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One hasto bear in mind

The solar, atmosphric observations are good at discovering a
surprise (if it isalarge effect) for which small scale
(controlled) experiments do not have enough sensitivity.

— Long basdline (100 — 108 km)

They are however not good at measuring underlying
parameters very precisaly.

High precision accelerator experiments are needed
Prepare for surprises

Current plan may have to be changed

|mportant works are not covered in thistalk
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Electron-like and muon-like events
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Principle of the technique

» Cherenkov radiation: electromagnetic radiation in a medium with refractive
index nif nB>1 (B=v/c)

— €09, = 1/nf3,
dN 2TO(sin20.. 0
dxdA ~ A?
— where N isthe number of emitted Cherenkov photons avelength

A, dx isthe particle s path length, and o0 =1/137

— Cherenkov photons are detected with alarge number of photomultiplier
tubes (PMT)

» For Super-K (water), 6. = 42deg (B = 1),
N(photoe.) ~6 P.E./MeV e

* Anaysisthreshold 208 MeV/c for u, 30MeV for e

o P(threshold)~1.2 GeV/c for protons
— blind to nucleons NOT agood hadron calorimeter



Energy scale uncertainty for SK-1
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Energy calibration by 16 MeV LINAC
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multi-ring likelthood for atm v
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ParticleID (e& i) (in singlering events)
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Particle ID in multi ring events (t° selection)
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Updates of atmospheric neutrinosresults

Atmospheric v

p,He,...

g

u ve Vu
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Zenith angle distribution from SK-1
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Contour of allowed region SK-1
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sin220 > 0.92 at 90% CL

Best Fit:

sin226 = 1.02
Am2=2.1 x 103 eV2
x2 = 174.9/177 dof
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¥?in sin“20 and Am?deter mination
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L/E analysis
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Oscillation to sterile neutrinos?
Use NC deficit or Matter effect to discriminate
Use all the SK data
(including NC, up-through-going-muons and High-E PC 5
=
100% transition to the sterile state have been rejected
(>99%C.L.)

Vi = COSEv: + SINEV s
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Summary of Atmospheric Neutrino

1.5103%eV2< Am?< 3.4 103 eV?
sin?20 > 0.92 90%CL

Hint of dip of oscillation pattern

100% transition to sterile neutrinos is rej ected

Consistent with CHOOZ limit in vu—ve




K2K asaworking examplefor
Improvementsto be done
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Key issues of the experiment

Directionality and stability of beam

— required 3-4 mrad. attained 1mrad through-out the run

— spill-by-spill (limited to HE muons) >5GeV

— GeV neutrinos

Flux normalization (total number of events)

— detector response for various type of interactions (particles)

VUL Spectrum shape at near detector
— different kinematics for various type of interactions

300m — 250km extrapolation
— hadron (p,0) distribution
Event selection <« atm. Backgrounds




K2K experi ment ~1 event/2days
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Neutrino Oscillation - Spectrum change

 Only Flux(Ev) x o(Ev) will be measured
—  Ev, L must be known event-by event to get Am?
— Measurement at two distances

Nobs(Ey) = F(Ey)-P(vg = vp)-o(Ey)

obs(E )/o(Ey)
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Neutrino | nteractions

1.27Am2-LJ p,nnosignal in W-C
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Near Detectors at KEK

At 300 m from target
SCIFI/Water
tarmet kton water C
SciBar | At
B 2. ve contamination
n, AARRAARARE BE i
\ {1 kt Water Cherenkovj} 3. raaein KT
1IN H'.H *:' Detector g;‘
;i ¥ e same response as SK
\ ﬂ] gr: Neutrino  Beam fOr eaCh |nt mOde
e , [t —it 4. spectrum
i | ﬁr' e distinction of int modes
it % it 5. CCQE nonQE NC
Il * PID (p°m,u)

e Low energy particles
e vemeasurement



CCQE and nonQE
SciBar neutrino interaction study.

« Full Active Fine-Grained detector.
— Senditive to alow momentum track.
— ldentify CCQE events and other interactions (non-QE) separately.

CCQ!EG Q@ﬂﬂmate n_h g 40&:{:(?5_ —> non_QE IE[:;tries; 202223

‘; mspl\ 900 TRGID 1 g’; 350 - z::;’n 3;::_
REREL SR - 0 DATA
H 200 | [T cot
| 150 b
100 & el CC coherent-n
o 0 0 20 40 60 80 100 120 140 160 180
¥ 25°
i Aep



A hint of K2K forward p deficit.

N> 180 | [0 . 51050 |
K2K observed forward p deficit. S 160" Q2
— A source is non-QE events. = : =] | |
— For CC-1m, 100 '.;_ ¢ DATA
_ 5 5 ke CC1r
* Suppression of ~q/0.1[GeV~] 60 | Li®.°  CC coherent-m
at 9°<0.1[{GeV?] may exist. ‘2‘3 R
— For CC-coherent m, 0 o s SHmaien
_ 0010203040506070
» The coherent & may not exist. q° (GeVv/ C)2
o _
s o (Data I\/IC)/ M
We do not identify which process causesthe %
effect. The MC CC-1r (coherent ) model is §
corrected phenomelogically.

