PRAMANA © Printed in India Supplement to Vol. 41
— journal of December 1993
physics pp. 417--426

Solar and atmospheric neutrinos

SANDIP PAKVASA

Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, HI
96822, USA

Abstract. Possible explanations of solar neutrino and atmospheric neutrino anomalies
are summarized and future tests discussed.

1. Introduction

In the Standard Model (SM) with no singlet right-handed neutrinos and a single
Higgs field, all neutrino masses are zero and lepton number (as well as individual
flavor quantum numbers) are exactly conserved. It follows that the charged lep-
tonic current is diagonal in both mass and flavor basis and the mixing angles are
zero. Hence any evidence for non-zero neutrino masses or for non-trivial mixings
is evidence for physics beyond the Standard Model. This makes the searches for
neutrino masses and mixings doubly important: as measurements of fundamental
parameters of intrinsic interest and as harbingers of new physics.

2. Solar neutrinos

The current status of the data on solar neutrino observations from the four on-going
experiments is summarized in the Table 1. The Kamiokande detector is sensitive
only to 8B neutrinos; and the Homestake detector is sensitive to B (77%) as well
as "Be(14%), pep (2%) and CNO (6%) neutrinos [1]. If the observations need
no new neutrino properties, then the 3B /s are not distorted in their spectrum
and the flux seen by Kamiokande (over a limited energy range), can be assumed
uniform and hence applicable to Homestate as well. In that case a minimum of
(38 & 8)% of SSM counting rate is contributed by 3B neutrinos alone and adding
pep neutrinos it is (40+8)% to be compared to the observed (2844)%. It is obvious
that something must reduce the ? Be neutrino flux drastically to obtain agreement.
Since the effective temperature dependence of “Be v flux is much weaker than for
3B flux [2], it is difficult to arrange for a stronger suppression for 7 Be than for the
8B flux. This is borne out in calculations where the core temperature is allowed
to be a free parameter and it is found that a good fit to all the data cannot be
obtained [3]. Furthermore, no solar model has been found which can reproduce
the Chlorine rates even with the reduced 8B flux or even come close [4]. There
is general agreement that with the Chlorine data averaged over the whole period
some neutrino properties are called for [5].
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I will summarize the solutions to the solar neutrino deficit with emphasis on the
non-MSW options. For definiteness and simplicity I will assume (i) SSM fluxes of
Bahcall and Pinsounnent, (ii) two flavor mixing, (iii) and ignore mixing with sterile
neutrinos and neutrino flavor changing neutral currents. I will briefly discuss the
solutions and how each may be distinguished in future experiments especially in
Borexino, SNO, Superkamiokande and ICARUS [6].

Table 1. The solar neutrino data [7-10] compared to the SSM predictions [1]

Experiment  Data/SSM
Kamiokande 0.49 4 0.01
Gallex 0.63 +0.17
Sage 0.4445:47

Homestake 0.28 + 0.04

MSW:

This is the case in which 6m? and sin? 24 lie in the range in which the solar matter
effects are very important [11]. A fit to all four experiments leaves three allowed
regions [12]. One is the small angle (sin®26 ~ 4.10~3,6m2 ~ 10~5%¢V?) region;
in this region the rate for “Be ve scattering in Borexino varies rapidly between
0.2 and 0.5 of SSM and 3B spectrum as seen in SNO or Superkamiokande will
show distortion. Another is the large angle large §m? region (sin®26 ~ 1,6m? >
10~5¢V?); in this region " Be is suppressed between 0.35 and 0.7 and there is no
distertion of 3B spectrum. Finally there is a small region at large angle small
§m2(sin® 20 ~ 1,6m? < 10~%¢V'2); here there is a strong day-night variation in 7 Be
line as seen in Borexino [13].

