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Motivation

Evidence of osc. in atm. v observation by SK

Ay = 2~5x 103 eV?
sin?26>0.88
amost v, 2> v,

Neutrino Oscillation(2flavors)
p=sin®20-sin*(1.27Am°L/E,)

K2K: Establish non zero neutrino mass
well defined flight length (=250 km)
well defined artificial pure v, beam

L E E/L v, v

u'’e

Atmv | 10~10%km| <5GeV |0.5~5x10* 2/1

K2K | 250km ~1GeV 4x103 99/1




K2K Overview

amost purew,(99%) beamw/ <E,> ~ 1.3GeV
Far detector: Super Kamiokande(SK)@250km

Most sensitive at Am? ~ 7x103 eV?2

* v, disappearance and V. appearance
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Experimental
Setup



Neutrino Beam Production

p+Al 2 nt = /,t: v,
e+t (1%)

T-Station( <X 5)
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Detector Decay
Tunnel

To SK

1st Horn(Collector)

2 OOm

Muon Pit( < 10)

Beam Dump

12-GeV Proton Beam

Muon Profile
Monitor

0 100 m

PS: 13GeV/c proton
1.1usec spill/2.2sec
6x10%protons/spill (design)
Beam line: aligned toward SK using GPS
(global positioning system)
GPS< 0.01mrad, civil const<0.1mrad
Decay pipe: 200m



Target and Horns

2nd Magnetic Horn
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Neutrino Spectra and
Radial Distributions at
300m/250km (MC)
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Almost const flux < 1km(4mr) @ SK
Near/Far spectra differ



Roles of Detectorsin
KEK

Neutrino beam direction
— Front neutrino detector (FD) (direct)
— Muon monitor (indirect, fast)
Absolute neutrino flux
— FD
Spectrum extrapolation from
near(KEK) to far(250km)
— Pion monitor

Neutrino spectrum
— FD
— Pion monitor

> Expected # of SK events
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Pion Monitor

Pur pose:Measure momentum and angular
distribution of pions, N(p,, 6.)

N(p,,, 6,,) = Neutrino flux ®(E,) at any distance
using only decay kinematics

R(E,) = O (E,)/Ppp(E,)

as aresult of pion monitor

Gas Cherenkov detector

to avoid signal from 12GeV protons
- insengitive to p, <2GeV (E,<1GeV)
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Muon Monitors
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Electrode
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Electrode —
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SSD-Array

/

U —pit floor

Segmented lonization Chamber
Silicon pad detector array

Behind beam dump

- Only sensitive to initially high energy p

(>5.5GeV)

Provide fast (spill-by-spill) monitoring of
Intensity = targeting/horn stability
Profile = beam direction
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Front NeutrinoDetector(FD)

< 300m from tar get

E ;'.\

1
1
\
1
\
'|\‘ 1
\
L1 II
\
| 1
\
I \
\
1
1
1
‘ II
)\ \
kY ]
I 1 i
4 .,2 L ]
| ..-5?2
o
- -;\‘ I
&
i
O
| 1 T i
| F,

.

Fon. Y o A - Y [

S i ]
]

)
PR T TR e
Eé?u fuy_;u?u" = o

SCIFI/Water
target
Lead \
Glass (== = =, ]
SRS ZEERZEZEAEZE
% 1kt Water Cherenko
. ' Detector

utrino

Beam
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Pur pose

1. v, absolute flux
2. v, directrion(profile)
3. Ve CONtamination

» 1kt water Cherenkov detector
» Scintillation Fiber Tracker(SFT): SF sheetst+water(6¢cm)
» Electromagnetic calorimeter : lead glass
»Muon chamber (MUC) : drift chamber+iron plates
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Event categories
1kt Even

F

H,O target (same as SK)
Same detection principle as SK
—> expect least syst. err. for SK exp’ed
Fid. mass
Event selection: Qtot>1000p.e.
~ 2events/100spil|
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Fe Event

Run 1244 Spill 20799 TRGID 1
99 622174856 0

Nvtx O
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Neutrino int. in MUC iron plates

CC inclusive (insensitive to NC)

Large area coverage (8m) - profile(vtx dist.)

