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SuperK atmospheric neutrino
data provide evidence for

neutrino oscillations

e Consistent picture from several
independent analysis samples

e Inconsistent with standard model
expectation at 4~8c level

e Statistical errors already below
systematic errors

e Cannot be explained by systematics

e Independent analyses within SK
agree

e See Phys.Rev.Lett. 81 (1998) 1562
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Super-Kamiokande

® In Mozumi mine of Kamioka Mining Co.
m 1000 m rock (2,700 mwe) overburden

m Easy, continuous access for equipment and
personnel via horizontal car tunnel

s Computer and dormitory facilities in Higashi-
Mozumi village (10 min drive)



The Super-Kamiokande
Detector

ID: 11,146 50cm PMTs, non-reflective liner

OD: 1,885 20cm PMTs + wavelength shifters,
reflective liner

Commissioned 4/1/96,

Taking data continuously since 5/31/96 with
>500 days livetime

livetime efficiency 85% overall
now running >95%
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Atmospheric Neutrinos
E——a=————

* Produced by cosmic rays in upper
atmosphere (altitude Z=15~20 km)

(cosmic ray)+(air nucleus) — 71,K — v

* Flight path L to SK detector depends on
zenith angle 6;:

C{J'Sﬂz—_v+ﬂ+8 ZENITH
=25 km_‘
e Energy cost, =0
100 MeV — L =500 km
~100 GeV

Can't be solar:
Esoiar™~20 MeV max A TR
Can't be astrophysical: 0st,=-0.8

flux << atmospheric v L=10000 km
below ~10 TeV * NADIR




L vs coso,
=

L vs cos(theta) for 2 GeV nu_mu
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Possible explanation:
Neutrino Oscillations

For, e.g, simple case of 2 neutrino
generations with mixing angle 6:
Ve » Vv = Observable states
vy . Vv, = Mass eigenstates
vV, = €0S8 v, + Sin0 v,
vg = - SN0 v, + Cosé v,

Protlab;hty of oscillation:

P(L/E) = sin?20 sin?(1.267Am? L/E)
L= distance in km,
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L/E distributions
=

Expected behavior of R for several
Am? values (sin#(0)=1):
our angular resolution smears oscillations

Expected behavior of R for various dm 2
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Super-K Event Types
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Event Types: v,
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Event Types: v
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v,/ ve Particle Id (PID)
===
m Likelihood ratio parameter

m KEK beam test expt (E261A)
“confirms validity
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Data reduction

T e T
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m Simple online trigger
m Offline (realtime) reduction

thresholds, time windows
Super-Low-E (4.6 MeV)

m Offline analysis

clustering in time and position,
Cherenkov ring fits, track fits,
scanning (now minimal)

m Results (for each ring):

i or e (PID)
estimates of E

vertex position
lepton direction



Data analysis

e Two independent subgroups reduced
and analyzed first 300 days of data

+ Results were equivalent within errors

e Monte Carlo simulation provides
expected distribution for no-oscillations

= Integrates all detector effects and
systematic errors

e Oscillations analysis: On a grid of
{Am?, sin%(20)} values:
» Find L/E for each MC event

» Weight each event by P (L/E) to to
produce “oscillated” MC

» Find probability that data and MC.- are
consistent using standard statistical tests



Systematic Errors

IR o :
| Sub—GeY cul |, Multi —GeV
| P, 2 100 MeY/c ‘CL‘:— L
| Pl > 200 MeV/c
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raduction << 1= 44

A TR [L’=+ '.;ZI <D
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vartex position U.6% 2.4%
energy calibrotion 1.0% 1%
non nouirng back ground
flosher < 0.5% << 0.5%
COSMIC U 5 < 0.1% i
e—like background < 0.1% < 0.2%
|
!
CC cross section | 3.9% 4 3%
NC cross section : 3% 4%
hadron simulator | C.5% 1%
FC/PC separation i < 0.1% 0.5%
|
i
Total systematic error 7.8% 11.8%

M.C. stotistics

h
o

P
0
o



East-West Effect

Particies below cutoff
energy cannot reach
atmosphere from space

Parent cosmic rays have
+ charge, so cutoff
energy differs for arrival
from E or W

Cutoff energy depends
upon geomagnetic
labitude

allowed track (htgh energy)

» Observation confirms vakdity of MC
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Zenith angle distributions
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R = (n/e) paral (1/€) mc
= —

... VS zenith angle

Super-Kameokande Preliminary 33 kton-years
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Data/MC VS L/E
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Up / Down Asymmetry

- (U D) / (U+D) VS pieptﬂn
Expect A = 0 (+ 0.02) for no oscillations
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Aliowed region for
atmospheric neutrino data
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Why not v, <> vg?
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Super-Kamiokande Preliminary
8483 days
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Reconstructed 71° Momentum
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Upward Muon
Parent v Spectra

=—————=—=— 5
Daughters of energetic upward v,

Parent Neutrino Energy Distribution {(muon track length > 7m}
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Upward-going muons
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Upward-going muons

-

zenith angle distribution for ratio of upward
stopping to through-going muons:

ratio
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Allowed region for upward-
muon step/thru ratio
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Allowed regions
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Allowed region for contained
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Solar neutrino skymap

Super-K observes the ecliptic in neutrinos...
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Solar v Results PREUMIN g,

-DATA SET
+ Data taking time: MAY 31, 1996 ~ APR. 3, 1999
 Total live time: 825 days
* Energy threshold: 6.5 MeV
- Fiducial volume: 22 Skton
- SSM: BP98 total flux + Bahcall96 *B spectrum

FLUX
Al N
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Day g
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Night ™
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L, Sonm..= 0488 g giolstat) “gorgievst)

DAY/NIGHT
D-N

= «{). =0. J£0.01 4
(D+N)2 065*+0.031(stat.)£0.013(syst.)



Solar v angular distribution
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Solar v spectrum' data!SSM
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Solar v: seasonal variation
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Day mght Effect

—

o O

@ TR

o

L ] 'i.:' =

E L '

2 5F 1 gle

“B solar neutrino flux (10°




K2K: KEK to Super-K Long
Baseline Experiment

Super- Kamigkonde
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Neutrino event in 1 kT detector
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Ground level
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First KZK contained event at
Super-K
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The Future
= SuperK collecting data with
livetime/realtime ~ 96%
m [ 0gging about 13 solar v,
30 atmospheric v,
1 upgoing muon per day

m K2K began data taking 3/99;
next run 10/99

m Watch this space