Large Angle Long Wavelength:

The large angle long wavelength (“just so”) [14] continues to fit all the data [15]
with m? ~ 1071%V? and sin?20 > 0.8 [Fig. 1]. Matter effects are negligible.
This has striking predictions testable with future detectors: (i) suppression of ” Be
in Borexino between 0.2 and 0.5, (ii)sharp distortion of 2B spectrum and most im-
portantly, (iii) visible oscillations of 7 Be line with time of the year with upto factor
of 2 variations. This maybe the only chance [16] to see true quantum mechanical
neutrino oscillations [Fig. 2]. -

Akhmedov et al. [17] have given an interesting possible justification of such
a scenario. They suppose that (i) there are only LH /s, (ii) lepton number is
conserved except by gravity; then at Planck scale there may be lepton number
violating terins such as

,in’; b5 Yo, P (1)

where ¢ is the standard Higgs doublet, m, Planck mass, i and j are family indices.
Then the neutrino masses are Majorana and the mass matrix is
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Figure 1. Contour plot showing the allowed parameter regions at the 68% (solid line),
90% (dotted line( and 99% (dashed line) confidence levels for the two neutrino flavor

vacuum oscillation solution to the solar neutrino problem based on data from CI*7,
K-II and Gallex. The shaded region is excluded at the 68% confidence level.

M,,; = gij ”2/"‘? (2)

If one makes the further assumption that gravity is flavor-blind and g;; = g and
g ~ 0(1), then the matrix is

, /1 1 1
v

m=—1111], 3)
M\l 11

which has as mass eigenvalues my = 0,m; = 0 and m3 = m = 2v%/m, = 10~%eV.
Hence §m? is about 1071%V2. The mixing matrix is easily calculated and it can
be shown that

8 . ,miL
P(ve — v, L) =1—§szTE—’ (4)

which corresponds to an effective sin® 26 of 0.89.
Decay with Mixing:
A very old proposal is to have the neutrinos decay on the way to the earth {18].

The SN1987A observation of v,'s require that there be a stable component in
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Figure 2. Seasonal variations in " Be neutrino flux. The solid line is the SSM predic-
tion showing the 1/r? effect. The dashed, dot-dashed and dotted lines represent 3
vacuum oscillation solutions to the solar neutrino problem with sin? 26 = 0.8 and
§m? = 81 x 1071° eV?, 76 x 1071 ¢V? and .782 x 10~'% eV? respectively.

v, and the mixing be not too small [19]. There must be also some new physics
for the decay into another neutrino and a light or massless boson. In any case,
phenomenologically, with the Gallex data in hand, very little parameter space is
left for the decay solution [Fig. 3]: the mixing element | U.2 | (orsiné) has to be
between 0.6 and 0.7 and the (Laboratory) lifetime for v has to be less than 1000
sec. [20]. The clear cut predictions are: (i) 7Be suppression between 0.2 and 0.4,
(ii) the NC rate in SNO suppressed by 0.7+0.1, (iii)3 B spectrum distorted but not
by much; (iv) for Majorana v, decay a sizeable v, signal detectable in Borexino (;
40 events/yr) [21].

Flavor Violating Gravity:

If the gravitational interaction of neutrinos is not diagonal in flavor, then even for
massless neutrinos there are oscillations induced by this flavor dependent gravita-
tional potential [22]. The survival probability for v, is given by

P(v, — ve,L) =1 - sin? (20¢)sin?[64EL), (5)
where ¢ is the gravitational potential averaged over the neutrino path-length, § is
the departure from flavor independence of gravity: § = f. — f,.
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Figure 3. Allowed region at 90% and 99% C.L. for the decay solution. The dashed

lines show the expected suppression in ’ Bé ve signal, the dashed-dotted lines the
suppression in NC signal and the dotted line shows the p.p rate in Borexino.

