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sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
|Ue2|2

(1− |Ue3|2), sin2 θ23 ≡
|Uµ3|2

(1− |Ue3|2)

Note: if sin2 θ13 = 0.03 and sin2 θ23 = 1
2

then |Uµ3|2(1− |Uµ3|2) = sin2 2θatm = 0.999

In numerous models:

sin2 θ13, (sin2 θ12 − 1
3 ), (sin2 θ23 − 1

2 ) ∼
�

δm2
21

δm2
31

�n

Experiment has probed down to n ≈ 1/2 to 1 !!!

|Ue3|2, (|Ue2|2 − 1
3 ), (|Uµ3|2 − 1

2 ) ∼
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δm2
31

�n
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Masses & Mixings:

3

At 2σ we have the following limits:

sin2 θ13 ≈ 0.02 ≈
�

δm2
21

δm2
31

�1

| sin2 θ12 −
1
3

| < 0.04 ≈
�

δm2
21

δm2
31

�1

| sin2 θ23 −
1
2

| < 0.12 ≈
�

δm2
21

δm2
31

�0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?

– Typeset by FoilTEX – 2

At 2σ we have the following limits:

sin2 θ13 ≈ 0.02 ± 0.01 ≈
�

δm2
21

δm2
31

�1

| sin2 θ12 −
1
3
| < 0.04 ≈

�
δm2

21

δm2
31

�1

| sin2 θ23 −
1
2
| < 0.12 ≈

�
δm2

21

δm2
31

�0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?

– Typeset by FoilTEX – 2

sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
|Ue2|2

(1− |Ue3|2), sin2 θ23 ≡
|Uµ3|2

(1− |Ue3|2)

Note: if sin2 θ13 = 0.03 and sin2 θ23 = 1
2

then |Uµ3|2(1− |Uµ3|2) = sin2 2θatm = 0.999

In numerous models:

sin2 θ13, (sin2 θ12 − 1
3 ), (sin2 θ23 − 1

2 ) ∼
�

δm2
21

δm2
31

�n

Experiment has probed down to n ≈ 1/2 to 1 !!!

|Ue3|2, (|Ue2|2 − 1
3 ), (|Uµ3|2 − 1

2 ) ∼
�

δm2
21

δm2
31

�n

– Typeset by FoilTEX – 8

sin
2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed

Fractional Flavor Content

%msol
2

%matm
2

sin
2Θ13

1

2

3

sin
2Θ23

sin
2Θ12

INVERTED

%msol
2

%matm
2

Solar Sector: {12}
|Uαj|2

– Typeset by FoilTEX – 1



Stephen Parke                                                  MAP @ SLAC                                               3/7/2012                      

Masses & Mixings:
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Are the deviations 
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Masses & Mixings:
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Are the deviations 
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Yes, of course!!!
(except HM et al)
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Masses & Mixings
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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Unitarity Triangle:
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Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0

|J | = 2×Area

J = s12c12s23c23s13c2
13 sin δ

ω = δ or 2π − δ
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BRIEF ARTICLE

THE AUTHOR

when sin(aL)/(aL) ≈ 1
Neutrino Physics disparately needs to go beyond Megawatt traditional neutrino beams

and Megaton water Cerenkov detectors: Neutrino Factory is an excellent possibility.
For large sin2 2θ13 (≥ 0.003-0.01 say) the low energy option could provide precision

measurements of the mixings to give meaningful tests to various sum rules coming from
models and also explore the possibility of new physics as sub-leading effects.

For smaller values of sin2 2θ13 the higher energy option provides unpresident sensitivity
to small values sin2 2θ13 and has the capability to untangle neutrino mixings from other
new physics.
∼ 1√

3
= sin θ13/

√
2

1

Three Main things we are looking for are:

Surprises! Surprises!! SURPRISES!!!

We all have prejudices
about how Nature has organized

the Neutrino/Lepton Sector:

She has SURPRISES in store for us

Let’s go Find Them !!!!!!

