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Matter effects and CP violating neutrino oscillations with nondecoupling heavy neutrinos
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The evolution equation for active and sterile neutrinos propagating in a general anisotropic or polarized
background environment is found and solved for a special case when heavy neutrinos do not decouple,
resulting in nonunitary mixing among light neutrino states. Then @d&wiolating neutrino oscillation effects
appear. In contrast with the standard unitary neutrino oscillations these effects can be visible even for two
flavor neutrino transitions and even if one of the elements of the neutrino mixing matrix is equal to zero. They
do not necessarily vanish withm?—0 and they are different for various pairs of flavor neutrino transitions
(ve—v,), (v,—v,), (v,—ve). Neutrino oscillations in vacuum and Earth’s matter are calculated for some
fixed baseline experiments and a comparison between unitary and nonunitary oscillations are presented. It is
shown, taking into account the present experimental constraints, that heavy neutrino states c&Padimdt
T asymmetries. This is especially true in the case pf- v, oscillations.
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[. INTRODUCTION matrix are of the same order of magnitude and symmetries
disconnect light-heavy mixing from the ratio of their masses
In the past few years the common effort of experimental{9].
ists and theoreticians has yielded new informations on the Nowadays, experimental data constrain elements by
neutrino sector. Nowadays we can say that the mass artérms of the forn{9];
mixing of the three light neutrinos are quite well established.
The unknown issue is the total number of neutrino species _
[1]. Moreover, additional neutrinos can be both lightith Caﬁ:(wf)aﬂzi,; VaiVi 2
masses of the order of electronovpls heavy(with masses
greater than th& boson mass[2]. In both cases their cou- so the submatrix/, which decides about the light neutrino

plings to ordinary matter must be much smaller than thepscillation effects, is not unitary, and nonunitarity effects are
couplings of the three known neutrinos. Additional light neu-conjugate withe .5

trinos are called sterile. Such neutrinos are still permissible

from the point of view of primordial nucleosynthe$t| and (Z/tZ/lT)aB= S8ap—Cup- ®)
seem to be necessary if Liquid Scintillation Neutrino Detec-
tor (LSND) results[3] are confirmed by MiniBOONE4]. As This means that various channels of neutrino oscillations

far as heavy neutrinos are concerned, their number is natill depend on thec, 5 nonunitarity parameters. Some such
established. For cosmological reasons they must be unstabdeudies have already been dd8el0]. Here we would like to
[6] or they do not exist at all except perhaps inside of heavytoncentrate on the influence of the nonunitary matfien
compact objects with the most exotic physjzs. C P-violating neutrino oscillations. In the previous pap&t]
Let U, be the full neutrino mixing matrix and let the we have found tha€ P violating oscillations in vacuum can
submatrix{ [of dimensions (3-ng) X (3+ny)] constitute  pe affected byc,; parameters. We know that, for conven-
the mixing matrix of light known neutrino states and let thetjonal unitary neutrino oscillations, th@P violation can oc-
submatrixV’ [of dimensions (3 n¢) X ng] be responsible for  cur for three(or large) number of mixed neutrinos, and is
the mixing of the light neutrinos witmg additional heavy small (vanishes if any single element of thé/ matrix is

states. Then small (vanishes The CP violating effects are governed by
one (threg Jarlskog invariargs) [12] for three(four) neutri-
u v nos. Finally, they vanish for short baseline oscillatiph3].
V=< , ,) (0] All such limitations can be avoided in the case of nonunitary
vou neutrino oscillations.

