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The new results on atmospheric neutrinos, particularly the latest results from

SUPER-KAMIOKANDE, clearly imply large mixing for v, at the atmospheric
scale Am? ~ 10~ ¢V2. It is argued that the existing solar neutrino results point

strongly to large mixing for v, also, with no (convincing) encrgy-dependence secn
and no seperate scale determined. Accounting for constraints from reactor experi-
ments especially CHOOZ, various meximal and near-maximal mixing schemes are
compared to data and the implications for long-baseline experiments explored. It is
emphasised that terrestrial matter effecta tend to supress v mixing in atmospheric
and long-bascline accelerator experimensts at multiGeV energies.

1 Introduction

The most convincing evidence for neutrino oscillations comes from the atmo-
spheric! and solar? neutrino data, which show large (~ 50%) departures from
the expected rates with no oscillations, for v, and v, respectively:

Plp— p)~1/2 (1)
Ple —e) ~1/2 (2)

The atmospheric and solar neutrino deficits (Eqs. 1-2) being each indepen-
dently confirmed in several experiments, are considered here established effects,
and are taken as the basic experimental input for this review.

The LSND results® on % /v, appearance still (it may reasonably be said)
require independent experimental confirmation, and on these grounds will not
be included here. The LSND results will be discussed by I Stancu at this

meeting (and see also the talk by D. Caldwell).

2 Atmospheric Neutrinos

Of course the undisputed ‘Star-of-the-Show’ at this point in time is the SUPER-
KAMIOKANDE experiment, especially regarding the very beautiful recent re-
sults on atmospheric neutrinos. We shall all have the opportunity to hear
about these first-hand from Prof. Nakahata tomorrow. Allow me to observe
right away that these latest results from SUPER-K are so striking and convinc-
ing both statistically and systematically that (at least as far as I am concerned)
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it really is quite inconceivable that they are anything other than substantially
‘correct’ (ie. this effect is not just going to ‘go away’ ).

Atmospheric neutrinos (v,) are produced by in-flight decays of mesons
(mainly pions) generated by hadronic interactions of high energy cosmic-rays
(mainly protons) in the Earth’s atmosphere, see Fig. 1. Since the muons
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Figure 1: Atmospheric neutrino production and the defiinition of zenith angie (not to scale).

produced in the decays are themselves unstable contributing both v, and »,
it turns out that the overall initial flavour ratio for atmospheric neutrinos is
vu/ve ~ 2/1 (and > 2/1 at high energies).

The atmospheric neutrino anomaly was first reported in the old KAMIOKA
experiment. In essence the observed rate of ‘u-like’ events in atmospheric neu-
trino experiments was found to be depressed relative to the rate of ‘e-like’
events, by an average factor R ~ 0.60 — 0,70 (where admittedly some of the
experiments were reporting no effect, ie. R ~ 1). The latest and most precise
value of R comes from the SUPER-K ‘sub-GeV’ events (E ~ 0.2 — 1.5 GeV):
R =0.631+0.03+0.05 and is clearly significantly different from unity, despite
the relatively large systematic error (+£8%) from v, /v, flux uncertainties.

But the most impressive aspect, now dramatically confirmed by the new
SUPER-K data, concerns the zenith angle distributions of the ‘mulii-GeV’
events (E 2 1.5 GeV). (For the definition of zenith angle, see again Fig. 1).
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Specificly (see Fig 2) p-like events show a clear ~ 50%-suppression for upward-
going (cos & ~ —1) neutrinos ie. in the case that the neutrinos have travelled the
~ 12,000 km through the Earth, relative to downward-going (cos & ~ +1) neu-
trinos, which have travelled only the ~ 20 km down through the atmosphere.
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Figure 2: The combined KAMIOKA and SUPER-K multi-GeV zenith angle distributions
for a) p-like and b) e-like events. We plot the ratio of observed to predicted events rescaled
for comparison with theory, independent of fluxes. The solid curve is the full oscillation
curve for 2-fold maximal mu-ten mixing for a representative neutrino energy E = 3 GeV,
while the dashed curve includes angular smearing and averaging over neutrino energies.

At the same time the rate of e-like events seems to be largely unaffected (if
anything e-like events show an excess with respect to expectation).