≈ 1/3
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• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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However

for ν-Factory: Distinguish µ+
from µ− at 10−4

for β-Beam: Distinguish µ from e in Water Cerenkov or LAr

– Typeset by FoilTEX – 17
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IDS-NF-002: https://www.ids-nf.org/wiki/FrontPage/Documentation?action=AttachFile&do=view&target=IDS-NF-002-v1.1.pdf

Also Low Energy Nu Factory option
plus a very Low Energy Muon Storage ring.
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Interference term different for ν and ν̄: CP violation !!!
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0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
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ij|L/4E
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2θ13
θcrit
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CPC only CPV

P = Psol
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ē L

U
(
1
)

C
P
T

:
e L
↔
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ē R
to
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“Magic” Baseline

Psol = 0 when aL = π, 2π, . . .

in earth this happens for L≈7500 km

then Pµe ≈ Patm = sin2 θ23 sin2 θ13
sin2(∆31∓aL)
(∆31∓aL)2 ∆2

31

No sensitivity to CPV (δ)

Good for measuring sin2 θ13 and Mass Hierarchy
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“Bi-Magic” Baseline and Energy

Choose L such that

Patm|IH = 0 and Patm|NH is max. at EIH

and

Patm|NH = 0 and Patm|IH is max. at ENH

L=2540 km and EIH=3.3 GeV and ENH=1.9 GeV
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flip when ν and ν̄ interchange
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2

positive for normal hierarchy and negative for inverted
hierarchy. Â picks up an extra negative sign for anti-
neutrinos. The last term in Eq. (1) clearly mixes the de-
pendence on hierarchy and δCP, leading to a degeneracy
between them [3], which can be overcome if one man-
ages to have either sin(Â∆) = 0 or sin[(1 − Â)∆] = 0.
The first condition is achieved at the magic baseline
(L ∼ 7500 km) for all Eν and for both the hierarchies.
The second condition, on the other hand, is sensitive
to hierarchy. This sensitivity can be maximized if one
has sin[(1 − Â)∆] = 0 for one of the hierarchies and
sin[(1 − Â)∆] = ±1 for the other. In such a situation,
only the O(α2) term in Eq. (1) survives for the hierarchy
for which sin[(1 − Â)∆] = 0, making Peµ independent
of both δCP and θ13. At the same time, for the other
hierarchy the first term in Eq. (1) enhances the number
of events as well as θ13 sensitivity, and the third term
enhances the sensitivity to δCP.

If we demand “IH-noCP” (no sensitivity to CP phase
in IH), these conditions imply

(1 + |Â|) · |∆| = nπ for IH , (3a)

(1 − |Â|) · |∆| = (m − 1/2)π for NH , (3b)

where n, m are integers, n > 0. These two conditions
are exactly satisfied at a particular baseline and energy,
given by

ρL(km g/cc) ≈ (n − m + 1/2)× 16300 , (4a)

Eν(GeV) =
4

5

∆m2
31(eV

2)L(km)

(n + m − 1/2)
. (4b)

Note that the relevant L is independent of any oscillation
parameters. A viable solution for these set of equations
(with n = 1 and m = 1) is L ≈ 2540 km, ρ = 3.2 g/cc
and Eν ≡ EIH ≈ 3.3 GeV, as was first pointed out in
[6]. On the other hand, one may demand “NH-noCP”
(no sensitivity to CP phase in NH), which leads to the
conditions

(1 − |Â|) · |∆| = nπ for NH , (5a)

(1 + |Â|) · |∆| = (m − 1/2)π for IH , (5b)

with n, m integers, n &= 0 and m > 0. These lead to the
same condition on L as in Eq. (4a) except for an overall
negative sign, while Eν continues to be given by Eq. (4b).
These conditions are also satisfied at L = 2540 km (for
n = 1 and m = 2) at Eν ≡ ENH ≈ 1.9 GeV. The magic
energies EIH and ENH would be suitable for a neutrino
factory with a parent muon energy of ∼ 5 GeV.

Eqs. (4a, 4b) indicate that many combinations of
n and m are possible for a given baseline. Indeed, the
2540 km baseline also satisfies IH-noCP at EIH2 ≈ 1.3
GeV (n = 2, m = 2) and NH-noCP at ENH2 ≈ 0.9 GeV
(n = 2, m = 3). However the flux at these energies would
be small, so we do not consider these in this Letter.

