1.4
1.2
1.0
| 0.8
0.6
0.4
02

0.0

Measuring 0,, and the Search for Leptonic CP

Violation

- Future Prospects in Oscillation Physics -
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Evidence for Mixing of Massive Neutrinos
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tanZ0 « Experimental results show that neutrinos oscillate
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Open Questions in Neutrino Physics

*lsU;;=07?
* Is there CP violation for neutrinos?

- What are the values of Am?, U,?
— Future reactor and

accelerator experiments

* Is U 3-dimensional? 4?7 67 «?
or, is the 3-D version unitary?

or, are there sterile v?
— MiniBoone

« What are the absolute masses?
- What is the level ordering of 2,3 (or 1,3)?
 Are v’s Dirac or Majorana particles?

— Direct mass measurements
and Ovpp

Karsten Heeger, LBNL CWRU - April 29, 2004



Neutrino Mixing Angles and Leptonic Unitarity Triangle
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Unses 013, and 2P

Uunsp Neutrino Mixing Matrix

Uel Ue2 UeS
U=Un Uiz U Dirac phase Majorana phases
Url U172 U173 — - A ~
1 0 0 cosf, sinf, 0} (1 O 0
=[0 cosO,, sinf,, |x x|-sinf, cosf, O0|x|0 e“" 0
0 -sinf,, cos6,, 0 0 1) {0 0 7"
- \ — N ~ - ~

atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp

O3 =~ 45° tan?0,3<0.03at90% CL 9., ~32°

lo -
2-

|
I I Il-3 I | I I I

0 0.2 0.4 0.6 0.8
|sin O

Ref: Smirnov



Uwnses 013, and OP

Uunsp Neutrino Mixing Matrix

Uel UeZ UeS
Us\Un Up Uy Dirac phase Majorana phases
Url U172 U173 Vs A ~
1 0 0 cosf, sinf, 0} (1 O 0
=[0 cosO,, sinf,, |x x|-sinf, cosf, O0|x|0 e“" 0
0 -sinf,, cos6,, 0 o 1) {0 0 7
“w g _ NG ~ /) - ~

atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp

0,5 = ~ 45° tan26,; < 0.03 at 90% CL 0, ~ 32°
maximal small ... at best large
No good ‘ad hoc’ model to predict 6,,. 913 yet to be measured

If 8,5 < 10 6,5, perhaps a symmetry? determines accessibility to CP phase



Unknown Oscillation Parameters

sin?(20,,)

sign of Am, ;2

Ocp

Karsten Heeger, LBNL CWRU - April 29, 2004



Three Questions

l) What is size of sin?(260,5)?

II) What is the mass hierarchy?

Sign of Am, ;2

1) Is there CP violation?

Measure §.

Amount of CP violation is given by J

- hep-ph/0309130
L S i ik | L

107 10% 107" 10°
sin,
m2 m?
A | V{, A
-V,
=5 \-"t
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atmospheric

lepton

~3x103eV? ‘
atmospheric
- ~3x10%V?2 Am... 2
i Jm? atm
?
0

~ €082(0,5)SiN(20,,)SiN(20.,5)siN(26,,)SiN(dp)
——— U J U Y,

~

v
~1 ~0.9 ~1
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Oscillation Measurements Probe Fundamental Physics

Physics at high mass scales, physics of flavor, and unification:

- Why are the mixing angles large, maximal, and small?

- Is there CP violation, T violation, or CPT violation in the lepton sector?

- Is there a connection between the lepton and the baryon sector?

Uyivsp = Vexm =
big big small? big  small tiny
big big  big small  big  tiny
big big  big tiny  tiny  big

* Leptogenesis and the role of neutrinos in the early Universe
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Mass Spectrum and Mixing

IU,12
Vs BT > T 2
3 I V| I Ta A
99]
9p]
; = Am?
é Amzatm m atm
Vv er3|2
2 _¢' A2
vV, I M sun v; I Y
Normal mass hierarchy Inverted mass hierarchy
(ordering) (ordering)