Large mass (fid. mass=312 ton)

= high rate (~5/100spill)

Good for neutrino dir. and int. monitor
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SFT event

Run 2279 Spill 18568 TRGID 1

00 1241441230
vt 0

Top View

Neutrino int. in SFT H,O target(+Al 20%)

Pos. resolution
- well defined fid. vol.
- multi track resolution
Fid. mass =
Event selection: matching SFT& MUC track
levent/1000spill

Study neutrino interaction, €.9. 0.,y agicdd Oaagic
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Strategy

For now,
1. count # of events @ SK
NG
2. calc. expected # of events @ SK
SN
€ep

N 2% :observed # of eventsin one of FDs

R: Near/far ratio from MC

(guaranteed by Pi mon)
¢ . detection efficiency

3.compare N and NP

use 1kt eventsasareference
check consistency btw. kt/Fe/SFT events

*eventually,...obs N
N SK (Ev ) and N SKp(Ev)
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Results



Delivered Beam

Horn200kA  Horn250kA
25| Target2cm® —— Target3cm* /-
«~— @ @

Accumulated POT (10718)
= = N
(@) (6] (@]

(3]

o

Protons/Pulse (10712)
SN

» Design Proton Int. 6x1012 protons/pulse

almost achieved (5.5x101?)
» ~2.6x10YPOT delivered by the end of Jun. ‘00

» SK Live = 2.29x10*° POT(Jun99-Jun00)
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SK Events e
& i ﬁ
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Taills Tex: Abs. time of spill start, SK event measured with GPS
TOF: O.83mS(Time of flight from KEK to Kamioka)

At of F.C. candidates

events
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Typical SK Events

b 1 SUﬁEF Kamiokande #
Nu 1

EUN 8290
SUERUN 126
EVENT 16820616
DATE 2000-Jan-24
TIME 302 Ehad 0 e
TOT PE: .4
MAY PE:
NMHIT
ANT-FE:
ANT-MX:

o
b
]
]

MoYet:Mo¥et

QosOo0f00¢
GO0/00/00:No¥et :No¥et
GOA00/0D0:NoYet :NoY¥et
GOA0D/00:No¥et :No¥et
GO/A00/00:Mo¥et:HoXet
**/04/28:;B= 1:No¥et
R H Z re B HT:

12.685: B.H86: 0.896:0
CAME : RTOT : AMOM
41 .9 5210: Qa2

V= D.89B:-0.86818: 0D
Comnt;

EunMODE : MOEMAT,
Tk& ID :00000111

T daff. :0.564E+050u
FEVEE 810028032
nod YE/IW: 2/ 1

EAD ch.: masked
SUE EV 7
Des—as 1T fLF 0 B
CT1&: 5.59220=12
EM: 424 &5F: 2T6E
GEEDIF: 0.71600u
HNHITAC: 1
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Event POT Distribution

fully contained, vertex in fiducial volume

FC 22.5kt

events

e - . . . . . . .
- [ ] - . . . . B . .
q 111 I T | l I I L1 1 1 I T .| l 111 I I T | l

O_
0 25 5 75 10 12.5 15 175 20 225
POT vsevents CT *108POT




Vertex and Direction

vertex positio
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M easur ements @ KEK

e Beam Direction
e Absolute neutrino flux
e Spectrum extrapolation

« Neutrino spectrum
— CC u energy spectrum
— CCu angle

Stability of beam quality Is

of great impotance.
(pi mon is not full-time det.)
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Beam Direction

Vertex distribution of Fe events (Nov99)
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Fitted center X: 1+=5cm

y: —10=4cm from SK dir.
(stat)

Centered within sys. err. of 20cm (0.7mr ad)
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profile center x

profilecenter y

Stability of Profile
Center (Fe event)

Neutrino profile stability (99June - 00June)
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firred cenrer e k)

Stability of Muon Profile Center
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Fast (spill-by-spill) but indirect monitor

@ Muon Monitor

Jun | Nov |Jan| Feb May| Jun
499 | ‘99 |*00| ‘00 ‘00 | “00

rivte { ] poinr = 100 spiff)

Stable within =1mrad
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Absolute neutrino flux

Count # of neutrino eventsin FDs

1kt | Fe | SFT
Neo 64k | 223k | 2,953
Live POT(10%8)|19.1| 21.0 | 18.2

Fe event rate stability (99June - 00June)
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Vertex dist. of 1kt
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Arb. Unit

Stability of Spectrum

0.2

Muon Energy of Fe events

0.4

— 99-NoVv.
- (00-Jan.
— (00-Feb.

— 00-M ay.

Stablewithin stat. error




Stability of muon angle

Muon angle of Fe events

— 99-Nov.
— (00-Feb.

—— 00-May.

