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Neutrino oscillation
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(Neutrino2002, May26,2002, M.Shiozawa)

An@(evﬁ

10

10

10

10

— FC+PC+UPMU combined
— FC+PC
Upgoing through u

-4

— Upgomg stop u/Upgomg through v
lllllllll lllllllllllllllllllllllllllllll
0 01 02 03 04 05 06 07 08 09 1

sin®20

v, ©v: oscillations

Best fit(Am?=2.5x10-3,sin?20=1.0
Y2min=163.2/170 d.o.f)

No oscillation
(x? =456.5/172 d.o.f)

Am?2 = (1.6~3.9)x10-3eV?2
sin220 > 0.92 @ 90%CL
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K2K results

Results of

Total Event Rate & Spectrum Shape
Analysis

K2K collaboration
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Kyoto University
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Munich, Germany
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KEK to Kamioka Neutrino Oscillation Experiment
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Principle of K2K

Fixed distance
(E,~1.3 GeV, L=250km)
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Results
*Reduction of events
*Spectrum distortion

Neutrino beam at near site
Near to Far extrapolation
Rate and spectrum shape @ SK
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(April 1996 commissioned)

Super-Kamiokande

50,000 ton water Cherenkov detector (22.5 kton fiducial volume)
Optically separated INNER and OUTER detector

|

40m
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e-like and [l-like events in Super-Kamiokande
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LL-monitor direction (T—LL)
| Front (Near) Detector  direction (v)
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Neutrino flux inarbitrary units
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Expected (MC) Neutrino Spectra and
Radial Distributions at 300m/250km

— On axis flux

------ Off axis flux

comparison at -
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:Total expected event rate change is about 3 percent
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Near Detectors

At KEK: 1kt Water Cherenkov detector (KT) 25 ton fiducial
+ Water tube sandwitched Scintillation fiber detector (SciFi) 6 ton
+ Muon range detector(MRD) 700 ton direction by v & stability
+ Lead glass detector (LG)

SCIFI/Water
target
\

Lead
Glass

Muon Chamber

i

I TS |
ZEAEEEEZEERZ
il kt Water Cherenko

Deteqtor

eutrino  Beam

v flux nd
~ directidn

To Supes-amiokands
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Events
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y / / / / Event Vertex is in Fiducial Volume
-500 \5,0‘8 sec) More than 30MeV Deposited Energy
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events
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Event POT distribution
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Summary of K2K results in last year
Accumulated 4.8x10"°POT @ SK from Jun *99 to July *01.

Neutrino beam is well under control
— direction<lmrad. (pulse by pulse T—l, v interaction vertex profile)
— Stability of Eu spectrum from v interaction

# of fully contained events in fiducial volume (FCFV)@ SK
Observed: 56, Expected with null oscillation 80 f87-03
ﬁ Probability of null oscillation < 3%

*Full & improved error estimates
*Spectrum shape analysis
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Flow of Neutrino Oscillation Analysis

Observed (p,0,) distributions at Near Detectors
L v Int. Model
Neutrino Spectrum at Near detector ¢, .(EV),

l
Far/Near Extrapolation vs Ev R\ (EvV)

Neutrino Spectrum w/o oscillation at SK ¢ (. (EV)
¢ s (Ev) ® Oscillation (sin’26,Am?) ® Int. Model

Prediction SK observation
»Ngk(exp’t) : Expected no. of SK events *N¢(obs)
> Sq(E,°) :1Ru E . distribution(shape) 1Ry E,,. distribution

Maximum Likelihood Fit in (sin’20, Am?)
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1Ru events in water Cherenkov detector

< CC QE
<~100% efficiency for Ng,
<-can reconstruct Ev

0

vV, tn—=U+p+T
A "L 6, (Eyp,
\Y%

s P

\Y

<~100% efficiency for Ng,
< Bkg. for E, measurement

< NC

< ~40% efficiency for N,
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Neutrino Energy E, Reconstruction

CC quatsi elastic (QE) CC inelastic
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CC Quasi Elastic(QE)
and Other Processes(nQE)

G/EV Soudan 2 Monte Carlo Cross Sections
)

08 —

eV INDIHX)E - (10 em?/G

06 —

04 —

Not well known

Used Parameters
MA(QE)=1.11GeV
MA(11)=1.21 GeV
Coherent T : Marteau et.al.
Multi-rt: use hep-ex/0203009

Checked
MA(QE)=1.01-1.11
MA(1p)=1.01-1.51
GRV94-Mod.GRV9%4

Very small effect on oscilllation
anlysis
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QE and nQE in SciFi 2track events

SciFi 2 track cos(AG) distribution
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Used data for ¢ ., (Ev)
KT SciFi
Fully contained in fiducial (2) 1-track u events
volume (FCFV) (3) 2-track QE-like events

*No. of events (Evis>100MeV) (4) 2-track nonQE-like events
(1) Single ring u—like events

4 sets of (p,, 6,) distributions

Pion monitor

7 distribution in (p_,0,) —flux estimate ¢, (EV)

near

v flux ¢, ... (EV) (8 bins)
v interaction model (parameterized as nQE/QE ratio)
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Fitting method kv QEMO)  nQEMC)
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Fit result of Neutrino Flux at KEK Site

Fitted EV Flux at Front Detector

80000 |

70000 [ |:|:
60000 [

50000 |

40000 |

30000 - ||

20000 — |:| :I

10000 [- |:|:|

- —
oL = o P
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

E, (MeV)




1kt: ui-momentum Distribution (Fid.25t FC 1-Ring p-like)

KT (p,, 0,) distribution using ¢, QE/nQE,

1kt: u-anglular Distribution (Fid.25t FC 1-Ring u-like)
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Scifi pu,eu distributions using ¢.., QE/nQE.

