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1. 	0e0111ltions of Bol a r and r eactor neutrinos I 

introduot i on 


1. The possible significance of neutrino oscillati ons in sol a r 
neutri no astronomy has been recognized even bef ore the first s ol ar 
neutri no experiments hed been perfOrMed/ 1/. In t he ebsenoe o~ any 
inf ormation on neut r ino mixing. ODe would expec t that the tlux of 
de t ec t able solar neutrinos might decresse t hrough the presence of 
osc lllstiontl by 8 factor at most aqual to n" , ,,here Il. is t ha num
ber o~ neutrinos ot definite (and diff erent ) mssses (" if: -rule") 
/ 2, 3/ . Ae a ms tter of tact R.Davi s et 81./4/ have f ound 8D intens i ty 
of s ol ar nautrinos deteoted through t he )7Cl _)7A method/5/ smaller 
than the one expected tram the standa rd solar model/6/. Tbia disc
repancy ma y mes n that neutrinos are maaaive and oscillate, but the 
conclusion , 8 S is w8l1 known, is not certain (because it is diffi 
cult to asses s t he e rror aft ect ing t he expected J7Cl - J7A "no
oscillation " value ot tbe solar neutrino flux). 

At present diff erent and compl ementa r y methods of investiga ting 
solar neut rinos a re be i ng c Dnsidered . We have i n mi nd especially t he 
Ga-Ga method / 7/, t he corres ponding "no-Ds c tllation" neutrino flux 
being prac t i cslly model independent. 

Presently , art i f io ial neutri noa trom accelerators and reactors 
are aloo being us ed on a .,ide scs l e program with the aim t o search 
for osc i lla t i ons. In th is note we ahe l l conai der only Bol ar and re 
actor i nvestigat ions because the results of the corresponding expe
rime nts a re direc t ly comparable, the Sun and the reactor baing 
oources ot electron-type neutrinos ( q, • \i. ) r espect!vely. 

I n a recent pape r / a/ we s tarted to conside r the problem a8 to 
how t he info rma t i on on t ha presenca of oscill at i ons poss i bl y ra.ea
led in reaotor expertments woul d i nfluence t he di scussion and t he 
i nt er pretation of preoant and f uture aolar neutrino expertments . 
Thera we l1mite~ oursa1ven t o the C8S 8 o~ ~ amplituda oscIll a 
tions " U h only 0 111) o(lolllati on length. We showed that tha pnUltnce 
of such oscillatlolls ponsl hl y revea l ed 1n reactor o1q)lltr1mfJntn "0111 ,\ 

result in a maximum decrease of the detectable solar neut r ino flux 
by a f act or equal t o (1Z - 1) instead of the f actor rL co rresponding 

I d ' to 	t he" n.. -rule". In this paper we pr esent a more 8eneral lSC US 

sion of the pr obl em. 

2. 	Baa ic assumptions and results 

As 	 is well known the "current" neut rino fie lds ~, (t'=e LL. cJ 
~ <...- ~f ) ~ 

may be dif fere nt from the f ie lds)) ( .... -= 1,2,3•••• ) of neutrinos 
l.,.. 

with def ini te masses ~. (e i ther Dirsc or Ma jor ana) . I n t he gene 
ra l cese /9/ ~ 

n.. 

;-' =2- u ) . . 	 (1)
CL tG LL 

L =/ 

Here"1I:E index L denotes l eft-banded components. U j S 8 unit ar y 
mix ing matr ix. Let us note that the number of neutrinoR wi th defi 
nit e maeses n.. may ejther coincide with t he number of charged l ep
t ons or be twice larger than such a numberl10/. In t he las t case 
togetber lO/ith I'l-/.t, "act i ve" (current) neutrinoo ~:. , ,-' ";"'~r' there 
muot exist also ')i "sterile" particles ~ •~ ~ F. ~rL .... . 
which do not toke part in the standard week int~ct ion. 

In this paper we will limit ourselves t o the s i mplest caoe when 
in reactor oxper1ments oscillations with only one oscillation l ength 
are observed; in other worda the case in which only one dl rference 
of squared neutrino messes enters the expression of the reactor anti 
neutrino osc i llation amplitude. 

