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Intr oduction: neutrino oscillations
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— Six parametersAm3,, Am2,, a3, 012, 613, dcp
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... with masshierarcly |Am2,| < |Am2,| andsin® 26,3 < 0.1:
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... with masshierarcly |Am2,| < |Am2,| andsin® 26,3 < 0.1:

Atmospheric Solar
oscillations oscillations
Am2. 0 Amz. ©
e Small "reactor” o
angle0;;
CP effectdcp
Future - Beams (K2K, -Beams? - KamLAND
important  MINOS, CNGS) - Reactor(f;3) - Solarexp.
experiments: - Superbeams - Superbeams
(examples) - v-Factories - v-Factories

Mostinterestingfor future LBL: 6,3, sgn(Ams3,), dcp
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1. Statisticalerrors

For amoredetaileddiscussionseeSecs.3 and5 of hep-ph/0204352  resoningdegeneracies. — WalterWinter— p.5/21
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1. Statisticalerrors 3. Correlations 5. Externalinput

SII’I2 2013

2. Systematics
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1. Statisticalerrors 3. Correlations 5. Externalinput

SII’I2 2013

2. Systematics 6. Truevalues

Truevalueof AmZ;

Truevalueof sir? 26,3
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1. Statisticalerrors 3. Correlations 5. Externalinput

Slf'l2 2013

6. Truevalues

2. Systematics

Truevalueof AmZ;

Truevalueof sir? 26,3

Determinedoy R&D of
experiment
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Impact factors to the measurement

1. Statisticalerrors 3. Correlations 5. Externalinput

2. Systematics 4. Degeneracies 6. Truevalues

Determinedoy R&D of | Controllable by L, E,
experiment combinations,..
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Impact factors to the measurement

1. Statisticalerrors 3. Correlations 5. Externalinput

2. Systematics 4. Degeneracies 6. Truevalues

Determinedoy R&D of § Controllable by L, E, R No influenceby experi-
experiment combinations,.. ment
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Statisticalerrors s L matic
lL I Correlation

Degeneracy

I JHF-SK

NuMI

JHF—HK

NuFactl|

NuFactll

Y
Y
Degeneracies
Y
Final result
10°° 10°° 10 10°3 10°2 101
sin22913
— anddegeneracieso bereduced

(Huber Lindner, Winter, NPB 645/3,2002,hep-ph/0204352)

Dy clever combinations!
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ppearancechannels

0: Interestingnformationin Py, = Fe,, Pe, Pep, OF Pyg



The appearancechannels

LBL exp: interestingnformationin P,,, = F.,, Pe, Pen, O Pz

To secondrderin sin 263 andthe hierarcly parameter. = imﬂ ;
in%[(1 — A)A]
P, ~ sin® 203 sin® @ sl ]| _
pp 13 23 (1 — A)2
+ « sin 2613 & sindcp sin(A) sm(flA) a1 %)A]
A (1— A)
. sin(AA) sin[(1 — A)A]
+ « sin 2613 & cos dcp cos(A - ~
13§ cp cos(A) ¥ 1A
in2(AA
+ @ cos? 093 sin? 2615 i 14(12 ) :

Am?2, L : :
A = 20812 ¢ = cos 3 sin 26012 sin 2603, A = +2V2Gen.E
1E Amz,

(Ceneraetal., 2000;Freund,Huber Lindner, 2000;Freund,2001) Resolvingdegeneracies. — WalterWinter— p.7/21



The appearancechannels

LBL exp: interestingnformationin P,,, = F.,, Pe, Pen, O Pz

To secondrderin sin 263 andthe hierarcly parameter. = imﬂ ;
in%[(1 — A)A]
P, ~ sin® 203 sin® @ sl ]| _
pp 13 23 (1 — A)2
+ « sin 2613 & sindcp sin(A) sm(flA) a1 fl)A]
A (1 - A)
. sin(AA) sin[(1 — A)A]
+ « sin 2613 & cos dcp cos(A - ~
13§ cp cos(A) ¥ 1A
in2(AA
+ @ cos? 093 sin? 2615 i 14(12 ) :

am, = . 1 2v/2Grn.E
A = 4@1 ,f:c0591351n291231n2023,A + Angl

— Thetruevaluesof sin® 263 andAm3, changeherelative weights!
(Ceneraetal., 2000;Freund,Huber Lindner, 2000;Freund,2001) Resolvingdegeneracies. — WalterWinter— p.7/21



Problemswith degeneracies

Especiallyfor large o andsin 26,5 all termsactsimultaneously
— A differentparameteraluein onetermcanoftenbe
compensatey adifferentparametewaluein anotherterm
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Problemswith degeneracies

Especiallyfor large o andsin 26,5 all termsactsimultaneously

— A differentparameteraluein onetermcanoftenbe
compensatey adifferentparametewaluein anotherterm

— Thereexistsan “eight-fold” degeneray (Barger, Marfatia, Whisnant,2001).

