K2K results

Results of
Total Event Rate &
Spectrum Shape Analysis

K 2K collaboration

Koichiro Nishikawa
Kyoto University
NEUTRINO 2002, May 26,2002
Munich, Ger many



K2K Collaboration

High Energy Accelerator Research Organization(KEK)
I nstitute for Cosmic Ray Resear ch(lCRR), University of Tokyo

Kobe University
Kyoto University

Niigata University

Okayama Univer sity

Tokyo University of Science
Tohoku University

Chonnam National University
Dongshin University
Korea University
Seoul National University

Boston University
University of California, Irvine
University of Hawaii, Manoa
M assachusetts | nstitute of Technology
State University of New York at Stony Brook
University of Washington at Seattle

War saw University
Solton I nstitute for Nnuclear Study



KEK to Kamioka Neutrino Oscillation Experiment




Principle of K2K

Fixed distance, direction
(E~1.3 GeV, L=250km)
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Reduction of events
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Near Detectorsat KEK

fiducial
1kt Water Cherenkov detector (KT) 25 ton ~ SK
Water tube + Scintillation fiber detector (SciFi) 6 ton 1, 2, >2 tracks
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L ead dlass detector (LG)
SCIFlI/Water
target
Lead \
Muon Chamber ©/255 Ee ﬁ"éée%mgéé .,;‘5."
N 1kt Water Cherenkovijj
' Detegtor— I

-
4
&

utrino Beam




Pion Monitor : measure (p,, g,) distribution

Gas Cherenkov detector: (insensitiveto primary protons)
Measure momentum and angular distribution of
pions, N(p,, d) Just after the horns. p,>2GeV/c

Choice of p Production model and error estimate
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( April 1996 commissioned)
Super-Kamiokande

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

41.4m

40m




e-likeand mlike eventsin Super-Kamiokande

# Super Kamiokande #
NU& 1

*I\?ﬁﬁer Komiokondle #

RUN 8071 RUN 9955
SUBRUN 471 SUEBRUN 443
EVENT 5487540 EVENT 72736724
DATE 99-Nov- 6 DATE 2001-Apr-12
TIME 15:17: &5 TIME 2:57:57
TOT EEE 5345.- TOT PE: 20406.7
MAX : . MAX PE: 117.7
NMHIT : 2116 NMHIT - 23507
ANT-PE: 31.5 ANT-PE - 14 .0
ANT-MX : 9.8 ANT-MX : 1.3
NMHTA: 29 NMHITL: 25
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TRG ID :00000111

T diff.:0.487E+058u
FEVSK 181002803
noD YE/IW: 1/ 1
BAD ch.: masked
SUE EV : 0/ 1
Dec-e: 1( 0/ 1/ 0
CTlE:***t***t**elz
EMN: E5945P: 372
GPFSDIF: 0.41400u
NHITAC: 1

~100% efficient for CC



Super-K Event selection
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last year Summary of K2K results 2001

 Neutrino beam iswell under control

— Beam direction<Imrad. U 3~4 mrad required

— Stable Emspectrum from n interactions
 Accumulated 4.8x10°POT @ SK from Jun '99 to July '01.

— No change (obviousreason !)
o #of fully contained eventsin fiducial volume (FCFV)@ SK

Observed: 56, Expected with null oscillation 80 (+7.3-8.0)
Probability of null oscillation < 3% (F/IN, KT fid)

Thisyear |Full error treatment (correlation, etc.)
Re-calibration KT, SciFi, MRD

Rate + Shape
»Null oscillation prob.
»Allowed region




Flow of Neutrino Oscillation Analysis

Observed (p,,d,,) distributions at Near Detectors
~ nlnt. Model
Neutrino Spectrum at Near detector f

near(EN),
Far/Near Extrapolation vsEn R\ (En)

Neutrino Spectrum w/o oscillation at SK f o (En)
f (En) A Oscillation (sin2g,Dm?) A Int. Model

Prediction SK observation
»Ng(exp’t) : Expected no. of SK events *Ng, (0bs)
» Sq(E."*°) :1IRmE, distribution(shape) *1Rm E, . distribution

Maximum Likelihood Fit in (sin“2g, Dm?)



1Rmeventsin water Cherenkov detector
QE-like eventsin SciFi

no+Nn?mep " rgn) < CCQE
: , A . <$~100% efficiency for Ng,
P <-can reconstruct En - (g,,p,)
m

nm+n’?m+p+pq e pn)<>CCnQE
n | ; <-~100% efficiency for Ng,
p'sP

< Bkg. for E, measurement

n

n.+nNn?n+p+p’'s
m PP & NC
n | $-~40% efficiency for Ng
p’Sp 14




QE and nQE in SciFi 2track events

SciFi 2 track cos(AOg) distribution
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Used datafor f . (En)

KT SciFi
Fully Contained Fiducial (2) 1-track mevents
Volume (FCFV) events (3) 2-track QE-like events

No. of events (Evis>100MeV) (4) 2-track nonQE-like events
(1) Singlem | :eevents

4 setsof (p,, q,) distributions

Pion monitor & Beam simulation
I p distribution in (p,,q,) ® flux estimatef ., (En) W. error

i nfluxf .. (En) (8bins)
I ninteraction model (param. as nQE/QE ratio)
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CC Quas Elastic(QE) & Other Processes(nQE)

Not well known

Used Parameters
MA(QE)=1.11GeV
MA(1p)=1.21 GeV

Coherent p : Marteau et.al.
Multi-p: use hep-ex/0203009

Checked

MA(QE)=1.01-1.11
MA(1p)=1.01-151
GRV94-Mod.GRV94

Very small effect on oscilllation
anlysis




Fitting method En QE(MC) nQE(MC)
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Fit result of Neutrino Flux at KEK Site

Fitted E, Flux at Front Detector
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Expected E ¢ spectrum for 1Rmat SK
If no oscillation

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

Neutrino flux @SK A Int. Model A Oscillation (sin?2q,Dm?)

