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| Mass Fo ound in Elusive Particle;
Unwerse May Never Bethe Same

Dtscovery on Neutrino
Rattles ?mtc Theory
Ab”&‘&tAIlMatter_

LM 'W. IIROWNE
TAKAYAMA. Japan, June 5 — In
what colleagues halled as a historic
landmark, 130 physicists from 23 re-
search tnstimmns in Japan and the
United States announced today that
they had found the existence of mass
in a notoriously elrsive subatomic
particle called the neutrine,

The neutrino, -a particie that car-
ries no electric charge, is so light
that it was assumed for many years
mhavenommatall.mtertodays
announcement, cosmologists  will
have to confront the possibility that
much of the mass of the universe is
int the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successiul theory of
the composition of matter known as
the Standard Model. '

Word of the discovery had drawn
some 300 physicists here to discuss
neutring research, Among other
things, they said, the finding of neu-
tring mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe, i neutrinos have sufficient
mass, their presence threughout the
universe would increase the overall
mass of the universe, possibly slow-
ing its present expansion.

Others said the newly detected but
as yet unmeasured mass of the neu-
tring must be too small to. cause
cosmological effects. But whatever
the case, there was general agree-
ment here that the discovery will
have far-reaching consequences for
the investigation of the nature of
matter.

Speaking for the collaboration of
scientists who discovered the exis:-
ence of neutrino mass using a hige
underground detector called Super-
Kamiokande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University said that
all expianatiens for the data collect-

Detecling
Neutrinos

Nauttinos
pass through
the Earth's
surface o

a tank filled
with 12.5 mil-

.. produc-
ing & cone-
shaped
flash of light.

The light is
recorded by
11,200 20-
inch ight
amplifiers
that cover
the inside of
the tank.

And Detecting Their Mass
By analyzing the canes of light,
physicists determine that some
neutrinos have changed form on
their journey. If they can change
form, they must have mass.

Source: Urnversity of Hawair

LIGHTAMPUFIE‘H

The Nerw Yoek Times

ed by the detector except the axist-
ence of neutrino mass had been es-
sentially ruled out.

Dr. Yoji Totsuka, leader of the
coalitiocn and director of the Ka-

mioka Nevtrino Observatory where
the underground detector is situated,
30 miles north of here in the Japan
Alps, acknowledged that his growp’s
announcement was ‘‘very stromng,”
but said, “We have investigated all |

Contirtued on Page Al4

OKLAHOMA BLAST
BRINGS LIFE TERM
FOR TERRY NICHOLS

+ | ‘ENEMY OF CONSTITUTION"

Judge Denounces Conspitacy

and Hears From the Yictims
of a Terrifying Ordeal

By 10 THOMAS

DENVER, June 4 — Calling him
“an ~of the Constitution,” a
Federal judge today sentenced Ter-
ry L. Nichols to life in prison without
the possibility of parole for conspir-
ing to bornb the Oklahoma Gity Fed-
eral BuiMing, the deadbiest terrorist
anack ever on American %oil.

In passing sentence adter hearing

frozn survivors of the biast and reia- |

tives of some of ihe 165 prople who
died in it, the judge, Richard P.
Matsch of Federal District Court,
sald, © This was pot a murder case.”

He added: "It is a crime and the
victimns have spoken eloquentiy here.
But it is not a crime as to them s0
much as it is a crime against the
Constitution of the United States
That's the victim.”

Last December, Mr. Nlchnls was
convicted of conspiring with Timothy
J. McVeigh to use a weapon of mass
destruction in the April 19, 1985,
pombing of the Alfred P. Murrah
Federal Building, but was acquitted
of Federal murder charges in the
deaths of eight Federal agents who
died. Mr. Nichols was found guilty of
involuntary mansiaughter in those
deaths and today was given the max-

imum sentence of 5ix years in prison !

for each, to run concurrently with his

! life sentence. He was alse acquitted

of actwally committing the bombing.
While the conspiracy charge car-
ried a possible death semence, the

" jurors need to vote unanimgusly for

such punichment, and they could not
i do so. The sentencing then fell to
Judpe Matsch.