Oscillation analysis isinsensitive to the choice.

10 04 0.2 023 0.4 05 0.6 0.7 0.8 0.9 1
q° 2trk-nonQE Data GeV?



FHow of Neutrino Oscillation Analysis

Observed (p,,6,) distributionsat Near Detectors
1 vint. Mode
Neutrino Spectrum at Near detector ¢ ... (EV),

\J

Far/Near Extrapolation vsEv R\ (Ev)
Neutrino Spectrum w/o oscillation at SK ¢ o (EV)
¢ (EV) ® Oscillation (sin“26,Am?) ® Int. Model

Prediction SK observation
»Ng (exp’t) : Expected no. of SK events *Ng, (0bs)
» Sqc (B, 1R E, distribution(shape) *1Ru E, .. distribution




Neutrino Spectrum at Near
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1 track and two track eventsfor ¢, (EV)

KT SciFi
Fully Contained Fiducial (2) 1-track p events
Volume (FCFV) events (3) 2-track QE-like events
e NoO. of events (4) 2-track nonQE-like events
(Evis>100M eV)
SciBar

(1)Single u—like events (5) 1-track m events

(6) 2-track QE-like events
(7) 2-track nonQE-like events

norm. (Ng¢ ) from KT & 7 setsof (p,, 0,) distributions

o v flux ¢, (EV) (8 bins)
v interaction model (NnQE/QE ratio as parameter)



Flux measur ements

v?=638.1 for 609 d.o.f (I)(Ev) at KEK
5 reliminar
P1 ( Ev < 500) = 0.78 + 0.36 > : P y
®2 ( 500< Ev < 750) = 1.01%0.09 g —— Measurement
@3 ( 750< Ev <1000) = 1.12 + 0.07 g
@4 (1500< Ev <2000) = 0.90 + 0.04 4 ' Beam MC

@5 (2000< Ev <2500) = 1.07 + 0.06 —
@5 (2500< Ev <3000) = 1.33 + 0.17
@6 (3000< Ev ) =1.04+0.18

nQE/QE =1.02+0.10 5 .
integrated
ThenQE/QE error of 10% isassigned based on 5
thevariation by thefit condition. —5—
0>10°(20°) cut: nQE/QE=0.95+0.04 = _ 1 |
» standard(CC-1r low g2 corr.): nQE/QE=1.02 ° 1 2 3 b GeV
+0.03 E

* No coherent: t==nQE/QE=1.06 £0.03



Neutrino spectrum and the far/near ratio

v, energy Spectrum

14 ¢ < 10° Far/Near Ratio
12 - 2K near detector 25
10 | ” ?i beam MC yv/
g - PION Monitor
8 15- 106 ¢
6 - 1.0 : * Intpgmtpd
C T above
4 i - —e— 2.5GeV
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2 - L
0 0 L ! N B ! |

1.0 2.0
E, (GeV) Ev (GeV)



Accumulated POT (Protons On Target)

POT for Analysis ~ ,#
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Selection of SK events: T ™~ -T_ CF>-TOF

K2K-1 Jun1999-Jul2001 K2K-2 Jan2003-Feb2004

10 3 b f

N : 10
102§ 102 ~
. ' No activity [, &\ HEtrlg _

: \ \ TR |n Outel’ SK T —— . \ &;

-500-400-300-200-100 O 100 200 300 400 500 -500-400-300-200-100 _ f?(u )100 200 300 400 500
Tdiff(us)

18 10 |
% > |
: o |
i 56 events ‘ - FC 22.5kt )ME)Z avents
2 ¢ FC 22.5kt S SO - 70
0 Bttt bl 5 4 3 2 -1 0 1 2 3 4 5

) ) i i ) Tdiff

: U No atm bkg.
: J J jL o, ~ 30 nsec
° | 6 | | ev‘ent t"?rén(?ng (;ﬁsec) | 10}00‘ |



1KT Flux measur ement

The same detector technology as Super-K.
(same response for each interaction)
Sensitiveto low energy neutrinos.

Nexp - NOKb-Fa ..(I)SK (Ev)G(Ev)CEv L MSK . E€gK
] Ok (Ey)o(Ey)dE, | MKkT &KT

=Far/Near Ratio (by MC)~1X10°

M: Fiducial mass M =22,500ton, M +=25ton
e: efficiency eg_(=77.0(78.2)%, &,1=74.5%

NgPP4=150.9 "1 | (T | Ng =107




K2K-SK events

K2K-all DATA MC
(K2K-I, K2K-I1) (K2K-I, K2K-I1) (K2K-I, K2K-I1)
FC 22.5kt 107 150.3
(55, 52) (78.5, 71.8)
— 1ring 58] 937
(32, 34) (48.6, 45.1)
u-like 57 84.8
— ElIKe 9 8.8
L 0 (4.3,4.5)
Multi Ring 42 5/7.2
(24, 18) (30.5, 26.7)

Ref; K2K-1(47.9 X 1018POT), K2K-11(41.2 X 1018POT)




Super-K oscillation analysis

e Total Number of events
» E, ™ gpectrum shape of FC-1ring-p events
e Systematic error term

L(Am2 sin26, f %)

(Am*,sin26, f*)- L, .(An?,sin20, f*)- L Lo (f7)

norm shape

f x: Systematic error parameters

Normalization, Flux, and nQE/QE ratio are in *

@: Near Detector measurements, Pion Monitor
constraint, beam MC estimation, and Super-
K systematic uncertainties.