Type of mass spectrum:  Normal, Inverted, Degenerate

Absolute mass scale Ue3 =7
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Desired Experimental o 4 f sin®20;, < 0.01

el e a Goh, Mohapatra, Ng [40 18 —tt—
Sen3|t|V|ty to 6..7? Orlajald SO{10)
13 Asaka, Buchmiiller, Covi [41] 0.1 —
B0V + Maver syranedry
. Babu, Pati, Wilczek [42] 5.5-10~1 1.2- 107"
smaller values of 6,3 harder to Blazek, Raby, Tobe [43] 0,06 0,01
understand. Kitano, Mimura [44] 0.22 —rte—
Albrighe, Barr [45] 0.014 7.8-10~1
. . . Maokawa [46 0,22 —H—
» For MSSM shift of Asin?26,5>0.011S o yelasoo-Sevilla [47] 0.07 —tr——
plausible_ Chien .:'-r..1|‘II|.I|r||.=|jJ|=~F| [45] (.15 vt
Raby [49] 0.1 ——
. ."i'l']."”l'.l =+ FeErire
— Can bound model parameters if Buchmiiller, Wyler [50] 0.1 —_—r—
experiment sets limit in the range of _Bando, Obara [51] 0.01 . D06 4-107° . 0.0
. 229 0.01 Flavor symmetries
Sin 13 <U.Ul. Grimus, Lavours [52, 53] 0 i
Cirimus, Lavours [52] 0.3 —
. . Babu, Ma, Valle [54] 014 B T T
PreC|§|on of the or.der of quantum Kuchimanchi, Mohapatra [55] 008. 04 O ——
corrections to neutrino masses and Ohlsson. Seidl [56] 007 . 014 fre—taE—
mixings interesting. P;l:-_:n'- Ross [57] 0.2 —
LIS
Honda, Kaneko, Tanimoto [58] 0.08 .. 0. -BBS—61F
- Small 8,5: numerical coincidence or Lebed, Martin [59] I 0.1 —oor
. Bando, Kaneko, Obara, Tanimoto [60] 001 . 006 4-107% ., 0.0
underlying symmetry? Iharra, Roes [61] 0.2 —_—
3 = 2 see-saw
Appelquist, Piai, Shrock [62, 63] 0,05 0.01
Frampton, Glashow, Yanagida [64] 0.1 —ttr—
) . . . Mei, Xing [65] (normal hierarchy) 0.07 —tg—
SIn 2613 < 001 IS IntereStlng linverted hierarchv) == (006G > 1.8 10~
L. Anrehiy
SenSItIVIty de Gouvén, Muravama [66 > (1.1 e

Fennrmalizafion AT erhancerien

Karsten Heeger, LBNL CWRU - Ap Mohapatra, Parida, Rajasekaran [67] 008 .. O] 5 v 0



Measuring 0,

p target horn decay pipe absorber detector
Method 1: Accelerator Experiments - s N
P ' vLIi —
rap 2mp 2 Amy L T T =]
P, =~sin”26,;sin" 20,,sin” ———+ ... B :

v

* appearance experiment v, —>V,
* measurement of v. — v, and v, — v, yields 8,5,6cp

* baseline O(100 -1000 km), matter effects present

Method 2: Reactor Neutrino Oscillation Experiment v,
2 2 ——
P, ~1-|sin’26,,sin’ Amy L, AZ% L\ cos* 0,,sin’ 2813)

* disappearance experimenty —y
- look for rate deviations from 1/r?> and spectral distortions
- observation of oscillation signature with 2 or multiple detectors

- baseline O(1 km), no matter effects

Karsten Heeger, LBNL CWRU - April 29, 2004



v, Appearance Experiments

For example, T2K- From Tokai To Kamioka

) mass hierarchy

CP violation

5 B B wi matter

9 ; i a
"i“ 8(313.513333{!33313{!12 sS111 ﬂg sS111 ﬁ335 lﬂﬂgl

2 2 2 b 2 2 2 ik
—+ 41313812[812823 -+ S12893813 — 2812623512523813 COS 15] s11 ﬂgl
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Tokai to Kamioka (T2K)




Concept of the Off-Axis Beam

By going off axis, beam energy is
reduced and spectrum becomes very
sharp

Allows experiment to pick an energy for
the maximum oscillation signal

Removes the high-energy flux that
contributes to background

"Not magic but relativistic kinematics"

At Fermilab
- Allows experiment to use the NuMI beam for
several experiments simultaneously
- Minos v, disappearance on-axis
- Off axis v,—v, search

o

Medium energy beam

on—axis ‘_H—_L

-

at 730 km

M

2
E,, GeV
E_ 10 krmn
= "Off-axis"
§1-—17| |—!_H —— E —t—t ! L
0
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Nobs/Nexp

Search for sin?(26,;) & Subdominant Oscillation Effects
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Current Knowledge of 0,, from Reactors

Reactor anti-neutrino measurement at 1 km at Chooz + Palo Verde:

distance =

' FEEEEINEEEER

rrr YT YR}

Chooe H
Muclear Power Station
P

42000 MWih

Choeoz Underzround Meuinine Laboratory

Ardennes.