Mr. McVeigh was cn;wic:ed on all

| counts in an earlier ‘piai and was

sentencead to death.
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Allowed Regions from Several Experiments
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L(AML#MD + SOLH'R_ (swo, SK .-. >

FIG. 6: Allowed regions of neutrino oscillation parameters for
the rate analysis and the combined rate and shape analysis
from KamLAND at 95% C.L. At the top are the 95% C.L.
excluded region from CHOOZ [15] and Palo Verde [16] ex-
periments, respectively. The 95% C.L. allowed region of the
‘Large Mixing Angle’ (LMA) solution of solar neutrino exper-
iments [13] is also shown. The thick dot indicates the best fit
to the KamLAND data in the physical region: sin®26 = 1.0
and Am? = 6.9 x 10°eV2. All regions look identical under
0 — (7/2 — 0) except for the LMA region.
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FIG. 4: The ratio of measured to expected v, flux from reac-
tor experiments [12]. The solid dot is the KamLAND point
plotted at a flux-weighted average distance (the dot size is
indicative of the spread in reactor distances). The shaded
region indicates the range of flux predictions corresponding
to the 95% C.L. LMA region found in a global analysis of
the solar neutrino data [13]. The dotted curve corresponds
to sin®20 = 0.833 and Am* = 5.5 x 107° eV? [13] and is
representative of recent best-fit LMA predictions while the
dashed curve shows the case of small mixing angles (or no
oscillation).
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ATMOSPHERIC NEUTRINOS

Primary
- cosmic ray
p, He, ...

H ¥ ’V |
vp ¢

Ratio of Vi/Ve ~ 2
(for Ev < few GeV)

.....

Isotropic flux of Zenith
cosmic rays \

L]
\ atmosphere
"
‘0
. L

Up-Down Symmetric Flux
(for Ev > few GeV)



Atmospheric Neutrinos

Flux Ratio of v, to ve

* O(v,)/P(ve) ~ 2 below a few GeV
o predicted to ~ 5% over wide range

0-6 | | ll""l T llllrl'l T T FIrIm

Ve "‘Ve

Flux Ratic

Battistonl et al,
....... Honda et al. ('95) 1D

1 Honda et al. (2001) 3D |

) _I_I_I.Lulll—-..k_.l_l.l.l.l.l.l.!_l._L—I.L.l.l.u.

1g° 10° 10! 10
Neutrine Energy {GeV)

Gaiser and Honda, Ann.Rev.Nuc.Part.Sci.52(2002)



Atmospheric Neutrino Experiments

and Long Baseline Neutrino Beams

1 1 I | |

MBL [ - We

Kamiokande |- | We, zenith, PC

'MACRO - up 1
Soudan 2 - Fe = H20
Super-K |- €1 EZR| high statistics
MINOS — Vu/ Vuu
ICARUS |- | detailed events
1980 1990 2000 2010

others: NUSEX! =rejus, Baksan, SNO



e floe of < Zenith Up-Down
E'%r::::i?‘p;iji‘;tt— =3 N .
T L tels Symmetric Flux

I, T
- e o
e -

-1 -0.5 0 0.5 1
cosine of zenith angle

e above a few GeV - no geomagnetic effect
e enhancement at horizon due to pion survival

Gaiser and Honda, Ann.Rev.Nuc.Part.Sci 52(2002)



per-Kamiokande

SK-1 1996 - 2001

« 225 kion fiducial mass (2m from wal)
» 11134 50-cm photomuitiplier tubes

» 40% photocathode coverage

* 1885 20-cm pmts in outer detector

SK-2 2003 - 2006 (estimated)
« 5183 PMTs, mostly recovered from accident
o .20% coverage I
with acrylic shields
e outer detector
fully restored
s K2K beam resumed

SK-3 2006

¢ original coverage

to be restored

o JHF v off-axis beam
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Super-Kamiokande

Run 4268 Event 7899421
97-06-23:03:15:57
Inner: 2652 hics, 5147 pE

~620 MeV/c

Resid{ns)
. > 6B
e 60- 68

. 51- 6O

.
. -8 - 0
a -17- -8
¢ -25- -17
e -~34- -25
*  -42- -34
s -51- -42
- <« =51

for comparison
SK-1

—> e-like

PMT time view

TR

T ITTYY

L il d

500 1000 1500 2000

Times (ns)




Measured Double Ratio

(Np/Ne)pata
(Np/Nem.c.