Results

o Best fit values.
— Sn?20 =1.53
Am?[eV?] =2.12x103

Best fit valuesin the physical region.

— sin?20 =1.00
[ AM2[eV?] =2.7910°3

AlogL=0.64

sin?20=1.53 can be occurred

by statistical fluctuation with 14.4%. =

: Input: Am?=2.7300E-03, sin?(26)=1.0000
A toy M d:




events/0.2[GeV]

Best fit in Physical region

14

12 -

10

1| | Null oscillation

Best fit

L +

0 05 1 15 2 25 3 3.5 4 4.5 5
rec [GeV]
Ev

* Best fit value
—sin?20 = 1.00
Am?[eV?] = (2.79 £ 0.36)x10
3

o # of FCFV events
—Nexp =103.8
<> Nobs(Jun,99)=107

o KS-test probability:
data & fit result: 36%




Am, [eV]

10

10

10

Allowed region

p K2K-I & K2K-I ,
Log scale ; =N;o.o;"/ K2K-1 & K2K-II
— £ | linear scale
/6.008

3 0.004
68% 0.002 QQ 11
90%
99%

a -__-_0_ -Q 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1 Sin2(29)

sin%(20)

Am? @ sin?206=1:68% ... 2.14x10° < Am? < 3.37x103 [eV?]
90% ... 1.87x103 < Am? < 3.58x1073 [eV?]
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M odel dependence (if Coherent-rt suppression)

_K2K-1 & K2K-l (Coherent r supression)

10

10

4

Log scale

....................

K;Z'k-l & K2K-II (Coherent T supression)

PRETE  c
L
ol
g
12 HEEII NN 1, ;é(
/0,008
0.006
0.004
0.002
0

linear scale

0.8

1

10

0.4

0.6 0.8 1
sin(20)

0 0.2

Mono: CC-1r suppression (Official method)

0.4

0.6

sin’(20)

Color: Coherent-rt suppression = Null Oscl. prob. = 0.0044%(4.080)



Allowed regions

o
=
i

~
-

o K2K-1 & K2K-Il (normalization) e

K2K-1 & K2K-II (shape)

‘\I
/ [ _
)
2 / -2
10 (
107 N -
68% 68%
90% 90%
99% 999%
-4 -4
10 10
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

sin%(20)

sin%(20)



Null oscillation probability

K2K-I K2K-II K2K-I+I|
number of events 1.4% 3.7% 0.26%(3.00)
E, spectrum distortion 12.0% 5.8% 0.74% (2.60)
Combined 0.58% 0.56%

(2.70) (2.70)

K2K confirmed neutrino oscillation discovered

IN Super-K atmospheric neutrinos.

The vu deficiency Is consistent with oscillation



But, for future

events/0.2[GeV]

Entries 57

14

12 -

10

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
[GeV]

Far/Near (E,)

Cross sections
Near spectrum
Spill over to LE

Need improvements for
higher statistics and
higher precision exp.

Kamland L/E



Contribution of each systematic errors

° I I +11.5
N ®® (Null Oscillation)...150.9 *-

— K2K-I ... 79171
— K2K-II ... 71875

HARP results!
Studies of Interaction in SciBar

10000

8000

6000

Error (relative error)
7.7 1%

Far/Near § (+5.1%)

75 (-5.0%)
Normalization +7.6 (+5.0%)
(1KT fid.) -7.7 (-5.1%)
NC/CC-QE, +0.7 (+0.5%)
CC-nQE/QE -0.8 (-0.5%)

+1.0 (+0.7%)
ND spectrum 09 (:0.6%)

4000

2000

Toy MC (NULL oscillation)

12000(~

Entries 300000
Mean 151.0
RMS 10.78

X’/ ndf 1365 / o3
A 0.J000E+06
| 149.8

10.06
2 11.48

Q. Q- &

547.7
0.5071E-01
0.3201E-01
0.3280E-01

J\

120 140 160

180 200 220

N SKexpected



Activities before T2K

Fiscal yr 2004

2005

2006

2007

2008

K2K datataking

Full paper on oscillation incl.
ve

Analysis of neutrino

Interactions

SK full rebuild

SK 3 analysis tool

T2K construction

and commissioning

?




