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SOLAR NEUTRINO PUZZLE

K VL Sarma
Tata Institute of Fundamental Research
Homi Bhabha Road
Bombay 400 005, Incha

The solar neutrino puzzle 15 one of the major preblems of modern physics which
has been with us nearly for the past two decades Stated simply, the solar neutrino
flux measured on Earth 15 smaller than what 18 expected by about a factor 3 4 The
puzzle is how to understand this defieit in the observed number of neutrings from the Sun.

Why should we be interested ? The Sun s powered by nuclear fusion reactiona taking
place In the hot regions of the interior wherein the hydrogen nucler combine or fuse to
manufacture uccessively heavier elements such as He C N, The scheme
according to which Lhe various reactions proceed was proposed by Bethe 1n the 19308 But
what 18 the experimental (vidence for this scenario in the Sun ? Unforlunately we have
to telescope to 'look dircetly nto the Sun  nterior However there ls an indirect way
for this anc that 18 to explail neulrinoes

The fusion reactions lead to nueler some of which are unstable and undetgo beta or
gamma decay The photons from the latter are quickly absorbed by the surrounding
material 1 the Sun's inlertor, and low energy photons are subsequently emutted It
takes milligns of years for the electromagnetic energy released in Lhe core to reach the
Suns surface In contrast, the neutrinas coming from beta decay interact only weakly
with matter and hence they go right through the entire material of the Sun with essen
tially no absorption Thus we can look for neutrinos arriving at Earth directly from
the Sun g intrior, and hence our interest 1n the neutrinos from the Sun

How does one loolk for the solar neutrlnos 7 The method adopted 1s to initiate an
inverse heta decay reaction and 1dentify the daughter nuclcus Since 1967 R Davis and
coworkers have been dotecting neutrinos by using 37C)

Solar v 4 el o e v A (1

The delector consists of 615 melile tons of CoCly (containing 219 x 10%° atoms of *7C))
in a tank placed 1n the Homestake Gold Mine, South Dakota, USA {strange that one
goes into the Carth to extract infarmalion on the solar interior' This is to reduce the
background processes producing Argon paiticularly from piocesses involving cosmic
ray muong) The number of Argon aloms 1a counled by the 35 day half life of *TAr, which
18 extracted by radio chemical methods The observed neutrino capture rate measured n
SNU (solar neutrino unit defined as 10 *¢ neutrino captures por target atom per second)
as reported by R Davis et al [1] 1n the 1987 cosmic ray conference at Moscow 1s

207 + 025 SNU (2)
The result of the chlorine experiment can be compared with the theoretically ex
pected rate based on the standard solar model Teble I hsts the reactions responsible

for yielding neutrinos 1n Lhe Sun, the correspanding energy range of neutrinos, the capture
rates expressed in SNU for the chlorine detector (threshold energy 18 0 814 MeV) and
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also for the Gallium detector (threshold energy 1s 0236 MeV) accoiding to the 198,
calculations of Bahcall et al [2] The total capture rate for chlorine according to the
calculations 1s

591 22 SNU, (3

where the theoretical error 22 1s an 'effective’ 3 stendard deviation value It seems
recently there 15 an upward revision of this theoretical value to 85 1 25 SNU In any
case the discrepancy between the observed and expected rates 15 a factor 3 4

Other Experiments

Among the many experimental proposals, perhaps Llhe most mportant is the
one using Gallium es the detector element The advantage here 1s the low threshold to
initiate the inverse beta decay reaction (= 0 236 MeV) and the consequent detectability
of the large neutrino flux from the pp reaction (Cy= 0 042 MeV) estimated to be 70 2
SNU An experiment using "'Ga 15 under way in Baksan Valley in USSR

Vg * ge » e + liGe, (4)
and the results could he expected 1n a couple of years time

How are we sure that the detected neutrinos are coming from the Sun? Recently
the group at Kamicka in Japan operating a 3,000 ton water Cerenkov deteclor reporled
a limit on the solar neutrino flux by looking at the reaction

\)e+e+\)e+e (5)

The recolling electron "remembers the direction of the tncident neutrino and Lhus enables
ona to check that the incident neutrine 18 indeed coming from the direction where the
Sun 18 located The Kamioka group has an angular resolution of 1 282 for 10 MeV neutiino
(trigger threshold 1l 75 MeV) On the basis of observations for 128 deys a preliminary
linmit (904 CL.) given by Koshiba et al [3] {E > 10 5 MeV) on the solar neutrino Flux 1s

¢, < 32x10°v em ?sec !,

which mav be compared with Lhe theoretical expectation of (60 + 2 0) x '][Js\)ecm 2gec !