1) sgn(Amgl)-degeneray (Minakata,Nunokava, 2001)
Mostimportantfor us: solutionfor oppositesignof Am3, spoils
especiallymasshierarcly andsin? 26,5 measurements

2) (023, 5 — 03)-degenerag (rogli, Lisi, 1996)
Doesnot appeaffor currentbest-fitvaluef,s = 7/2

3) ((5, 913)-degenera§z (Burguet-CastellGavela, Gomez-CadenasjernandezMena,2001)
Importantfor neutrinofactorieshecaus®f goodenegy resolution
andstatistics
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The parametersof interest(illustrated)

Sin2 2(913

Papp
» Main information
In firstterm

® Firsttermenhan-
cedby mattereffects
(Resonanced — 1)

m Spoiltby degener
aclesfor large o
w Insuflicient Ams3;,

— correlationswith
ala’-terms

12

sin?[(1 — A)A]

(1-A)?

in(AA) sin[(1 — A)A
a sin 2613 € sin §cp sin(A) sin( _ ) sin(( JA]

sin? 2013 sin? 53

CHOOZbound

Sensitiveregion

LMA —allowedrange(30)

Statisticgsystematicsutoff

—
(%3]
o
X
(]
S
K
o
(]
£
o
H:
N
—
N
S
<
Y—
(@]
]
=
©
>
(&)
=]
S
|_

Truevalueof sir? 26,3 (unknown

Resolvingdegeneracies. — WalterWinter— p.9/21



The parametersof interest(illustrated)

Sgﬂ(Amgl)

sin2[(1 — A)A]

Papp i Sin2 2913 Sin2 923 (1 — A)Q
® Main information (AA) sinl(1 — A
N + «asin2613&sindcp sin(A) Sm(flA) sin[(1 %)A]
In first termthrough A4 (1=4)
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The parametersof interest(illustrated)
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Differ ent scalesof sin® 26,5

Truevalueof sin? 26;5:
1072 10°° 104

2000 2010 2025 2040
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Differ ent scalesof sin® 26,5

Truevalueof sin® 26;5:
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Sensitve - Corventional
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Differ ent scalesof sin® 26,5

Truevalueof sin® 26;5:

1072 10°° 104

2010 2025 2040

Sensitve - Corventional- Superbeam-
EXxperi- Beams Upgrades
ments: - Reactor - v-Factories
experiments - Reactor
- Superbeams upgrades?
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Differ ent scalesof sin® 26,5

Truevalueof sin® 26;5:

1072 10°° 104

2010 2025 2040

Sensitve - Conventional- Superbeam- - v-Factories
EXxperi- Beams Upgrades
ments: - Reactor - v-Factories
experiments - Reactor
- Superbeams upgrades?
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Differ ent scalesof sin® 26,5

Truevalueof sin® 26;5:
10" 107 10° 10"

Timescale???
200 2010 2025 2040

Sensitve - Corventional- Superbeam- - v-Factories - v-Factories?

EXxperi- Beams Upgrades - Theoretical
ments: - Reactor - v-Factories reasorfor
experiments - Reactor sin? 2613 = 07?

- Superbeams upgrades?
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Truevalueof sin® 26;5:
10" 107 10° 10"

2010 2025 2040

Sensitve - Corventional- Superbeam- - v-Factories - v-Factories?

EXxperi- Beams Upgrades - Theoretical
ments: - Reactor - v-Factories reasorfor
experiments - Reactor sin? 2613 = 07?

- Superbeams upgrades?

— Experimentdo resole degs. “selected”by true valueof sin? 26,5
— Combination®f experimentswith similar capabilities!
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Resolvingdegs:sin® 26,3 ~ 1072 — 10!

