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ABSTRACT

SO~E PHE~O~E~OLOGICAL CONSIDE~\TIONS OF NEUTRINO OSCILLATIONS
IN VACUUM ~~D ~~TTER
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For a v3 state of momentum p, the
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The weak interaction eigenstates of neutrinos va (with
a • e.~.t) are related to the mass eigenstates Vi (mass mi with
i • 1,2,3) by a unitary transformation

Neutrino oscillation phenomena are reviewed. including indica
tions from solar and reactor experiments. accelerator limits. CP
violation tests. and deep mine possibilities for measuring vacuum
oscillations and matter corrections.

24 < Mv < 46 eV at a 99\ confidence level (17)
e

14 < Mv < 26 eV at a 99\ confidence level (16)
e

if ve is a mass eigenstate.
4. If the final state spectrum of 3He corresponds effectively

to the atomic tritium spectrum (Wz • 0.3; ~2 • 43 eV), then

For the time being we do not see any effects which could have essen
tially changed these limits.

Conclusions. The conclusions that are independent of the
source material are:

1. The Mv • 0 hypothesis is incompatible (statistically at a
high conf~ence level) with our experimental data. This indicates
that at least one neutrino has a non-zero mass.

~ 2. 14 < Mv < 46 eV at a 99\ confidence level if ve is a mass
eigenstate. e
The conclusions that are dependent on the source material are:

3. If the final state spectrum of ~e in the source corres
ponds effectively to the one final state spectrum·, then

At a distance L : t from a relativistic va source. the va + va
transition probability is •
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real

t.i n

In units Iim2(eV2), L(m). and
special case of oscillations
'J e •v~), the mixing matrix is
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•In a coaplex system (like valine) there may be numerous levels.
However. if 6£i < R and I6Ei ' R, then the syst.. will effectively
be almost a one-level system (at FWHM, R = 54 eV).

and the transition probabilities are given by

P(e+e) • P(~~) • 1 - sin22a sin
2
i t.

P(~) • P(~+e) • sin22a sin216 •
(6)

t.....-



-16- BARGER

The sensitivity of an oscillation experiment to a given om
2

depends on the LIE ratio, as illustrated in Fig. 1.

Sensitivity to 5m2

With three neutrinos, the'accelerator and meson factoft limits are
even less constraining, because of the additional degrees of free
dom in the mixing matrix; probability conservati9n no longer equateSW
P(e+e) to I - P(~), etc.

ACCELERATOR LIMITS

It is difficult to dete~t oscillation effects if t.
2

«1. For in
stance, with om2 ~ 1 eV and sin22a ~~, effects occur at the 10-

2

level in accelerator experiments with ~~0.04 and at the 10-
1

level
in meson factory experiments with 'it. ~ 0.3. With these mass and mix
ing scales, two-yeutrino ve ' ~ oscillations are on the borderline
of admissibility with present experimental limits. 2 Figure 2 shows
the allowed and excluded regions of ve ' V~ oscillation parameters,
based on the Gargamelle v~ + ve limit, which is the most stringent.
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Thus sin22a controls th; amplitude of the ~ oscillation
~easures the relative amplitude for the ~ oscillation •

Present accelerator and meson factory limits2,4~ on
probabilities are summarized in Fig. 3.
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Note that an a~p transition will be suppressed if Iusnl is small,
independent of the value of P(a-+a). For example, with three neu
trinos, a small value of IU~31 would suppress P(~) but allow
1 - P(e+e) and P(~) to be large. Thus stringent limits on oscil
lations in anyone off-diagonal channel do not preclude the exis
tence of sizeable effects in other channels •

