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| ntroduction

L eptons and quarks are closely related (GIM, 1970).

Either neutrino masses are zero (due to some symmetry) or
they will have different weak and mass eigenstates, as
quarks do. The evidence is now extremely strong for the
|atter.

Neutrinos differ from charged leptons and quarks in two
ways.

* They have tiny masses (experimental).

» They can have Mgjorana mass terms (theoretical).
The conventional wisdom is that these are related (e.g. the
see-saw mechanism). Thus the study of neutrino
oscillations may give us a window on the physics of very
high energies.
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Oscillations

In analogy to the the quarks, we can express the
relationship between the weak eigenstates (ne, nyy, Nt) and

the mass eigenstates (ny, n,, N3) as
a0 g Uy UggzOam 6
SN =%Um Upe UpgiSmpT.
entb eUi; Upo Ut3ben3é)

Then the probability of oscillation is

3 3 ,® 27Dy LO

P(ng ® ny)=dyp - 4a1 aUa,Ub,UaJUbJsm 9 =
= J_

I +1
where Eisin GeV, L isin km, and Dmizj :‘miz- mﬂ ISin

(eV/cz)Z.

Note that there are 3 Dm,zJ , but only 2 are independent.

Thus, if there are 3 experimental mass scales, for which we
now have some evidence, there must be either

» asterile neutrino, or

 at least one mass scale has not been correctly
determined.
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Oscillations (continued)

In general, oscillations will decouple so that they can be
approximated by atwo-neutrino oscillation:

a0 gecosq  sinqogE 0
gnb g €-sing cosgeen, @

and

. . »8.27DmS, L0
P(n; ® nb):snz(Zq)sngg = 2—+
e

Note that at low Dmfz, Pu L?/E?, whereas at high Dmfz,
P(nag ® ny) »%sinZ(Zq) :

2

For D, =57 107 (ev /)

L=300km
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Solar Neutrinos

The sun produces el ectron neutrinos with energies up to 18
MeV, and they can oscillate over a path of 150,000,000 km,
and be detected by either radiochemical techniques or by
neutrino-electron scattering in water.

The major mechanism for producing neutrinosinthesunis
the p-p cycle. (Seefigures).

The measured rates are inconsistent with any solar model.
(Seefigure).

The rates suggest neutrino oscillations either due to vacuum
oscillations (“just-so”) at around Dm? » 10" 1° (eV/ c2)2,
(seefigure), or matter oscillations (Mikheyev-Smirnov-
Wolfenstein) around DM »10°° (ev/ c:z)2 (seefigure).
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Solar p-p Cycle
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Solar Energy Spectrum
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Solar Rate Results

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 28
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SuperK Fitsto Ga+Cl+SK Rates
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SuperK Fitsto Ga+Cl+SK Rates
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SuperKamiokande

50,000 T water Cerenkov detector with 13,000 20-inch
photomultipliers.

New solar data at this conference:

» Data extended from 504 days to 708 days
 Energy spectrum extended from 6.5 MeV to 5.5 MeV

P
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SuperKamiokande
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“Super Low Energy” Analysis (419 days)
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Solar Spectrum

A deviation from flat would be a smoking gun for
oscillations.

We see adeviation at the high E end, but thisis not
theoretically reliable, because the hep contribution in this
region could be off by more than an order of magnitude.
(Bahcall and Krastev, PL B436,243). Leaving the hep
contribution open is equivalent to ignoring the last four
points (Smy).
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(Red lineis my hand-drawn fit.)
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Solar Spectrum Fits
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Day-Night Effect

A day-night difference would be a smoking gun for alarge-

angle MSW effect.
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Seasonal Variation

A seasonal variation beyond 1/ r2 would be a smoki ng gun
for vacuum oscillations.
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Solar Region Prospects

* In spite of increased statistics and lower energy data from
SuperK, our qualitative understanding of the solar neutrino
region has not changed at this conference.

* More datafrom SuperK and an extension of the analysis
to 5 MeV should provide additional discrimination among
oscillation regions, clairify the hep cross section, and
possibly provide a smoking gun.

*« SNOisalkT D,O detector with 10,000 8-inch
photomultipliers, giving 30% photocathode coverage.

The deuterium target opens up two important new
channels:

Charged current: no+d® p+p+e ,12.7 eventdday

The electron carries most of the neutrino energy
giving good energy resolution (see figure).