The quantity (64 EL) can be written as (*L/Ag) where A\g = 6 km (10~2°/6¢)
[1/(E/10 GeV)). The precise value of ¢ at the earth and the sun is very uncertain
due to potentially large contributions from “nearby” large masses such as the Virgo
cluster or the local super cluster. Current limits on 64 from re-interpretations of
ém? — 5in?26 bound are (for v, — v,;) 10~*° for sin® 26 ~ 1. It turns out that 6¢
in the range 10=2° — 10~%! and sin®20g ~ 1 can provide a simultaneous good fit
to all the solar neutrino data as well as the atmospheric anomaly. Future long-
baseline experiments can extend the bounds on 6¢ to 10~22 or better and test this
hypothesis [23].

To summarize, future detectors such as SNO, Superkamiokande, Borexino, and
ICARUS will have real time event rates of several thousand per year. They will
measure the 8B neutrino energy spectrum accurately, ? Be line rate and the ratio
of NC/CC in v,D reaction. With this information at hand it should be possible to
establish that (a) neutrino properties are relevant, (b) distinguish between MSW,
long wavelength, decay etc., (¢) pin down the parameters narrowly and (d) deduce
more precise information about the sun such as the core temperature.

Pramana- J. Phys., Supplement Issue, 1993 421



Sandip Pakvasa

3. Atmospheric neutrinos

Neutrinos are produced by cosmic rays interacting in the atmosphere. A primary
(P) reacts with “air” nucleus as:

“P" 4 “air” - 7+ z. (6)
The » may interact or decay; if it decays:

T ptyy (7
and at low energies (few GeV) the g can also decay before it hits the ground:

p—etv.tvy. (8)

If all the y's decay we are led to expect N(i,)/N(v,) of 2 (ignoring the distinction
between v and #). This ratio, furthermore, is expected to be essentially independent
of the zenith angle at low energies. Neutrinos of energies below 2 GeV give rise
to “contained” events in typical kiloton underground detectors. The results from
the two large water-Cerenkov detectors suggest that the ratio R = N(v,)/N(v,) is
smaller than expected by almost a factor of two. Kamiokande finds (based on 310
events) for the ratio of ratios [24].

Robs/Rpc = 0.60 % 0.07 + 0.05, 9)
while IMB finds (based on 507 events) [25]
Robs/Rmc = 0.54 £ 0.05 + 0.12. (10)

The result of Frejus (for contained events) and Nusex is respectively 0.87+0.164+0.08
(based on 133 events) and 0.99%3:33+7?( based on 50 events) [26,27] Finally very
recently SOUDAN II has found a result of 0.46 + 0.23 based on a 0.5K-ton-year
exposure [28].

The ratio N(v,)/N(v.) is considered more reliably calculated than the individ-
ual fluxes: the ratio is stable to about 5% amongst different calculations whereas
the absolute fluxes vary by as much as 20 to 30% [29]. The u/e identification in
the water ¢ detectors is expected be quite reliable; in any case future calibration
tests planned at KEK should settle the issue. Nuclear physics uncertainties in the
cross-sections or y-distributions are unlikely to be relevant provided the kinematic
region near muon threshold is avoided. Finally, in all the new calculations the
u-polarization is taken into account.

The deviation of R,s, /Rmc from 1 is fairly uniform over zenith angle and is most
pronounced in the charged lepton energy range 200-700 MeV which corresponds to
neutrino energies from 300 MeV to 1.2 GeV. If we are to interpret this deficit of v s
(and/or excess of 1/, s) as being due to neutrino oscillations, the relevant parameters
are determined rather easily [30]. The typical height of production, h, is about 15-
20 km above ground and for a zenith angle 8 the distance travelled by the neutrino
before reaching the detector is

L6)=R [ﬁ+ h/R)2—sin20—cos0], (11)
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where R is the radius of the earth. Allowing for angular smearing due to the
scattering and finite angular resolution one finds that neutrino path lengths can
vary between 30km to 6500 km, and hence L/E can vary between 25 km/GeV and
20,000 km/GeV. Since the data do not show any L (i.e. ) or E dependence we may
infer that the oscillations have already set in at E, ~ 1 GeV and L ~ 30km and
hence ém? cannot be much smaller than 3.10-2eV2. As for the mixing angle 8, if
P denotes the average oscillation probability i.e. P = sin?20 < sin?6m?L/4E >~
1sin? 26; then R = 1— P in case of v, — v, oscillations and for v, — v, oscillations