Separated into No of event & Renormalized E, . shape
»Ng (exp’t) : Expected no. of SK events
» S (E."*°) : 1IRmE, distribution(shape)

- SK observation
*Observed no. of eventsin FCFV Ng, (obs,>30MeV)

lRmevents E_ " spectrum shape
Maximum Likelihood Fit in (sin?2q,Dm?)

1. Regection 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

e Data sets
e June99-July 01 FCFV , Evis>30 M eV
e total number of events
e 56 eventsobserved
e Nov 99-July 01 IRmevents
 E "*shape
e 29 eventsobserved

e Running condition
e June99
« Target=2cmf Horn current=200kA (~6.5% of POT)
 Larger systematicerrorsin ‘near’ measurements
 Nov 99~July 01
e Target=3cmf Horn current=250kA

e Full analysisof systematic errors -



Systematic parameters

f=(f, anE’ Fens Teser Tesr Ther Tran)

f . Flux ( 8 energy bins)

froe : QE/NQETratio

fe,y  : Far/Near ratio

f g« : SK reconstruction (Fid, PID, Nring)
feqe : SK energy scale

f.e :Norm.for June 99

f.;1 @ Norm. Nov 99 ~ Jul 01

26



Likelihood
Liot = Loorm (1) Lanape ( T) > Lgg (1)

Normalization term

L orm = POISSON(N s, Ngo (1))

Shapeterm for FCFV 1Rm

Nops=96 +6.2

Nexp:80-1 -5.4

norm

A9
Lyure © O P((fes *E ), Dm’,sin” 2, f)| Shape only
1=1

Systematic parameter constraint term

T -1
I—syst 0 exp(— DfF,nQE xM FD XDfF nQE /2) ----
' eXIO(- f2/2s 56)exp(- f21/2s ﬁll)eXp(' Dfég /25 %sk)




3d plots of
& C

DINL for shape+norm

efinition of L

L at (Dm?, sin“2Q)

emethod-1
Maximize L by

adjusting systematic
parameters.
*method-2

The MC generation of
the systematic
parameters &

L =the mean values.

28



Null Oscillation Probability

Null Oscillation Probability

method-1 method-2

Ngonly 1.3% 0.7%
Shape only 15.7% 14.3%

N +Shape 0.7% 0.4%

Best fit (sin%2q , Dm?)

Shape only (1.0, 3.0x103%eV?) (1.0, 3.2x103eV?)
(Allowing unphys.) (1.09, 3.0x103%eV?)  (1.05, 3.2x103eV?)
Ny +Shape (1.0, 2.8x10%V2) (1.0, 2.7x103eV?)

(Allowing unphys. ) (1.03, 2.8x103eV?) (1.05, 2.7x103eV?)

29
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Allowed regions

Total no. of Eventsonly
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Spectrum Shape only
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« tShapeindicate consistent parameter region
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|sbest fit point also for IRmshape & Nsk ?

Normalized by area) Best fit point (sin2g , Dm?)

method 1

KStest prob.(shape)= 79%
t I Ng prediction =54 (0bs 56)

method 2 K S-test

N 82%
T shape 93%

g Ng+shape 50%

o .

31



Comparison with diff. L & ninteraction model

10"

P el Tl T

.

68%
90%
99%

solid:method1
dashed:method?2

0

0.2

04 06 08
SIn“26

Reasonable agreement
btw definition of L

1

10

0 01020.30405060.70.8 0.? 1
sin“20

Change of n interaction
model has small effect



Comparison with SK atm n observation

Allowed Region - Total Number + Shape
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Dm?for sin?2g=1

d(logL) at sin“20=1 using Total Number + Shape
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K2K Allowed region (Shapet+Norm)

-1

10
_10°
QN
>
Cf_% 1.5~3.9x103eV/2
- @ sin“2g=1
<10° @90% CL
90% solid:method1
10.4 99% dashed:method2
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Conclusion

« K2K Oscillation analysis on June99 ~July01 data
— Full error analysis

1. Null oscillation probability islessthan 1%

2. Both SK ratereduction and E, " shape indicate consistent
oscillation parametersregion

3. Dm?=1.5~3.9x103eV? for sin?20=1 @ 90% CL

4. sin?2q, Dm?are consistent with atmospheric neutrino results]

Thebest fit point (sin?2g=1.0, Dm?=2.8x103 eV?)
cf. Atmospheric neutrino results
Dm?=(1.6~3.8)x103 eV? for sin?2g=1.0

best fit (sin“2g=1.0, Dm?=2.5x103 eV?)

« Datataking will resume within thisyear