The leading oscillation for n .. 3 can be paramet~rized by tw~

mixing an~les a and S by taking Iue312 .. cos2a, IU~31 • sin
2
a cos B,

and IU~31 .. sin2a sin2e; this leads t03

With n-neutrinos the leading oscillation (the first to occur
as LIE increases from zero) has a simple form if one mass difference
dominates, 6

i n
» 6 i j for i,j ~ n. The transition probabilities

for the leadIng oscIllation are3

Excluded region (shaded)
of two neutrino oscilla
tion parameters from
experimental limit on
v~ ~ ve oscillations.
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Note that the BEBC ve flux measurementS of P(e+e) differs from the
e+e probability inferred from thg electron/muon ratio in the CEL~
beam dump bubble chamber result. The constraints on leading oscil
lation parameters implied by the limits are shown in Fig. 4.
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Fig. 6. Example of CP-violating splittings
for three-neutrino oscillations.
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The observed v flux from the sun is a faciyr of 0.3 ± 0.1 be-
low that predicted gy the standard solar model. A possible ex-
planation is the oscillatiyn of v~ neutrinoJ into other neutrino
flavors.12 Since L{E ~ ~O 0 m/14eV for the 7CL experiment, all 6m

2

must be 2 0.5 x 10· 0 eV to get sU~ficient ve flux depletion from
oscillations. If all 6m2 > 10- 9 eV , the measurements are sensitive
only to the average oscillation probability <P(e+e». The minimum
value of <P(e+e» attainable with osc~llations of three neutrinos
is 1/3, for all IUeil • 1/13. For 6. in the range 10-9 - 10-

10
eV

2,

the spectrum averaged ve + ve transition probability can ~a11 as low
as 0.1 for either two-neutrino or three-neutrino mixing.

1

The curves in Fig. 6 represent averages over the rapid oscillations
associated with the larger mass difference. Even larger CP-violat
ing effects are possible with 6m2 values that are more closely
spaced. A ~ropo~ed meson factory exper~8nt could search for CPV
effects in v~ + ve and v~ + ve channels.

SOLAR NEUTRINOS

CP VIOLATION

A direct .measure of CP violation (CPV) in neutrino oscillations
is the difference P(~~ - P(~+B) of v~ +_vll and v~ + VB transition
probabilities.8 The equality P(~+B) • P(B~} is ensured by CPT in
variance. CP-violating effects can be significant only in an L/E
range where more than one mass difference plays a significant role;
no CP-violating phases in the U~i can be detected in the regime of
the leading oscillation. For the three-neutrino case, the CPV dif
ference is the same in all three channels: 9 ve ++ v~, ve ++ vT'
v ++ v. Figure 6 shows CP conjugate ~ransit10n probab~lities for
a~three!neutrino example (6m~1 • 0.9 eV , &s~l • 0.05 eV with
Kobayashi-Maskawa angles 61 • SO', 62 • 63 • 30

0
and CPV phase

6 • 900
) .

Fig. 5. Vacuum oscillations
of a representative
case.

Fig. 4. Excluded regions
(shaded) of the
leading oscillation
for three neutrinos.l0r;:l

:~o I
sin22/3 sin

4a

l0[f]·".;;;"i.. , .
5 ,,:. -!'..

, ~ ..'.

00 I
sin22a COS2~

to'

LIE (m/MeVl

am~s.o.9;VZ amfz~o.05;Vz

1''1'-.,,,,
0
I

",,-1''1'
0
I

""-"1"
~ - - -

"o-"~

0
I

I ~-",.
01
I

o~,-~
.0'

0" ,., ,I

o
sin22a

100" .. i' , , , i

-N
!

N

e
50

GO

A transition that is suppressed by mixing angles in the lead
ing oscillation will in general occur at a non-suppressed level at
higher L/E where the secondary mass differences enter. This is evi
dent in the solution illustrated in Fig. 5 (solution A of Ref. 7),
where the ~+e transition in the leading oscillation has been sup
pressed by a choice of small U~3' It is entirely possible that the
~+e transition could be highly suppressed at the meson factory LIE
range and yet be very significant in deep mine L/E ranges.