Fig. 1 shows the probability Peµ for sin2 θ13 = 0, 0.01.
In this and all other plots, we have solved the exact neu-
trino propagation equation numerically using the Prelim-
inary Reference Earth Model [11]. Clearly the IH-noCP

P e
µ

ENH

EIH

E(GeV)

FIG. 1: Conversion probability Peµ for L = 2540 km. The
bands correspond to δCP ∈ (0, 2π). Other parameters are
taken as ∆m2

21 = 7.65 × 10−5 eV2, |∆m2
31| = 0.0024 eV2,

sin2 θ12 = 0.3 and sin2 θ12 = 0.5. The red (solid) line corre-
sponds to θ13 = 0.

and NH-noCP conditions are satisfied at the energies EIH

and ENH, respectively. At EIH, the probabilities Peµ for
NH and IH are distinct, hence a measurement of the neu-
trino spectrum around this energy would be a clean way
of distinguishing between the hierarchies. The oscillatory
nature of Peµ for non-zero θ13 vis-a-vis the monotonic be-
havior for θ13 = 0 helps in the discovery of a nonzero θ13.
Finally, the significant widths of the bands (near EIH for
NH, and near ENH for IH) imply sensitivity to δCP.

The simplified forms of probabilities at the magic ener-
gies offer insights into the CP sensitivity at this baseline.
At EIH, we have

Peµ(IH) ≈ 18α2s2
12c

2
12c

2
23 ,

Peµ(NH) ≈ 18α2s2
12c

2
12c

2
23 + 9s2

13s
2
23

−18
√

2αs12c12s23c23s13 cos(δCP + π/4) , (6)

while at ENH, we have

Peµ(NH) ≈ 50α2s2
12c

2
12c

2
23 ,

Peµ(IH) ≈ 50α2s2
12c

2
12c

2
23 + (25/9)s2

13s
2
23

−(50
√

2/3)αs12c12s23c23s13 cos(δCP + π/4) . (7)

Near the magic energies, where the CP sensitivity is the
highest, the δCP values giving the highest and the lowest
probabilities would be 3π/4 and 7π/4, respectively.

Experimental setup and numerical simulation.— We
use a magnetized totally active scintillator detector
(TASD) which is generally used in the context of a low
energy neutrino factory [7]. We use a 25 kt detector with
a energy threshold of 1 GeV. We choose a typical Neu-
trino factory setup with 5 GeV parent muon energy and
5 × 1021 useful muon decays per year, which is of the
same order as in the setup considered in [12, 14]. We
consider the running with only one polarity µ+ of the
parent muon, so that we have a neutrino flux consisting
of ν̄µ and νe. We assume a muon detection efficiency of
94% for energies above 1 GeV, 10% energy resolution for

Approx. Fermilab to Yucca Mtn:

Sushant K. Raut, Ravi Shanker Singh, S.Uma Sankar    arXiv:0908.3741

Amol Dighe, Srubabati Goswami, Shamayita Ray arXiv:1009.1093

Bi-M
agic

 Base
line:

Max for one Hierarchy and 0 other

http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Raut%2C%20Sushant%20K%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Raut%2C%20Sushant%20K%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Singh%2C%20Ravi%20Shanker%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Singh%2C%20Ravi%20Shanker%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sankar%2C%20S%2EUma%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sankar%2C%20S%2EUma%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dighe%2C%20Amol%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dighe%2C%20Amol%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Goswami%2C%20Srubabati%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Goswami%2C%20Srubabati%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ray%2C%20Shamayita%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ray%2C%20Shamayita%22
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Mass Hierarchy:
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Are superbeams enough?
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GLoBES 2010

sgn $m2

Mass hierarchy works only at 3σ in the upper half of
the current indications.

P. Huber – VT-CNP – p. 7
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CP Violation:
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Are superbeams enough?

IDS!NF 2.0
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GLoBES 2010

CPV

NF still best for all values of θ13!

SB reach CPF of
0.7-0.75
NF reaches CPF of
0.85-0.9

MIND LE – 100 kt
MIND at 2000km
and 10GeV

P. Huber – VT-CNP – p. 8
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Large  Theta_13

14

•Large Theta_13, if confirmed
– wonderful opportunity for all !!!

• Double Chooz, Daya Bay and Reno, T2K, NOvA ....

• precision determination of Theta_13

• exclude wrong Hierarchy at high CL

• CPV, precision dominated by systematic effects!

• New Physics less likely to be entangled with Theta_13 effects !