10° 10*

Resolvingdegeneracies.. — WalterWinter—p.13/21



Resolvingdegs:sin® 26,3 ~ 1072 — 10!

0° 10°° 104

Optlons

= Combinationf first-generatiorsuperbeams
(Whisnant,Yang,Young,2002)
(Barger, Marfatia, Whisnant,2002)
(Huber Lindner, Winter, NPB 654/3,2002,hep-ph/0211300)
(Minakata,Nunokava, Parke, 2003)
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Resolvingdegs:sin® 265 ~ 1072 — 107!

10° 10

Optlons

= Combinationf first-generatiorsuperbeams
(Whisnant,Yang,Young,2002)
(Barger, Marfatia, Whisnant,2002)
(Huber Lindner, Winter, NPB 654/3,2002,hep-ph/0211300)
(Minakata,Nunokava, Parke, 2003)

= ReactorexperimentsandSuperbeams

(Minakata,Sugiyama,YasudaJnoue,Suekane2002)

(Huber Lindner, Schwetz Winter, 2003,hep-ph/0303232)

Resolvingdegeneracies.. — WalterWinter—p.13/21



Resolvingdegs:sin® 265 ~ 1072 — 107!

3--'::1---:::.- O_ 2 1 O_ 3 1 O‘ 4

Optlons

= Combinationf first-generatiorsuperbeams
(Whisnant,Yang,Young,2002)
(Barger, Marfatia, Whisnant,2002)
(Huber Lindner, Winter, NPB 654/3,2002,hep-ph/0211300)
(Minakata,Nunokava, Parke, 2003)

= ReactorexperimentsandSuperbeams

(Minakata,Sugiyama,YasudaJnoue,Suekane2002)

(Huber Lindner, Schwetz Winter, 2003,hep-ph/0303232)
= Others!?
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Example: SynergiesJHF-SK + NuM|

... asin LOlIs (Itow etal, 2001;Ayresetal, 2002) 5 yearsrunningtime

Initial situation:

- No sensitvity to themasshierarcly
- Both optimizedfor similar params
- Only maginal CP sensitvity
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Example: SynergiesJHF-SK + NuM|

... asin LOlIs (Itow etal, 2001;Ayresetal, 2002) 5 yearsrunningtime

Initial situation:

- No sensitvity to themasshierarcly JHF-SK & NuMI@890km
- Both optimizedfor similar params
- Only mamginal CP sensitvity CPviolation

Possiblemodifications:

- For ¢p: partialantineutrinarunning
(especiallyJHF-SK!)

- For masshierarcly: )
NuMI@Ilongerbaseline e M eaneotsitans
(here:890 km for OA 0.72°
alternatvely: 950 km for OA 0.97°)

(Huber Lindner, Winter, NPB 654/3,2002,hep-ph/0211300)
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Resolvingdegs:sin® 265 ~ 1073 — 1072

1072 10°° 104
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Resolvingdegs:sin® 265 ~ 1073 — 1072

1072 10°° 104

Optlons

= Combination®f superbeanupgrades
(Barger, Marfatia, Whisnant,2002)
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Resolvingdegs:sin® 265 ~ 1073 — 1072

10" 10°° 104

Options:

= Combination®f superbeanupgrades
(Barger, Marfatia, Whisnant,2002)

= Superbeanupgradeandneutrinofactory

(Burguet-CastellGavela, Gomez-CadenasiernandezMena,2002)
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Resolvingdegs:sin® 265 ~ 1073 — 1072

104

Optlons

= Combination®f superbeanupgrades
(Barger, Marfatia, Whisnant,2002)

= Superbeanupgradeandneutrinofactory

(Burguet-CastellGavela, Gomez-CadenasiernandezMena,2002)

= Neutrinofactorywith “silver channels”
(Donini, Meloni, Migliozzi, 2002;Autiero etal, 2003)
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Resolvingdegs:sin® 265 ~ 1073 — 1072

-; :_____:_/:__ 10‘4

Optlons

= Combination®f superbeanupgrades
(Barger, Marfatia, Whisnant,2002)

= Superbeanupgradeandneutrinofactory

(Burguet-CastellGavela, Gomez-CadenasiernandezMena,2002)

= Neutrinofactorywith “silver channels”
(Donini, Meloni, Migliozzi, 2002;Autiero etal, 2003)

