Y n n magnitude but not sign

sin2 2θ23 Y n n θ23 ↔ π
2 − θ23 ambiguous

sin2 θ13 n n Y direct measurement

sin2 θ23 sin2 θ13 n Y n combination of θ23 and θ13

sign(∆m2
32) n Y n via matter effects

cos θ23 sin δCP n Y n CP violation

cos θ23 cos δCP n ? n extremely difficult
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CONCLUSION
P (νµ→ νe) at the Atmospheric δm2 scale

is THE key to the physics that will resolve the mass hierarchy and tell us whether
or not CP is violated in the ν-sector. sin2 2θ13 is the controlling parameter for
νµ → νe.

Mass Hierarchy

Is the spectrum of Neutrinos NORMAL or INVERTED? (sign of δm2
31)

NuMI/NOνA is in a unique position to address this question.
Without the hierarchy being determined, it is unlikely that T2K can ever claim to
see CP violation.

CP Violation in Neutrino Oscillations (sin δ "= 0)

CP-violation in the ν-sector maybe our only window into leptogenesis at very high
energies. The Superheavy seesaw partners of the Neutrinos are responsible for
leptogenesis and hence baryogenesis.

Majorana v Dirac? Steriles? Mass νlite?
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Extras:



9sparkE  HQ&L 04

Super-Chooz:

 interest in Japan, Europe, Russia, USA (CA and IL), China .... 
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7 GW, 50 tons, 3 years, and 1400 meters
sin

2
2!

13

"
m

2
 (

eV
2
)

90! CL

3#

CHOOZ 90% CL
Excluded

New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia,
China and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

1− Pνe→νe = sin2 2θ13

[
sin2 ∆atm +O

(
∆solar
∆atm

)]
+O

(
∆solar
∆atm

)2

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
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J. Link, Columbia 

>1%                1                     <3%                       <0.1%

Systematics limit

experiment:

Could be “quick” and 

“cheap” but ...

Clean measurement of

sin
2
2θ13 down to 0.01

∆atm =
δm2

atm
L

4E
= 1.27

δm2
atm

L

E

kinematical
phase