The indication i n tsvoUT of finite neutrino masses, if any. is as 
follOl'ls ~ 

1) I n the. ITEF eroup invest igation of t he p -epectrum of ~ 
it is claimed that the mesa of electron antineutrinoe 1e about 
30 eV /11/. Incidentebly, auch a value ie very des1rebl e from B C08

mologlcal point of view/12/. 
11) The solar neutrino flux ( I J -1,8 :! 0,3 SNU) measured/ 4/ 

with the help ot the 37CI _37A metbod is amaller than thoL expecte 
theoretlcallv'6/ on the assumption that no oscillations take place 

- L) + )
( ~ , » 7,~ - 1,5 SNU : it the diffarence ie dua to oecillatlono,the 

~ . fIjI/x.. " t. -12 2reBult Impl1ea that ,'/1- -/r:. /.,:' 10 eV ( In. and rll being 
'"' '" ~ L. x...

the massao at the corresponding Deutrino maeB elganstates) . 
lil) In B recent /14/ high statintics invsotigation performe~ 

at e PQlller reactor ·it 1a r.lalmed that aome ind1catjon ia found 1n 
favollr of oac111atlone ("Hh osclllat10n length corresponding to a 
SqllllT"O IIBlltrll11J meSl! dUference around 0,2 eV2 and an amplitude 
oTO~nd 0,2). BelQIII "e take pointe i), i1) an~ iii) at their feoe 
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value and try to rec onci le them from a phenomenologi cal point of 
view , although we are of the opinion that points 1), i i) and iii ) 
are in no way final. 

Having in mind the poasible large decrease of the mesaured 
solar neutrino flux with respect to the expected one, l et us SBS um 
th a t there are rL > 1..- neutr ino maBses . If the re actor experiment s 
r eveel only one oscillat ion l ength one would gue s s that some neutri 
no messes arB so close tha t the corresponding oscillation lsngths a re 
much la r ger than the distsnce reec tor-detector. ThuB, we are natu
ral ly l ed to t he idea that t here may exi st a group of c loaa neut rino 
masses n?.,> ~~ _ . , the di fference of which is relevant in soler 
but not in r aactor os ci lla tion experiments. The origin of the reac
tor oscillation would be then due to the ex i stence of one mess I?L~ 

significant ly different from t he mes s ea of the neutrinos belonging 
to the above-mentioned group . The smplitude of the trensition i-;> ~ 

e. e.<= e J.L/ -c '" ) may be written in t he form e 
) 'I ' J 

-LE.tl !1- - dE. - E .)t ,;I;- ] a v (tJ = e j ? lit'. (e. i ,f - 1 )U, 7- 5 / I (2 )1; /' t Lu teL- ='! 

, I----:z-~
where t is the time , Ei- := V? -t- In.i. , f/ is the neutrino 

momentum. I n expr ession (2) the i ndexJ 1s firld t and J7Z - is the 
mass of any of the neutrinos belongirtg to the group. O!fi Btarting 

point thet only one osci llation length ia revealed in reactor expe
riments is taken to ind icete the t 

2. 
/07

2 
- 177 !

/E -E t- ~ .-!3: .-I Ii- > -r
.1.. ----v .--vrL d (3) 

I
. 
E , - E /.1 ...... 1m

I 
~ rr/ 'I 

,. n.o c- l. " ~J t (J It« 1) 

where R- is t h& distence betw&en the reactor and the deteo t or 
( P>:>/Tl ,i-=I, :Z; __. / <..-). For t he probability of t rensition 
/Vf-.>j/,' (YI'. -.>~,) from (2) and (3) lIe get · ) 

., I n the presence of sterile neutrino in addit ion to ( 1 ) we 
muet add the express i on /1 0/ 

c ~ ./l..

i.=6) =L L&-.». 
c. 1/1... i=1 t,-, d 

"here}J =CV- iB the charge conjugated field. Tbe problbi~ity ~ 
}oJ...." ;::> / can be obtained from (4) by substitution lu /1 ...,,!LL// •
L e. L e.G Cc.. 
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.t -Z- .
P,; v (% )= p;J lJ (% ) =ctlu I 11U / ( , - CLn.l.L1Ji (4 ) 
C' , C- / (,' , C I t n..- &z.. Ot ? 

"here 

:<.. -Z. 