Anothet way of stating this preliminary result 1s that the Kamioka rate 13 les Lhan
4 SNU

Explanations of the Solar Neutrino Puzzle

There have been many suggestions teo resolve the solar neutrino puzzie ensuing
from the chlorine experiment (1) suggest a way to reduce the central temperature of Lhe
Sun thereby inhibiting the production of ®B (whose neutrinos should be contributing about
75% of the expected rate, see Table 1), (2) during the flight between the solar interior
and the terrestrial detector, the beta decay neutrino may have been transformed into
another kind of neutrino which cannot initiate the Cl Ar reaction

We shall not discuss the suggestions under the first category which involve taking
into account mixtng, diffusion, postulation of WIMPs (weakly interacling massive particles
mea few GeV), etc The WIMP Solution seems to be interesting as 1t can also help explain
the recent observations of Helioseismology But unfortunately there 1s as yel no experi
mental evidence for WIMPs at the accelerators

Last year there has been resurgence of interest i1n the neutrino flavour oscillations
due to a suggestion of Mikheyev and Smirnov [4] according to which the electron type
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neutrinos Vg could be converted to muon Lype My or tau type vy neutrino in thear paoage
through the dense interior of the Sun The conversion v+ v,  whele x Y or T, 1 a
resonant kind of phenomenon resulting from o difference in the roopeclive Torwmd
scattering amphitudes on stomic electron of the medium The conver 1on depond ool
tively on the difference 1n mas es between the neutrinos and on the mixing angle 0

So far people have discovered 3 kinds of v V,,\, and Ve In the techical Jairgon,
so far thiee "neutrino flavour ' have been iwdentified They are il diotinet, in porlcular,
an ncident v, or vin relalion (1} cannot lead to a final state conl urung an tloctron (v
needs an energy >106 MeV  to produce 2 final iy and vy necd an encegy > 1780 MeV to
produce a T , together with the A1 nucleus) There may bo more than 3 Tlavaur  of noutt
nos 1n Nature

Regarding Lthe neutrino mnsses, there 15 no clear evidence whether ny of U Thic
has any mas Avalable cxperimental bty e mive) <18 eV mfyy) <0 2> MV

Neutrino Oscillabion

This 1 a fascinating po sibibity b ed on the imterforenee of wave O ol Lo
occur because different component  of 1 neutrino wave function can have different pha o
factors

To lustrite th1 an the simple ¢ e of Ve vy osctllntien we shall start hy
assuming that therc arc fwo statee vy oand vz with mase  myoend mgz, 1opae bively
Assume that the Ve md vy tate are Iinc e combinations of the mass Late vy wnd v

v, = cog Bvii 85N 9 vy

<6< %) (6)

\Ju = SIN0 Vi1 Lo8 vy

where 0 15 called Lhe mixing inglo

If we stort at Limo b= 0 with a pure v, state then affor a Limo L il evolves to n
state which 18 a mixture of vo and vy wniting ¢ for cos 0 and s for sin 8, we have

V. o= eVl 48V ltltvl

o ce

[ 1ot Va2

Lime L

1t ‘% kst o it _ 1L at

= (c* o )\)e-—- o ( e )Vu

2
where [}, = (p* v m|2< )é =op o+ (mﬁ /2p) at tigh encrgies Replacing L~ x/v, by % wet
have the probability of delecting 2 Y obtaine d by squaring the amplitude,

P(\)e+ Vi) = ain? (20) sin? [1;%1 (7

_hwp ()

Oseillation length (in varuum) L,
| m&  mi|

hil

we note that v, + v, oscillations are neghgible 17 the mixing 1s small (8 0 imphies 1w ?),
or if the mass difference A= (mi —m}) 15 small (A v 0 implies P v A%

Many experimental groups have heen looking for the oscillations at nucle w powor
reactors and particle accelerators, without any success The general foeling as cithor 0
too small or 418 too small One may therefore have to turn Lo rion labor ey soutor 3 of
neutrinos to look for the consequences of flavour oscillations (among neutrines 10 co i
rays from Sun, from Supernova bursts)
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Neutrino Qscillations 1in Matter

The vg vy oscillation probability when the neutrinos are pdassing through matter
was first discussed by Wolfenstein [5] in 1978 The point here 1s that although neutrinos
interact weakly with matter 1t 1s 1mportant Lo consider Lhe coherent scattering of
the neutrino on the electrons of the atom of the medium, the vy expcriences an add
tional scattering potential due to the W exchange while Lhe vy, does not The v gets
scattered 1n the forward direction with no recoll Lo the electron, and the amplitude
for this 1s proportional ta the number of elelctrons N, per unit volume of the medium
The eigenstates propagating in matter are denoted by vimend vay (distinet fram the
earher vy andva) with masses 1y and