SK sub-GeV: oy [ e
0.638 + 0.016 + 0.050 Kam. III;(muIti-GeV) H —H
stat. SYS.
IMB 3 (sub-GeV) — e _
IMB 3 (multi-GeV) r——-4—o—
SK multi-GeV: Frojus ——
0.658 + 0.030 + 0.078 Nusex
stat. Sys.
Soudan 2 =
Super-K (sub-GeV) HH
SOUdan 2: Super-K {muiti-GeV} o l-+0H o 1 .
0.68 +0.12 0 0.5 1 1.5
total '

(1) g ) i



Measured Up-Down Asymmetry

SK multi-GeV: ( Nup — Noown ) = -0.288 + 0.028 + 0.004

Nue + Npon
UpP DOWN u-like stat. | stys.
> 100 deviation!

300 [ LM At MRS RARAR SHNRE SRS M B ] 3‘00 [ TR 1489 day

Ly : Super-l(
preliminary

200 |- 1 200E

100
' : " multi-GeV e-like ] [ multi-GeV t-like + PC
0 1 I i 1 i 1 Il L 1 0 I A ' ke | Fl i Fl L
-1 0 1 -1 0 1

cos® | cos®

Neutrino travel distance: 12800 6200 700 40 15km
-3 ?
(S’\'\AZZ@') QW\I) = (lOO, 2:Sx(o eV )
xzu 1 d.o.{ VD Ve
PR wen ((&AA‘ 'p\.'(‘



“Interpretation of Neutrino Oscillation

12800 6200 700 40 15km

survival

probability

Atmospheric Neutrino Data
300

-1

[ multi-GeV Jl-like + PC
] L l 1 [l A Il i
0 1
cos©

#i
5

Neutrino travel distance (L)

is described by:

Two flavor neutrino oscillations

| 2
- P(vy—vy) = sin220 sin2( 1.27 Am2 L )

E

with oscillation parameters of
Am2 ~ 3 x10-3eV2  sin?20 ~ 1
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SK atmospheric neutrino data

1489day FC+PC data + 1678day upward going muon data

l-ring c-1like l-ring pu-like multi-ring u-like
m : - Sub-GeV Multi-ring y-like 14 bLipserd Stopping y
, fubGeVylke s 14}
] 5500 N, . g 45 F _'g 12 b ¢ _
=350 2400 | | =¥ [« L Siopping
| St - .“ [~
<300 : - < : :30: i '350.8:— .
£ }-'05*:’*-.- ézs; [20s __,,.__.—Jm+
_ g 2 06 |
Z 150 o | z 0L 0 :.
27k 15 £ Z204 | g
100 - 1g 02 ¥
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§140: 87t 2100 | N
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Super-K

1. Atmospheric neutrinos
[ ' Fully Contained (FC)  Partially Contained (PC

BRARS

"’Vn

. o(ratio) -5%, (d(flux) ~25%)

Vu+ Yy __
Data / v+, | Mc*1

for neutrino oscillations

Vo + Yy

v, t v,

Y1311 LIVET]
ll“i"‘ T i“l‘lt

1 Vertex should be in fiduciai  0.6ev/d
Upmu > 2m

Through-going p (Thr p)

, v

Floz (%' sicr ot Gav)

. For £, > a few GeV, e’
| Upward / downward = 1 (within a few %) 3
) Up/Down asym. for neutrino oscillations







Allowed Regions from Super-K Analyses

z X

- Vu e Ve
- 90% C.L. contours
-2
10 F
- upmu zenith
= combined
< FC+PC+upmu
+multiring mu
3 stop/thru upmu
10
best fit: -3
Am2=25x108ev2 | 6= 3] xl0RY
sin220 = 1.03 2 .
+2/DOF = 163/170 sw20 > 091
-4
10 T

L. 1l l N | i I ;i L I i 1 1 1 I L1 1. l P 1§ 1 I S A I 1 1 5 5 I [ I |
0 01 02 03 04 05 068 0.7 08 0.9 1
sin®20



Allowed Regions from Several Experiments

10

Am?

10

10

V€ Vg
90% C.L. contours
- Kamiokande
//’J “—-T?{M‘N\w;-

RN MACRO Low Energy

III]I llllllllllllllllllllllll I IIIIIIII ll“‘l—-ll

0 0.1

sin’2e

02 03 04 05 06 0.7 08 09 1

SK combined
FC+PC+upmu
+multiring mu
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| Atm\ospheric Neutrinos

mixed beam of v, v, ve Vg

wide ene'rgy band 200 MeV - 1 TeV
continuous flux - free

multiple baselines 10 km - 13000 km

neutrino direction unknown

first solid evidence for
neutrino oscillation ...