L\ =/ITI-- rrz' / . 
rL d 

Prom (4) one finds·) 

?" .v ( f):, ) = f'-;- 15 = 1-Z~ ',J(%)= /_ QI A:.. ( 1-Lw.z.l..L! 1l ) . ( 5 ) 
t'c f l' l- l!.~eL-"C-/ c:>L- f 

Here 

.:t/ ~ 
A. = lu / [ / - ILl. / ) (6 ) t /L t z.. 

ie t he oBc i llation amplitude . I t is clear that 

O .!f,A, £,/ 
:{. I 

and the fll8ximum or the amplitude corresponds to IU~ / =- . 
La. .;0

For 
I

the intensity of electron antineutrinos I- ( 1£ ,p) with 
~, I;

l1Iomentum t at a distance -1:- hom the reactor we ha~ 

I)J (R)p) = Pv-'u (R./p ) Z; (R)f», (1 ) 
c.. / c.'e 7/ ~ / 

where I D(R.i) is the intenaity of Vc. expected in the ebsence 
of oscillaUons Bnd the probability f?;y .LJ (») is given by 
the expression (5). e.' e.. ! 

Let us discuss now solar neutrino experiments. Since in sucb 
D / ij~ . _ 

8ltperiments "-(p ~ (0 ~£. , we shall essume that for all L'1" L 
/ He~c. d 

.<. :<... Il1m· - /77. 1-» /
l- j f> ' 

i.e., every osci l lation lengt~ is much smaller than Sun-Barth dis 
tance. The properly averaged detocted neutrino flux is 

o 

I" = SI~ (8) 

e.. Co 

., In pres&nce of transitions to sterile states the sum in ( 5 ) 
must include also such states. 
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o 
"here .r, is the flux which should be expected under tbe assump

/ / .:<. ( / ( 16)tion thatLoscillations are absent snd f) is ( 5 . ) = 1 --A.. - 0{ , _ ._ _ ) 

n t.u1.. ..t- -<- -. 1<- - I 
I L 7 . where 1__(9)E =- ZILL ./. eL I.::t:::U-7'tI
 d ==-_c =! (17 )± ,fG 

Suppose that there is no any spriori information on oscillat ions. 
Usua l ly the maximum decre as a of t he dec t able solar neutrino flux 
due t o t be pre s ence of osc illations is t hen considered. As i s well 
known /2 , 3/ such a maximum de crease cor r e s ponds to 

/b ( 10) 
InL./L rL 

y / (.. )
wbich is obtained when IU / = 12- L =-/, 2., . -. I'L . fe 

Le t us aa suma now tha~ eome i nforma t i on on t he va lue of /CL€/L 
has been obteined f rom reac tor experiment s . In this case instesd of 
re lation (10 ) we get I B/ 

(/ - IU J -Z-) ~ 
e/L (11 )8 -r- ILL / Y

C'l'L ./7-Zl./t. n. -1 

Such s min imum corresponds to 
..t 

..e CJZ..I 
/u I = , t. = 1, 2) .. _ . n - 1. (1 2 ) 

r? t. 

Let us not ice t hat express1.on (11) was obt ained under t he assumpt i on 
n .~.-j • Clear l y if n = -<- the know ledge of /U,,--<- / - fermlte t o !{. 

predlct the paramete r f) unambiguously ( 5 =lue.:t.1 ---6- IU<,~!{..) J. 
.Let u.a discuss now which i nfol"'lllSti on on l{Len/ -<'- lItBy be ob

taine d from raactor neutrino experiments. If in such experiments 
osc i llations wit h one osc illation le ngth had been obaerverl, this 

.z. .z. wlluld yield the value of I n ,1Z. - rr;,;' / end the oscillation amplitu
de k • Prom (6) it is obvious Mlat to 8 Riven value A: there 
correonond t"o values IUt!n. / 

~ 
: 

....t /-~ ( 13 ) 
en... 7 .;(.. 


. 2. 


1. lu I = 

2. I "I-/~ (14)'Uet7. ~ 
~ 


TUua, " e are confrontad "ith t"o posaible minima of the parameter b : 
/ _ _ ..L Z ( _ _ I _ )

(S I7HfL )! - / .;L rl: - ext- . I 1<- _ I ~ 
( 15) 

b 

I 

Since ~L ~ 0( the dee pest minimum ie ( /5 ) . 
T - O "LU\. '1 

It cen be sh own tha t information ebout t he pr e sence of one 
osc illation lengt h wi th the amplitude ?t in reac t or experiment 
permits us also to y ield the f ollOWing upper limit 

/
f) <' 1 - ct.rt ( 18 ) 

As a matter of f ac t 

$t $I 
f) = lu / + Z IU e i./ . (1 9)e.n.... . 

L-;c / 7...

Taki ng i nto account t he unitarity of the mix ing matrix {~we have 

51 .t.. " Z IU / <: {i - IU / i'~ ( 2 0). e ,- o!/t. 
~n.. 