France

dm’ (ev?)
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afialysis A

—+ analysis B
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Karsten Heeger, LBNL
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Global Constraints on 0,

Maltoni et al., hep-ph/0309130
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Events

Danly v Candidates

300

250

150

100

50

0
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M i,

® Reactor ON
+ o Reactor OFF

sy Chooz, France

Reactoron: 2991
Reactor off: 287

+ candidate v, events.

(9.5% backgrounds!)

Muclear Pewer Stafion

Chooz B

2 x 4200 MWih

distanee = 1.0 lan

B‘::ﬂ

Chooz Underground Mentrine Laberatory

Ardennes, France

ﬁ' e .1 Chooz was unique! Determined backgrounds
MV during reactor-off period
all data ; 3
L i a3 175 L ——
= | ¢oenergy
!T /lr/{/ T 15 i R=1.01 28% (star)
-;]/M * BT o |
J i (R
’J// 075 - H-:—H
|
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Overburden Requirements for Reactor Experiments

Chooz W } | + -
_ < energy | candidate v, events
- I + ++ * Reactor ON 2991
200 — + + + © Reactor OFF 287
0 - +
1: t{}%} T t +
° ‘ﬁ: | %ﬁ{}#ﬁ0++%$$$ w Ref: hep-ex/0301017

0 2 4 6 8 10
MeV

Chooz subtracted 9.5% of backgrounds, presumably - fast neutrons, and
- spallation backgrounds.

Minimum Overburden bkgd depth (mwe)
10% 300

Scaling Chooz background with muon spectrum < 5% > 400

that generates spallation backgrounds: < 2% > 560
<1% > 730

Karsten Heeger, LBNL CWRU - April 29, 2004



Chooz

Table 10. Contributions to the overall systematic uncertainty

on the absolute normalization factor. _
Systematics
parameter relative error (%)
reaction cross section 1.9% theor.
number of protons 0.8% kinetic energy spectrum 2.1%
' iency 5%
detection efliciency 1.);'{ > detector response 1.7%
reactor power 0.7%
energy released per fission 0.6%
combined 2.7% ) total 2.7%

Ref: Apollonio et al., hep-ex/0301017

Table 6. Summary of the neutrino detection efficiencies.

|| selection | (%) || rel. error (%) ||
positron energy” 97.8 0.8
neutron capture: positron-geode distance 99.9 0.1
neutron capture 84.6 1.0 TI>
lowest efficiency, Iargest relative error capture energy containment 94.6 0.4
neutron-geode distance 99.5 0.1
neutron delay 93.7 0.4
positron-neutron distance 98.4 0.3
neutron multiplicity” 7.4 0.5
|| combined” || 69.8 || L5 ||

Absolute measurements are difficult! “average values

Karsten Heeger, LBNL CWRU - April 29, 2004



KamLAND - Systematic Uncertainties

E> 2.6 MeV

Total liquid scintillator mass
Fiducial mass ratio

Energy threshold

Tagging efficiency
Live time

Reactor power
Fuel composition

V. Spectra
Cross section

Y%
2.1 v volume calibration
4.1

* energy calibration or
2.1 analysis w/out threshold
2.1 - detection efficiency
0.07

2.0 given by reactor company,
1.0 difficult to improve on

2.5  theoretical, model-dependent
0.2

Total uncertainty

6.4 %

Karsten Heeger, LBNL

CWRU - April 29, 2004



Reactor Neutrino Measurement of 0,5 - Basic Idea

LOwW
— Yy
8 | A, 2 2
...... v ey ] . m,, L Am,."L .
"~ P, ~1-|sin’20,,sin’> —31— +| —2— |cos" 0, sin’ 26,,
4E, 4E,
1012 —— L 0 2 ' '
10 l 10 10 atmospheric frequency dominant

tan20

2
AmyL 12 and sin?26, =107
AE

v

last term negligible for

Karsten Heeger, LBNL

CWRU - April 29, 2004



Reactor Neutrino Measurement of 044

Present Reactor Experiments

14}
ol + single detector
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(see annotations)

Ratio of Spectra

- Distance (m)
oo 10000 100000,

] = PO
1.4
1.3 [

i (c) v spef*

/1 * independent of absolute reactor v-flux
- largely eliminate cross-section errors
- relative detector calibration
- rate and shape information
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Measuring 0,,; with Reactor Neutrinos

Novel Oscillation Experiment with Multiple Detectors

of det

-

0g [

Survival probability Pe

0B

07 |

05 |-
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1

r |
06 [ |
B |
1

|

|

|

|

|

g2 Lo .‘....|_1 M
10 1

Distance / km

e relative v flux measurement
between 2 detectors

- eliminates most systematic errors

* projected sensitivity:
sin?20,,~ 0.01-0.02

Ref: theta13.Ibl.gov, hep-ex/0402041

) .
P, =1-|sin"26,,sin

Am,°L
4E,

2
Am. L
2 31 +

4 )
cos” 0, sin 2912)

v

‘.1. . ?,___‘.\

‘nucle

oy —

 2-3 underground scintillator v detectors, 50-100 t
* study relative rate difference and spectral distortions