1-(1-r)P
14+ (1/r-1)P’ (12)

where r = N(v.)/N(v,) in absence of oscillations and most flux calculations yield
r ~ 0.45. Since R is nearly 0.6, large mixing angles of order 30° to 45° are called
for, v, — v. mixing needing somewhat smaller ones. Detailed fits by Kamiokande
bear these expectations out although somewhat bigger range of parameters (§m?
up to 4.10~3eV? and mixing angles up to 20°) are allowed {24].

There are also higher energy muons in the underground detectors. Typically
in IMB and Kamiokande detectors events are classified as thrugoing muons and
stopping muons. The average v, energy for these correspond to about 100 GeV
and 10 GeV respectively. These events are expected to have the famous secf zenith
angle distribution due to the competition between 7 decay and interaction and the
V. flux is very small since the high energy p's do not have time to decay in 20
km [31]. If the above explanation of the low energy anomaly is correct then for
the thrugoing events (a) the zenith angle distribution should be distorted since for
horizontal events oscillations will not have set in (§m2L/4E < 1) but for vertical
events there should be depletion (b) the total muon event rate itself should be
decreased by the depletion and (¢} in case of v, — v, oscillations there should be an
enhancement of v, (and hence showering) events especially at energies where there
might be matter enhancement [30,32]. Four detectors, IMB, Kamiokande, Baksan
and KGF have data of the order of a few hundred events each [33-36]. There is
no clear distortion of the zenith angle distribution or depletion of the total rate
seen in any data. However, since the comparison has to be made to absolute flux
calculations, the limits on §m?, 6 derived are not yet strong enough to rule out the
values needed to explain the low energy anomaly [37]. IMB has derived forbidden
regions [33] by taking ratio of stoppers/thrugoers which is largely flux independent
and which rules out the large angle region (sin® 28 ~ 0.6 to 1) for §m? ~ 3.10~3 to
8.1073. The same data can also be used to constrain v, — v, mixing but here the
matter effects are important and have to be taken into account. Such calculations
are now in progress [38].

If the mixing is v, — vy with ém2, in the range 10~2eV? and an effective
sin? 20,3 = 4(Uu2 Uus Urz Ura) near 0.6 or so what is implied for other mix-
ings and oscillations? The only general model-independent proposal for neutrino
masses is the see-saw mechanism [39]. Assuming that the neutrino masses scale
with generation as m,, ~ m?/M, and if one uses the up-quark masses for m;, then
6mi, ~ 10~1%V? and the solar neutrino puzzle can be solved with long wavelength
oscillations (if the effective mixing sin®2615 = 4 | U,,U., |? is large (R 0.8)). On
the other hand, if one uses m; = Mg,y s, then §m?, ~ 10~5¢V2 and the MSW effect
may be important for solar neutrinos.

R=
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I personally favor the possibility that it is v, — v, mixing with ém? near
10~2eV? and sin? 20 in the range 0.6 to 0.8 which is responsible for the atmo-
spheric anomaly [32]. In this case for high energy upcoming u’s there are unusual
showering events due to matter enhanced v, — v, conversion as a signature. For
solar v, ‘s there is a uniform, energy independent depletion of flux by about 0.5 to
0.6 (this can be lowered to 0.4 for three flavor mixing) and somewhat less (0.55
to 0.66) for v,-scattering detectors. Such an energy independent solution for solar
neutrinos is allowed at about 3o level. The application of the see-saw formula leads
to a mass of v, from 10 eV upwards. A v, of mass in the range of 10 eV to 30
eV is very attractive in terms of providing some (or most) of the dark matter in
the universe. Also a §m2, in the range 100 — 1000eV'2 is potentially detectable in
several proposed experiments [40].