The i nequa l ity (18) f ollows f r om ( 6 ) , ( 19) and (20) • 
Let us not i ce tha t the meaning of thi s ine quality is quit e 

c l ear from a phys ical point of view . The paramet e r S ia the ave
r aged probabi lity that a so l e r ( electron ) neutri no i s detected as 
such at the Earth. Clearly, such a probability is sma ller t han t ha 
analogous probability, givan by the right-hand side of e quetion (1B), 
that on antineutrino is detected as such in reactor experiments. 

Tbu e , the observation in reactor neutrino experiments of OB

cillations characterized by one osci l lat i on length "ould permit one 
to dre" the fo l lowi ng conc l usion: the paremeter fi characterizing 
the decrease of the flux of detectable soler neutrino is bounded 
from above (aee (1B» aa well aa f rom below (Bee (15) end (1 6». 
The upper limit of 6 depends only on oacillat i on amplitude rt. . 
The l Oller limit depends·) upon A;. as wel l as the number /?..- of ne
ut r inos with definite masses. 

.) Let ua streBa that auch a conclusion holds under tha assump
tion that 12-1 neutrino masses are grouped close l y and one mass 
ia significant l y different from the maseeD of the group. 

7 
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3. Small oscillation smpl itude 

Here we consider the case when reactor experiments ind i cate 
the presence of one oscillation l e ngt h with emaIl amplitude. Witb 
an accuracy up to linear terms in Tf from expression (15), one hes 

(5 / ) ~ .- / ( _ Lk ) . (21)
ntc./1..1 (/2 -l ) .;t 

This result was already discussed in papa~8/_ As far as the second 
solution is concerned we bave 

([) ).~ 1 . -!-:A: .- (22) 
,-". <.rL. .:<- .;L 

By comparing (18) and (22) we c onclude that in linear with respect 
t o It approximation the parame t er b for the second solution is 
obtained unsmbiguous ly from the measurement of the amplitude ~ • 
I n ot her warda for this case in solar neutrino oscillations there is 
no new physics with respect to the one slresdy seen in reactor expe
r iments. 

Le t us notice that the fi ret solution implies s small vslue of 

IU.e.rt./-(IU~?~'" fA..) • In such a case the unitari ty of the 
mixi nG matrix CL allows large amounts of m~ing of the rema i ning 
elements of the e- row, so that the decrease of the detectable 

/ 1Bola r neutrino flux may be considerable ( U;~, ~) ~ ;:;-- ) • 10 

~ '''~ L., ' <- I


the second solution /Ut!n./ is Dear one(/U r.c: l - t- A: ) • Then, 
t2.rLL r /

the un i tarity of the mat r ix LL requires the parameter (<'nz~ )~ 
t o be closa to one independently of the value of nJ • Fbysically 
this meana that there is no mixing with the exception of that el 
raady shown i n reactor experiments, more exactly there is no large 
amounts of mi xing of the remaining e lements ot the e - row of 
matr ix U . 

Suppose now t hat the parameter is f ound to be definitely less 
than one in the CBse considered in this paragrapb (rL« 2- This 
would obviously meaD that the second solut i on for IU€/,J 1s to be 
exo luded , that i s, thera may be noticeable mixing.It cf!!; i(l-iAJ 
trom solar neutrino data it is possible to obtain lower bound on rl..-. 

Aa a matter of fac t from (21) we get in this ceBe 

/ _-1 L.z.T':..r,_ ~ / -f (23)
b 

8 

Let us underline here that the time is not far-distant when some 
direct information on the number rL' of neutrinos emitted in ~ 0 _ 

decay will be obtained/ 15/. The question s r i s es as to whether the 
number ~' coinc ides with the number ~ of neut r inos with defi 
nite masses, the lower l imit of wb i ch /L can be obtained fromnLtrL 
solar nsutrino expe riments (we have in mind , for example, expressions 
such as S = .~ or S / ~ - '- ) . The question may be 

tn.</l ft-,- f 1U/L rz. - ·f 
answered i f i t wi ll turn out t hat 

" (24)
rLnL <../!.. ;7 rL , 

The inequalit y ( 2 4 ) wou ld mean that there exists some sort of neut
rinos which are not emi t ted in 2:. ~decay_ Th is " ould be f i rs t an 
indication in f avour of the evi de nce of sterile neutrinos and second, 