= Superbeanat “magic baseline”(comedater)
(Asratyan,Davidenko, Dolgolenlo, Kaftanos, Kubantse, Verebryusg, 2003)
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Resolvingdegs:sin® 265 ~ 1073 — 1072

-; :_____:_/:__ 10‘4

Optlons

= Combination®f superbeanupgrades
(Barger, Marfatia, Whisnant,2002)

= Superbeanupgradeandneutrinofactory

(Burguet-CastellGavela, Gomez-CadenasiernandezMena,2002)

= Neutrinofactorywith “silver channels”
(Donini, Meloni, Migliozzi, 2002;Autiero etal, 2003)

= Superbeanat “magic baseline”(comedater)
(Asratyan,Davidenko, Dolgolenlo, Kaftanos, Kubantse, Verebryusg, 2003)

m Others!?
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lvingdegs:sin® 205 ~ 1074 — 1073

CHOOZ bound



Resolvingdegs:sin® 26,3 ~ 10~* — 1073

______________________________ 10" 107* 10°
CHOOZ bound Z
Papp ~
sin(AA) = 0: “Magic baseline’ NPT
( ~ ) g ~ sin? 2013 sin? 023 Sln2[(1 ,\A)A]
(notA — 1 = Matterresonance!) (1—-A)?
— Correlations/dgs. disappear + o sin 2613 £sindop sin(A) Sin(gm) Sin[((ll — g)A]
+ «asin2633 & cosdcp cos(A) sin(;{lA) Sin[((ll__j?))A]
sin?(AA)

+ a? cos? 623 sin? 2019 -
A2

Lipari, 2000;Burguet-CastellGavela, Gomez-Cadenas,

Hernandez Mena, 2001; Bamger, Marfatia, Whisnant,

2002:Huber/Lindner2002;Huber Winter, 2003
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Resolvingdegs:sin® 26,3 ~ 10~* — 1073

10+ 10°° 10°
Papp ~

sin(AA) = 0: “Magic baseline’ . A

( . ) J ~ sin? 2013 sin? O3 sm2[(1 _AA)A]
(not A — 1 = Matterresonance!) (1—-A)
— Correlations/dgs. disappear & « sin 26y £ sin 6ap sin(A) Sm(;lf‘ ) Sm[((ll = Z‘))A]
— Independenof F, 0sc.params | sin 26, £ cosdap cos(A) (;i‘m) sin[((ll_— ,?))A]

2 L = 2T,

— Evaluatedo v2Grn 7 : T

Liagic ~ 7630km (averagedensity) + o cos® 23 sin” 2012 ——2
Lagic = 7250 km (PREM profile)

Lipari, 2000;Burguet-CastellGavela, Gomez-Cadenas,
Hernandez Mena, 2001; Bamger, Marfatia, Whisnant,
2002;Huber/Lindney2002;Huber Winter, 2003
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Resolvingdegs:sin® 26,3 ~ 10~* — 1073

10+ 10°° 10°
Papp ~

sin(AA) = 0: “Magic baseline’ 2001 A

( . ) J ~ sin? 2013 sin? O3 sm2[(1 AA)A]
(not A — 1 = Matterresonance!) (1—-A)
— Correlations/dgs. disappear  + o sin 2015 £ sindap sin(A) Sm(;lf‘ ) Sm[((ll - ;‘))A]
— Independenof F, 0sc.params | sin 26, £ cosdap cos(A) (jA) sin[((ll_— gi))A]
— Evaluatedo v2Gpn.L = 2, : T

Liagic ~ 7630km (averagedensity) + o cos® 23 sin” 2012 ——2
Lagic = 7250 km (PREM profile)

Lipari, 2000;Burguet-CastellGavela, Gomez-Cadenas,

However: no CPat I, N Hernandez Mena, 2001; Barger, Marfatia, Whisnant,
- magic-

2002:Huber/Lindner2002;Huber Winter, 2003
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... asa “large” neutrinofactory

Detector:magnetizedron calorimeter
Detectommass:b0 kt

Runningtime: 4 y neutrinosplus4 y antineutrinos
Standardaseline3 000 km (to bevaried)

Tamgetpower: 4 MW
(~ 5.3 - 10* usefulmuondecays/year)

5% matterdensityuncertaintyassumed
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... asa “large” neutrinofactory

