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#® Introduction
o Current status of oscillation parameters
o Eight-fold degeneracy
— schematic explanation following O. Yasuda hep-ph,/0405005
® Degeneracy in the neutrino factory experiment with the golden
channel v, — v,.

o How to resolve the #13-0 degeneracy only with the neutrino
tactory?

o Silver channel v, — v, etc...

s Using v, — v, channel with polarized muon beam
s Idea
s Numerical analysis with Ay?

#® Discussion and summary
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Introduction

Degeneracy in the oscillation parameters




Current status. of oscillation parameters . Coxoesr

® Current status of oscillation parameters (99% CL):

7.2 x 107° < Am3; < 8.9 x 107°[eV?],

1.7 x 1079 < |Am3;| < 3.3 x 1073[eV?],
30° < 019 < 380, 36° < (923 < 540, (913 < 100,
o ="7.

® We want to know ... 613 and 9.
® ... and the sign of Am3; and a3 < 45°7 or > 45°7.

® When we try to determine a parameter, it is important to
know about the other parameters precisely because they are
correlated with each other.
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Eight-fold degeneracy. 63 osuen vuversir

® LEven if we can measure the oscillation probabilities with high
precision, there is the remaining uncertainty for determination
of the oscillation parameters — Degeneracy.

# In other words, P, ., = }'57 Py, 5, = P can be reproduced
with more than one parameter set.

3
| P=48x1077,
20 P=68x10"
&f 5 Wit | S0 gélg = 0.001,
'y j sin? fo3 = 0.6, § = —7/2
- 1.5 7 Fixed parameters:
. Am2, = 8.1 x 10~ °%[eV?]
1 Am2, = 2.2 x 10-5[eV?]
0 0.002 0.004 0.006 0.008 0.01 sin? 2012 = 0.84,

sin22013 L = 3000km], F, = 30[GeV]
p = 3.32[g/cm?]
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L0 P=68x10""
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0 0.002 0.004 0.006 0.008 0.01 sin® 2612 = 0.84,
: 2 L = 3000[km], FE, = 30[GeV]
Sin“2013

p = 3.32[g/cm3]

Solving the degeneracy by a neutrino factory with polarized muon beam —p. 5




Eight-fold degeneracy. 63 osuen vuversir

® LEven if we can measure the oscillation probabilities with high
precision, there is the remaining uncertainty for determination
of the oscillation parameters — Degeneracy.

# In other words, P, ., = }'57 Py, 5, = P can be reproduced
with more than one parameter set.

3
| P=48x107°,
N P=68x10°
(§ 2 with sin? 2613 = 0.001,
'ﬁ I sin? é23 = 0.6, 5= —7/2
- 1.5 : Fixed parameters:
i Am2; =8.1 x 107°[eV?]
1 Am2, = 2.2 x 10-5[eV?]
0 0.002 0.004 0.006 0.008 0.01 sin? 2012 = 0.84,

sin22013 L =3000km], FE, = 30[GeV]
p = 3.32[g/cm?]
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Forthcoming reactor experiment Al

o o

Forthcoming reactor experiments can solve this degeneracy.

They only sensitive to 6;3.

The next generation

reactor experiments reach

sin? 2013 > 0(0.01). -

If sin®2613 2 O(0.01), 1

the degeneracy can be re- .
solved. 0 0.002 0.004 0.006 0.008 0.01

S n2 2013

If sin? 2013 < O(1073) ... how to resolve the degeneracy?
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® How to resolve this degeneracy?”
— Synergy, i.e., Golden channel 4+«
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® How to resolve this degeneracy?
— Synergy, i.e., Golden channel 4+«

# One neutrino factory +a,
s Ve — v, but with different energy region
— (B-beam etc...
s Ve — 1y, but with the other baseline and the other

detector

o Within one neutrino factory
s Silver channel v, — v,
— the same baseline but with the different detector
s v, — Ve with polarized muon beam

F the same baseline, the same detector, but the different

e N :
Q}Q\?’ accelerator setting

R

Solving the degeneracy by a neutrino factory with polarized muon beam —p. 7




Q OSAKA UNIVERSITY

Idea to resolve the
degeneracy

using v, — v, channel

® Why v, — 1.7
® Why polarized beam?
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® Py .y, — Py, —p provides the straight line in the
(sin” 2613, 1/ sin? f23) plane.