We shall skip the detalls and quote only the relevant results 10 terms of the
mixing angle Bm In matter,

V. - cosé v + 8nd v
e m 1m m

¥
\Ju smem \J1m+ cosGm \’Zm 1
W - Mmh o+ mEVA) +}AIV cos 20)2 + sin (20)] 2 (10)
(1) ()
v_zfé“Ec;FNe/A (11)
A mi m? (12)

For antineutrino propagation the corre ponding V 18 negative of what 1s given in Cq (1)
The probatlity for finding vy after travelling a distance x 1n matter has a formula
analogous to £q (7)

2 27X
Pm (\)E-r Vo, %) 10 (ZBm) skn [2m1 (135

H

51”2(29) (14)
(V cos 26)% + ain?(28)

where sin2(28 ) -
m

Q'm - AT {1,)
w2 |

The important observalion made by Mikheyev and Smirnov [4] (MS) 1s that the
oscilition probability given by £q (13) 15 maximal when the medium has o natty such that

V - cos (26) (16)

Thi 15 the M5 resonance condition For this to be realized a neccssary condition 1s Lhal
A hould be positive |05 Va _must be lighter Lhan_\_)u When Lhe MS resonance condition
{

s met we will have 1n{26,) - 1 for any non vamishing mixing angle & however small
The expression in Eq (13) will therefore exhibhit a Breit Wigner type resonance with width'
given by

I - 2sn(28) (17}

Note that the MS resonance condition (16) 1s a condition on the densily p of
the medium,
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Table. T
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Rcaction Ve BRecay (MeV) Y7CL(081 MeV)  "'Ga(>0 236 Mev)
pp *+ De’ v, 0 042 0 70 2
ppe * Dv, 144 02 25
e "Be » "Liv, 0861 x 09 ¢ 0383 x | 10 270
"B *Be e’ v 0 1406 43 16 0
BN Boe! vy 0 12 01 26
or BN e’ v, 0 173 03 3
59 5NU 1218 SNU
Table 11
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%
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Y
m‘L ¢ v-\.
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Lifoctive mass squaredu?of the

neulrino state propagating in the med
um versus V (22/2 GF Ng E/A) Large
(small) values of v cortespond to den
stties In golar core (solar edge) for
fixed values of C/A
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E p - A
(v ] [gm 3] = 07 % 107 cos(20) [ 7] (16a)

In the Sun we start with a large central density (v 150 gm cm 3) and the density decrea es
to zero as we go towards the edge of the Sun Thus 1if Lhe neutring during its passage
encounters layers of right density the oscillation probability 1s enhanced and the v, will
be converted into vy or v

The eigen states in matter are listed 1in Table II for three intercsling case of
limiting densities (high density resonant density and low density approximaling the
case of vacuum) In the solar core the beta decay neutrino vy will propagate radially
outwards sccording to the high density solution which 1s approximately Vo until
It meets the resonant density somewhere In the body of the Sun In the re onant layer
of the density, due to the MS mechanism, vg + v, oscillations are enhanced As the v
passes further towards the edge of the Sun and travels in the intervening pace of
Sun and Earth, the low density solution 13 operalive and there will be negligible o cilla
tions 1f the mixing angle 6 1s small

Byt the matter density p(r) in the Sun 1 a funclien of the radial dirtanee © from
the centre Bethe [6] argued thal 1f we assume that the density p{r) e gently doeron ing
in the rksonant layer (of width T) the state vy,will continue to cvolve as Vo, indwill
not develop thevqr, component (see Fig 1) Thi 1 called the ndiabalic appioximation
which states that the resonant oscillition length t55% 10 (he medium 1 much smaller
than the thickness 8x of the resonant layer

res 1 R.V 2 tan{20)
b Zn sin 20 << dx [g— %g] e

In this approximation the levels do nol cross (no level crossing) nd Lhere 1s complote
conversion of Vg Lo v,

Bethe's explanation to resolve the olw newlrino puzzle roughly ploweed  ag
follows The resorance condition (16a} descrtbes nhyperbohic curve 1n E verses p plol Solgr
neutrino snergies are limited by C.$ 14 MeV and the solar densities by p 5150 gm em
Therefore one can define a 'critical energy  Eg s0 Lhal for £> L the re onance conchilion
1s salisfied somewhere 1nside the Sun, and for neutrinos having L < [ the M5 re oninee
condition 15 not satisfied anywhero in the Sun To get tho required depletion 1n the
ohserved Vg capture rate in the Davis experiment Belhe suggests

