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Basics: Oscillations

¢ Neutrinos are produced by the weak interaction in weak
interaction eigenstates: v, v, v,

® There is no reason for these eigenstates to be identical to the
mass eigenstates: 1> 20 %
® They are related by a unitary transformation:

70 4 AV
.—,m M;...MH qﬁqm MLHmw __\H-
v.i=lUa. U, Ugl|l v
V., Uz U, UzA v

¢ This has come to be known as the Maki-Nakagawa-Sakata
matrix after the physicists who in 1962 first wrote down a
Cabibbo-like matrix for neutrinos.
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The mass eigenstates propagate as e #/%. Thus, different
masses develop different phases with time, resulting in
oscillations in the weak eigenstates:

¢ If we consider only 2 states, then

v = Kcos G+ v sin &

¥

v ,=—¥ysin 8+ v, cos &

and
1.27Am’L

P(v,— v) —sin > (2 sin’ z , where

Am’ =(m; —m;)is in (e€V/c?)’,Lis in km,and E is in GeV.
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In this case there are only two parameters to be measured:
sin* 28 , which determines the size of the oscillation, and
Am® in sin > (1.274m* L/E), which determines the

dependence of the oscillationon 1 /£ .
e For Am’ <<L/E, P —>sin*Q26@.27 An’L/E)

e ForAm®>>L/E, P —sin’Q6(1/2)

¢ Maximum sensitivity to both parameters a
P T::. — wt_

t E/L=0.814m’

Am2=3210 -2 £ =730 km

E (GeV)
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® Disappearance or appearance
» Disappearance: Sum of all oscillations including those to
sterile neutrinos
» Appearance: Specific channel, in general capable of

Al
greater sensitivity to*" ¢ &

® One or Two detectors

» One detector: Expectations must be calculated
o Two detectors: Expectations taken from near detector.

No disadvantages. Far

Near detector

detector

Focusing Shielding

Beam Target
— I Decay pipe
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1981 Fermilab Bubble Chamber Experiment

1983 CERN 2 Detector Counter Experiment
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¢ Increasingly, we need to consider 3 neutrino mixing.

¢ A 3x3 unitary matrix has 4 independent parameters, three

angles and a complex phase. We take theseto be 4,,8,, 8,

C12€C 13

P8
—812C93 —C13593513€

and 8. Then
A 4

v

v, | =
V) \Yu¥n

i #
—C€19C93513€

§12€C13

€12€93 — 5125235 13€

i 8
TC1p 893 T pC N 3€ Cy3€C13

where ¢, =cos( &) and s, =sin( §)).
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¢ With 3 neutrinos, a CP violation term enters, but it will not be

important in our discussion until we discuss neutrino
factories.

P(v,—> v)=Pep,(v,—> v+ Pep_(v,—> v), where

N . 2 1.27 Am L
P (v,—> v)= %&%I&Mﬁmﬁqiﬁhqﬁma%vmi z :
P>
- . u.mhbuzwh
Pep (v,—> V) HNMHEAQRQEQ.Q%V sin , where

> E
Am; =(m; —m:)is in(eV/c?)*,Lis in km,and E is in GeV.
NB.: P(v,>v)=P(v,> V)=FP, . (v,> v)+FP, (v,> V)
and P(v, > v)=P(v,»>v)=FP, (v,> V)P, (v,> V)
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% Why Accelerator Experiments?

Source Neutrino Mode Advantage
types
Solar Va Disappearance |Great
distance
Atmospheric [Mixture of |Mostly Variable
Ve % vV, Vv, disappearance |distance
Reactor Va Disappearance |Low energy
Accelerator |Mostly v, Either Control of
n K energy and
Accelerator | v, and v, baseline
o
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® Solar favored solution (LMA):
o 2x107° < Am® <107 (eV /c?)
e sin‘28)>0.6
o Sterile neutrino disfavored at 95% c.l.

® Atmospheric favored solution:
o 15x107° <Am® <5x107° (eV /c?)

o SIN'Q2H>0.9
e v,—> v, favoredat99% c.l.
® LSND experiment
e v, 7 oscillation with 4™ > 02 (€V/c®)’

® All three of these results cannot be correct!
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The First Accelerator

Neutrino Experiment

¢ The first accelerators with intense enough beams to create
neutrino beams were the CERN PS (19359) and the
Brookhaven AGS (1960).

® In 1962, L. Lederman, M. Schwartz, and J. Steinberger, et al.
Perform the first accelerator neutrino experiment at the AGS.
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The First Accelerator

Neutrino Experiment

® 34 single muon events, 5 consistent with cosmic ray
background

e 6 “shower” events, consistent with neutron, misidentified
muon, and beam v, backgrounds

® Experimenter’s conclusion: There are two types of neutrinos.
(The possibility of neutrino oscillations suggested by
Pontecorvo 3 years later in 1967.)

® AverageE, ~1GeV;averageL ~24 m

¢ We would say today that the experiment excluded V. — %
oscillations at the 90% c.l. for
o Am’ >15 (eV/c?) for sin’(28) =1
o sin’(28)> 0.4 for high Am’
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® First round of dedicated neutrino oscillation
experiments were done in the 1980’s.

® Three types:

e v, disappearance
First two-detector experiments

oV, ®<m

e v, v, _appearance

appearance
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® Detectors at 700 and 1100 m

Fiducial

H .
region

108 T
scintillators every 10 cm
chambers every 30 cm

444 T (fiducial)
scintillators every 10 cm
chambers every 20 cm
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Early Experiments:

CCFR v, Disappearance

® Typical coarse detector

E -6i6 NEUTRINO DETECTOR
6553 ™ TARGET
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Early Experiments:

R CCFR v, Disappearance

® Dichromatic beam at 100, 140, 165, 200 and
250 GeVic tand K
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® Dichromatic radius vs. energy

0 uy and K @ uv

are 2-body decays, so
angle and energy are
completely correlated.

TOTAL ENERGY (Gev)

Energy was determined
from the radius!

5 3 %o 2o ¢
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® Corrections and results

Monte Carlo
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® Exclusion plot
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® CERN low energy v beam (19.2 GeV p)
e Detectors at 130 m and 900 m
e Bare target beam with average £ =3 GeV

HACK DETECTOR
[~ 845m)
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