
unitftd natioru

and cultural

international atomic

the
abdus salam
international centre for theoretical physics

SMR.1508 - 2

SUMMER SCHOOL ON PARTICLE PHYSICS

16 June - 4 July 2003

NEUTRINO PHYSICS

Lecture 1

S. PARKE
Fermilab

Batavia, IL
U.S.A.

strada. costiera, I I - 34014 trieste italy - tel. +39 04022401 I i fax +39 0402/4163 - sci_info@iap.trieste.it - www.ictp.trieste.it





Atmospheric neufrino rebuffs

— Evidence -for ty* o&

r



"All the News
That's Fit to Print"

VOL. CXLVJJ . . . . No. 51,179

Mass Found in Elusive Particle;
Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory

About All Matter

By MAtCOLM W. BROWNE
TAKAYA^Ifapan, June 5 - In

what colleagues balled as a historic
landmark, UOpfeysicistt from B re-
search institutions at Japan art the
United States announced today tb«t
they had found dM exUtence of m a n
in a notoriously eltiive subatomic
particle called the neutrino.

The neutrino, -a particle that car-
ries no electric charge, is so light
that it was assumed far many years
to have no mass at alt After today's
announcement, cosmologists will
have to confront the possibility that
much of the mass of the universe is
in the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successful theory of
the composition of matter known as
the Standard ModeL

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu-
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe, If neutrinos have sufficient

, their presence throughout 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-
trino must be too small to cause
cosmoJogical 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 coHaboration of
scientists who discovered the exist-
ence of neutrino mass using a huge
underground detector called Super-
Kamiokande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University said that
all explanations for the data collect-
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Neutrinos
pass through
the Earth's
surface to
a tar* filled
with 12.5 mil-
lion gallons ;.•>,
of ultra-pure
water...

fa*

UGHTAMPURER

parttetos.

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

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

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

l i t New Y«k TUBS

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

Dr. Yoji Totsuka, leader of the
coalition and director of the Ka-
minka Neutrino Observatory where
the underground detector is situated,
30 miles north of here in the Japan
Alps, acknowledged that his group's
announcement was "very strong,"
but said, "We have investigated all

Continued on PageA14

B U S T
LIFE TERM

FOR TERRY NICHOLS
'ENEMY OF CONSTITUTION'

Judge Denounces
and Hears From the V tons

o* a Temfyinf Ordeal

By JO THOMAS
DENVER, June 4 — Calling him

-an enemy 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 bomb the Oklahoma City Fed-
eral Building, the deadliest terrorist
attack ever on American soil

In passing sentence after bearing
from survivors of the Mast and rela-
tives of some of the 168 people who
died in it, the judge, Richard P.
Matsch of Federal District Court,
said, "This was not a murder case."

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

Last December, Mr. Nichols was
convicted of conspiring with Timothy
J. McVeigh to use a weapon of mass
destruction in the April 19, 1985,
bombing 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 manslaughter In those
deaths and today was given the max-
imum sentence of six years in prison
for each, to ran concurrently with his
life sentence. He was also acquitted
w actually committing the bombing.

While the conspiracy charge car-
ried a possible death sentence, the
jurors need to vote unanimously for
such punishment, and they could not
do so. The sentencing then feU to
Judge Matsch.

Mr. McVeigh was cojtvicted on all
counts in an earlier tftai and was

to death-
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Allowed Regions from Several Experiments
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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: sin2 20 = 1.0
and Am2 = 6.9 x 10~5eV2. All regions look identical under
0 *-* (TT/2 — 0) except for the LMA region.
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FIG. 4: The ratio of measured to expected ve 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 sin2 2(9 = 0.833 and Am2 = 5.5 x 10~5 eV2 [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

V

Primary
cosmic ray
p, He,..

Isotropic flux of
cosmic rays

Zenith

V

Ratio Of VyJVe ~ 2
(for Ev < few GeV)

Zenith

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



Primary
cosmic ray

V

Atmospheric Neutrinos

Flux Ratio of Via to ve

~ 2 below a few GeV
predicted to - 5% over wide range

0.6

0.4

0.2

10

BartoMD
Battlstonl et al,
Honda etal. ('95)1 D
Honda etal. (2001) 3D

I i . . .