" -=::::::27\~
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Figure 8 shows a range of P(e..e) predictions for various leading
oscillation parameters. The observed effect in the deuteron experi
ment is compatible with oscillation parameters that can describe the
L = 11.2 m data.

where a denotes a spectrum averaged cross section. Variations in
the theoretical ratio o(CC)/o(NC) o} up to 20\ result from different
final state interaction parameters. 0 The quoted experimental re
sult for the DVMS spectrum of

is based21 on IS scattering lengths a(nn) .. a(np) = -23.7 F and
effective ranges2~S(np) .. 2.72 F, rs(nn) .. 2.8 F. For the experi-
mentally favored values of a(nn) .. -16.6 to -18.5 F, the transi-
tion probability becomes

REACTOR OBSERVATIONS

Using the inverse ~decay process VeP ~ e+n, the reactor veflux has been measured at fixed distances L from the reactor core
center. The ratio of the observed flux to the flux calculated from
fissions gives a detel'llination of P(e..e). The principal uncertainty
is the calculated flUf6 for which two recent versions ~ve been
given by Davis et al. (DVMS) and Avignone-Greenwoodl (AG).
Measureaents of the reactor e- fission spect~~ will re501ve whether
the calculated ve spectra are correct, but there exists disagreement
as to whether the issue has been settled yet. 18

Figure 7 shows P(e..e) deduced from the Reines et a1. L .. 11.2 m
data and the Grenoble L • 8.7 m data, using the

2alternate2choices
of

cal~ulated flux. A leading oscillation with ~ • 0.9 eV and
sin 2~ .. 0.3 or 0.5 is shown for comparison. The L .. 11.2 • data
suggest an oscillation effect of this scale; it is not evident
~ne"~er a similar effect is present in the L .. 8.7 m data.

reactor deuteron experiment

P(e..e) .. 0.40 ± 0.22

P(e+e) .. 0.43 ± 0.24 .

(10)

(11)

(13)

(12)

2 2E(MeV) $ L(a) om (eV )

RCe/ ) .. N(e±).. <P(e+e» + 2<P(~+e»
~ N(~±) 2<P(~~» + <P(~»

from upper or lower hemisphere ·Je • ve and v , V~ events.
In both the above categories of deep m~ne eXf8riments the neu

trino energy is not determined and there is no v/v discrimination.
Vacuum oscillation effects can only become significant for

neutrino energies

?

where L is the distance from source to detector and 6.· is the larg
e5t vacuum mass-squared difference. For neutrinos which travel

DEEP ~INE POSSIBILITIES

Deep mine experiments provide an opporiunity to measure oscil
'lations over baselin} distances of 10 to 10 ka, with 6m2 sensiti
vity down to 10- 5 eV. For energies 0.1 to 104 GeV the dominant
neutrino sources are the n(l) ~ ~v ~ evvv decay chains of charged
pions and kaons which are produced in the atmosphere by cosmic radi
ation. The flux 23 is approximately 2(v~ + V~) + (v + vel, with
some differences in the shapes of the energy distri6utions.

In experiments that detect muons from v~N ~ ~X interactions in
the surrounding rock, v energies ranging from below 1 GeV up to
1 TeV are involved. FrHm the ratio of observed to expected muon
events, the combination <P(~~» + ~<PC~» can be determined.

In proton decay experiments, electron and muon signals from
neutrino interactions in a large water detector will come primarily
from neutrinos with energies below 1 GeV. These experiments can
measure the electron to muon ratio2410.0

(9)
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Fig. 7. Oscillation comparisons
with reactor data for proton targets.

Fig. 8. Oscillation predic
tions for the reactor
deuteron experiment.

The Irvine group has reportedl 9 indications of oscillations
based on siaultaneous aeasureaents of charge-current and neutral
current deuteron breakup reac tions, ved .. nne + and vd ~ npV. Since
the neutral current process i5 the same for all flavors of neutrino,
it is u..une to oscillations and provides a monitor of the initial
)e flux. The average probability for ve oscillations can be ex
tracted fro~
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through 20\ or .are of the e~rth's radius there is the added compli
cation of matter corrections 5,26 to vacuum oscillations. Due to
coherent forward ve-e charged current scattering, the ve acquires
an index of refraction n, given by

The sensitivity to vacuum and matter oscillations of past, present,
and future deep mine experiments is summarized in the following
table.