Solar Neutrinos

e Using Deuterium (SNO) allowed separate measurements of
ve CC, NC (vetvu+vr), v +e (ve+1/6(vu+vr))
— Total v flux agree with SSM
— VU, VT component in solar v
* Energy dependence of deficiency
— No observation of 8B spectrum distortion (SK, SNO)
e Asumming 8B [3—decay spectrum
— No observation of Day/Night effect
o earth matter effect (regeneration of ve)

— overdl fit with Ga (E>0.3 MeV), Cl (E>0.7 MeV) and SK,
SNO (E>5MeV)

e Asumming Solar model




Combined solar v - KamLAND 2-flavor analysis

Am?, =821 00,1052

2 +0.09
o' tan“ @, =0.40
_ 12 ~0.07
= i 1.2x10%
o
8 L
E
4 |
Ix107 =
105+ Solar KamLAND
L . 95% CL. B os%CL. o
[ ---.99%C.L. B oo% C.L. L 10’
- —99.73%C.L. B %9.73% C.L. H
~ a solar bestfit e KamLAND best fit < |
pial ] Lt ] ] Lol ]
10" 1 10
2 6x107° — KamLAND+Solar
tan” 6 8 B 95% C.L.
B 99% C.L.
fi B 99.73% C.L.
InCIUdes (sMa,,) maﬁer effecrs 4 [0‘5 I N | ' | S |I [ , | I - | . lg!lobla|]beISItﬁtl L
02 0.3 0.4 0.5 0.6 0.7 0.8

tan’ 0
Neutrino 2004 New Results from KamLAND 30



Physics 1

Reconfirmation of Oscillation Solution

Seasonal Variation (__,/

Kaml AND s

IEI[‘.*JE
1?50:* s 2 = ,1"
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Physics 2 :

Determination of ®,,?

10-3 :

KanL, AND : i
ﬁ@ﬁ@f;& N
sd &phass & o o 6 o Qg

10°5

A.Bandyopadhyay et al.,
hep-ph/0302243 (2003)

KamLAND reactor

flux uncertainties
+ 10 %



Critical path for future oscillation experiment

o Confirmations
— Atmospheric v K2K
— Solar v (Kamland)
— vu —v7t confirmation

e Surprises?
— Sterilev 3 neutrinos cannot accommodate LSND
— Oscillation pattern(decay, de-coherence, ...... )

« Useoscillation as atool to study lepton sector

— Precision measurements of 623 ~m/4?
— 013 —CPviolation

— Solar sector 612, Am?,,

— Sign of Am?



MiniBooNE (will open box in 2005)

Estimates for the v, —>v, Appearance Search

* Look for appearance of v, events above  + Fit fo E, distribution used to separate
background expectation background from signal.
— Use data measurements both internal
and external to constrain background
rates 120 |

B Signal
Mis ID
B Intrinsic v,

| —
40 |

| L
i) : -
Yo 025 05

0,75 1 1,25 1.8 .76 125 2.5

Hiak Arme
E,a! I:‘GE"."\,I High Am

ET
10g |
6% ol
) 40
0
294 v 1 02y 08 0.7 | iz 18

Low Am©

29% F% (G




am? (ev?)
& O O - Doc

L

MiniBooNE Oscillation Sensitivity

* Oscillation sensitivity and measurement capability
— Data sample corresponding to 1x102" pot

— Systematic errors on the backgrounds average ~5%

MiniBooNE 1,0E21 pot

(0% CL, 3aond 5 a) |

A’ (v )
S W O ~ oo

MiniBooNE 1,0£21
(10 and 20 Conlours)

Am2=1 eV?

Am2=0.4 eV?

1077 107

sn 2l

32



The Null Neutrino Eneryy Speetra

160 Vi CC Eventg/kt/year
Low Medium High

Ju—
B
o

>

5 470 1270 2740
§100 HE Beam

3 v, CC BEventsMINOS/2 year
g

E Low Medium High
Q60 5080 13800 29600
> 40

4x10%° protons on target/year
4x10%3 protons/2.0 seconds

b
o

0 0 5 10 15 20 25 30

E, (GeV) _
By moving the horns and target, different energy spectra are

available using the NuM|I beamline. The energy can be tuned
depending on the specific oscillation parameters expected/observed.
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Farticle Response (reliminary)

Pion Line Shapes
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easurement of 0scillations in MINOS

Spectrum ratios Allowed regions

5 [ 7.4x10% p.o.t

 7.4x10® p.o.t

_;__lsf""“é

g L 25x10™ p.o.t :gs L 25x10% p.o.t
§ s vy 0.003 -
., R
0.5 et 0.002 | %,
oo---éuu-;---;-..é--.io m'o’o- M -0:7- 1 -ois- 1 -o:g- M -'
Neutrino energy (GeV) sin®29

