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Study the atmospheric neutrino anomaly



Key Issues of K2K

K2K Is the first long-baseline neutrino experiment

* Precise neutrino beam aiming

 Beam control and monitoring at the near
site

e Extrapolation from the near to the far site

e Gigantic far detector (SK)

e Timing synchronization between near and
far



Overview of the K2K experiment
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Beam Llne and Beam Monitors
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Near Detectors

1KT SciFi LG/SciBar
il B - :
MRD

1kt
Water Cherenkov
Detector

To Super-Kamiokande

— SK

=
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1KT: water cherenkov detector

SciFi: scintillating fiber and water target

LG: Lead glass calorimeter (removed in 2002)

SciBar: fully-active scintillator detector (installed in 2003)
MRD: Iron absorbers and drift tubes



Super-Kamiokande (Far detector of K2K)

50kt total volume
- 22.5kt fiducial volume

20'PMT photocathode
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Beam Aiming

GPS Satellite
250 km'
GPS Receiver = g
NAGOYA KAMIOKA - T B gsukyuBK
Lo SuperkKamiokande TOKYD." “VEK PS

Beam line was aligned by a
long-baseline GPS survey
between KEK and Kamioka.
(precision 0.0lmrad)

Construction precision at the
near site is better than
O0.1mrad.

Beam direction is monitored
by MUMON and controlled.

Delivered neutrino beam
direction is monitored and
confirmed by MRD to be within
Imrad.



Direction monitor by MUMON

At the start of every beam period,
beam direction is controlled by
tuning the beam-line magnets while

looking at the muon-profile center by
MUMON.
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1mm shift of protons at the target
causes about -0.5mrad deflection for

muons
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Throughout the whole experimental

period, muon direction is monitored.
spill by spill.
“Ep > 5 GeV / +1 mrad.
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v spectrum stability confirmed by MRD
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Delivered Protons On Target

Accumulated POT (10718)

Protons/Pulse (10712)
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ND Measurements



ND neutrino measurement

* Flux measurement
— 1KT (same target and detection technigue as SK)

v ) Psc(E)o(E,)es (E)E, M,

Ngﬁp — NlKT
[ @4 (E)o(E,)epr (E,)IE, My

° Spectrum measurement
— 1KT (high efficiency at low Ev)
 Fully contained 1-ring u-like sample (QE enriched)
— SciFI+MRD (high efficiency at high Ev)
o 1track, 2track QE and 2track nonQE samples
— SciBar+MRD (high efficiency at high Ev)
o 1track, 2track QE and 2-track nonQE samples
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QE and nQE separation in SciF
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Neutrino spectrum fit at ND

E QE (MC) nonQE(MC)
. Data v —
glOO_. ' ' . | ZSD ...... s
’Ti;-_DDDDD"' )jég MC
> el 0-0.5 GeV | "o
© | -00ooe- [ templates
~ eo_— DDDEDDD DD “““
<* p-ooldoe e - =t — g
o 00U [1000 . - e T Tl
- O[] 0o - - oo Nk
L 0.5-0.75GeV | E% R
L0 cooodll [ [1doge - o -
: DDDI:II:II:II:IDD O = b DDED ‘DD‘D“ “““
u} OO0 0O0OQ34d QO o ‘DD‘ — ¢ og s - aea |
0 I2(I)OI I I4(I)OI I I6(I)0I I I8(I)OI I i0I06 I i2I06 I 14I00 I i600 T DD . DBS <<<<<<< e
P, (Mevic) n %5 ' .00
T o[ge [ o
p,. (MeV/c) 0-751.0GeV) T R
o [ oo
of - 0000

(pu, Ou) for 1-ring p-like sample (1KT), ltrack, 2track QE
and 2track nonQE sample (SciFi, SciBar)

mm) O(Ev), nonQE/QE ratio

17



Arbitrary unit

Neutrino spectrum fit results at ND

Fit result of neutrino spectrum
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Far/Near Ratio



Neutrino spectrum and the far/near ratio

F/N ratio is not §imply 1/r2, but depends on Ev

Angular acceptance -
Finite decay volume length for near >~

v, energy spectrum
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ADC eounts ADC eounts ADC counts

ADC counts
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HARP experiment @ CERN

Time—of-flight
Cirift Chambers scintillators

CERN PS T9 beam line
2001-2002
Al target for K2K

Electron
identifier

TPC and RPCs in
solenoidal magnet

"{';;eam N FTP and RPCs Id/z
HARP pion production measurement
Same beam energy (12.9GeV/c) and same target (Al) as K2K

— Reduce systematic uncertainty in Far/Near flux ratio.
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We use the HARP F/N ratio

for the oscillation analysis
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Measurement at
the Far site



SK events selection

Atm-v selection + Tdiff cut

Timing distribution using GPS
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SK event summary

K2K-1| K2K-1I | K2K-1+lI
FC 55| 57 (%)
1ring 33 34 67
1ring n 30 28 58)
1ring e 3 6 9
multi ring 22 23 45

K2K-1(47.9 x 1018POT), K2K-11(44.3 x 1018POT)

112 FC events are observed
158.1 +9.2 / - 8.6 events are expected (no osc.).

Number

Spectrurﬁor SK-II atmospheric v

ring counting likelihood dist.
for SK-1l atmospheric v

Ring counting likelihood

PID likelihood dist.