T10 20 30 40 50 60 70 80 90

Gﬂ (deg.)
Stable within stat. error
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ADC counts ADC counts ADC counts

ADC counts
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v, spectrafrom Pion
Monitor M easurement
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Agreewith MC very well.
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Flux Ratio from Pion

Monitor
= x 107 R(E,)=®(E,)/ P (E,)
O 0.37
S :
8 0.25| |
0.2| | |
0.15| +
L Good Agreement!
0.1} ==
: B ¢ Pion moni tor
0.05 /) mc
S N
Ev(GeV)
obs
For integrated far/near ratio Rin Nee = Neo g,
FD
use MC for central value
syst. error AR :fﬁf’ from Pi. mon.
— 0
(for 1kt)
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Expected # of SK events
from 1kt detector

N ~64k
e 0.71 (detection eff. of 1kt)
L Live POT ratio (~1.2)
kt
M s . Fiducial massratio
kt
Ex 0.81 (detection eff. of SK)

NP = 40.3+0.2(stat.) %/ (syst.)

cf.:i NSP = 41.4:°7(tot.) from Feevents
NP = 40.0%°2 (tot.) from SFT events

Consistent with each other.
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# of observed and
expected events @ SK

Obs. Exp.
FC 22.5kt a7 403 T C
1-ring 15 24.3+3.6
u-like 14 21.9+43.5
e-like 1 24405
multi 12 16.042.7

ring
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Systematic Error for Ngy

1kt Fe SFT
(SK expected) 40. Bj_g A1, 4555:2 40.04:2:5
AVIV 6% <2% 3%
Multi event 3%
Background 1% 1%
Flux +1.3% 3% 3-4%
—1.7%
Detection 3% 5%
Efficiency
NC/CC(=30%) 10.8% 6% 6%
—0.9%
Cross section 10% 3%
AVIV(SK) 3% 3% 3%
AR(Flux ratio) +6% +6% +7%
— 7% — 7% —-9%
Total +10% | 15%| 13%

—11%




Reconstructed E

Fully contained 1-ring u-like (22.5kt)

10

Preliminary
8 -

? ¢ Data

6 | ~L MCwi/o osc.
4 -
2 e ®
O 1

0) 1000 2000 3000 4000 5000
MeV/c

Need to estimate syst. err. in MC expect.
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Angle Distribution

COD,  22.5kt 1-ringu-like

10 L ® Data
—L MC w/o osc.

-1 -0.5 0 0.5 1

cosﬁKEK

Need to estimate syst. err. in MC expect.
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u distributionsinv, CC int.
‘ Neutrino spectrum
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Data agree with MC fairly well.

Need more detailed analysis of FD data
to extract spectrum information.



Conclusions

Accumulated 2.29x101°POT @ SK from
Jun 99 to Jun ' 00.

Neutrino beam iswell under control
» Direction: always directed to SK within 1mrad
» Spectrum: stable within stat. error
> Intensity: stable within stat. error
» Pi mon proved MC spectraratio

# of fully contained eventsin fiducial
volume @ SK

Observed: 27
Expected : 40.37{ (w/0 0sC.)

Observation is 2 g smaller than expected.

Todo
» reduce systematic errors (AV/V, o,,....)
» spectrum analysis
* need more stat
* need more study on FD data
> v, appearance search

Experiment will resume Jan. 2001
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Visible Energy
Distribution

0 EviSF.C. 22 .5kt
07 ¢ Data

—L MC w/o osc.
10 ¢

0 1000 2000 3000 4000 5000
M eV

need to estimate syst. err. in MC expect.
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Reconstructed u

momentum
10
8 -

¢® Data

6 L —L MCw/o osc.
4 -
2 | ¢
0

0 1000 2000 3000 4000 5000
F.C. 1l-ringu-like MeV/c

need to estimate syst. err. in MC expect.



Neutrino Energy
Reconstruction (cev region)

Assume CC quasi elastic (CCqge) reaction

vi+n—=1+p I

(E.p)

My EI _m2/2

v, cross sections (10*cm?)