SciFi PM distributions
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Reconstructed Ev

. SciFi E_ distributions
using Qg QE/MNQE;, oo v
=]
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Pion Monitor
Far/Near Extrapolation F/N(EV)
Gas Cherenkov detector: (insensitive to primary protons)
Measure momentum and angular distribution of
pions, N(p,, 0.) just after the horns. p,>2GeV/c

TC ~ 5
d [
T\?olif:ay g 4 [ 10424
e h -
. Pion monitor (Top view heric) o F
:;;;:gagﬁvﬁﬁm;;(@)i::::;: S ! ' = [ (6273 329
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8: - 5727 236
o (10328 123 A1 283 2208
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ADC counts ADC counts ADC counts

ADC counts
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T MJ
10 20 30
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10 20 30
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10 20 30
PMT number (n=1.00242 meas.)

Fit with Cherenkov
light distribution by
populations in (p,,0,)

Error on F/N(Ev)
Pion production

model
Beam MC
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Expected E, "¢ spectrum for 1Ru

Initial 1R spectrum w/ all syst. err. incl. Escale
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Oscillation analysis

Neutrino flux @SK ® Int. Model ® Oscillation (sin’260,Am?)

Prediction
»Ngk(exp’t) : Expected no. of SK events
> Se(E, ¢ : 1R E_  distribution(shape)

SK observation

*Observed no. of events in FCFV N¢(obs,>30MeV)
*1Ru events E ¢ spectrum shape

Maximum Likelihood Fit in (sin’26,Am?)

1. Rejection of Null oscillation hypothesis
2. Contour of allowed region
— Number of events observed/expected
— Obs./exp. neutrino energy spectrum shape
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Data set

Data sets
 June 99-July 01 FCFV , Evis>30 MeV
e total number of events
« 56 events observed
*  Nov 99-July 01 1RU events
 E, ¢ shape
« 29 events observed

Running condition
* June99

 Target=2 cm¢ Horn current=200kA (~6.5% of POT)
 Larger systematic errors in ‘near’ measurements
e Nov 99~July 01

 Target=3cm¢ Horn current=250kA
* Full analysis of systematic errors
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Systematic parameters

f:(fCI)9anE9fF/N9f8Sk9fESk9fn69fnll)

: Flux ( 8 energy bins)
or : QE/MQE ratio
~ - Far/Near ratio

f.qx :SKreconstruction (Fid, PID, Nring)
frsk ¢ SK energy scale
t, :Norm.for June 99
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Likelihood

Ltot = Lnorm (f ) 'Lshape (f )'Lsyst (f )

Normalization term

L

norm

= Poisson(N,, , N, (f))

Shape term for FCFV 1Ru

29
Lshape = HP((fEsk . Ei)DAmzasinz 299 f)
i=1

Systematic parameter constraint term

L

syst

exp(— Af(I)T,nQE M;Yl) 'Afcb,nQE /2).....
XeXp(— fn26/20',36 )GXP(_ fnzll/zo-zfll)exp(_ Aszsk /20-1%191()
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3d plots of AlnL for shape+norm

L at (Am?, sin?20)

eanalysis-1
Maximize L by

adjusting systematic

parameters.
eanalysis-2

The MC generation of

the systematic
parameters &

L=the mean values.
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Null Oscillation Probability

Null Oscillation Probability

analysis-1 analysis-2

Ngonly 1.3% 0.7%

Shape only 15.7% 14.3%
Ngk+Shape 0.7% 0.4%

Best fit (sin’20 , Am?)

Shape only (1.0, 3.0x10-%¢V? (1.0, 3.2x107%eV?)
(Allowing unphys.)  (1.09, 3.0x103eV2)  (1.05, 3.2x10-3¢V?2)
Nk HShape (1.0, 2.8x10%¢V?) (1.0, 2.7x107%eV?)

(Allowing unphys.)  (1.03, 2.8x103eV2)  (1.05, 2.7x10-*eV?)

Both Shape and Ny +Shape indicate consistent parameter region
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Best fit 1RU spectrum & Nsk

o Normalized by area

| | | | | 4 i P L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Evrec

Best fit point (sin?20 , Am?)
= (1.0, 2.8x103eV?)

KS test prob.(shape): 79%
N¢k=54 (Obs.=56)

Very good agreement
Shape & N,
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Allowed region (Shape+Norm)
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Comparison with diff. L. & form factor MA
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btw definition of L
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Change of v interaction

model has small effect
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Comparison with SK atm v observation
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Conclusion

K2K Oscillation analysis on June99 ~July(01 data

—  Full error analysis

Null oscillation probability is less than 1%

Both SK rate reduction and E ¢ shape indicate consistent
oscillation parameters region

Am?=1.5~3.9x10-3eV? for sin?20=1 @ 90%CL
sin’20, Am? are consistent with atmospheric neutrino results

—  The best fit point (sin’26=1.0, Am?=2.8x10-3 e¢V?)
cf. Atmospheric neutrino results
Am*=(1.6~3.9)x10- eV? for sin?26=1.0

best fit (sin>26=1.0, Am?=2.5x10- eV?)

Data taking will resume within this year
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