More at or before Nu 2012 (June) !!!  
especially RENO and T2K



Stephen Parke                                                  MAP @ SLAC                                               3/7/2012                      

Asymmetry:

15

2 

Comparison: CP violation 
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P. Huber @ ECFA Panel review, May 2011  
Global fit 

Fogli et al, 2011 
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Asymmetry:
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Comparison: CP violation 
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P. Huber @ ECFA Panel review, May 2011  
Global fit 

Fogli et al, 2011 

δm2
21, δm2

32, sin2 θ12, sin2 θ23, sin2 θ13, δ

Should not the mixing angles be called θe2, θµ3 and θe3 respectively?

(GFNe/
√

2)

Avac ≈ 1
11

sin 2θ13 sin δ
(sin2 2θ13+0.002)

νµ → νµ and ν̄µ → ν̄µ

νe → νe and ν̄e → ν̄e

sin2 2θcrit ∼ 1/(aL)2+�

– Typeset by FoilTEX – 2

relative to GF

[ Avac ≡ P −P̄
P+P̄

= Pδ−P0
P0

at ∆31 = π
2 (VOM) ]

– Typeset by FoilTEX – 2
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Asymmetry:
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Comparison: CP violation 
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P. Huber @ ECFA Panel review, May 2011  
Global fit 

Fogli et al, 2011 

!!"

#$%&'"())*++,-.*"

!!"/0!!10210/" !"#$%&''()*+&$)*+$,)-./01%0()23+4$)51364+7)

Courtesy S. Parke A~1/11 (sin2 13 sin )/(sin22 13+0.002) 

Vacuum, at 1st oscillation maximum 

δm2
21, δm2

32, sin2 θ12, sin2 θ23, sin2 θ13, δ

Should not the mixing angles be called θe2, θµ3 and θe3 respectively?

(GFNe/
√

2)

Avac ≈ 1
11

sin 2θ13 sin δ
(sin2 2θ13+0.002)

νµ → νµ and ν̄µ → ν̄µ

νe → νe and ν̄e → ν̄e

sin2 2θcrit ∼ 1/(aL)2+�

– Typeset by FoilTEX – 2

relative to GF

[ Avac ≡ P −P̄
P+P̄

= Pδ−P0
P0

at ∆31 = π
2 (VOM) ]

– Typeset by FoilTEX – 2
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CPV

16

Are superbeams enough?

IDS!NF 2010!2.0
MIND LE

LBNE
LBNE"Project X

T2HK
T2KH ! known MH

SPL
BB100

BB100"SPL
2025

10!4 10!3 10!2 10!1
0

50

100

150

True sin22Θ13

$
∆
"d
eg
re
es
#

GLoBES 2011

$1!CPF%&360

T2HK taken from K. Abe et al., arXiv:1109.3262

∆δ ! 1−CPF
SB ∆δ = 90◦ − 120◦

NF ∆δ = 40◦ − 52◦

This requires a more detailed analysis . . .
P. Huber – VT-CNP – p. 9
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Beyond Nu SM

17

•Sterile

•Non-Standard Interactions 
(NSI)

•Surprises !
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Sterile Neutrinos:

18

•hints of Sterile Neutrinos
– LSND (3.8 sigma)

– miniBooNE anti-neutrinos (?)

– Reactor Anomaly

– Gallium Anomaly
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15 

Generalized exclusion limits 

… without any constraints on !m41
2 

(Meloni, Tang, Winter, arXiv:1007.2419) 

From "e 
disppearance 

From "µ 
disppearance 

From LBL-"µ 
disppearance 

(higher order effect) 

90% CL,  
2 d.o.f. 
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21 

Comparison to MINOS 

!  Also experimental 
collaborations use 
special assumptions, 
e.g. additional 
parameters fixed 

!  Comparison to 
MINOS: Tremendous 
increase of 
sensitivity, especially 
for large !13 

" Is 3+N a physics 
case for the Neutrino 
Factory, even if !13 
large? 

(Meloni, Tang, Winter, arXiv:1007.2419;  
compared to MINOS, Adamson et al, arXiv:1003.0336) 
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Very Low Energy NF  (VLENF):

21

VLENF 

9 Alan Bross                                                 Neutrino WG Meeting                                October 24th, 2011 

•  Motivation: 
!  Address large !m2 regime (LSND, 

MiniBooNE) 
!  Reactor flux anomaly ("e 

disappearance) 
!  Cross-section measurements 

"  µ storage ring presents only way 
to measure "µ & "e x-sections in 
same experiment 

"  Supports future long-baseline 
experiments 

!  A technology proving ground and a 
test bed for µ storage ring 
instrumentation (Goal of flux 
normalization to 1% or better) 