3 Am%l >0 Am%l <0
On the black and blue curves,
2.5} ) Py, =P
Q [ A
‘\?_i 2 P’76_>’7u =P
g 055 > 45° are satisfied.
1.5 '—
1L

0 0.002 0.004 0.006 0.008 0.01
Sin22913




® Py .y, — Py, —p provides the straight line in the
(sin” 2613, 1/ sin? f23) plane.

On the black and blue curves,

D Pye_>yu — P
™ fal
(Q\V

% = - p—
€ 2 Fpenp, = F
g 023 > 45° are satisfied.

1.5

-

0.002 0.004 0.006 0.008 0.01
Sin22913




Idea: I, ., solve the degeneracy  osucs vessr

® P, ., — Py, .5 provides the straight line in the
(sin® 2613, 1/ sin® 6»3) plane.
3PV€_W“ — Py, 5, =const Am%l >0 Amgl <0
On the black and blue curves,

D Pye_ﬂ/'u — P
o™ 2
AN
ﬁé 27 Pﬂe_Wu =P
2 > are satisfied.
1.5

Sin®20;3

» Note that the silver channel P(v, — v,) =const provides
the curve, and it can also determine the true solution.
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# Neutrino flux from p~ with polarisation P,

P,=0
y p- —v, — ve — e (oscillation event)
X % 7
= Ve Do — Ve — e (background)
charge ID necessary
E,
#® The beam with P, = —1 only contains v,,.

o At the detector, the charge identification is not necessary to
observe v, — 1, events.
— Just count the e-like events.

# The background ratio should be quite low.
— Only mis-ID of v, — v,,.
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# Neutrino flux from p~ with polarisation P,

p- —v, — ve — e (oscillation event)

Ue — De — e (background)

only osc. event

#® The beam with P, = —1 only contains v,,.

o At the detector, the charge identification is not necessary to
observe v, — 1, events.
— Just count the e-like events.

# The background ratio should be quite low.
— Only mis-ID of v, — v,,.
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Parameter fit with Ay?

® Ax? for the golden channel (v, — v,)

® Ay? for the vV, — Ve channel




Parameter fit with. Aa- on.the 0is-0.plane Qo=

GLoBES, Huber Lindner Winter Pl/e_”/,u [3 = traJectry

200% T ‘ w 7
/
____________ 1 fake
3¢ v
150 | 3n/4 - 1
: %
2 100 s = nmf2-
— 7 o
o 7% S
S 177
[~
S0 - /4 - |
typical example
unporlarized p* total 8 years 7 E, = 30 GeV
o | Systematic only | 0L, r | o
107 107 1072 10 107 102
S n2 2013 S n2 2013
channel
E M AX — )
zj: Ve i ® N,;: event number of i-th bin
E 1n . .
A Bin | N; (013, 0) — N;(013,0)|2 ® o, standard deviation
Xl/a—>yﬁ Z 0.2
i ~ .
E’L ® sin?2013 = 0.001, 6 = 7/2 are
bin
e Z |Pva—>1/3 Py —vgl?. taken as the true value.
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Parameter fit with. Aa- on.the 0is-0.plane Qo=

‘ GLoBES, Huber Lindner Winter ' P — [3 traJectry
200" T | |

/
____________ %g fake /é’)
———— 30 v
150 | 3r/4 - i
: T
g’ 100 = /2 - 1
o S
S
(
S0 - /4 - |
typical example
unporlarized p* total 8 years 7 with dlfferent E,
0 Systematic only | 0L, LI ‘ o
107 107 1072 10 10 102
sin’2613 Sin®26y3
channel
E i AX — ’
Zj: Ve u ® N;: event number of i-th bin
E 1n . .
A Zb: IN;(013,0) — N;(013,0)|2 ® ;: standard deviation
Xl/a _)Vﬁ - 0_@2 A A
- ® sin?2013 = 0.001, 6 = 7/2 are
bin
x Z |Pva—>1/,3 Py vy 2, taken as the true value.
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Parameter fit with. Aa- on.the 0is-0.plane Qo=