For Am2=0.0025¢eV?2,sn220=1.0

Essential to understand detector response
E resolution  Misreconstructionto LE



Appearance of Electrons in MINOS

90% CL Exclusion 3 ¢ Contours

> { MINOS with: -+, CHOOZ >
- r 125, 16, 7.4 x10%° pot oo, e
o™ -] ‘...._..'* N ™
£ s £
a 2 3 ] e g
2
10 F 3
l“. -2
''''' 10
ICARUS
(5years, 3kt) e
_3 ..............
10 O
: ' MINOS, with
-3 20
90% CL Exclusion L|m|ts ''''' ) 10 F SRR SIS S
""""  MINOS 30 Discovery Limits
. | 2 R | 2 PR R .--- 1 PR | PR 1 At PR [ 2 _a 4
10-2 10-1 L, 0 005 0.1 015 0.2 025 0.3
sin’(26,,) sin®(26,,)

* MINOS sensitivities based on varying numbers of protons on target



e The mixing angles 0,,, 6.3, 05, 0 ?
— How small the mixing of 1% and 3 generation?
e Doesv,contain v,?
— Symmetry of 2"d and 3" generation?
e How close0;to/4? 3 flavor analysis

— Is sterile neutrino exist? Ve
* Fraction in disappearance of v,
— How largeis the phase 6? Vu

e CPviolation in lepton?

* Prepare for un-expected

— precision measurement of physics quantities




0 : CPViolation in Pure Leptonic process
(Why v, —v,)

% * . 2 (mjz o m|2)L
Pop = ap — 4 ZRe(UqiUpiUgUp;) sin * ——
j>i Y

(m? -mf)L

F 23 Im(UyiUpiUg Up;) sin

[>] v

=0 for o= — appearance exp!

PV, Vg

» Recent developments toward CPV search
 CPV o sinf,, SinB,; Sin6,;Am?,, (L/E) Sino

o Solar LMA solution (large Am?,,, large 6,,)
— Near max. mixing in atmospheric (6,,~m/4)



J-PARC Facility

-~y Nuclear and Particle
Experimental Facility

Materials and Life Science
Experimental Facility
L o T g
Nuclear |
Transmutation

A

* Neutrinos to
Super-Kamiokande |

3 GeV Synchrotron B8 50 GeV Synchrotron

J-PARC = Japan Proton Accelerator Research Complex



Technological step for high intensity

3.3E14 ppp w/ 5us pulse / radio activity
When this beam hits an iron block, > 1000Sv/h

1000
800
600
400
200
cm

. 20 40 60 80 100
Temperature Rise (K/pulse)

1100°

(cf. melting point 1536°) v' Material heavier than iron would melt.

v Thermal shock stress = EaAT = 3GPa
(cf. stress limit ~300 MPa)
Material heavier than Ti might be destroyed.

v Cooling power and radiation shield



“T2K"” (Tokai-to-Kamioka) neutrino experiment

F & LOI: hep-ex/0106019

¢ v
.-"'.-l o F w P

Super-K: 50 kton .
Water Cherenkov :1_; . mﬁ"‘ J-PARC

e N . “(Tokai-village)
e Lo &l ,fi _ﬁ 0.75 MW 50 (40) GeV PS

Kamiokande” e 5 @
':’.:. - 4200 i A6TEB Kn QoD
AMW 50GeV PS

Approved exp (X102 of K2K)

eV, — Vx disappearance |Future Extension Collaboration

* Formed in May 2003
®V — Ve appearance SRR
u oCP violation e 12 countries, 52 institutions

oeNC measurement
® proton decay « 148 collaborators (w/o students)




T2K

I=la=-Kamiaoko Meuirianruiuci
at J-PARC



P @ @ -
| | : | % |
om 140m 280 m 2 km // 205 km

Muon monitors @ ~140m
— spill-by-spill monitoring of
n—beam direction/intensity
First Front detector @280m
— 0 degreedefinition
— High stat. neutrino inter. studies
(Second Front Detector @ ~2km
for future addition)
Far detector @ 295km
— Super-Kamiokande (50kt)

1800

1600

1400

1200

1000

800

600

400

200

x 10 3-

Neutrino spectra at diff. dist

dominant syst. in K2K



Strategy

High statistics by high intensity v beam
Tune Ev at oscillation maximum
Sub-GeV v beam
— Low particle multiplicity suited for Water Cherenkov
— Good Ev resolution : dominated by v, + n— L+ p
Narrow band beam to reduce BG

0.75MW 50GeV-PS

Off-Axis vbeam Super-Kamiokande




Off Axis Beam

€

(ref.. BNL-E889 Proposal)

Quasi M onochromatic Beam
X 2~3 intense than NBB

Tuned at oscillation maximums,, -

D IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Statistics at SK
(OAB 2.5deg,1yr,22.5 kt)
~ 2200 v, tot
~1600v, CC
v, ~0.4% at v, peak

Neutrino energy spectrum ox®

(Note o< E )

E, (G

TargetHorns

1.2
10
0.8
0.6

04

Decay Pipe

Super-K.

