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BoaMO*H~H MeTOA npoaepKH CP-HHBapHaHTHOCTH 
B OC4H1111R4~RX HeHTPHHO 

npeAilo*eH MeTOA npoaepKH CP-'HHBapHaHTHOCTH B OC4H1111R-
4HRX 'HeHTPHHO. MeTOA OCHOBaH Ha cpaBHeHHH · /Ha 'HeKO,TOPOM 
paccl'ORHI•IH' OT .. J.'ICTOYHHKa/ OOTOKOB HeHTPHHo· H atrtHHe~TPH,Hd, ; 
nonyYeHHbJX,-'OT pacnaAOB KL -Me30HOB. noKa3aHO/ "'TC) B 'c,r:~yYae;. 
ecn~o~ paaHocn1 noToKoa HeHTPHHO H aHTHHeHTPHHO ol-in14Hbl, o-f 
HY11R, i-lx H3MepeH~o~e noaaon~~tno 6~ npoaep~o~Tb CPT -~o~Haapl'iaHT­
HoC:rb H nonyYHTb HHCilopMa4HIO o YHcne THnoa t-teHTPHHo; 

'•, .. ~ ' ' ' ... '~ 

Pa6oTa B~nOJlHeHa B na6opaTOPHH TeopeTHYeCKOH CllH3HKH 
OHRH. . . 

. 

npenpMHT 06~H8HHOro MHCTMTYTB AAePHWX MCcneAOBBHHA. AYfiHa i981 

B i 1 enky S.M. , N i edermayer F. E2-8l-47 

~Possible Test of dP lnvariance in Neutrlno· 
Oscillations.· 

A method is proposed for test-ing CP invariimce in neut­
rino oscillations. The method ·is based on 'the comparison 
(at some distance from source) of fluxes of neutrinos and 
antineutrinos obtained from KL-decays. Moreover, it is 
shown that 'in the case when properly normalized differences 
of neutrino and antineutrino fluxes are nonvanishing, their 
measurement would allow one to test CPT 'invariance and to . 
get information on the. number of neutrino types. 

The investigation has been performed at the Laborato­
·•ry of Theoretical Physics, JINR: 
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1. The hypothesis of neutrino oscillations was made· by 
B.Pontecoryo more than twenty years ago/1/, The verification 
of this·hypothesis would allow-us to answer·such fundamental 
questions of neutrino physics - as those of nonvanishing of 
neutrino masses, of neutrino mixing and of CP violation in 
the leptonic sector, etc. 

All ·these problems become of special importance with the 
progress in grand unified theories. 

Only recently experiments searching for neutrino oscilla­
tions have been carried out 121• Quite sensitive experiments 
are being performed (and planned) at present131• Experiments 
on neutrino beams obtained from KL decays are also in pre­
paration141. In this note we would like to draw attention to 
a very favourable way of testing CP-invariance in neutrino 
oscillations with. the help ,of such· beams. 

2.' To start with let us introduce the necessary relations 
based on the phenomenological theory of neutrino oscillations~ 
The charged current of the. standard weak interaction theory 
is given by .the expl'e~siori . . . . . . ~-. 

J a = • l: · · · vuL Y iz f L • . f o:e,p.,r, ..... 
If neutrino mixing takes_place, we have 

(I) 

vfL = 7 UfiviL' (2) 

Here vi is the field operator of (Dirac or Majorana) neutri~ 
nos with mass m1 , and U is a unitary mixing matrix. For the 
amplitudes of ve ... ve' lind ve ... ve- oscillations we have, 
respectively, . · .. 

(1 (t) 'C' U -IE it * v ·v "'..&.. 11• e Un , 
f''f ILl Ll 

. . -IE It 
(j_ :...: (t) "" l: U*, e _ u 

ft 

(3) 

(4)._' ve,;vf. i fl . 
where E 1~Jm21+p2,and p' is.the neutrino momentum CIPI>>m 1). 