GLoBES, Huber Lindner Winter Pl/e_”/,u [3 - traJectry

200% T :
/
____________ 1 fake
3¢ v
150 | 3n/4 - 1
: %
2 100 i = g2 |
— 7 o
N 7 S
S 177
[~
50 | n/4 - 1
typical example
unporlarized p* total 8 years Wlth dlﬂ‘erent E,
0 Systematic only | 0L, LIRS | _
107 107 1072 10 10 102
sin’2613 Sin®26y3
channel
E T AX — ’
ZJ: Ve i ® N,;: event number of i-th bin
E 1n . .
A Bin | N; (013, 0) — N;(013,0)|2 ® o, standard deviation
Xl/a—>yﬁ Z 0.2
i ~ .
E’L ® sin?2013 = 0.001, 6 = 7/2 are
bin
e Z |Pva—>1/,3 Py —vgl?. taken as the true value.

Solving the degeneracy by a neutrino factory with polarized muon beam — p. 12




Parameter fit with. Aa- on.the 0is-0.plane Qo=

200® x
____________ i take /
- t rer dn
150 | not removeda.: 3n/4
: el
g’ 100 = nf2
5 8
8
S50 | = /4
unpolarized+polarized
total 16 years
o | systematic only | 0
107 1073 1072
Sin22013
Ebin

AXQ - Athln—pol + AX12301 ™~ Z |p’/€_wu - P’/e_”/u|2 + Z |p'/“_we - PV“—We
7 7

® v, — 1, channel is not efficient because ...
s the trajectories are similar to those of v, — v,,.

o this is not efficient in the statistical sense.
s 1. detection efficiency etc...
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200" 7 T I
____________ 1o take / fake |
———— 30 1 i
1501 not removed!! 3n/4 | ,
'@‘ _ PI/,LL—H/e — pl/,u—ﬂ/e
= s
2 100 = g2t ]
> 8
8
50 ¢ = 71'/4 B PV6_>V3' — pVe_>VT
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total 16 years _
0| systematic only | oL [ 1 Foe—w, | By |k
1074 1073 1072 10~ 1073 1072
S| n2 2013 S n2 2913
Ebin Ebin
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7 7
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Parameter fit with. Aa- on.the 0is-0.plane Qo=

200M .

____________ 1o take / fake |
———— 30 1 i
1501 not removed!! 3n/4 | ,
? PV/J_)VG = prL_’Ve
£ B
2 100 = q2; ]
= &
% “«
e}
50 ¢ = 71'/4 B PV6_>V3' — pVe_>VT
unpolarized+polarized
total 16 years _
0| systematic only | oL [ 1 Fre—u, | By |k
10 1078 1072 1074 1073 1072
S| n2 2013 S n2 2913
Evin Evin

AXQ = AXl_an—pOl —|— AXIQDOI Y Z |p,/e_>y'u - Pye—)yu |2 _|_ Z |PI/M—>I/€ - PI/M—>I/€|2
7 7

® v, — 1, channel is not efficient because ...

\“@(ﬂq: the trajectories are similar to those of v, — v,.
AT » this is not efficient in the statistical sense.

s 1. detection efficiency etc...
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Reasonwhy: A2 and (o D)

® Ay? function can be approximately understood by

2 2 2
AX — AXun—pol + AXpol?