10° 101

Neutrino Energy {GeV)

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



Atmospheric Neutrino Experiments

1MB

Kamiokande

MACRO

Soudan 2

Super-K

MINOS

ICARUS

and Long Baseline Neutrino Beams

, zenith, PC

upp,

Fe / H2O

high statistics

detailed events

1980 1990 2000 2010

others: NUSEX* -rejus, Baksan, SNO



Isotropic flux of
cosmic rays

atmosphere

, Zenith

;

Zenith

Up-Down
Symmetric Flux

10'

10-2

10-3

,-510

10"

10"

" 1 GeV

10 GeV

v.

100 GeV

-1 -0.5 0 0.5
cosine of zenith angle

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

Gaissr and Honda, Ann. Re v.Nuc.Part. Sol.52(2002)



SK-1 1996-2001
• 2£,5 kton fiducial mass (2m from wall)
• 11134 50»cm photomulttplier tubes
• 40% photocathode coverage
• 1885 20-cm pmts in outer detector

SK-2 2003 - 2006 (estimated)
• 5183 PMTs, mostly recovered from accident
• -20% coverage
with acrylic shields ->

• outer detector
fully restored

• K2K beam resumed

SK-3 2006
• original coverage
to be restored
• JHF v off-axis beam
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Super-Kamiokande
Run 4268 Event 7899421
97-06-23:03:15:57

inner: 2652 hits, 5747 pK

for comparison
SK-1
e-like
PMT time view 500 1000 1500 2000

Times (ns)



Measured Double Ratio

(iyNe)M.c.

SK sub-GeV:
0.638 ±0.016 ±0.050

stat sys.

SK multi-GeV:

0.658 ± 0.030 ± 0.078
stat. sys.

Soudan 2:
0.68 ±0.12

total

Kam. Ill (sub-GeV)

Kam. Ill (multi-GeV)

1MB 3 (sub-GeV)

1MB 3 (multi-GeV)

Frejus

Nusex

Soudan 2

Super-K (sub-GeV)

Super-K {multi-GeV)

0.5 1 1.5

(n/e)data/(M/e)MC



Measured Up-Down Asymmetry

SK multi-GeV:
N

U P

NDOWN \ =-0.288 ± 0.028 ± 0.004
N D O W N V j j k e stat. sys.

300

200

o

I I ' T 1 I r

multi-GeV e-like
. • i • • ,

-1 0
cos0

sys.
> 10a deviation!

300

200

0
multi-GeV |X-like + PC

1489 day
Super-K
preliminary

0
COS©

Neutrino travel distance: 12800 6200 700 40 15 km

( S<*



Interpretation of Neutrino Oscillation

Atmospheric Neutrino Data ... is described by:

multi-GeV n-like + PC

ii

12800 6200 700 40 15 km
Neutrino travel distance (L)

Two flavor neutrino oscillations

with oscillation parameters of
Am2 ~ 3 x 10-3 eV2 sin226 ~



SK atmospheric neutrino data

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

1-ring
aV e-UI

like 1-ring ix -like multi-ring JJ "like
fillh fjirV MiH*'-Hni

45

-1 -0.8 -0.6 -0.4 -0.2 0
cose

-0.5 0 0.5
cos8

-0.5 0 0.5
cosG

-1 -0.8 -0.6 -0.4 -0.2 0
cosS

Down-going



Super-K
18

II. Atmospheric neutrinos

: 5{ratio) -5%, (S(flux) -25%)

for neutrino osct attons

V + V
For Ev > a few GeV,
Upward / downward = 1 (within a few %)

Up/Down asym. for neutrino oscillations

Fullv Confined (FC) Partially Contained (PC

8ev/d

Vertex should be in fiducial 0.6eV/d
U P mu > 2m

Through-going ^ (Thr \i)

1.4ev/d





Allowed Regions from Super-K Analyses

10
-2

CM

10
-3

10
-4

J
• 90% C.L. contours

upmu zenith

stop/thru ypmu

best fit:
Am2=: 2.5 x 10-3 eV2
sin220 = 1.03
X2/DOF= 163/170

I I i i I I i i I I 1 I i 1 i I 1 i i i I r i i i I t r i i

combined
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+multiring mu

>
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Allowed Regions from Several Experiments
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Atmospheric Neutrinos Long Baseline Neutrinos

mixed beam of ve ve

wide energy band 200 MeV -1 TeV

continuous flux - free

multiple baselines 10 km -13000 km

neutrino direction unknown

first solid evidence for
neutrino oscillation...