By comparing expressions (3) and (4) it is easy to see that'' 

P , (R,p) .. P __ (R,p). 
ve, ;ve . ve ; vf, 

0 • bE~!IlHCHHbt11 ~UlC h~T':!" 
;:i~EPHblX it!CCnC t,05j,!-vf:~ 
' ~-. 
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Here Pv ,;v~ (R,p) is the probability of finding -ve, at a dis­
tance R~ from the source of ve. Relation (5) is the consequen­
ce of CPT invariance./5/. 

If CP invariance holds, the matrix U is real, and from (3) 
and (4) it follows/51: 

(f' f, ~ ) P (R,p) =P __ (R,p}, 
v ·v ·· "V ·v ·i'' c i,. c 

.(6) 

(for~'=£ this relation is satisfied due to CPT invariance). 
-We mention that rel~tions (6} could hold even for a com­

plex matrix U. Indeed, let us assume that 

2 2 2 2 . 12 1 m 1 - m 1 << mn -m 1 , 1 =. ! , ... , n- , 

(m 1 :S m 2 :S ••• ~ m n ) 
and that 

(m?-m2 )R' 
1 1 « 1 , (i -1- n) . 

2p 

; 

In this case for the oscillation probabilities we have 

(7) 

· . 2 2 (m~-uii)R 
P . (R,p)=2]Un, I ]U,; I (1-cos 

2 
),pv ·V. (R,p), (£ ',f, f). 

V£,.V£ L D LD p £" £ · (8 ) 

Consequently, relations (6) are valid if inequalities (7) are 
satisfield. In the case of two neutrino types only one neutri­
no mass squared difference enters into .the amplitudes, and 
relation (6) is always satisfied. We also mention that if the 
cosine terms do vanish 
over the distance from 
etc., we have 

on averaging over the neutrino spectra, 
the neutrino source to the detector, · 

p = ~ jU , 12 jU ]2 = p_ - • 
ve, :ve i e i ft ve,:ve (9} 

Large CP violating effects in neutrino oscillations coul·d be 
expected provided the phases of U are not small. We shall 
consider just such a case. 

3. The neutrino beam obtained from K L decay is a mixture 
of v , v ,v and v . Neglecting small (-10-3 ) CP violating 
efflctse inJlthe KLe decays, the number of ve(!'p) is equal to 
the number of v . (v Jl). It is just the CP-symmetry of the ini­
tial state of s~cn a beam which.makes it an ideal tool in 
searching for CP violation in neutrino oscillations. For this 
we have to compare the fluxes of v{s and v{s in the detec­
tor. The corre_sponding _asymmetry is 

2 

II 
~ 
i 

;' ) -

I· (R,p)-I-;; (R, p} 
ve ve 

:A (R,p} = . 
f . I (R,p) +I;;- (R, p} 

ve v e 

0 ' 
~ (P., ·v (R, p) .:..P-

1
, .-;; (R,p))I., (p) 

f'=e,p. ve· £' e·ve• v£' 

~ (P., .;, (R~p) + P,-; .-;; (R, p))l.~ (p). • e '= e, Jl "'£ ,ve• '. .ve ,v£': .vf' .' 
(10) 

Here Ive(R,p)(Ijif (R,p)) is. the intensity of v{s \v{s),, . . 
f=e,p.,r, ... with momentum. p, at a distance R from the neutri­
no source, and I~ (p), (f =e,p.) :is the initial intensity of 
v f 's. f 

Should it turn out that for any f ( e or Jl or r,.... )the 
asymmetry A£ is different from zero, this would mean that: 

'l) Neutr~no o~cilla~ions take place ... <if Ae-1-0 or!A_f-;lO,then 
v ... vJl oscillations, If Ar -f-0, then ve ... vr and/or vJl ... vr os~., 
c1llations); 

2) CP invariance is violated in the. oscillations; 
3) The number of types of effectively oscillating neutrinos 

is 3. or farge'r and at' least two neutrino mass differences en­
'ter into the ossillation probabilities. 