E, 6 MeV {19)

This 1mphes that Davis should have observed only Lhose neutrinos having < 6 MeV,
whereas the high energy solar noutrinos (with C > 6 MeV) went undeteeted by him ag
they were all converted into vy in the resonant layer adinbatically Subsequent esctll ations
In vacuum during the fhight from solar surface Lo the chlorine dieteclor can be ignored by
choosing 80 According to this adiabalic solution to solar neutrino puzzle we require

Cos(26) & 06 x 10" (en)?, (20)
and to satisfy the adiabatie condition we require
tan®(20) > 16x 10" ,18 6 > 040 (21)

Taking @ v0, m; 0 in Eq{20), one requires m2 v 0008 eV which 1s too small & ma s
to be measurable 1n the laboratony
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Tests of Adiabatic Solution

(1 Since the low enelrgy neutrinos (below 6 MeV) escape the MS resonance and since
the bulk of the capture rate in the low threshold Ga Ge experiment comes from
the abundant low energy solar Vg (from pp reaction) there should only bea small
deficit in the expected capture rate 1n the Gallium experiment, that 1s the Ga rate
should yreld ~ 108 SNU instead of the standard value 122 SNU given in Table 1

{2 There should be sigmficant distartions 1n the neutrino energy pectra which can be

measured by employing suttable elements for target materials Deuterium [7]
Boron [8] etc

It should be mentioned that when the density variation 1s not gentle the adiabatic
approximation feils and there will only be a partial conversion of vg to w, In the resonant
layer Thia stiuation when levels cross ha been examlned by many authors 1n great
detail [9] For the simple case of linear variation of density with radial distance (in

the resonant layer) the formula for level crossing possibility P, was first derived by Landau
and by Zener 1n 1932 [10],

m dx
P, = PO * Vg, = expl g t =] (22)

m

where the notation 18 as 1n relation {18) According to the nonadiabatic solution at
high energies there will be leval crossing and at low energies Py =0, thus mostly low
energy Ve's converl Into vy's and the high energy Vg's emerge from the Sun as vg's only

For an example of the calculations In the general context (both adiabatic and non
achabatic) Lo explain the solar neutrino puzzle using the M5 mechanism, and the regions

of the required velues of A and 8, one may consult the paper of Parke and Walker [11]
(see Mgure 2)

A v 107 10" (ev)? and mn®20 ~10 % 10! (23)

Influence of Carth's Medium

Matter effects on v, Ve oscillations when the stmospheric neutrinos propagate
through Earth (assuming Umform density) have been studied earher These effects are
important when V = 1 where V 18 dofined in Equation (11} [12]

For the case of solar neutrinos, for some narrow range of values of Lthe parameters
it 18 possible to have the MS converslon In the Earth's material also [13] The denaity
profile 1n the Carlh 18 a compheated function of the radial distance [f the solar vg s
converted to vy, or Vg In the solar material, it may be reconverted into the original ve
in the Carth's materinl

Ve Sun VM (or V) Earth Ve (24)

The paint here 1s that the first converaion ahoulcl happen in the Sun at the dinsities
equal to the Lerrestrial densities (5 12 gm em %) This leads Lo the spectacular Day MNight
Effect according to which there will be more vg during the right {(when the neulrino
has to pass through the Carth) than during the day time Thus the Sun shines "brighter’
during mght from the view point of the Galhum detector The required values of the
parameters are 1n the ranges

A 108 10" (ev)? and sin®= 0086 052 (25)

i

The influence of the Earth's medium not only gives rise to diurnal variations hut
also seasonal variations in the observed olar v, flux [13] The Ga Ge experiment n



28

KVL Sarma

:|lllll 1 lilllﬂl 1 llllllll LI | ll[lill I TJTTTT I FT Hg
ECHLORINE 3
L Solar Model (59 std.) ]
N> 10“4 = "5
@ g A \2 4
o o~ o -
IE 10° - =
E h i
(| IILIII [| 1 8 1l
=a | o
Son" CzB)/Cas (2 B)
flg 2{a)
]O 3 IIIIFI LIR l”l"l T IF[]”] T ¥ IIIIII'I T lllllg
- GALLIUM 3
[ Solar Model (122 std ) ]
104 |-
©  f
- ‘
< \
= 10° |~ \
f 3 i
oF N .
[ [~ : .
IO6 o :“E
- =
- =
N | ]
- i Yy '