>

E =

v

N

m, — E + p, coso,

Water Cherenkov 1ring u-like sample

- 5
> 4cl
4.5} o 4-°
4f Q 4} Gl
5| = 35] e o
3| 5 3| Inelastic
5 —
2f o 2
1.5} Inelastic 15
1 ;
0.5}
LAMIIIIINY 05} ¢
0 1 2 3 4 0

0051152253 354 455
Reconstructed Ev (GeV)

5
E, (GeV)

Inelastic scattering w/ invisible pion(s)
give wrong energy

45



Expected Allowed Region

1020 POT ~ 5 years

1 v,V oscillation allowed region (MC
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Expected Signal

like
AM?=0.005
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Far/Near Spectrum ratio
(MC)

0 1 2 3 4 5
Neutrino Energy (GeV)
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Event POT (FC all)
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Spectrum Distortion at
Off axis (MC)

Neutrino fluxes expected on beam axis and 1km(4mr) awa

- — Onaxisflux

------ Off axisflux

o
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Neutrino flux in arbitrary units

Total expected event rate change is about 3 percent
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Systematic Error of Fux
Ratio

Errors on spectrum ratio (Nov.) [ 0.0-0.5 [ 0.5-1.0 | 1.0-1.5 [ 1.5-2.0 | 2.0-2.5 | >2.5GeV |

Fitting error Yoo | 1oa% | toaw | loby
PMT saturation correction — — — —
PMT relative gain correction = — — —
Mirror reflectivity 1.2% | -1.1% | +0.5% -0.3%
Refractive index measurement — = i e
Wave length dep. of the ref. index B37% | -1.8% | -3.3% -2.6%
Low and high beam intensity 1.9% | 3.7% | -1.9% | +2.9%
Beam stability (pion monitor run) — — — +0.5%
¢ asymmetry of the magnetic field 26% | -24% | -2.4% -1.0%
Pion monitor alignment — — — —
The injection point of protons — +1.2% — —
Invisible light subtraction - — i .
Flectro-magnetic subtraction — — — —
Fitting method +4.0% | Ak | PRI 14.5%
Pion beam profile (fitting function) — — — +0.3%
Pion decay before the pion monitor +0.7% | £0.7% | +£1.7% | +0.5%
Pion beam profile (neutrino rec.) = +0.5% | £1.3% | =£8.5%
Kinematic bin of the pion -2.1% — +1.7% -7.1%
Beam stability (normal run) ﬂ:ggz f%ii’gﬁ ﬂ:igﬁ +9.0%
Hadron model (MC) Tl | e
Total +5.1% +7.3% +4.9% +3.3% +5.4% +12.8%
—9.5% —2.5% —6.5% —6.5% —7.5% —18.5%
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Pion angle (*10mrad)

Pion Monitor Result

Relative Pion Distribution in p_-6_ plane
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Event Rate/10"POT

Rate of 1kt events

| | N
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Integ.CT (E12) x 10*
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Summary

Total spill 4405617
Ctsum 22.9x1018

+500 i se¢ decay-e cut 168710

HE trigger 16817
2 300nsecP-€->200p.e. 8798
2 p.e. < 50000p.e. 3350
max p.e./ X jp0nc0cP-6.<0.2 3216
flasher cut 3204
hhitag<10 51
hhitagggne, <20 21
goodness>0 50
Tegps -0.2 4 ~1.3 11 sec 413
Dwall>2m 27
FC in fid 217
ring 15
Tring p 14
Tring ¢ 1
multi ring 12

FC out 16
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Neutrino Oscillation

Neutrino Mixing

m>:ZV”m>
Weak Mass
eigenstates eigenstates

Vaki-Nakagawa-Sakata Vatrix

C, S, 0)(1 O 0 C. 0 s;)(1 0 O
V=l-s, ¢, 0[]0 ¢c; s,/ 0 1 001 O
0O 0 1){0 -s, ¢c,)\-s; 0 c,)\0 0 e

Oscillation Probability
R =[(va @y )

=5,-2% Re:(\/r;iV.i ) (Vv ) {1— eXp[‘ | Azrg? L]H

i<j

- £1; . ; 2 __ 2 2
L :flightlength, E :neutrinoenergy, Am; =m’—m:
mass eigenvalues

Psm®0m € Am; #0
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Vertex Dist. of SFT

events
] ——
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# of observed events and expected events 1999/06-2000/06

Am?(x10™%eV?)
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Obs. Exp. 3 5 4
+4.7 +3.4 +0.8 +1.9
FC 22.5kt a7 403 " . 266 . 178 5. 14.8 5
1-ring 15 24.3+3.6 14.44+2.3 9.4+1.5 8.6+1.4

p-like 14 21.943.5 124+2.1 7.5+1.3 6.8+1.2

e-like 1 24405 21404 19404  1.8+0.4
ot 12 16.042.7 12.242.1 84415  6.3+1.1

out-of-FV 16 17.2 11.2 7.6 6.7