0AR 2 degre
0AR 2.5 degree
DAB 3 degree

2500

1500

1000

0

4 5 B 7 8 9 1D

3000

2000

500

p, (GeV/c)

15 2 25 3 35 4

GeV



Flux

OAB2.5deg, E,=40GeV

Flux(/50MeV/cm?/10?'POT
o
o
o

Flux(/50MeV/em?®/10%'POT)

-

| s o s |

0

025 05 0.75

1
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1.5

175 2
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10

10

10

Vi
.‘\‘.
N\
l!‘l‘
\ \ \
\‘s |
N\
N
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E (GeV)



E, reconstruction resolution

» Large QE fraction for <1 GeV
» Knowledge of QE cross sections

» Beam with small high energy tall

OE~60M eV .
<10% meaurement K
A Lreplution-
1 Inelastic | 7
\ o E
92000 — 1500 fW(‘)OO 75LOO 0 500 1000 I v l-sn229| |
ey 00 2000 3000 4000
E, (reconstructed) — E, (true) AM2
+ 10% bin

High resolution : less sensitive to systematics




3gm

Near Detector @280m

Lol

i

s Off-axis (—2°)
With Magnet
= v, and v, fluxes
and spectra

=V interaction study
(CC-QE,non-
QE,=°,)

/ = Kaon contributions
On-axis (0°)

Grid p profile . Beam direction
)

= Beam stability

s
2

== H b

— ! E

%I. (Spectrum)?

H Ion

~14

Im
o The detector

» 20mMo

[bw;/
gh h s.)
| 3m

3m

——>1m design is
just started.




sensitivitiesfor sin%20,,

90%C.L. SenSItIVItIES

0..80..0.5)

N/\me ‘7”1”“25d95><(W)”‘” 60 T T T T T T T T T T T T T T
5 \ L | exp’d signal+BG ]
total BG
¢ l ol
; e ol + : :
<: 30 Off axis 2.5deg, B
i 50GeV 5yr
Am2=2.5x10-3%V/2,
10k “ sin226,,=0.1 ]
R axis 2.5deg, ]
- 50GeV 5yr
: T 0 1 2 3 4 5
sin?26,, o
reconstructed E, (GeV)
sin?2 0 13 v u (CCHNC) Bean ve Osc’d wve Signal+BG
0.1 12 16 122 150
0.01 12 16 12 40

(OA 2.5deg, 50GeV 5yr)




Precision measurement of 6,, , Am2,,
possible systematic errorsand phase-1 stat.

«Systematic errors

e normalization (10% (—5% (K2K))

 E scale (4% (K2K 2%))
» Spectrum shape (Fluka/MARS —(Near D.)) | 0(Am?2y;) <1X104eV?

5(sinZ 26)

shape
esk

.04

8(gin” 28),

02 f
u =

-0.02 |

R‘stat.
b

I~ L]
_0-04 L1 1 -‘I 1 L1 1 | | -
1.5 2 2.5

! 3
am? (x10™ eV?)

5(am?) (x10° eV?)

-
=

o

én

n
fry
=]

L]

OA2.5°

5(Am?) Pion production
data is important

stat.

2 22.5 _33 \
Am* (x10™ eV©)



Schedule of T2K

2004 2005 2006 . 2007 2008 2009

K2K T2K construction T physics run
SK full rebuild PS commisionning

» Possible upgrade in future
— 4AMW Super-J-PARC + Hyper-K ( 1Mt water Cherenkov)
— CPviolation in lepton sector
— Proton Decay



Sengitivity (3c) to CP Violation Phase o
with Mega-ton detector

JHF-HK CPV Sensitivity

00.10.20.30.40.50.60.70.80..4

 Bkg. subtraction with 2%

accuracy (red), —

«  bkg(2%)+sdlection(29%) (black)

errors

o Operation of

2yrforv,and 6.8yrforv,
0= 33deg at sin26,,=0.01
0= 14deg for large sin’20,,

* Understanding of background and

systematics is essential



Summary

The neutrino oscillation in two Am? regions
Sterile ?

vu—vt confirmation

Oscillation pattern

0,; << 0,,, 0, orjust bedlow CHOOZ?
0,,— m/4?

Reactor 0,; measurement

Ov[3p by Dr. Klapdor may turn out to be right
— Degeneratemass of ~0.4eV  KATRIN and Ov[33 exp't, cosmology

Mass hierarchy
Smaller 613
CPV
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2) Construction Status
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2) Construction Status

K.

50 GeV Area




2) Construction Status

R St ey

12003
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2) Construction Status

Inside of
Drift Tube
Linac

Beam test for
chopper was
also done.

On October 30, 2003, a successful acceleration of 6 mA
at 20 MeV. On November 7, 30 mA was achieved.




2) Construction Status

3 GeV Vacuum Pipe and 50 GeV RF
Cavity

Vacuum Beam
Pipe for 3 GeV

For quadrupole

New material
(Finemet)

50 kV/m
Attained.