Detector Baseline and sin?26., Sensitivity

[ o Ratio00130mm] |

80% of expected oscillation effect
= | + Ratio (()'()i 1.0E- 3)|

2
Am.’L [Am,’L )
P, =1-|sin 220, sin> —2L— 4 21 ~ 1cos* 6, sin” 26
13 4E 13 12
v 4

1 H
0o H
.EO X .
L [ PR .xx_
oo o X
e °
o7 %!
o CH

Q o] *o.e .
8 -
2 en
c o
< o
3 o
@ o 2
¢
1 i
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Ideal baseline ~1.5-2 km

2000 3000 4000 5000

Distance (m)

Would like to choose and optimize baseline as Am2,; becomes better known

Karsten Heeger, LBNL

CWRU - April 29, 2004



World of Proposed Reactor Neutrino Experiments

Krasnoyasrk Russia -

?rd{dWOOduiéé“ + KashtwaZakl Japan
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Reactor 0,, Experiment at Krasnoyarsk

Krasnoyarsk reactor underground site: 600 mwe Unique Feature
- underground reactor
Detector 1 Detector 2 02000 - existing infrastructure
O :
Reactor tors L
| at Re&c @r
easure o1
ot 1ded i | —>  Detector locations
FIr 115 m 1000 m  getermined by infrastructure
Target: 46 t 46 t
Rate: ~1.5x106 ev/year ~20000 ev/year

S:B >>1

Ref: Marteyamov et al, hep-ex/0211070

Karsten Heeger, LBNL CWRU



Kashiwazaki, Japan

- 7 nuclear power stations, World’s most powerful reactors
- requires construction of underground shaft for detectors
T e | T Tt Raile
f L;:l ;_fi \\.\ 1+ alr duct
! . | Gonelra
| Crane -
| [ - A1) V- Protectlon Celling
| Calibration Device —.__ =
| 7B _l-Waler oul
| - - 15 Level Stablilzer
rain pump - - Water in
ddminusnege— _u_,_:
et Javel “‘;“:‘rj Outer Tanlk
£ 4 Inner surface= SUS
il s | Cniter=Fe {2.5cmit,
| N B | "
Y, 7 = == Zfl_’l;]ﬂ{)m ;:}g{ll-(]} T 7=y _ Acrylle Veasel
) Bl f,.-’( 0 — SUS Vessel
200-300 m | , 1 czlt::igyon
\ KaShlwazakl-Karlwa J 2 -_:‘;ftu;.ul.wr‘t:;t-ruulur.:‘-:
Nuclear Power Station B,
o lahaag b 4 AL
ng e :
ukushira-Daich !____.f-*"" A 1 _'Il i

Huclear Power Slalion o

Fyg whirma Maini

"~ 6 m shaft hole, 200-300 m depth

Pacific Ocean

Karsten Heeger, LBNL ?



Improving Chooz ...

‘Double-Chooz’ Project

10 tons detectors

8.4 GW,, reactor power

300 mwe overburden at far site
50 mwe overburden at near site

‘Double-Chooz’ Sensitivity

sin?(20,;) < 0.03 at 90% CL

after 3 yrs, Am_, 2 =2x 103 eV?

Karsten Heeger, LBNL CWRU - April 29, 2004



Precision Measurement of 0,, with Reactor Neutrinos

Deep Horizontal-Access Experiment
to reach sin?20,, < 0.01

- . = gy PR
B S e

af ——

> . - e e S L.

s

L

« scintillatorv detectors, 50-100 t

0.018 H : .
0 017 8 * study relative rate difference and

- B ' spectral distortions

o LB Sﬂ *projected sensitivity: sin220,5~ 0.01

‘_"E 0.015 &

“  0.014 j—\
0.013 z— Hﬂx Overburden: Near 200-300 mwe
0.011 B Possible Sites: Diablo Canyon, CA
D.01 &

250 500 750 1000 1250 Daya Bay, China
days



Tunnel with Multiple Detector Rooms
and Movable Detectors

Adjustable Baseline
 to maximize oscillation sensitivity
- to demonstrate oscillation effect




Tunnel with Multiple Detector Rooms
and Movable Detectors

Movable Detectors
- allow relative efficiency calibration
- allow background calibration in same
environment (overburden)

- simplify logistics (construction off-site)



Detector Concept

Movable Detectors
- allow relative efficiency calibration
- allow background calibration in same environment (overburden)
- simplify logistics (construction off-site)