Neutral current: ny +d ® p+n+ny, 5.5 events/day
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SNO Schedule

Feb 99 Finishfilling

Aug 99 Finish commisioning, start runs:
1 yr run without MgCl
1 yr run with MgCl,

1 yr run with 3He neutron detectors
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Atmospheric Neutrinos

Cosmic rays hit the atmosphere, creating pions:
P+N® X +p*
nm+ N

E@e+ne + N

Absolute flux is uncertain to 20%, SO most measurements
use ratios, which are better determined.

cos 0= 8,
L=25
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Up/Down Asymmetry
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Angular Distributions

For na® n; oscillations.
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10-Bin Angular Distributions

For n,® n; oscillations.
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Angular Distributions
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SuperK Atmospheric Allowed Region

SUper-K amickande Preliminary: 736 days FC + 685 days PC
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Allowed Regions
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Allowed Region
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Upward Through and Stopping Muons
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Stopping Muon Angular Distribution

Zenhith Angle Dist. of Upward Stopping Muon Flux
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Upward Muons Allowed Regions
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SuperKamiokande Best Fit to All Data

p— 1 1T rr+*r"1r - r- -1 3
= f
Q S - 1 Best Fit for all atm-v
o [ sin“20=1, Am”°=3 2x10" eV’
£ -1 Uses FC+PC+upﬂ1ru-p,+up5tnp I
""510 3 cm_+9% n=-4%, FC+PC/upthru=0.2% E
- ¥ Zmin=70 2382 dof ]
i No-0SC. v ?_214.3/84 dof
_2-
10 3
x x“@
[ (¢
: I"\ ."h“'-
3 Ny
10 E
JR— 68%CL ]
L — 90%CL
- 99%CL
-4 ] ] 1 ]
10 0 0.2 0.4 0.6 0.8 1

Gary Feldman

sin°20

Neutrino Oscillations



Soudan 2 Atmospheric L/E

Soudan 2 isal kT, fine-grained, gas-iron detector. It uses
its ability to see proton recoils to define a high angular-
resolution sample. Based on 4.2 KT-yr,
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Soudan 2 Atmospheric Allowed Regions
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MACRO Through Muon Flux
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MACRO Atmospheric Allowed Region
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Atmospheric Region Prospects

K2K isan experiment sending a neutrino beam from KEK
to SuperKamiokande over a 250 km baseline. It will start

thisyear.
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MINOS

MINOS is an experiment sending a neutrino beam from
Fermilab’s Main Injector to the Soudan mine over a 730
km baseline. It isscheduled to start in 2002.

The far detector is 468 plane, 5.4 kKT magnetized iron-
scintillator sandwich.

The MINOS beams:
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Gary

MINOS Charged Current Spectra
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MINOS Sensitivity

CC Disappearence Test
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LSND Experiment

The LSND experiment at Los Alamos detects neutrinos
from a stopped pion beam:

+ +

P’ ® mng,
+
® e'nny,

The experiment then looks for N,,® N, oscillations, where

the N, is detected by observing fi,p® e"n, followed by ag
fromnp® dg.

Current status:
Mode Total Backgrnd Excess
DAR 70 305+2.0 395+ 8.8
DIF 40 201+ 21 18.1+ 6.6
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LSND DAR Spectrum
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LSND Allowed Regions
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LSND Region Prospects

The Karmen experiment is similar to LSND, but it does not
appear it will have enough sensitivity to make a definitive

statement.

The MiniBooNE experiment at the 8 GeV Fermilab
Booster using atank of pure minera oil as adetector. It
plans to cover the whole LSND region:
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High-Mass Region

The motivation for searching for neutrino oscillationsin the

range Dm? > few (eV /02)2 was that such neutrinos would
form the hot dark matter that fits to galactic structure and
cosmic background anisotropy seem to require.

The mgor experiments are CHORUS and NOMAD at
CERN, both of which have now completed data taking.

CHORUS searchesfor t’sthat leave a kinked track in a
photographic emulsion. NOMAD searches for kinematic t

signatures due to missing transverse momentum carried off
by neutrinosin thet decay.

NOMAD has analyzed most of its data and has 21
candidates for 24 expected background. CHORUS has
only analyzed 15% of its low-background data (muonic
mode) and has observed no candidates.

Both experiments report high- DM’ upper limits at 90%
C.L.of sin(2q) <1.2" 10" > (seefigure).

Gary Feldman Neutrino Oscillations



High-Mass Excluded Regions
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High-Mass Region Prospects

The U.S. next generation experiment, COSMOS, has
folded, and the future of the European next generation
experiment, TOSCA, is not clear.

| do not think that there will be a next generation high-mass
experiment in the near future, unless CHORUS finds some
hints in the remainder of its data.
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Conclusions

Atmospheric

Consistent picture seen in several ways by several
experiments. Detailed fit to the angular distributionisa
smoking gun. Parameters are beginning to be pinned
down.

Solar

Large effect seen by all experiments. Mass-angle region
not pinned down. Still questions about the solar model.
No smoking guns.

LSND

Persistent for 5 years. Single experiment. Needs
confirmation.

High-Mass
Nosignal P no star.
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