Further long baseline experiments and new reactor experiments are absolutely
essential to confirm or rule out this interpretation of the atmospheric neutrino data.

Acknowledgements

I am grateful to Andy Acker, Gary McGrath, John Learned, Jim Pantaleone, Raju
Raghavan, Xerxes Tata and Tom Weiler for many enjoyable discussions and the
organizers of the DAE Symposium for their outstanding hospitality. This work was
supported in part by US DOE under contract DE-AM03-76SF-00325 and by the
International Centre for Theoretical Physics, Trieste.

References

[1] J.N. Bahcall and M.H. Pinsonneault, Rev. Mod. Phy. 64 (1992) 885.
[2] J.N. Bahcall, "Neutrino Astrophysics”, Cambridge (1989).
[3] S. Bludman et al., UPR-0516T; E. Gates, L. Krauss and M. White YCTP-P8-92.

[4] J.N. Bahcall (Tayama Proceedings); J.N. Bahcall and H.A. Bethe, IASSNS-AST-
92-51.

(5] J.N. Bahcall and H. A. Bethe, Phys. Rev. Lett. 65 (1990) 2233;
S. Pakvasa, Proc. of XXV Inst. Cont. on High Energy Phys., Singapore, July 1990,
ed. K.K. Phua and Y. Yamaguchi, World Scientific, p. 698;
X. Shi and D.N. Schramm, Fermilab-Pub-92/322-A.

[6] These are described in the Proceedings of the Takayama conference on Neutrino
Physics and Astrophysics (1993).

[7] K.S. Hirata, et al., Phys. Rev. Lett. 66 (1991) 9; 65 (1990) 1301;
K. Nakamura, presented at Neutrino 92, Granada, 7-12 June 1992.

[8] P. Anselmann et al. Phys. Lett. B285 (1992) 376.

[9] A.L Abazov et al., Phys. Rev. Lett. 67 (1991) 3332;
V. N. Gavrin, presented at ICHEP XXVI, Dallas, 5-12 Aug. 1992.

[10] K. Lande et al., in Proc. XXVth Int. Conf. on High Energy Physics, Singapore,
July 1990, ed. K.K. Phua and Y. Yamaguchi, World Scientific (Singapore 1991) p.
667.

[11] L. Wolfenstein, Phys. Rev. D17 (1978) 2368;
S.P. Mikheyev and A. Smirnov, Nuov. Cimm. C9 (1986) 17.

424 Pramana- J. Phys., Supplement Issue, 1993



(12]

(13]
[14]

(15]

[23]
[24]
[25]
[26]
[27]
[28]

(29]

(30]
(31]
(32]
(33]
(34]
(35]

[36]
(37]

Solar and atmospheric neutrinos

P. Anselmann et al., Phys. Lett. B285 (1992) 390;
J. M. Gelb et al., Phys. Rev. Lett. 69 (1992) 1864;
A. Baltz and R.S. Raghavan (to be published).

R.S. Raghavan et al., Phys. Rev. D44 (1991) 3786.

A. Acker, S. Pakvasa and J. Pantaleone, Phys. Rev. D43 (1991) 1754;
V. Barger, R.J.N. Philips and K. Whisnant, Phys. Rev. D43 (1991) 1110;
L.M. Krauss and S.L. Glashow, Phys. Lett. 190B (1987) 199.

A. Acker (unpublished); V. Barger, R.J.N. Philips and K. Whisnant, Phys. Rev.
Lett. 69 (1992) 3135,
P. Krastev and S. Petcov (to be published).