Probably like lots of other people outside the SUPER-K collaboration, 1
have been reading-off the SUPER-K data points and (together with my col-
laborators) trying to fit them too. In Fig. 2 we plot the ratio of observed to
expected rates for a) p-like and b) e-like events vs. the cosine of the zenith an-
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gle. We saw no really significant discrepancies between the new SUPER-K data
and the old KAMICKA data, and for Fig. 2 we combined both data sets for
maximum statistics. To minimise any dependence on atmospheric flux mod-
els, we incorporated in our fits (and in the plotted observed/expected ratios in
Fig. 2) separate overall scale factors for p-like and e-like events respectively,
so that only the shape of the zenith angle dependence is being tested here.
So far the SUPER-K collaboration have reported that the SUPER-K daia
are consistent with 2-fold maximal v, «~ v, mixing, eg. with a mixing matzix:

1 Uy V3
e 1 . .
p : 1/v2 1/v2 (3)
T : 1/v2 ~1/v2

The allowed range of Am? extracted on that basis is:
5 107%eV? < Am? < 6 1073 eV? (90%C L) (4)

where the best-fit value is: Am? ~ 2.2 1073 eV2,
Of course a non-zero mass-squared difference implies at least one non-zero
neutrino mass:
ms 2 20 — 80 meV : (5)

where the inequality would become an approximate equality in the case of
a ‘hierachical’ neutrino mass spectrum. While a dominant cosmological role
for neutrinos seems to me far from guaranteed, it is probably reasonable to
assume that there are non-relativistic relic neutrinos around today and that
they contribute more to the total energy density than for example the CMB
photons (cf. a typical CMB photon energy kT ~ 0.25 meV).

In Fig. 2 the dashed curve is the expected supression assuming 2-fold
maximal mu-tau mixing (Eq. 3) including the energy distribution and the
expected angular smearing, while the solid curve shows the actual oscillations
with no angular smearing for a fixed neuntrino energy E = 3 GeV (all curves
here are calculated for a representative Am? value Am? = 1073 eV?2, not
necessarily the best-fit). In accord with the conclusion reached by the SUPER-
K experimenters, we see that the fit to 2-fold mu-tau mixing (with smearing)
is very good indeed (eg. x2/DOF = 1.5/4, for Am? ~ 1073 eV?).

Of course as it stands the 2-fold maximal mu-tau mixing matrix (Eq. 3)
predicts no v, mixing at any scale, and so without making some modifications
to the 2-fold maximal mu-tan mixing hypothesis there is no possibility at all
to account for the solar data.



3 Solar Neutrinos

The solar neutrino data are shown in Fig. 3. For each of the five (current)
experiments we show the ratio § of observed to expected rates based on the
BP98 fluxes. The SAGE and GALLEX results (rightmost points) are by far the
most important quantitatively, because gallium experiments sample mainly the
pp flux which is highly constrained by the solar luminosity. On the other hand
the KAMIOKA, SUPER-K and HOMESTAKE ratios (leftmost points) depend
almost exclusively on the ®B-flux which is highly temperature-dependent and
varies by up to a factor of two between different flux models.
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Figure 3: The solar results calculated using BP98 fluxes plotted vs. L/E. While perhaps
not entircly mutuslly consistent, all experiments sec a large (~ 50%) supression.

The dashed line P(e — e¢) = 1/2 is a reasonable description of the data.
But there are complications. The KAMIOKA and SUPER-K rates based on
ve — ve scattering (B, > 7.5,6.5 MeV respectively) include a neutral current
(NC) contribution which has to be taken into account (-0.14). While using
BP98 fluxes this might seem to be just what is needed to fix the SUPER-
K/HOMESTAKE discrepancy (Fig. 3), one would clearly still be left with a
discrepancy with the gallium experiments, pointing to a smaller *B-flux (for
which the relative NC correction would be less). The HOMESTAKE point
is based on the excitation of ®"Cl and should include a ~ 15% contribution
from the "Be line (E = 0.86 MeV), whereby a real SUPER-K/CHLORINE
discrepancy would imply an energy-dependent suppression.
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3.1 The MSW Solution

Remarkably a mechanism exists* for acheiving just the required energy depen-
dence, effectively deleting the contribution of the "Be line as far as the experi-
ments are concerned. The physics is perhaps best understood by restricting to
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Figure 4: The MSW curve fits the solar data well, but is less than convincing (see Ref. 6).