Io¥ fo? ot i [ Ia
< M"'(na)/c §C(28)
Flg 2({p)

Fig.2. Allowed regions in the parameter space A and § according to the calculations of
Parke and Walker (Ref 11) The numbers along the curves Indicate the experimental
capture rates in SNU for the detectar elements (&) Chlorine (b) Gallium The total
capture rates expected on the standard solar mode! are 59 SNU and 122 SNU In Fig (b)
the dashed contours refer to the Chlorine detector for 18 SNU and 2 &4 SNU
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progress expects to ob erve the day night effect by collecting the daughter radiwoactive
atoms twice daily

It may also be mentioned that the Mikheyev Smirnov re onance enhancement of
neutrino oscillations has been tudied including 3 level mixing between v, v, v by
assuming some hierarchy of ma ses [14]

Sun Spots and Solar Activity

There have besn a number of analyses uggesting that the neutrino rates observed
in the Davis experiment show sy tematic time variations The neutrino capture rates
during 1977 85 seem to show a strong anti correlation with the solar activity cycle and
increased rates during large solar flares [1,15] (see Figure 3)

Voloshin ~ Vysotaki and Okun (V20) [16] have recently suggested that the neutrino
may have a large magnetic moment

ulvg) = (-} 1) x 10 " gone (26}

When the solar activity 18 maximum (as evidenced by the increased number of Sun

spot } Lhe neutrino 10 passing through the solar magnetic flelds { ~10% 10" Gauss)
could flip 1t opin

v (Left handed) v (Right hande d)

pin flip
Thi renders the neutring emerging fiom the Sun sterile to imtiate the Cl Ar reac
tion it is estimated that during the period of active Sun the magnetic fields present are
an order of magmtude larger than the fields in the quite Sun In this way the maximum
of Sun pot number will be anticorrelated to tho elar neuirino capture rate as scen
in Figure 3

The current experimental limils on the neulrino magnetle moments coming from
Ve scattering AL the reactor [17), and the vy e scatlering at the accelerator [18] are

wivy) < 1o x 10" g

8]

nlvy < 95x10 ' g

Thase ltmils are at Lhe same level as the value suggesled by V2O Moreaver, Lhe astro
physical bound [19] {: < 07 x 10 IUJJB) obtained from Lhe cooling rate of young white
dwarfs by Lhe decay of ptasmons (y* + vv ) ls also con istént with the value in Cq (26)

However from the poinl of view of particle theoriats a value such as 101 g for
the magnetic momenl of v, 18 rather cifficult to uynderstand It s about 10° times
too large compared to the magnetic moment expected on the basis of the standard

mode! of Electro weak umfication of Clashow Welnberg Salam, as calculated by Fujikawa
and Shrock [20],

30 G- miv.)
i e
]J(\)B) = + 8/2 ,”2
m{va)
= 320x 10" uB{EW%—f] (27)

It has been emphasized by Bahcall et al [21] that although the apparent correlation
between solar noutrino rate and the Sun spot number is Intriguing, the existing date are
not statistically significant and could be a coincidence Clearly we may have to wail till
the next solar maximum during 1990 95, or ob erve the b1 annual variation in the neukrino
capturs rate 1s predicted by V20
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Fig.3 Comparigon of neutrtno capture rates and Sun spot numbors (from R Davis
et al 1987, Ref 1)

Summary

The flux of Vg as recorded by the *’Cl detector of Davis is smaller than Lhe expec
ted solar vy flux by a factor of 3 to 4 Such a conclusion seemsa Lo be supported by the
preliminary results of the only other experlment currently running at Karmioka {in Japan)
using water Cerenkov detectar This solar neutrino puzzle ha. glven rise to various expla
natlons

One of the interesting explenations which had been discussed during the past
couple of years is based on the resonant enhancement of neutrino oscillations in the
solar core This explanation originally due to Mikheyev and Smirnov is consistent with the
standard solar model and also with all the known facts in particle physics It requires
among neutrinos only very tiny mass differences (A) and small mixing (8), both of
which are extremely difficult to observe In the usual laboratory experiments The solar
neutrinos may be the only handle we have ta explere such extremely small values of
these parameters Aand 8 Further from a theoretical point of view such Liny values aof A
and 0 have a natural place n lhe Grand Umfication Theories (GUTs), and hence the
interest of particle theorists

A umique feature of the MS explanstion 1z the prediction of & distorted energy
spectrum of the v, which can be measured It will be very exciling If the Day Night
effect is also verified experimentally
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