"  BCT 
"  Polarimeter 
"  Beam divergence monitor 

10-100kW 
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VLENF (conti)

22

FFAG Racetrack 

14 Alan Bross                                                 Neutrino WG Meeting                                October 24th, 2011 

Yoshi Mori 
Kyoto 

!p/p " 20%  
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VLENF (conti)

22

FFAG Racetrack 

14 Alan Bross                                                 Neutrino WG Meeting                                October 24th, 2011 

Yoshi Mori 
Kyoto 

!p/p " 20%  

L/E ! 1 Oscillation reach 
with FFAG Eµ

center = 2 GeV 

15 Alan Bross                                                 Neutrino WG Meeting                                October 24th, 2011 
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VLENF (conti)

23

L/E ! 1 Oscillation reach 
Exclusion contours 

16 Alan Bross                                                 Neutrino WG Meeting                                October 24th, 2011 

Chris Tunnell 
10/2011 

MUST be DEFINITIVE !!!
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Beyond Nu SM
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•Sterile

•Non-Standard Interactions 
(NSI)

•Surprises !



2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 6/19

f

Non-Standard Interaction

f

f

New Physics

f

If new physics scale ~  1(10) TeV

Naive Estimation

Non-Standard neutrino Interaction

Wolfenstein ’78, Grossman ’95, Berezhiani-Rossi ’02

and many people…

2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 1/23

Probing non-standard neutrino 

interactions with neutrino factories

with

Nei Cipriano Ribeiro*1, Hisakazu Minakata*2, Hiroshi Nunokawa,*1 and

Renata Zukanovich Funchal*3

*1Pontificia Universidade Catolica do Rio de Janeiro, *2TMU, *3Universidade de Sao Paulo

Shoichi Uchinami

Tokyo Metropolitan University

2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 1/23

Probing non-standard neutrino 

interactions with neutrino factories

with

Nei Cipriano Ribeiro*1, Hisakazu Minakata*2, Hiroshi Nunokawa,*1 and

Renata Zukanovich Funchal*3

*1Pontificia Universidade Catolica do Rio de Janeiro, *2TMU, *3Universidade de Sao Paulo

Shoichi Uchinami

Tokyo Metropolitan University
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NSI 
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NF constraints on NSI !

@NF P. Coloma et al!relative to GF

– Typeset by FoilTEX – 2



2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 10/19

standard case

If we take account of the possible existence of NSI

Confusing!!

our setting 

!ee + !e" !
""

+ !e" !ee + !
"" all != 0



2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 12/19

Solved!!

2 detector setting



2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 19/19

Summary
Neutrino factory with

two detectors at L=3000km and 7000km

1. solves the problem that the presence of 

NSI confuses the precision measurement of 

!13 and "

2. is powerful enough to probe into 

extremely small values of the NSI parameters.

2-4, Jun. 2008 Melbourne Neutrino Theory Workshop 18/19

Resultant Sensitivity

Kopp-Ota-Winter ’08advanced work by

25GeV muon, 4000+7500km, Golden + Disappearance channel

!
"#
$O(10-4 (10-2) ) , !

""
,!
##
$O(10-2)

!e#$O(10-3)

!e"$O(10-4)

(2 %)
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Beyond Nu SM
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•Sterile

•Non-Standard Interactions 
(NSI)

•Surprises !
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STAGING & CONCLUSIONS
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•Very Low Energy NF
–technology, Xsections, steriles

•Low Luminosity Low Energy NF
–comparable to SuperBeam exp.



Staging – luminosity

LBNE
LBNE!Project X
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GLoBES 2011

CPV 1/20-1/10 of luminosity
- NF as good as the best SB

1/50-1/20 of luminosity
- NF on par with LBNE

⇒ Start somehwere bet-
ween 1/50 and 1/20 and
work your way to full lumi-
nosity

P. Huber – VT-CNP – p. 14
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STAGING & CONCLUSIONS (conti)
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•Low Energy NF
–precision measurements

•Two Baseline NF (NSI etc)

•Muon Collider
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STAGING & CONCLUSIONS (conti)
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•Accelerator Physics/Technology

•Bread & Butter Physics Measurements

•Possibilities for New Physics

at Every Stage:
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•Accelerator Physics/Technology

•Bread & Butter Physics Measurements

•Possibilities for New Physics

at Every Stage:

deserves much, much more support IMHO !