Detector Room Concept

Detector Containment

Volume Access Door Detecior Room Air
(through muon chamber Supply Ducting
and shielding)

==

Containment
Volume Exhaust
Gas Monitoring
Removable Shielding
for Installation Access

Electronics Secondary

(water/of
stai

Karsten Heeger, LBNL CWRU - Aprii 2y, zuu4



Experimental Challenges of a 6,; Measurement at Reactors

|. Backgrounds

Uncorrelated Backgrounds
- ambient radioactivity
- accidentals

Correlated Backgrounds
- cosmic rays induce neutrons in the surrounding rock and
buffer region of the detector
- radioactive nuclei that emit delayed neutrons in the detector
eg. 8He (T,,=119ms)
9Li (T,,=178ms)

ll. Relative Uncertainty
Acceptance
Energy scale and linearity

lll. Detector size (fiducial volume)
signal statistics and muon deadtime

Karsten Heeger, LBNL CWRU - April 29, 2004



A Disappearance Measurement of 0,5 with Reactor Neutrinos

Experimental Challenges

- Backgrounds

L Chooz
el +++ ¢ energy
250 |

R ﬂ
T4 ++
150 — _+_
i | +

s Reactor ON
© Reactor OFF

_ Jﬁ +
s0 L *%* *
0 ;ﬁ; " ##ﬁ%j%%&m

MeV

Ref: hep-ph/030107

MeV
1ad
=

Mumber of events |

4

[

g

00

]

Energy specirum of backgrounds and signal

Total BG (3.6%)

Spallation neutrons (2%)

Future Re:

emics (0.4% + 0.4%

1 2 3 4 5 6 7 8 9
E,;. [MeV]

10

actor Exp.

Ref: hep-ph/0403068

— Will we be able to measure background contributions?
— Backgrounds in near and far detector will be different.

Karsten Heeger, LBNL CWF

| Background type Spectral shape BG/Reactor events  opg
50%
L N NAE, "Rl EN LR il JAEOIMOULL LI RTLIVL PG Lol W UV Y ) .o/ 5 E’.'?L.'
Cosmogenic ®He f-spectrum (end point 10.6 MeV) 0.2% 50%
Bin-to-bin correlated BG total: 1.0%
Bin-to-bin uncorrelated background
Unknown source Flat . 0.5% 50%




Overburden and Muon Flux
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Neutron Production in Rock
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————

Neutrons from muon caplure

vy

Neutrons from natural radicactivity
in average non-granitic rock 5

LLLLE

S !
“ H_h T
‘“-\\xx :
~. " Meutrons from fast
- muon interactions =
j ]
JIJ.II. ! IS | JJJ..'!ILI | i i | LN ) 8
1 10 100 1000
Depth (mw.e.)
A. da Silva

PhD thesis, UCB 1996
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Muon-Induced Production of Radioactive Isotopes in LS

Isotope T, E. .x Type
(MeV)
B 128 0.02 s 13.4 Uncorrelated
11Be 13.80 s 11.5 Uncorrelated
L 0.09 s 20.8 Correlated
"L 0.18s 136 g?nr::ea::;z(cjj;, t~few 100ms.
8Li 0.84 s 16.0 Only 8He, °Li, "'Li (instable
8He 0.12's 10.6 Isotopes).
SHe 0.81s 3.5 Uncorrelated
B*, EC 1C 20.38 m 0.96 uncorrelated: I
single rate dominated by ''C
10C 19.30 s 1.9
°C 0.13s 16.0 Uncorrelated
8B 0.77 s 13.7 Uncorrelated
Be 53.3d 0.48 Uncorrelated

Karsten Heeger, LBNL

CWRU - April 29, 200

rejection through muon tracking and depth I



Detector and Shielding Concept

CALIBRATION SOURCE PORTﬁ'
CALIBRATION DRIVE PGRT Active muon tracker

INNER WESSEL SUFPPORT

LOAD CELL ACCESS + passive shielding

DETECTOR (MOBILE} + inner liquid scintillator detector

UPFER MUON DETECTOR———— 0

MUGN DETECTOH——ﬂaHEHHh

STEEL SUPPORT ——— |
STRUCTURE

PASSIVE SHIELDING
(LOW ACTIVITY SAND_H\\"\\-
OR CONCRETE)

WAL KWAY— )
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Detector and Shielding Concept

3-layer muon
tracker and active
veto

passive shielding




Events

Statistics and Systematics

10° 3

\ Detector Event Rate/Year - - 1tyr

----- 10 t-yr

\ —— 100 f-yr
~250,000

obs/ Nno-osc

500 1000 . 1500 2000 2500 3000
Distance (m)