Long Baseline Neutrinos

nearly pure beameof v,

narrow energy bamd, adjustable
puised flux - expensive

fiXed baseline 25¢ / 750 km so far

neutrino directiontinown

motivates and
suggests design for
long baseline experiments
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K2K data and oscillation

N (# of event

56 events observed

80.1+6.2/-5.4 ev. expt'd

null oscillation prob. 1.3%

Normalized by area
- (single ring events)

1

L1

0 08 1 15 2 2583 35 4 45 8
Evrec

Data: 1999 — July 2001

Best fit point (sin?20 , Am?)
= (1.0, 2.8x103eV?)
Consistent with SK atm.



Long-baseline experiment at Fermilab

Near Deteczor at NuMi Far Detect
TERMILAS 110K SOLIDRN NITNK

- -0 1N
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| »
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Atmospheric Neutrinos + Long Baseline Neutrinos
Goal: Good Comparison

Am?2

0.006

0.005

0.004

0.003

0.002

0.001

0.000

T l ] l 1 i 1 l 1 } 1 I

Statistical and systematic errors

MINOS :

(10kt-yr)

90% CL

1 (1144 days)

1 I 1 I 1 l L l L I i I 1 I i I I I 1

1 Super - Kamiokande

0.5

06 07 08
sin2 20

0.9

1.0

atmospheric
neutrino

studies

will provide

as good a target
as possible

physics goal:
measure non-mximal mixing
(if it is true)
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Check SK data against alternatives to v;;—vy

700 .

Mode Best Fit x2 P(xz) sz Y
' . 2
LAY sin“268=1.00
mr o, ) i 3., 1738 9% 00 0.0
sin“20sin“(}.27AmL/E) Am =2 I{x1(07 eV
vy, $in’20=0.97
A , ) L ., 28430.001% 1105 1050
~sin“28s8in(1.27Am°L/E) Am'=5.1x10" eV
V-V sin’26=0.98
b oo 2 2 ) 3 .. 2227 5% 489
~sin“20sin"(1.27Am L/B) Am'=2.9x10" eV
LxE sin’26=0.90
2 ) ) 281.6 0.002% 107.8 10.40
sin“28sin"(oLxE) a=5.6x10"/GeV/ikm
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No Oscillations :
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FEC- 4k zenith anglex? momentum bins

PC G zemith anghe bins

upStop 5 zenith angle bins 193 Bans
apThre 18 zenith angle bins F9) DOF
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matter effects suppress high energy
V}L“’Vs{erﬂe oscillation

neutral current should disappear
for Vstarila 0scillation



Super-K can try this analysis too...

4 years simulated SK data

1.4

oscillation vs
decoherence
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log. ,(L/E(km/GeV))

SK-1 may say something at ~2¢ |
continued running with SK-2 will help.

P= exp k-Y/-’/e) + Ji_'iihz.'z@ (l-enp (*“-%E))



Future Large Water Cherenkov

Can contain high energy muons
because of large size ... allowing
good I and £ measurement




Super-K Tau Appearance Result:

R RN W M
Expected T-neutrino CC events wr ;; Super-K Prefiminary
in SK data sample = 85 [

175 |-

Fit to: A x tau appearance wor SK data
+ B x tau no-appearance g '
(as a function of cos ©) @ 128 - : : r
| c - -
2 100 %
. w I
Result (tau ev%nts in SK data): g 11 .
+ 75
99£39+ 1345 - atmospheric
/ \ 5o [ neutrino M.C. 3
Am2 uncertainty 3-flavor uncertainty - at 3 x 103 eV2 :
2
other independent SK analyses [
give consistent results ) AP I UM SN IS WS P I BUS B
-1 08 -06 04 402 0 0.2 0.4 0.6 0.8
cosS©®

SK data is consistent with presence of CC tau neutrino interactions



Tau Appearance Studies

Vi

a®”
-
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T o U or hadrons

3 moemEmEomEm
Y g mEmomemae

hadrons

Ethregh - 35 GeV

for sin?20 = 1 and

Am2 =3 x 10-3 eV2,

we expect ~85 events

in the 1489 day SK sample

Charga(ps)
» b3 1]
® 53.5-60.0
% 13 5 £y o5

events have large visible
-energy (> 2 GeV)

Y T BT
L = I R
A b v ow

multiple rings
(not all may be reconstructed)

= =
(LI - T G

over threshold, )
only upward-going neutrinos
have sufficient oscillation length

generally speaking... rather difficult events to exclusively identify
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