RF Cavity for O GeV




2) Construction Status

3 GeV Quadrupole Magnet




2) Construction Status

50 GeV Magnets

Quadrupole &=

Magnet

Dipole Magnet






L imitations of the obser vations

» Nature cannot be artificially controlled.
* |nherent uncertainties exist in calculation of various observables:
— Fluxes of solar neutrinos on Earth

» Nuclear reaction cross sections, chemical compositions,
opacity, etc.
— Huxes of atmospheric neutrinos
* Primary cosmic ray flux, nuclear interactions, etc.
* Find model-independent observables
— Solar neutrinos:
o Comparison of NC and CC interactions
» Spectral shape, day/night effect, etc
— Atmospheric neutrinos
e u/erdio
e Zenith angle distribution




Beam direction in Horn Focused Neutrino Beam
ptAl > T > u* +v

e+ v+ v (1%)

Need measurements for low energy particle direction

nd Magnetic Horn

Iim )




Neutrino flux inarbitrary units

Expected (M C) Neutrino Spectra and
Radial Distributions at 300m/250km

XTO -

ﬁ =16
5 Fb. 300m
109 ] — Onaxisflux S12}
s Off axisflux S | ',
| = 8f .
5o Ce.

- comparison at -

7| 0& 4mrad @ SK'- x10}
| | st e e, ]
106 = éK 3mrad
 Total expected event rate change is about 3 percent é 4 250km
@O . = ‘ 3
O 1 2 3 4 5 Radlus (km) R(km)

Py (GeV/c)
1km(4mr) off axis @ SK no changein rate and spectrum
— aim for 1 mrad stability monitoring




M uon monitor

Monitor the profile center of muons

o2
— Y spill by spill.
Li "o Eu>5GeV +1 mrad.
raie,l‘ ) ’ beam line \\:. <
UUDUDunuu<:‘ ] g ‘;-’22
O : ° ‘EE:E‘%? /g/ \ % 22E L / """""" i"""; """""""" i /i ',hw """" \h‘w """"""""""""""""""
1,0 G 0] 2ot O TR N A I A
Bdem mUo‘.; c
SSD-Array SN b b b b b b b b b b

u —pit floor 99Jun 99Nov00Jan 00Feb 00Mar 00May00Jun 01Jan 01Feb 01Mar 01Apr

Dol =N target/horn

= 35 F
Y
= 30 3
g 25 F
H [ Eo
Muon PIt(X10) 8 20 :_ W. m;m"ll:s“’sw’f PP TR BN V., BV LWLV
Beam Dump o 5 @RTTTY T 3 )
= e e e e e
SsD o 10 E_
Array 5 E
D

9Jun 99Nov00Jan 00Feb 00Mar 00May00Jun 01Jan 01Feb 01Mar01Apr

O

Muon Profile
Monitor




v beam direction with MRD v profile
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Matter-Enhanced Neutrlno Osc:lllatlons

Neutrinos produced in weak P

state v, ;

= High density of electrons in
the Sun

— Superposition of mass states
v, , z3changes through the
MSW resonance effect

— Solar neutrino flux detected
on Earth consists of v, + v,

VX VX_ Ve c
|
z0 W
|
e e e Ve

All neutrino flavors  Only electron neutrinos



(P XL g2V (PypXLpp?)

Near/Far ratio

1.8
1.6
1.4
1.2

0.8
0.6
04
0.2

Flux at SK
Flux at ND

Flux at SK
Flux at ND

1.8
1.6
1.4
1.2

0.8
0.6
04
0.2

(P XL g2 (PypXLep?)

0.5

1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
E (GeV) E (GeV)

at 280m at 2km



Oscillation formula

* P(v,”v,) disappearance

1- 4(C122C223 + 8122 Sészzs - 2C12C23512 513323 COSO ) S223C123 -sin’ A23
— 4(C122C223 + %22 81238223 + 2C12C23812 S13823 COSO ) S‘223(:123 -sin’ 43
- 4(C122C223 T 322 81235223 o 2C12C23812 33823 COSO )

X (C122C223 + 8122 81233223 +2C,C5,53S,;€080) - S n® 4,

* P(v,”v,) appearance
aczsisy (1 2% -5 anca,
3
T 8C123812 813523 (C12C23 COSO — Sp, 813823) -C0SA4,, - Sin 4y - Sin 4y,

_8C123C122C232812281352328ig5é3in42,2 ’SinAe,l ’SinAm .,
+ 4%2(:13 (C12C23 + 512523813 o 2C12C23§2 823813 CO0SO ) 3N AZl

- 8C123%235223 ) % (1_ 25123) ' COSAsz -Sin A31

« Witharelation of Amszlz Ami n Amiz




NuM | Geography

NuMI beam off-axis
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Assumption

Am?,,, 0, : KamLAND2004 + Solar v
AM?Zs =8.2x107° eV ?
tan®0y, = 0.40
AM?2,4, 0,5 1 Around atmospheric L/E

o Matter effect (set to be zero in this study)

AmS, = (1.9~ 3.0)x10° eV*?
My =(1.9~3.0) (90%C.L.)
sin“260,,=0.9~1
* No CPviolation (CP phase 6=0)
P E,

a=2/2G.nE, =7.56x10"[eV?]- -
e [ev'] [g/cm?] [GeV]
p=2.8g/cm’




Senditivity (exact version)

e Sengtivity to probe v, appearance (J0%C.L.)