2 5 2 2 b 2
AXUD—pOl ~ |PV6_>V;J, o PVe_>V,u| Y AXPOI ~ ‘PV,u_ﬂ/e o PV,u_>Ve
3,
. / #® In the plot, we use the
& -ﬂ information of P, ., — Py, .5,
e 2 N
g LUS to resolve the degeneracy ...
15" . . . . . .
| This is quite different information
0 0002 0.004 0.006 0008 001 from AXIQDOI'
Sin22013

® [f we try to introduce this information, then we should
construct the statistics like

2

A)(%]_:)'T X ‘(pye_)V,u o pﬂu_)De) o (PVe_>V,u o PD,u_>De)
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® 'ITrajectories o

fake
/4| s P, ., golden channel
_ s P
B true Vp—Ve
= /2 -
S
/4 -
0L. ‘ g
107 10°° 107
S.n22913




7",\ AN

| fake . ® Trajectories of P = P
a4 | ] s P, .y, golden channel
T true | s Py,
= /2 i
< ® Trajectoriesof P— P ' =P — P’
x4 | 9o PV€_>V;,L - PD[,L_>D€ CPT ViOl&tiOﬂ
0L, ‘ ‘ A
107 10°° 1072
sin22913

® Information of CPT violation (matter effect) may help to solve

the degeneracy
Ax* = AXéolden + Axéprs

2 (R GV — (NV ™ — GNP P
AXCPT — L : 0_2 ’
1

C; = CIDZ.D“ /@7¢ : flux normalization factor.




Trajectonsplot.analysis Pop—

A

7[7‘ ‘ "] . .
| f ew . ® Trajectories of P = P
a4 | ] s By, .y, golden channel
Bl true | s Py,
— /2 - 1 A A~
< ® Trajectoriesof P— P ' =P — P
) | 9 Pye_”/'u - Pljlu_ﬂje CPT ViOl&tiOH
oL, | | B 9 PV€—>VM _ PVM_>V6 T ViOlatiOn
107 107 107
sin22913

® Trajectories of I violation do not depend on E,,.
» Therefore, this is not so efficient in the sense of the
parameter fitting.
o However, this feature is advantageous in the statistical
sense.

#® This quantity tells us whether T is violated or not —
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o o

We propose using the information of v, — ve.

To use v, — v, we assume the neutrino factory with the
polarized muon beam.

This information is not so effective to resolve the degeneracy
with the usual Ay? analysis.

It may be usetul to improve the way to construct the statistics,
depending on what we want — AX%}PT,T-

— The numerical calculation is necessary to check whether
AX%}PT is effective in the statistical sense.

We can directly (=not parameter fitting sense) obtain the
T-violation effect by using Ax%
—theretore, this channel must be important...
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Sumimary




ocp [rad]

Note. about I \iolation.effect P osaa i

T | SR Pl/e—H/M o PI/M—H/G
3r/4 | 1 (jcp — JCP) f(E,) x (sin 2@13 sin & — sin 26013 sin 5)
/2 | true. » Energy dependence is factored out
al # Energy binning cannot help to solve the
degeneracy — but advantageous in the
0 statistical sense to extract T-violation

1074 1073 1072
i 2
Sin“2013 effect

®' This information cannot determine the parameter but tell us
H whether T is violated or not.
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Note. about I \iolation.effect P osaa i

o Pl/e—H/M - PI/M—H/Q

(jcp — JCP) f(E,) x (sin 2013 sin & — sin 2013 sin 5)
~
true S :
o c| . Energy dependence is factored out
= » Energy binning cannot help to solve the
degeneracy — but advantageous in the
— — ;| statistical sense to extract T-violation
10° 10° 10
SN’ 2013 effect

®' This information cannot determine the parameter but tell us
H whether T is violated or not.
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ocp [rad]

3[4 -

/2 -

/4 -

0

[

Note. about I \iolation.effect P osaa i

o Pl/e—ﬂ/u - PI/M—H/e

(j(jp — JCP) f(E,) x (sin 2013 sin & — sin 2013 sin 5)

true /|

reactor

o Energy dependence is factored out

# Energy binning cannot help to solve the

Y

1074 1073 102
S n22013

degeneracy — but advantageous in the
statistical sense to extract T-violation
effect

®' This information cannot determine the parameter but tell us
H whether T is violated or not.

® If reactor experiments exclude the sin260;3 <0.01, § =0 and 7
can be excluded — T violation is established.
goodness of fit between true and § = {0, 7}.
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