o 
a proof' t hat .z. - bosons emi t only "current" neutrinos. es i t is 
usual ly assumed . I nc i dentally such an assumption is quit e natural 
i n the f rame of all we know ebout the electrowaak int~raction but 
nevertheles s in our opinion it should be tested. As a matter of fact 
an ana lysis of known data about nonconserva tion of pari t y in neutrino 
neut ra l current intera ctions allows one to make the following conclu
sion: the exotic possibility that ~o_boson emit s sterile neutrinos 
in addit ion to current neutrinos does not contradict the known facts. 
The ques t ion of the ZO decay ioto two neutrinos was discuesed in 

pape;!16/ • 

4. Large oscillation amplitude 


Let us conside r now the cese "her eby reactor experiments show 

the existence of oscillations with one oscillation length, the 

amplitude being close to the maximum value ( A... =1 ). 1 0 t hi s case 
the two solutions (15) and (16) for 8 / . coincide:

nU.rt. 

/ / , (25)$ -1-- 
m..UL 7' t.t (n.. -,) 

It is seen from (18) and (25) that 

(26 ) 
: .:::.. E < ,_Q.. 

Thus . i f at A.. = 1 t urns out to be < -;;-
I 

, such a decraase of 
a de t ec tebl e flux of Bolar neutrinos could not be expla i ned in terms 
of oBc i l lations . Of c ourae the oonc lusion f or t he t ime being is ra
t her academic ; Be a matter of f ect the accuracies of the experiments 
and the aocuracy of t he predict ed value of a s ol ar neutrino flux in 

I} 
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the absence of oscillati ons wi ll not be sui'ficient f or a long time. 

Let us notice that the value of 15 / ,as is seen from ( 2 5)
P "LuL 

slightly depends upon n. ( in contrast witb the case :4 « '1 an i! 


of course with the case S . = ~ , corresponding to the 

absence of any information~~~ixing ). 


We a r e g r ateful to T.Nagy, S.Petcov a nd L.Wolfens t e in for 

discuss ions. 
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III 

• 

1:IIJH!HbIOlH C.M., IIOH'reK OpBo B . E2- 85-589 
JlpoOneM3 COnlfe'lHblX H eHTp HHO 

II p eaKTopHble HeiiTpMHHble 3KCne pliMeH','bl 

06Cy"(,naeTcH CB H 3 b MruKAY 9KCl1ep~{MeWl'aMJ.I no peniCTpaUMM COJl

He 4 HbIX Hei1'l'pH ITO M OTIblTaMH C peaKTOpllhlM1i aH"Ml!e~TpliHQ. B oOO(eM 

cnY'I<le n MB ccnBHbIX HeHTp HIiO uony ,{eHO COO'l'HOllle Fme MClKAY I'laKCH

M3JlhHblM H MMH\tMaTlbHblM 31l<1'l.eHHflHH K09f)ldl~MenTa /o5YCJ10B.nCHlIoro 
OCUl1Jl1Tf!1J,lIflMU/ YMeHbWemlfi 110TOKa ,o;e T eKTl1pyeMb1X COffiiet.iHblX Heil
TPHUO Ii al'mmlTY1~oH OCUH1UJHUlifr peaKTop HblX aHTHHeHTpHHO. no,o;p06

HO paccMOTpCHW ('..nyqau MaJlhlX 11 60J1b1llHX a MIlJTwry,o; OC1.J,HJ1.I1fll.\l:lfl. 

Pa60Ta uwnOn~lt.'Ha B J1afiopaTOpJ.l l1 TeOpe'l'HqeCKOH: Qlli3HKIi 


H llaGoPd"'OPIIJI R~L!PHhIX n p OOJ1eM mum. 


npenpHHT O&beAHHeHHOro HHCTMTYTa ftAep~ Hcc neAoBaHHA . nY~Ha 1985 

Bilenky S.M. , Pontecorvo B. E2-85-S89 
Di s cussion of the Solar Neutrino Problem 
in t he Light of acactor Neutrino Oscillation Experiments 

A connection between re sults of solar neutrino experiments 
and reactor neutrino osci l lation experimen ts is discus sed. In 
t he genera l ca se of n mas s i ve neutrinos a relation between 
the maximum and minimum values of t he decr ea se coeff icient of 
11 sul ar neutrino flux and the amplitude of r eac tor antineut
rin., (iS i!i.l1ations is obtai ned. The cases of small and l arge 
UIDpl.i tUlles uri! 1 ~'lnaith:r.(!u i n detail . 
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