Am?13 (eVZ)

10

10

=
(@)

sin22913

e AmId = 2410 e\/ >

2 -3

_— Am 13 = 3 O><10 eV

10 IIllillllilIIIillllilIIIiIlllillllillllillllillll

0O 01 02 03 04 05 06 07 08 09 1

.2
sin 923



Subtraction of other components

Additional background : 1.7=0.4 events

1.7 1+=0.4 events not subtracted

-1

=
o

1.7 1+=0.4 events subtracted

=
o

Am?13 (eVZ)
Am?13 (eVZ)




sin?26,; and CP-8

CP phase & (degree)

-100

-150

» 90% sengitivity to v, appearance
« Contribution from Am?,, is not subtracted

=
a1
o

=
o
o

CP phase 6 (degree)

al
o

T LD R :
- (5I720,,=0.9) |
= am

s Z00463




M aki-Nakagawa-Sakata Matrix and
Oscillation probability

(V) (v,
CP
Vu [=UMNsYM | V2

\V1 \V3

\

J

-

Unmns =R1(023)R5(013)R3(012)

1 o oY
Upmns=| 0 +Cp3 +Sp3

+C13

P(vy, = Vp) =—4Re> UpiUyUpiUg; Sin

>

Am; 2L

—2ImZUBJUaJUB,Ua,sn

j>i

2E

0

i5
\0 —Sp3 +Cp3 )| —S138" O
zAmijZL

Vi =| 0

ei8 Dirac CP Phase

—id)

+513€
0
+ C13

(-l- Ci1o +52 O\
—S12 +Cq12 0

Lo o g

j>i

P(ve, = Vo) =1-4 U] \qu\ sin

o Amj; ’L




Oscillations with two Am?'s

Oscillation Probabilities
m m,
3 m1
Am2 << Am2 zAm2
12 23 13 m,
m
Amf =m¢ —mf m, 3

P(v,, = vy )= cos* 013802 20,5 5in%(1.27Am35L /E, )
P(ve — Ve)=1-sin? zelgsinz(l.zmm%?,L / EV)

P(v,, — ve)=8in?0y38in? 29139n2(1.27Am§3L/EV)
P(ve — V)= COS? 0535iN% 2015 sin2(1.27Am§3L / EV)

P(ve — Vo) =1-cos*8135in% 20, sin2(1.27Am122L /E, )M o (+1/2sin° 20,3)



2100

Pion Monitor : measure (p,, 0.) distribution

Gas Cherenkov detector: (insensitiveto primary protons)

M easure momentum and angular distribution of pions, N(p,, 0,,) just

after the horns. p,>2GeV/c

Choice of  Production model and error estimate

\

T 4 —~ 5
2750 R(\NTO decay % [ |10424
volume -
— A4F
Pion monitor 541: s, ol E 6273 229
Gas volume 7 mirrozy R o 3 _
~ Design on May 11,'98 ~I N E - Fl i
N = [ |7747
. Blind - L 2 2 236
: L5 (10328]  1a3 @D 203 | 1B
Beam win iow910 C) 1 B
rrom S F 22557 || 16952 | [10757 k927 | K178
2nd Horn O
o S 19014 | [9731 151D
5 -1
2 . A 14912
Photo detect N '2 integrote
20 PMTs 1 %
g 1768 185
: -4
. 568 85
_5 P TR PR PR P P S N |
5 6




ADC counts ADC counts ADC counts

ADC counts

30
60
40
20

150
100
50

opp0000dogo

Index of refraction : p,, threshold 0,
position of ring

)

T

2 P, 0, givestwo C-light peaks
fit with Z (wi « C-light)

Pion Monitor Fitting (November)

-

Lt 1 .mﬂ.j&.ﬂ

ADC counts

10 20 30
PMT number (n=1.00041 meas.)

L

ADC counts

10 20 30
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ADC counts

2 : : »

10 20 30
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ADC counts

L e o« P
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10 20 30
PMT number (n=1.00074 meas.)
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10 20 30
PMT number (n=1.00129 meas.)

10 20 30
PMT number (n=1.00242 meas.)

n
>

T production

Good agreement with old data. (Cho
et.al.)

»Beam MC

—Error—astgnment——
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SK systematic uncertainty

SK efficiency SK
Energy
<05GeV | 0510 | 1.0-15 | 1520 | 2025 | >25 scale
o | BT% | 30% | 34% | 49% | 49% | 49% | 20%
SK-[| 45% | 32% | 82% | 7.8% | 7.4% | 7.4% 2.1%




Neutrino mass from Cosmology

Data Authors M, =2Xm,
2dFGRS Elgaroy et al. 02 <18¢eV
WMAP+2dF+... Spergel et a. 03 <0.7eV
WMAP+2dF Hannestad 03 <10eV
SDSS+tWMAP Tegmark et al. 04 <1l7eV
WMAP+2dF+ Crotty et al. 04 <10eV
SDSS

Clusters +WMAP Allenet a. 04 0.56%00 . eV

All upper limits 95% CL, but different assumed priors !