Statistical error: o, ~ 0.5% for £ = 300t-yr

Reactor Flux - near/far ratio, choice of detector location oy, <0.2%

Detector Efficiency -« near and far detector of same design
- calibrate relative detector efficiency

Target Volume &  + no fiducial volume cut

(o)
Oreloff < 1%

Otarget ~ 0.30/0
Ogec < 0.5%

- external active and passive shielding o
On bkgd < 1 /O

Backgrounds

Total Systematics oy ~ 1-1.5%



Past and Present Reactor Neutrino Experiments

1.6
] % ILL (8.76 m)
1.4 — @ Bugey (15m)
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1.2 - o Goesgen (45.9 m)
7 B Goesgen (64.7 m)
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5. 2d = e CHOOZ (1km)
93] : ]
S Nk i i e KamLAND (180 km)
< 0.8+
5 : 0 2 1k
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Future Diablo Canyon Experiment

1.6 -
i Past Experiments
1.4 =1 1 # ILL (8.76 m)
] & Bugey (15m)
i i i o Bugey (40 m)
_ e ] -l ® Bugey (95 m)
1.2
g ] f@: ¥ m Goesgen (37.9m)
= - ] ] m Goesgen (459 m)
o - B Goesgen (64.7 m)
% 1.0
I . Y W m Palo Verde (0.8 km)
o . gt e CHOOZ (1 km)
o T -
g 0.8 | = e KamLAND (180 km)
& i —9-
T ] —HH —— N
C 06 Future 2-Detector Experiment
= 7] T —— | —5— _
D i & ez Diablo Canyon, 1-2.5 km
@ i -
w -
0.4 ] Best Limit to Date
. 4 10 v = ] s P, (CHOOZ limit)
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Spectral Shape Distortion

Goals of a Reactor Neutrino Oscillation Experiment

23

1.15
Past Experiments
‘L rem 8 0] e P25 km) [ P(1 km), AM’=3.8 X 10° €V
* bgoy fam) c: — P(25 km) / P(1 km), Am’=2.5 x 10° e\/?
- Bugey (85m) = ] -~ P(25km) / P(1 km), Am?=1.6 x 10%&\/®
m Goesgen (37.9m) = B
Goesgen (45.9 m) % 1.05 N
L= = Goesgen (64.7 m) rel
m PaloVerde (0.8 km) 09_ ]
~| e cHooz (1 km) e
e KamLAND (180 km) = ] - o
- 5 1 N T, menATTTT
Future 2-Detector Experiment HO‘_J 0.95
m Diablo Canyon, 1-2.5 km 8 ............................
Best Limit to Date 8 o090 . . .
I O L I O P_CHOOZ it 1Confirmation of Am,,2.
: DISCOVGI’y and measurement of 913. - e .
B A e o Positron Energy (MeV)
2 4 6 8 10
1 T T T T T u! H
',r\\ e, Y, A — Search for the effect of sterile v.
| \  P=0.01, P=0.015, Am<0 ——
0.8 '
|
1
0.64 4
0.6
0.4
0.36
o2 Resolving parameter degeneracy and limits on GF
(from a combination with long baseline exp.) .
. Supernova watch.

0

0 0.02 0.04 0.06 0.08 0.1 0.12
sin22043



Classes of Reactor 0., Experiments & Sensitivity

i Far detector at L=1.05 km _— Far detector at L=1.7 km
R W
= =
% E
£ = R medium
B E
= -2 L
z " =P
o = ::-'
Z BN

10* 10% 10° 10* 10 10* 10° 10*
Luminosity [t-GW-yr| Luminosity [t-GW-yr |
- existing underground facility - deep, good overburden

- optimized baseline and detector size
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Future Constraints on 0,,

Experiment sin?3(20,,) 0,5 When?
CHOOZ <0.11 <10

NUMI Off- Axis (5 yr) <0.006-0.015 |<22 |[2012
JPARC-nu (5 yr) <0.006-0.015 |<22 |2012
MINOS <0.07 <71 2008
ICARUS (5 yr) <0.04 <5.8 | 2011
OPERA (5 yr <0.06 <7.1 | 2011
Angra dos Reis (Brazil) | <0.02-0.03 <5 ?
Braidwood (US) < 0.02-0.03 <5 [2009]
Chooz-II (France) <0.03 <5 [2009]
Daya Bay (China) <0.012 <3 [2009]
Diablo Canyon (US) <0.01-0.02 <2.9 |[2009]
Krasnoyarsk (Russia) <0.016 <36 |7?
Kashiwazaki (Japan) < 0.026 <4.6 |[2008]

Karsten Heeger, LBNL

CWRU - April 29, 2004

Upper limits correspond to 90% C.L.