Detector:magnetizedron calorimeter
Detectommass:b0 kt

Runningtime: 4 y neutrinosplus4 y antineutrinos
Standardaseline3 000 km (to bevaried)

Tamgetpower: 4 MW
(~ 5.3 - 10* usefulmuondecays/year)

5% matterdensityuncertaintyassumed

Now: split detectormassinto two equalpiecesof 25kt
placedat L, and L,
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Full @analysisand the magic baseline

... for sin* 26, ;-sensitvity limit in two baselinespace(L,, L)
(incl. correlationsanddegeneracies)

Threelocal minima_ Sin’ 203 sensitivity(relativeto optimum

2000 4000 6000 8000
L1 [km]

30 CL, LMA-I|

(HUbeE Winter, ZOOS,PRD,tO be pUb“Shed hep'ph/0301257) Resolvingdegeneracies. — Walter Winter—p.18/21



Full @analysisand the magic baseline

... for sin* 26, ;-sensitvity limit in two baselinespace(L,, L)
(incl. correlationsanddegeneracies)

ThreelOcaI m | N | ma: sin’ 2643 sensitivity(relativeto optimum
(1) L; ~ Loy ~ 7500 km:
— No CP measuremenmnossible!

2000 4000 6000 8000
L1 [km]

30 CL, LMA-I|

(Huber Winter, 20031PRD’t0 be pUbIIShedhep'ph/0301257) Resolvingdegeneracies.. — Walter Winter— p.18/21



Full @analysisand the magic baseline

... for sin* 26, ;-sensitvity limit in two baselinespace(L,, L)
(incl. correlationsanddegeneracies)

Threelocal minima: sirnf 20,3 sensitivity(relativeto optimurr)/
(1) Ly ~ Ly ~ 7500 km: /
— No CP measuremenmnossible!
(2) Ly ~ 7500 km, Lo ~ 3000 km:
— Stableminimum

— Independendf osc.parameters

2000 4000 6000 8000
L1 [km]

30 CL, LMA-I|

(Huber Winter, 20031PRD’t0 be pUbIIShedhep'ph/0301257) Resolvingdegeneracies.. — Walter Winter— p.18/21



... for sin* 26, ;-sensitvity limit in two baselinespace(L,, L)

(incl. correlationsanddegeneracies)

Threelocal minima: sirnf 2015 sensitivity(relativeto optimurr)/
(1) L; ~ Ly ~ 7500 km: /
— No CP measuremenmnossible!
(2) L; ~ 7500 km, Lo ~ 3000 km:
— Stableminimum

— Independentdf osc.parameters
(3) L; >~ 4750km, Ly ~ 2250 km:
— Preferredoy statistics

— Depend®n osc.parameters

— Unstable(dcp, 613)-degenerayg

2000 4000 6000 8000
L1 [km]

30 CL, LMA-I

(Huber Winter, 2003,PRD,tO be pUbIIShedhep'ph/0301257) Resolvingdegeneracies.. — Walter Winter— p.18/21



I\/IagiC baselinel, ~ 7500 km Sensitivityreachin sin?26;3
comparedo L = 3000 km: Sir? 201

3000km+

SITAMS) 3000km

CPviol.

Sinf 203

, . 500km+
SQMAM3) 7500km

No sensitivityl| CPviol.

Sil'122913

, . 7500km+
SQMAM3) 3600km

CPviol.

10° 10* 10° 10?%? 10t
sin22913

(Figure: 3o CL; Redbarsby variationof Am3, in KamLAND-allowed 3o-range;Arrows: LMA-I best-fit)
(Huber Winter, 2003,PRD,to be published hep-ph/0301257)
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I\/IagiC baselinel, ~ 7500 km Sensitivityreachin sin?26;3

comparedo L = 3000 km: Sir? 201
sgram?,) 3000km+
a)L; = L, = 3000 km: o 3000km
VIOl.
— Poorsgn(Ams3,) measurement
: : Sirf26;3
— High risk of unknavn Ams3, 7500kms

SOMAMS) 2500k

No sensitivityl| CPviol.
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CPviol.
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sin22913

(Figure: 3o CL; Redbarsby variationof Am3, in KamLAND-allowed 3o-range;Arrows: LMA-I best-fit)
(Huber Winter, 2003,PRD,to be published hep-ph/0301257)
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I\/IagiC baselinel, ~ 7500 km Sensitivityreachin sin?26;3

comparedo L = 3000 km: e
a)L; = Ly = 3000 km: "8 3000m
— Poorsgn(Ams3,) measurement .