the hypothetical case of 2 x 2 mixing (eg. v. + v, say). Off-diagonal mixing
elements are assumed small with », ~ 11 and ¥, ~ i3 in vacuum. In matter
however the v, interacts with the ambient electron density (via W exchange -
CC) and at sufficiently high matter densities (eg. as in the solar core) the v,
becomes the heavy mass eigeninstate v, ~ vy thus:

n V2 V1 vz

()= G ®
(where the dots represent some small but non-zero mixing angle in this case).
The really beautiful thing is that with the solar density falling-off smoothly
with radius the neutrino remains a heavy mass eigenstate (in the adiabatic
approximation) and exits from the Sun as a v,. By judicious choice of Am?
and mixing angle one may arrange for a ~ 50% supression in the gallium ex-
periments and a ~ 30— 50% supression in the HOMESTAKE and KAMIOKA
experiments in excellent agreement with the data (Fig. 4).
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While a smeall 2 element is readily incorporated into the 2-fold maximal
mu-tau matrix (Eq. 3) to exploit ® the small-angle MSW solution, I take the
view that P(e — e) = 1/2 is the ‘conservative’ conclusion based on the existing
solar data and that energy-dependence remains to be demonstrated 5.

3.2 Bi-Mazimal Mizing

If you accept that the solar data are more naturally interpreted in terms of
an energy-independent supression then the form of the lepton mixing matrix
might appear to be essentially determined:

[251 va 3
e 1/2 1/2 .
I 1/4 1/4 1/2 )
T 1/4 1/4 1/2

(we give here the matix of the moduli squared of the mixing matrix elements,
which turns out to be much more useful generally, than the mixing matrix
itself). With no v, mixing yet seen at the atmospheric scale, the crucial feature
of Eq. 7 is that the €3 entry (the top rightmost element) has been set equal
to zero. The mixing matrix then becomes real (ie. no CP-violating phase)
and is expressible in terms of only two non-zero parameters eg. u3 ~ 1/2 and
e2 = 1/2 fixed by the atmospheric and solar results Eq. 1 and Eq. 2 respectively.
Explicitly with the top rightmost three elements fixed by experiment, all the
other elements follow immediately: 73 = 1/2 and el = 1/2 (from unitarity)
whence pl = p2 (for orthogonality), so that ul = 1/4 and p2 = 1/4 and
similarly 71 = 2 = 1/4.

Now from the second row of Eq. 7 the survival probability for v, at the
atmospheric scale {(Am? ~ 10~3 eV?) is given by:

Ip—p)=(1/44+1/4)* + (1/2)* =1/2 (8)

while from the first row of Eq. 7 the survival probability for v, at the second
scale (Am'? yet to be determined) is given by:

II(e — &) = (1/2)° + (/2 + (0 = 1/2 (©)

as required by the solar data (where 1072 eV2 2 Am/Z 2 10711 eVZ).

The matrix Eq. 7 corresponds to the famous ‘bi-maximal’ mixing scheme
proposed now by a number of authors 7 and which surely has to be taken
seriously as a valid description of the current solar and atmospheric data.
The phenomenology of the ‘bi-maximal’ scheme is identical to that of 2-fold
maximal mu-tan mixing at the atmospheric scale and is similarly completely
unaffected by matter effects in the Earth (and in the Sun).
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4 Threefold Maximal Mixing

Threefold maximal mixing (or ‘trimaximal’ mixing) is the simplest of all mixing
schemes and has long been considered a likely lepton mixing matrix %:

1 Vo Vs
e 1/3 1/3 1/3
o ( 1/3 1/3 1/3 (10)
T 1/3 1/3 1/3

All charge-lepton to neutrino transitions have equal strength so that a perfect
knowledge of charged-lepton flavour implies no knowledge of the neutriro mass-
eigenstate and vice-versa (cf. the Heisenberg Uncertainty Principle).

In threefold maximal mixing all (vacuum) survival/appearance probabili-
ties are universal ie. flavour independent. The standard scenario® exploits only
one scale (the atmospheric scale) to fit both the atmospheric and solar data:

T = 1) = (1/3+ 1/3) + (1/3) = 5/9 (11)
I(e — €) = (1/3+ 1/3)2 + (1/3)% = 5/9 (12)

However v, <+ v, mixing is predicted at the atmospheric scale:
I(p—e) =I(e — p) =2 x (u3)(e3) =2 x (1/3)(1/3) = 2/9 (13)

and one may reasonably ask why this is not seen. Of course in vacuum, in the
approximation that v,/v, = 2/1, the loss of », in 3-fold maximal mixing is
exactly compensated by v, — v, appearance (5/9+2 x 2/9=1).