Fraction of &

Reactor & Long Baseline Experiments

Measuring sin?(260,,)

0.8

Q.6

o7

0.6

0.6

o.d

d.3

a.2

a

3 o Sensitivity to sin?(26,5)

Chooz
90% CL sin?(20,5) < 0.14
Minos
3-0 sensitivity sin2(20,,) = 0.07

0,; Reactor Exp sin2(26,,) <0.01-0.02
90% CL

NuMI Off-Axis
3-0 sens. sin2(26,,) < 0.007

at Am_, 2=2.5x 103 eV?

1l_",|-I
N

Sin?(20,,)
' reactor 90% CL= 0.01 and §(sin?(26,3)) = 0.006

Ref: NuMI Off-Axis Collaboration, Progress Report 12/2003
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sin?26,, Sensitivity Limits ....10 Years From Now

Lormelanon
Depeneracy

N 5ccmatic I

.

MINOS&
ICARUS&
OPERA

D-CHOOZ

IPARC-SK

NuMI

CHOOE & Solar
encluded (0% L)

0.003 0.01 0.02 0.05 0.1
sin” 263 sensitivity limit

Ref: Huber et al., hep-ph/0403068

0.2 0.4

-
=

Karsten Heeger, LBNL CWRU - April 29, 200«

i1

Am

True value of |

' 0.003 |

- 3 et 2 5 ;
sin” 263 sensitivity limat

004 +

0.002

0.001 |

Atmospheric excluded at 3o CL

i/' 'CHOOZ +Solar excluded 2t 90% CL.
A

—  NuMI
— I-PARC-SK

me D-CHOOZ
Conv. Beams

0.01

0.02 0.03 0.1 02 03
sin” 263 sensitivity limit



Oscillation Parameters ... 10 years from now

Current Beams D-Chooz JPARC-5K NuMI  Reactor-ll Comb,
sin® 2613 sensitivity limit (90% CL)
sin? 26,3 .14 0.061 0.032 0.023 0.024 (0.014) (0.012)
I,’xsill2 2613 ) off .14 0,026 0.032 0,006 0.004 (0.014) (0.003)
Allowed ranges for leading atmospheric parameters (3 )
Am3 o412 +0.34 0+0.15 40,43 n40.12
ﬁf AT 2701 = E-I—_D.EIQ 21 0.07 = 2% 0.06
70,20 T 40,22 T\ 4+0.13 T\ +0.24 oy 4-0.13
B3 {%Jin.zn ':%Jtn_m B li:TrJ_I—_IJ.m '{%;'i_n_zl B [%Jtn_m
Measurements for large sin® 26,53 = 0.1 (90% CL)
2 +0.104 +0.034 +0.067 +0,083 0.016 | - 1+0.013
sin® 2613 — 017545, 0175033 017034 0175043 ﬂ-ltu.nu 0175 010
ACp Combination can exclude up to 40% of all values
CP violation No sensitivity to CP violation of anyv tested experiment or combination
Sgn{.ﬁmglj Combination has sensitivity to normal mass hierarchy close to dop = —90°

Ref: Huber et al., hep-ph/0403068
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Reactor & Long Baseline Experiments

Determining Mass Hierarchy

sin?(20,5) vs P(v,) for P(v,)=0.02

2 o Resolution of the Mass Hierarchy

“® o I % i =
- |: L = 820 km, 10 km off %5 - L=820km, 10 km off
Y P oamgi=2510"aw® Yy Ve @Ppearance e 09 [ Amy2=2510%eV?
N 1 - L & 5
o R - - !
c S C Eacll'l vand v
o i @ 08 & o0 12x10% pot, am® > 0
R ; L [ = 12x]0" pot, am® < 0
| » 07 [ ! :
L |
007 . ; [ mmmmen EDX'I 0* pot, Am® > 0 e
: = ; 0.6 F e 5011 0% pot, Am? < 0 "'W.
008 i_ o5 [ (Prdllon Driver)
- |
" - L i
9 e .‘ 5 H H
P o) 04 | ! :
D.ﬂ':l r ra -_' r | ,'I-.‘
[ am” > 0 I - i *'-""-
i: . 03 | o
0.04 I J-'"' P o a=0 C E .,*""
i; A & §H=nf2 02 [ L g
- O&8=n - 2
0, - 2 r o
gl m &=3n/2 01 [ i
I . H
I i P { SR A N L5 2 I S Y (R S - :
e X 0.01 0.02 0.03 004 0.05 0 | 3
s 10 | 0,
P} : sin®(20,,)
]
i
|
|
|
|
|