— High risk of unknovn AmZ, :gnzm) 7500
b) L1 = L2 = 7500 km No sensitivity| CPviol.

— No CP sensitvity

Sil'122913

, . 7500km+
SQMAM3) 3600km

CPviol.

10° 10* 10° 10?%? 10t
sin22913

(Figure: 3o CL; Redbarsby variationof Am3, in KamLAND-allowed 3o-range;Arrows: LMA-I best-fit)
(Huber Winter, 2003,PRD,to be published hep-ph/0301257)
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I\/IagiC baselinel, ~ 7500 km Sensitivityreachin sin?26;3

comparedo L = 3000 km: e
a)L; = Ly = 3000 km: "8 3000m
— Poorsgn(Ams3,) measurement .

— High risk of unknovn AmZ, :gnzm) 7500k
b) Ly = L, = 7500km W o,
— No CPsensitvity o

c) L; = 7500 km, Loy ~ 3000 km: Sonamdy Lo
— Excellentfor all parameters CPviol.
esp.betweensin? 20,5 ~ 1074 — 10~2 NS

(Figure: 3o CL; Redbarsby variationof Am3, in KamLAND-allowed 3o-range;Arrows: LMA-I best-fit)
(Huber Winter, 2003,PRD,to be published hep-ph/0301257)
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Differ enceto Long-Baselinestrategy!?

Example:only JHF-SKis runningandfindssin? 26,5 = 0.07

1072 10° 104
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Differ enceto Long-Baselinestrategy!?

Example:only JHF-SKis runningandfindssin? 26,5 = 0.07

1072 10°° 104

— Optionsdependn solardata

LMA-I: - Masshierarcly determinatiorwith 2nd superbeanpossible
- No CPsensitvity with first-generatiorsuperbeams
— Superbeam-Upgrade!?
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Example:only JHF-SKis runningandfindssin? 26,5 = 0.07

10°° 10° 10*

— Optionsdependn solardata

LMA-I: - Masshierarcly determinatiorwith 2ndsuperbeanpossible
- No CPsensitvity with first-generatiorsuperbeams

— Superbeam-Upgrade!?
LMA-II: - No certainmasshierarcly determinatiorwith 2ndsuperbeam

— Additional reactorexperiment!?
- CPsensitvity with JHF-SK(v running)+reactoexperiment
or JHF-SKonly with very extensve v+ running
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Example:only JHF-SKis runningandfindssin? 26,5 = 0.07

10°° 10° 10*

— Optionsdependn solardata

LMA-I: - Masshierarcly determinatiorwith 2ndsuperbeanpossible
- No CPsensitvity with first-generatiorsuperbeams

— Superbeam-Upgrade!?
LMA-II: - No certainmasshierarcly determinatiorwith 2ndsuperbeam

— Additional reactorexperiment!?
- CPsensitvity with JHF-SK(v running)+reactoexperiment
or JHF-SKonly with very extensve v+ running

However: If sin? 20,5 = 0.07 = JHF-SKfindsit (HLMA, LOW-ATM)
— Reactorexperimentgo testthis rangefor sure!
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Sumimary and conclusions

= Discussiorbasedupontruevalueof sin? 26,3
— “Selects’the experimentswhich aresensitve
— Thesecanbecombinedo resol\e degeneracies
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Long-Baselinestrat@y slightly different

— Dependonwhensin® 26,5 is foundandthe
experiments/informatiomvailableat thattime
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Discussiorbasedupontruevalueof sin? 26,5
— “Selects”the experimentswhich aresensitve
— Thesecanbecombinedo resol\e degeneracies

Long-Baselinestrat@y slightly different

— Dependonwhensin® 26,5 is foundandthe
experiments/informatiomvailableat thattime

Now mostinteresting:sin® 26;5 ~ 1072 — 107!
— Laterdecisiondasednresultsin thisrange
— New technologiesvill changediscussion

We discussed logarithmic scaleof sin? 26,3
— Is thisanappropriateepresentation?
— Linearscalefrom linearmassmodelsin flavor space”
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