SK-II Preliminary (oscill ated, Honda)
313.
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Reconstructed Ev for 1Ru Events
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Neutrino energy is calculated
assuming QE kinematics
from the 58 one-ring mu-like
events
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Oscillation Analysis



v, disappearance fit result

Fit was done by a maximum Reconstructed Ev spectrum
likelihood method for both 518 SRS ;
number of events and Q1 | Lring . data
spectrum shape 2™ | nulfosc.
>12 1 (Am?Z,sin%20) -
i | =(2.8x103,1.0)
Number of FC events s b A S :
Obs. 112 A
Expected. 158.1?2‘_6 (null osc.) *}
107.2  (Am2,sin220) o I
=(2.8x103,1.0) 0 g

(physical) (all region)
Best fit : (Am2,5in220) = (2.75x10°%, 1.0) (2.55x1073, 1.19)

Published in Phys. Rev. D 74, 072003 (2006)
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Am?2 [eV?]

v, disappearance allowed region

1 K2K full data
10— T T T :
K2K-1+1 T Comparison with the atm.v data
107 |
107k
- 2 TN ]
i [ K2K 68% T ==-o___ ]
: .............. 68% ) - K2K 90% '_
i 90% ] 1F -----. K2K 99% ]
| it 99% e SK L/E 90% ]
10 0o O|25 ” 0|5 | 07|5 1 002' | 'o|4' | 'O|6' | 'OI8' 1
Sin2(26) sin?(20)
Null oscillation probability
K2K-I+Il K2K-I / K2K-II
Norm. 0.06% (3.40) 0.6%/2.8%
Shape 0.42% (2.90) 7.7%/5.2%

Shape+Norm. 0.0015% (4.3c) 0.18% / 0.56%
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Comparison of K2K-| and K2K-II Results

1 K2K-I only 1 K2K-1l only
('v_'lozlll\"l""l"'('l"1h (.\1_10:1" — 1 T T 1 T 1 ~J_T
| K2K-l 5 HK2K-II
I = 0

10 F 10 !
3 4
10 10 E_ \\\‘~\§
: .............. 68% .............. 68%~~~~~_—~_—_"“‘-—5
_ 90% _ 90%
4l ------ 99% 4l ------ 99%
10 P I | L 10 P B | -
0 0.25 0.5 0.75 1 0 0.25 05 0.75 1
sm2(29) S|n2(29)
Best fit : (Am?,sin%20)
(physical) (all region) K2K-1 and K2K-II
K2K-I+ll  (2.75x103, 1.0) (2.55x103, 1.19) results
K2K-I (2.89x1073, 1.0) (2.77x103, 1.08)
K2K-Il  (2.64x103,1.0)  (2.36x10%,1.35)  agree well.
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Comparison of Number and Spectrum Results

Number of events (K2K |+11) Spectrum (K2K I+II)
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Both number of events and spectrum distortion
Indicate same oscillation parameters.
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v, appearance analysis



Event selection for v, appearance search

—K2K-1— vu MC beam ve Data
FCFV 81.1 0.81 55
Single ring 50.92 0.47 33
Tight e-like cut 2.66 0.40 3
Evis > 100 MeV 2.47 0.40 2
No decay-e 1.90 0.35 1

—K2K-2— vu MC beam ve Data
FCFV 77.4 0.86 57
Single ring 49.41 0.52 34
Tight e-like cut 3.21 0.44 5
Evis > 100 MeV 2.93 0.44 5
No decay-e 2.17 0.39 4

Tight e-like cut

Ring pattern Iikelihood

K2K- 1v

-« e-like

S I P ST ) v
lO 8 -6 -4 2 0 2 4 6 8 10

Opening angle likelihood

Both opening angle and
ring pattern are required
to be e-like.

In total,
#expected BG = 1.70
#observed =1
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Exclude region for v, appearance search

limit
— — — - sensitivity

K2K-I+Il (#0bs.=1, #B.G.=1.70)

- —900C.L.

10 \\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\
0 0.2 0.4 0.6 0.8 1

. 2
sin 26Me

upper limit (90% CL)
5iN?26,.=0.13 @2.8x103 eV?

Published in Phys. Rev.

Comparison with the
reactor (disappearance
4 experiment
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10
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ne
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ue

Lett. 96, 181801 (2006)
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Conclusion

K2K has proved the crucial principles of a
long-baseline neutrino experiment to work

Decrease and spectrum distortion of
muon-neutrinos after traveling hundreds of
kilometers Is confirmed (4.30)

Allowed region for Am? (1.9-3.5x10-3eV?)
at sin220=1 (90%C.L.) is consistent with
the atm-v result

No evidence for ve appearance is found
Sin¢20,.<0.13 at 2.8x103eV? (90%C.L.)
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