
11

Osamu Yasuda

Tokyo Metropolitan University

Phenomenology of θ13

JPS meeting
11 September 2012@Kyoto Sangyo Univ.



2

ContentsContents

1. Introduction 
2. Parameter degeneracy
3. Near future experiments

 4. Summary



3

νsolar+KamLAND
 

(reactor)

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

τττ

μμμ=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

3

2

1

321

321

e3e2e1e

UUU
UUU
UUU

ν
ν
ν

ν
ν
ν

τ

μ

252
2112 eV108Δm,

6
πθ −×≅≅

Framework of 3 flavor
 

ν
 

oscillation
Mixing matrix

3 mixing angles have been measured : 

Functions of 
mixing angles

 θ12
 

, θ23
 

, θ13
 

,
 and

 
CP phase

 
δδ

νatm+K2K,MINOS(accelerators) 232
3223 eV102.5|Δm|,
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20
θ13

π
≅

DCHOOZ+Daya
 Bay+Reno

 
(reactors), 

T2K+MINOS, others

normal 
hierarchy

inverted 
hierarchy

Both hierarchy 
patterns are 
allowed

1. Introduction
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Forero, Tortola, Valle arXiv:1205.4018 
(nu2012 data included)

NH

IH

One hint at nu2012: θ23
 

appears to be 
nonmaximal
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NH
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MINOS+T2K+sol+ 
KL+DC+DB+RENO+atm

π/4-
 

θ23
 

<0 is 
preferred
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Fogli, Lisi, Marrone, Montanino
 

, Palazzo, Rotunno
 Phys.Rev. D86 (2012) 013012 arXiv:1205.5254

Octant of θ23
 

(π/4-
 

θ23
 

>0?) appears to be subtle

π/4-
 

θ23
 

>0 is 
preferred



7

Itow@ν2012Info on MH seems necessary 
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A word on theory: Simple theoretical ansatz
 to predict θ13

 

successfully

Dighe, Goswami, Roy                
PR D76 (2007) 096005

sin22θ13
 

~
 

0.10.1

Anarchy                                                        
Hall, Murayama, Weiner, PRL 84 (2000) 2572

Quark-lepton complementarity
Minakata, Smirnov, PR D70 (2004) 073009

θ12
 

+θC
 

= 45 deg               
θ13

 

=
 

8.9 deg8.9 deg
θ12

 

= 35.4 deg
θ23

 

= 42.1 deg

sin22θ23
 

~
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n Both 
mass 
hierarchies

 are allowed

3

2
1 3

2
1

normal 
hierarchy

inverted 
hierarchy

0>2
32Δm 0<2

32Δm

Next task is to measure
 sign(Δm2

31
 

) , π/4-θ23
 

and
 

δ.

2. Parameter degeneracy

To determine
 

δ, accelerator
 

long 
baseline experiments with                    
and                  are necessary.eμ νν →

eμ νν →
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n Parameter degeneracy

Even if we know and
 

in a long 
baseline accelerator experiments with approximately 
monoenergetic

 
neutrino beam, precise determination of

 θ13
 

, θ23
 

, sign(Δm2
31) and δ

 
is difficult because of the 

8-fold parameter degeneracy.

( )eμ ννP →( )eμ ννP →
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Plots in (sin22θ13
 

, 1/s2
23

 

) plane

OY, New J.Phys. 6 (2004) 83

( )eμ ννPP →≡

( )eμ ννPP →≡

In this plot, the region of P=const or P=const is 
described by quadratic curves (hyperbolic or 
elliptic).
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P=const: region 
bounded by a 
hyperbola

P=const’: 
region bounded 
by a hyperbola

P=const & 
P=const’: a 
hyperbola

P=const & 
P=const’: a 
straight line 
on OM

off OM off OM

off OM on OM

Oscillation 
Maximum: 2

π

4E

L|Δm|
Δ

2

31 =≡
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 0  0.05  0.1

1/
s2 23

sin2 2θ13

(b)

inverted
normal

0
35
1(b)0(a) ≠≅→=

|Δm|

Δm

|Δm|

Δm
2
31

2
21

2
31

2
21

0(b)cos2θ0(a)cos2θ 2323 ≠→=

0(b)AL/20(a)AL/2 ≠→=

1/2000kmeFNG2 ≅≡A

●
 

intrinsic
 

degeneracy 
(δ,

 
θ13)

● sign degeneracy 
Δm2

31 -Δm2
31  

●
 

octant degeneracy 
θ23 π/2 - θ23
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For precise measurements of δ, one has 
to resolve parameter degeneracy.

In total we have 
8-fold parameter 
degeneracy

Each point has 
different value of δ.