nearly pure beamof v^

narrow energy band, adjustable

pulsed flux - expensive

fixed baseline 25d / 750 km so far

neutrino direction known

motivates and
suggests design for
long baseline experiments
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N5K (# of event)
56 events observed
80.1+6.2/-5.4 ev.expt'd

null oscillation prob. 1.3%

K2K data and oscillation
Data: 1999 - July 2001

Normalized by area
(single ring events)

Best fit

O •:*O 0.5 1 1-5 2 2.5 3 3.5 4 4,5 5
E rec

0.2 0.4 0.6 0.8 1
sin229

Best fit point (sin226 , Am2)
= (1.0, Z.SxlO^eV2)
Consistent with SK atm.
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Atmospheric Neutrinos + Long Baseline Neutrinos

Goal: Good Comparison

CM

0.006

0.005

0.004

0.003

0.002

0.001

0.000

i • i
Statistical and systematic errors

MINOS 90%CL
(10kt-yr)

90% CL
Super - Kamiokancie
(1144days)

i . i I . I

0.5 0.6 0.7 0.8
29

0.9 1.0

atmospheric
neutrino
studies
will provide
as good a target
as possibie

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

Mode Best Fit x2 P(X2) A*2 o

v,.-v. sin22e=l.OO

sin228sin2(!.27Am2L/E) Am2=2.1xl0'3eV2

sin228=0.97vv
~sin22esin2(1.27Am217E) Am2=5.1xl0"*eV2

v^-vs sin226=0,98

~sm22esin2(i.27Am2L/B) Am2=2.9xl0"3eV2

LxE

sin^esin^aLxE)

v Decay

sin4e+cos46exp(-aL/E)

v Decay

sin229=0.90

O=5,6x1 O^/GeV/km

cos2e=0.50

cos29=0.33

(sin28-Kos2ee a I J 2 E)2 a= 1,2x 10"3 Ge V/km

v Decoherence sin32e=0.98

0.5sin228( 1 -exp(-(7/E)L/E)^=7.3x 10'3 GeV/km

No Oscillations

173.8 79% 0.0 0.0

284.3 0.001% 110.5

222.7 5% 48.9 7.0a

281.6 0.002% 107.8 10.4a

279.4 0.003% 105.6 10.3a

194.0 41% 20.2 4.5a

184.3 64% 10.5 3.2a

427.4 0% 252 A 15.9a

enith angiex7 niotiKfttitm hins
PC:!f) zenith angtc bins
upStnp 5 «rtil|j aitgle hilts 195 Bins
upThru 1« zenith angle bins IWDOF
ntultt-Riitg ii~\ii,i 10zentilv aitgk binsx 2 momentum bins
imilti Ring NC -tike Hi ^mth angle bins

VVsteri!e

I

fit

matter effects suppress high energy

oscillation

neutral current should disappear

for Vsteriie oscillation



Super-K can try this analysis too...

1.4

1.2

4 years simulated SK data

I
5 0.8

I Q.6

0.4

0.2

oscillation vs
decoherence

0 0.5 1 1.5 2 2.5 3 3.5 4

log10(UE(km/GeV))

SK- / may say something at -2a
continued running with SK-2 will help.

~ T



Future Large Water Cherenkov
Hyper-K

UNO

Mm1

Can contain high energy muons
because of large size ... allowing
good L and E measurement

l U l i [ L l l l l l l l l i l l i t I I i l l i i i i l i i n I i



Super-K Tau Appearance Result:

Expected x-neutrino CC events
in SK data sample = 85

Fit to: A x tau appearance
+ B x tau no-appearance

(as a function of cos ©)

Result (tau events in SK data):
99 ±39 ±13 $

Am2 uncertainty 3-flavor uncertainty

other independent SK analyses
give consistent results

ui

200

175

150

125

100

75

50

25

SK data

asszfi!

atmospheric
: neutrino M.C.
a t 3 x i a 3 e V 2

Super-K Preliminary

i . . . I

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

COS0

SK data is consistent with presence of CC tau neutrino interactions



Tau Appearance Studies

V

for sin220 = 1 and

Ethresh = 3.5 GeV

we expect -85 events
in the 1489 day SK sample

events have large visible
energy (> 2 GeV)

multiple rings
(not all may be reconstructed)

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

1 \ ) '• ^ t :

' 1 5 i [ > . 5

• t . e - i . 5
• J . O - 5 . 0

- t . j - j . d

• t.»- l . S

generally speaking... rather difficult events to exclusively identify
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