Ref: NuMI Off-Axis Collaboration, Progress Report 12/2003

reactor 90% CL= 0.01
" and §(sin?(20,5)) = 0.006
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Reactor Experiment & Nova

Projected Future Measurements (~2014)

100 | | | B
Reactor —>» . --I|||I||H“H
normal
7 o H“mllllu--l_ ]
| I {3ce
3 ! | inverteg:l
> 050 “ i
5 ([
O
e
O
a 025 )
00 e 1 1 J
.00 LD 10 15 20

sinZ20 -
Ref: McKeown
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dcp Measurement (with / without Reactor)
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Ref: Shaevitz
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Reactor & Long Baseline Experiments

Combination of Experiments Can Detect CP Violation

gL
JIDIILl":"',r.: - 'If'rr}' =S Pwr.u!:.:r' . r1'||" """"'_['_']

i

gind =

TY. 513 90% CL (1 d.ot.) 10° GW, tyr
Sl Am3, >0 410" GW, -ty
4MW,540kt,2yr 10° GW,, tyr =——
016 | | . .
0.14 - 4//;:7 e |
Accelerator v, appearance + 0.12 /- |
reactor disappearance g 0. / |
measurement d.p & 0.08 / |
o &
£ 0.6 / |
w R ——

0

04 02 0 0.2 0.4
yhest/y

Ref: hep-ph/0309323
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Superbeams and Beyond - Another Approach ...

Wide Band Beam Over Long Distance

BNL Wide Band. Proton Energy = 28 GeV Vi, =% Yy Oscillation
E | Distance = 1 km 2 A
e 2 sin’ 26, (12,23,13) = 0.86/1.0/0.04
a 2 0.08 jAm,2| (21,32) = 7.3e-52.50-3 eV’
E o
E 0.07 Neutrino Running
E (NO) Natural Ordering & ,=0"
0.06 (NQ) Natural Ordering i p=45"
0.05
0.04
g 0.03
o 2 4 6 8 10 12 1
E, (GeV) 0.02
R I SR B T — (RO} Reversed Ordering & pp=0"
i ] o Ll -.I ; I i o i
2 3 4 5 B T 8 3 10

E, GeV
Ref: Diwan et al. PRD 68, 012002 (2003)
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Superbeams and Beyond

. 2
Resolution 5., vs sin“20,,

Oep ':ie'g']'

100

50

=100

=150

STAT+SYS
¥ Running Only

fan

% 68, 90% C.L.

BNL-HS 2540 km :
sin“20, (12,23,13) = 0.86/1.010,04, Bop=d5°
xmfiw 32) = 7.38-5/2.58-3 8V°

a SIHran 587 sec

0

0.02 0.04 0.06 0.08 0.1
sin“26,,

Ref: Diwan et al. PRD 68, 012002 (2003)
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Events/bin

Events/bin

B

150

50

100

20

vy DISAPPEARANCE

BNL-HS 2540 km
sin’20,, = 1.0
Am® = 28e-3 eV
1 MW, 0.5 Mton, 5e7 sec
| — Nooscillations: 13290 evis

With oscillations: 6538 evis

Background: 1211 evis

v, APPEARANCE

1321 = 7.30-52.50-3 8V

‘\‘ ENL~H5 2540 km
f 12.23,13) = 0.86/1.00.04
|, 0.5 Mton, 5e7 sec

.. CP45%: 449 evis

‘{‘ + __ CP135°: 591 evis

.. v, Backg.: 70 evis

i -|-+ + __ Tot Backg.: 146 evis

6 7 B 8 10
Reconstructed v Energy (GeV)



Motivation for Reaching sin26,, < 0.01

Theory and Model Building

* Reactor experiments can reach precision that probe quantum correction to

neutrino mass and mixings. Limits on model parameters can be obtained if
sin?20,, < 0.01.

Input to Future Neutrino Program

- Reactor measurement of sin?20,, sets the scale for pursuing mass hierarchy
and CP violation. If too small (sin?20,, < 0.01), they will be out of reach for off-

axis experiments.

Complementarity with Accelerator Experiments

- Ambiguities in off-axis experiments (sin20,; sin?26,, mass hierarchy, o).
Reactor measurements help extract physics parameters.

If lucky, may find indication of£€P and mass hierarchy with next-
generation experiments (precision 0, reactor + off-axis acc. experiment)!
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Possible Future of Neutrino Oscillation Physics
The Next 10 Years

Accelerator neutrino
studies of v, = v,

Measurement of 0,5 with
reactor neutrinos

0.16 —— L ImErwesl e
0.14 - ?
0.12 /
b7
g 01 / ]
& o008 / ’
L o006/ / |
w

0.04 % Constraining CP-violating

0.02 . . .
) | parameters in combined analysis
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