15Barger Marfatia
 

Whisnant
 

Phys.Rev.D65:073023,2002 

δ:= δ(true),
 

δ’:= δ(false)

θ13
 

:= θ13
 

(true),  θ13
 

’:= θ13
 

(false)Differences in 
values of CP 
phases

octant degeneracy

sign degeneracy
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Sign degeneracy is more serious than octant one, 
because sinδ(sign)=0

 
⇒ sinδ’(sign)=O(1)≠0 

NB: At T2K 
|Δm2

31
 

|L/4E=π/2 ⇒
 sinδ(intrinsic) 

=sinδ’(intrinsic)

Resolution of sign 
degeneracy is 
important for CP 
measurementNH assumed
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(A) LBL measurement at 
→ hyperbola shrinks to a straight line

(B) reactor measurement of θ13

→ depends only on θ13

(C) LBL measurement of (or
 

)
with different L/E

(D) measurement of

eμ νν → μe νν →

τe νν →

eνeν →

π/2L/4E|Δm| 2
31

=

To solve parameter degeneracy, various 
combinations have been proposed:
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Current status of appearance experiments
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Current status: T2K+atm+reactors

Best fit (IH)

90%CL (IH)

reactors 90%CL

Best fit (NH)

90%CL (NH)

Error is large→needs more statistics &                to improve( )eμ ννP →

atm
 

90%CL

Allowed region from                 of T2K at 
best-fit & 90%CL (w/ Sakashita@ICHEP2012)

( )eμ ννP →
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Allowed region from                 of MINOS at 
best-fit & 90%CL (w/ arXiv:1108.0015 data)  

( )eμ ννP →

Current status: MINOS+atm+reactors

Best fit (IH)Best fit (NH)

90%CL (NH)

90%CL (IH)

atm
 

90%CL

reactors 90%CL
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Candidates for
 

high intensity beam in the future:

●

 
(conventional) superbeam

●

 
neutrino factory

μ in
 

a
 

storage ring

●

 
beta beam

RI
 

in
 

a
 

storage ring

μ
νμπ +→ ++

μe
ννe ++→ ++μ

eνe ++→ −LiHe 6
3

6
2

To perform precise measurements of θ13
 

and δ,
 

one has to 
have a lot of numbers of events to improve statistical errors.

→We need high intensity
 

beam

3. Future LBL experiments

μνeν →

μ
ν

e
ν →

e
νν →

μ

μνμπ +→ −−
eνν →μ

μe ννe ++→ −−μ μνeν →

μ
ν

e
ν →

e
νe ++→ +FNe 18

9
18
10
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●

 
superbeam

T2K phase II (2.2MW+HK(+Okinoshima), E~1GeV, 
L=295km, 658km)

NOvA
 

(FNAL Ash River (MN), E~2GeV, L=810km)

LBNE (FNAL Homestake, E~a few GeV, L=1290km)

CN2PY (CERN Pyhasalmi, E~several GeV, L=2300km)
●

 
neutrino factory (Eν

 

~20GeV, L~4000km)
●

 
beta beam (Eν

 

=0.5-1.5GeV, L~130km)

Future LBL exp. (under construction / proposed )
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Bertolucci
 

et al., arXiv:1208.0512Future exp. vs
 

MH
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INO 
-atm

HK-
 atm

DB-II

PINGU

Noνa

LBNE

LBNO

LENA

Future exp. vs
 

MH

Year

Si
gn

ifi
ca

nc
e 

of
 M

H
NB: 
JPARC+HK+Okinoshim

 a
 

is missing due to 
uncertainty in schedule

Now T2HK
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Huber et al., arXiv:0907.1896v1T2K&Noνa

90%CL
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Minakata@ν2012
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Heeger@ν2012
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Hyper-Kamiokande

 
LOI, arXiv:1109.3262v1 [hep-ex]

Mass Hierarchy CPV

JPARC+HK
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KEK_J-PARC-PAC2009-10

JPARC+LAr
 @Okinoshima



3131



3232

Svoboda@ν2012



3333



3434

Rubbia@ν2012

CP2PY
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4. Summary

●
 

Three mixing angles have been determined : 
θ12 ⋍π/6,

 
θ23 ⋍π/4,

 
θ13 ⋍π/20.

●
 

The remaining parameters to be measured 
are sign(Δm2

31
 

),
 

sign(θ23 -π/4) and
 

δ .  

●
 

To determine δ, parameter degeneracy 
(particularly of mass hierarchy) must be 
resolved. 

● Accelerator and reactor experiments are 
expected to determine sign(Δm2

31
 

) and δ in 10-
 20 years.



36

Backup slides
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Fogli, Lisi, Marrone, 
Montanino

 
, Palazzo, Rotunno

 Phys.Rev. D86 (2012) 013012 
arXiv:1205.5254

Forero, Tortola, 
Valle 
arXiv:1205.4018
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