S. Pakvasa and J. Pantaleone, Phys. Rev. Lett. 63 (1990) 2479;
A. de Rujula and S.L. Glashow, HUTP-92/A042.

E. Akhmedov, Z. Berezhiani and G. Senjanovic, Phys. Rev. Lett. 69 (1992) 3013.

J.N. Bahcall, N. Cabibbo and A. Yahil, Phys. Rev. Lett. 28 (1972) 316;
S. Pakvasa and K. Tennakone, ibid 28 (1972) 1415.

J. Frieman, H. Haber and K. Freese, Phys. Lett. B200 (1988) 115;
X-G. He, S. Pakvasa and R.S. Raghavan, Phys. Rev D38 (1988) 1317.

A. Acker (unpublished).
A. Acker, A. Joshipura and S. Pakvasa, Phys. Lett. B285 (1992) 371.

M. Gasperini, Phys. Rev. D38 (1988) 2635;

A. Halprin and C.N. Leung, Phys. Rev. Lett. 67 (1991) 1833;
M.N. Butler and R.A. Malaney, Preprint (1992);

K. lida, H. Minakata and O. Yasuda TMUP-HEL-9207.

J. Pantaleone, A. Halprin and C.N. Leung, IUHET-228.
K.S. Hirata et al. Phys. Lett. B280 (1992) 146; B205 (1988) 416.

D. W. Casper et al. Phys. Rev. Lett. 66 (1991) 2561;
R. Becker-Szendy et al., Phys. Rev. D46 (1992) 3720.

Ch. Berger et al. Phys. Lett. B227 (1989) 489.
M. Aglietta et al,, Europhys. Lett., 8 (1989) 611.

M. Goodman, ANL Preprint (1992) presented at the APS-DPF Meeting, Nov. 1992,
Fermilab.

L. V. Volkova, Sov. J. Nucl. Phys. 31 (1980) 784;

H. Lee and Y. S. Koh, Nuovo. Cim. 105B (1990) 883;

M. Honda et al., Phys. Lett. B248 (1990) 193;

S. Barr, T. Gaisser and T. Stanev, Phys. Rev. D39 (1989) 3532.

J. G. Learned, S. Pakvasa and T. J. Weiler, Phys. Lett. B207 (1988) 79.

T. K. Gaisser, “Cosmic Rays and Particle Physics”, Cambridge (1990).

A. Acker, J. G. Learned, S. Pakvasa and T. Weiler, Phys. Lett. B248 (1993) 149.
R. Becker-Szendy et al., Phys. Rev. Lett. 69 (1992) 1010.

Y. Oyama et al., Phys. Rev. D39 (1989) 1481.

M.M. Boliev, A. V. Butkevich and A. E. Chudakov, Proc. 19th International Cosmic
Ray Conference (La Jolla, Aug. 1985) Conf. Papers 8 (1985) 171.

S. R. Duggal et al., (These Proceedings).

W. Fratti et al., Bartol-Penn Report (1992);
D. Perkins, OUNP-93-03.

Pramana- J. Phys., Supplement Issue, 1993 425



Sandip Pakvasa

[38] G. McGrath (IMB collaboration), private communication.

[39] T. Yanagida, in Proc. Workshop on Unified Theory and Baryon Number in the
Universe, ed. O. Sawada and A. Sugamoto, KEK (1979);
M. Gell-Mann, P. Ramond and R. Slansky, Supergravity, ed. P. Van Nieuvenhuizen
and D.Z. Freedman, N. Holland (1979);
R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

[40] N. Reay, R. Sidwell and N. Stanton, Fermilab Proposal P-803;
N. Armenise et al., CERN proposal CERN-SPSC/90-92;
M. Kadi Hanfi et al., CERN-SPSLC/91-53.

Discussion

Probir Roy : Comments please on ©,,_,, and ©,,_,, needed for v, , — v, oscial-
lation experiments proposed at accelerators to see signals!

S. Pakvasa : The proposals at Fermilab and CERN which will probe ém? in
the 100-1000 eV? range for v, — v, oscallations claim a sensitivity range for
sin? 20,,, better than 10~3, as I recall.
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