Shou_ld the asYmmetry Ae(R;p) be different from zero, the'' 
as~etr~ AJl (R,p? wo';lld have t.o ~~ differ'ent from zero as.· 
well. Using CPT Invariance (relation (5}), we get 

Iv (R, p}- Iii (R, p) I~ . (p) 
e e Jl 

Iv (R,p)- Iv (R, p) =- I~ (p) 
Jl ·• Jl • .e • • 

(II) 

Hence relation (11) 1s a test.of CPT Invar1ance. 
If there exist three types of neutrinos (v e, vfl, vr ), then 

the difference from zero of asymmetries Ae (or AJl ) means 
that the asymm~tr:Y.- Ar is also nonvanishing •. In this case we 
have: r ' ' ' 

.Ivr: (R,\1)-Iiir (~.P),. 
0 .•. 0 ' 

Iv (p) -Iv (p) 
Jl e ,(12) 

IV (R,p) -I-v (R,p) I~ (p) 
. Jl::• ... -;··-· P. .. . e , . . . .- .. . . •· 

Th1s relatLon 1s .. tpe consequence of unitarity of. the miXIng 
matrix u: ,indeed, we have . . . 

~, Dy ~f:{R, p} = 0 , ( 13 )' 
P' ·, .· .. , . > . 

where -~ .. 

: .D£'£·~~·;_~)·~-p~f-,;,.lR,p)~P~,;.iif (R,p).. , (14) : .. •: 

For.'the.·case under consideration it follows from (13) that* ... 
'·' 

• -· ·' :, "\ - ~ T ~ 
';);-:_·-· 

* After .. havit:tg completed this work we gbt th~ p~eprint' of 
V. Barger 'et 'al. DOE-ER/00881-177 where· these ·relations 'were .. 
obtained usi'u'g the Kobayash·i-Maskawa parametrizat'ion of the 
mixing matrix. 
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D/l~(R,p)=-Dre(R,p) =Drp (R,p) . (15) 
. ' 

(in the general case of oscillations between n types of. neut-
r.inos the number of· independent quantities De·e is equal to 
(n-1) (n-2)/2, and it coincides with the number of phases of 
the matrix U entering into the oscillation probabilities). 
Making use of (15) the relation (12) is easily ob'tained. A 
test of'(l2) in prinCiple yields some information on the num­
ber of neutrino types effectively oscillating. 

We emphasize that the relation (12) is based on assumption 
that there are only three types of osc:;illating neutrinos v , 
v , v 1 • However, even if, say, oscillations ve<!.·v were e · 
absent, oscillations v ~ v might take place. Should 'in this 

be dT. . • case the asymmetry Ar e ~fferent from zero, th~s would 
mean that there exists a fourth type of neutrino arid/or the 
so-called second' class oscillations v.e. ~ ve occur 161. 

· . L . L 
4 .• Summing up, we would like to emphasize once more that 

the measurement of asymmetries in neutrino beams obtained from 
KLdecays would be a direct method of searching for CP viola­
ting effects in neutrino oscillations. For the ratio of the . + . . . .. . .. 
number of e '·s to the .number of e-··s (f =e, p,r, ••• )we have 

0 
N fa- (E) ::£ p_ .- (R,E)I., (E) dE 
~- J,Je f'=e,p. J,Je ,ve, ve, 

Ne-- fa (E) ::£ P (R,E) I 0 (E)dE 
vf e'=e,p vf We• ve, 

(16) 

Here ave (av ) is the cross section of the process J,J (v )+N-o 
... e+ce-) +X.e The nttio Ne+INe- could be different 
from R =a iii:' I ave only if CP invariance is violated in neutri­
no oscillations. 

In conclusion we mention that the above considerations 
apply also to neutrinos iri beam dump experiments (if the 
main source of neutrinos are the decays of D and D ~esons). 
In the last beam dump experiments at CERN the ratio.'N +/N _ 
has been measured 171.The errors of data do not allow gne ll 
to draw definite conclusions, but one should keep in mind 
that the CDHS group observed an excess of negative muons over 
positive ones (whereas the expected value was 0.48 (,;av /av · ), 
the Steinberger group obtained the value 0. 06±0.1 0±0. 06: /lby P. 
the method of extrapolation to infinite target density and 
the value 0.28±0.05±0.07 by the subtraction method). 

We wish to express our de.ep gnii:itude to B.Pontecorvo, 
S.Petcov and G.Micelmacher for fruitful discussions. 
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