where Ne is the electron number density. The phase of the ve-part
of the ~eutrino state is changed relative to the ~, vT parts by
e1kln-lJx. The matter corrections enter for energies

k(n-l) = Ii GFNe (14)

Experiments Land E Ranges

&02 Sensitivity
for Vacuum

Oscillations

6m2 Sensitivity
for Matter

Oscillations

with 6m2 the smallest vacuum mass-squared difference. The matter
effects daKp ~t ve + v\.I a~d ve + vT oscillations and P(ve + ve)
approaches un1ty for energ1es

The onset of matter effects and the sUbse~uent quenching-of ve os
cillations occur successively for each om as E increases above the
lower limits in Eqs. (IS) and (16], respectively. Figure 9 graphi
cally outlines these regions.

Case-Irvine- 104
!O L !O 5xl05 m

Witwatersrand and
102 S E::; 106 MeY ~ 10- 2 ey2Kolar gold field None

(V\.I'V
IJ

) (L too short)

Baksan, Homes take , LS1.3Xl07 m
and proto~ decay

102 S Es 106 MeY ~ 10.4 ey2 10-4 - 1 ey2
(vu'v\.l)

Proton decay L' 1.3xl07 m

(v ,v ;V ,v) 102 S E S 103 14eY z 10- 5 ey2 10.5 . 10- 3 ey2
\l \.I e e
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Figure 10 illustrates vacuum and matter oscillation R(e!\l) re
sults for direct upward neutrinos, based on vacuum oscillation param-

eters &0;1 = 0.9 ey2, Om~l = 10- 2 ey2, 61 = 50·, 62 = 20·, 6 3 = 30·,

Ii = O. The solid curves are averages of the rapid oscillations asso-
ciated with the larger 6m2 . In the absence of oscillations, 2
R(e!\.I) =~. The qualitative aspects of these resu~ts scale in E!6m .
Hence for a secondary mass scale of 6m~1 = 10.4 eY , the matter cor
rections would enter around E ~ 100 MeV. The prospects for deep 2
mine studies of oscillations appear reasonable given appropriate 6m
scales and appreciable e + \l mixing.
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Fig. 10. Example of electron to
muon event ratio in
deep .ine expert.ents
for neutrinos through
earth's center.
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ABSTRACT

The underlying concept of a beam dump experiment is that the
neutrinos which arise from ordinary long lived particles are sup
pressed relative to those which are produced by short lived parents
by interacting the parents in a dense medium before they decay.
The arrangement at the CERN Laboratory in Geneva, Switzerland is
shown schematically in Figure 1. The "prompt" component of the
v flux is produced by the decay of the new hadrons (charm, top,
bottom, etc.). The "non-prompt" component is produced by ordinary
long lived pions, kaons and hyperons which decay before interaction
despite a large dense absorber.

A serendipitous coincidence resulted in the beam dump/target
being located far from the detectors (820 m to 910 m as shown in
Figure 1). Thus the (1.27 L/E) figure for the experiment which is

----~'=~~-~--------

non pt"OrT>p" v
~~b ....

Figure 1) Schematic diagram of the CERN Beam Dump experiment.

the paramount parameter for neutrino oscillation tests is .05-.01.
I will use the by-now-familiar notation which relates the probabi
lity of a neutrino produced as type 1 and interacting as type 2 to
mixing parameter sin229 and the difference in mass-squared 6.

2 2 1.276L IP(v
l

+ v
2)

• 1612
- sin 29 sin (---E----)

222
where 6 • Iml-m21 in eV

L • drift distance in m, E - energy of neutrino in MeV

The extraction of the prompt v flux is done in two ways. The
direct experimental procedure is to measure the neutrino flux using
dump/targets of differing density. As shown in Figure 2 when
extrapolated to infinite density (zero absorption length) the
"prompt" v flux is identified. Alternatively, the "non-prompt"
contribution can be calculated using knowledge of w, K production
spectra, geometry, etc. The prompt component is the remainder after
subtraction of this calculated background flux.