4.1  Terrestrial Maiter Effects

Matter effects 1© first lift the degeneracy between v; and v, and ultimately
decouple the v, in the mixing matrix (¥, — vr3), which in the case of 3-fold
maximal mixing tends to a 2-fold maximal mu-tau mixing matrix:

n 2 v3 1 V2 L& ]
e . 2/3 1/3 e . . 1
p | 2 16 a3 | —pe | 12 12 . (14)
T 1/2 1/6 1/3 T 1/2 1/2 .

with identical phenomenology to Eq. 3. In fact the perfect compensation of the
v, Tate persists in the presence of matter effects provided only that v, /v, = 2/1
and similarly the compensated v, rate is always 1/2 just as for 2-fold maximal
mu-tau mixing (eg. 7/18 + 1/2 x 2/9 = 1/2}.
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We calculate terrestrial matter effects for atmospheric neutrinos in 3-fold
maximal mixing using a general numerical program already described °. The
calculation proceeds in 100km steps through the Earth with the density of the
Earth input as a function of radius from the Standard Earth Model *!. Fig. 5
shows the 3-fold maximal mixing predictions inclnding smearing etc. with and
without terrestrial matter effects (solid curve and dotted curve respectively)
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Figure 5: The combined KAMIOKA/SUPER-K multi-GeV zenith angle distributions (see
also Fig. 2). The solid curve is now the 3-fold meximal mixing prediction including terrestrial
matter effects which approaches 2-fold maxirmal mu-tau mixing (broken curve). The dotted
curve is 3-fold meximel mixing neglecting matter effects.

superposed on the combined KAMIOKA/SUPER-K multiGeV zenith angle
distributions (cf. Fig. 2). The expectation for 2-fold maximal mu-tan mixing
(dashed curve) is also shown for comparison. Clearly 3-fold maximal mixing
with matter effects (x2/DOF = 3.6/4) fits almost as well as 2-fold maximal
mu-tau mixing (or equivalently ‘bi-maximal’ mixing).
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In an up-down symmetric detector the ratio of up to down rates is likely
to be rather insensitive to systematic errors, eg. flux uncertainties etc. 2
Fig. 6 shows the up/down ratio for e-like and p-like events defined by the
rates with |cos8| > 0.2 measured using the combined multi-GeV data sets
above. The solid curve shows the 3-fold maximal mixing prediction including

u/D =
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Figure 8: The predicted up/down ratio for multiGeV events as a function of Am2. Terrestrial
matter effects in 3-fold maximel mixing (solid curves) give a compensated u-rate ~ 1/2 and
supress Ve appearance naturally (for Am? <~ 1073 ¢V2), consistent with the data.

matter effects, while the dotted and dashed curves show the 3-fold maximal
vacuum and 2-fold maximal mu-tau predictions respectively. For multiGeV
events v, /v, 2 2/1 ~ 3/1, but excessive overcompensation of the v, rate is
inhibitited naturally here (ie. without assuming an arbitrary zero, cf. Eq. 7)
by terrestrial matter effects, which supress v, appearance (see also Fig. 5) as
the complete decoupling limit Eq. 14 is approached (Am?/E <« GN.,).
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5 Future Prospects

I believe the real race now is between ‘bi-maximal’ and ‘tri-maximal’ mixing.
From this point of view the crucial experimental guestion is whether or not
there is large vacuum v, mixing at the atmospheric scale.

Reactor experiments such as CHOOZ, PALO-VERDE 13 ¥4 apd KAM-
LAND % play a unique role here. With their low energies (and short base-
lines) reactor experiments are effectively immune to matter effects. If three-
fold maximal mixing is right, these experiments must see P(e — e) < 1, as
shown in Fig. 7. Interestingly, the published CHOOZ limit for maximal mixing
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Figure 7: If 3-fold maximal mixing is right then reactor experiments must see P{e — ¢) < 1

(Am? > 0.9 x 1072 eV? at 90% CL) seems to be weakening (cf. M. Grassi'3).
We shall hear about the KAMLAND project from Prof. Shira: on Thursday 1°.

Clearly terrestrial matter effects can strongly influence long-baseline accel-
erator experiments such as K2K 16, ICARUS, MINOS *8, OPERA 19 etc. As
we have seen v, mixing can get completely switched-off at multi-GeV energies,
and if one is interested in », appearance'” sub-GeV experiments such as K2K'*

seem much safer. Of course if v, — v, is supressed v, — v, is enhanced and
this could perhaps be considered advantageous!®.
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