In reality, the influence of matter effects on neutrino os-
Many new physics models predict heavy neutrinos. In caseillations is important. It can happen that the matter effects
they are very heavy objects at the unification scale, the seenimic or even scree@ P effects[14]. We will also investi-
saw mechanism explains why the known neutrinos are lightjate the role of the nonunitady matrix in the neutrino os-
and the matrix4, which enters the neutrino oscillation for- cillations in matter.
mula, is practically unitarylight-heavy neutrino represent- The paper is organized as follows. First, in Sec. Il the
ing mixing by theV submatrix is negligible Without the  equation of motion for neutrino states in medium is derived.
seesaw mechanism the submat¥ixcould have substantial Such an equation is well known in the case of the unitary
elements. This situation might be realized with TeV neutrinoneutrino mixing. To the best of our knowledge the same
masses. However, even then the construction of the matrigquation has never really been found for the nonunitary mix-
U, is not trivial [8], unless all elements of the neutrino massing. Next, we use this equation to find varioGP and T
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FIG. 1. Feynman diagrams for scattering of
neutrinos in matter. All three diagrams contribute
to neutrino-electron scattering;+e~ —n,+e”
(f=e€). Only diagram(a) contributes to neutrino-
nucleon scattering; + f —n,+f (f=p,n).

(a) (b) ©

asymmetries, at first analyticallBec. Il) and then numeri- ties of flavor changing are affected by the heavy neutrino
cally (Sec. IV). Conclusions close the paper. sector through initial conditions and then nonunitary effec-
tive neutrino mixing appears.

In order to find the effective potenti®l¢, let us assume
neutrino interactions in a general form

It is well known that the interference between scattered N
and unscattered neutrinos can be crucial for their propagation e E
in matter, even if the probability of incoherent neutrino scat- ~¢¢~ 2\25iN@y a=em.r (=
tering is negligibly small. There are several derivations of the
evolution equation for neutrinos in mattgl5]. In all cases, +H.c.,, (6)
at first an effective potential s, which describes the aver-
aged, coherent neutrino interactions with all background parand

Il. PROPAGATION OF STATES IN MATTER

V(1= y5)(U,) MW,

ticles, has to be calculated. Using this potential, the Dirac’s n

equation for a neutrino bispinor wave functioh can be e P

written NC™ 4 SiN©,cosO .2_1 (L= ys) N2
(iy’“ﬁﬂ—m—Veff)\I’=0. (4)

+2, 2 Wiy Ter(1-y5) = 2QisiPOWI Y2,

Taking into account that during the evolution of the flavor )
states, particle-antiparticle mixing is negligible, neutrinos do
not change their spin projection and that they are relativistiavheren is the number of light (3-n.) and heavy (ig) neu-
particles, a simpler, Schdinger-like evolution equation can trinos (n=3+n¢+ng), and Qij=Z4=cp T(Uv)al(Uv)a]
be found The coherent neutrino scattering is described in general by
three types of Feynman diagrams presented in Fig. 1. The
Higgs’ particles exchange diagrams do not contribute as neu-
§|V(t)>=Heff| v(t)). (5 trinos are relativistic particles. In the normal matter all dia-
grams contribute to the neutrino-electron scattemng e
—n+e” (f=e), yet only diagram(a) contributes to
neutrino-nucleon scatterlng+f—>nk+f (f=p,n).
At low energies q2<M\2N, Z) the effective interaction
of light neutrinos with a background particfe(f=e,p,n)
AFlg 1), after the appropriate Fierz rearrangement, can be
%ertten in the form

Usually the effective potentiaV.¢; is calculated in the
neutrino flavor basis. This is the traditional approach to the
three active neutrino mixing. If sterile and/or heavy neutrinos
exist, it appears to be more natural to calculdtg; in the
eigenmass basis. There are several reasons why it is so.
first, it is not clear conceptually how to define, in a consisten

way, creation and annihilation operators for flavor states 3+n

[16]. Secondly, as a matter of fact, there is no such an objeqqf = _F 2 2 [N 1T 02 (gl + gkl ys) (],
as a flavor eigenstate. For quarks, for instance, only eigen- A= a e

mass states are used. In this context the only difference be- (8)

tween quarks and neutrinos are much smasier’s. How- ,

ever, as we will see later, the most important thing is thatWherel'y(a=,(7,vs). The couplingsyf} andgf, can be
using the eigenmass basis we will be able to avoid the norealculated from Eqgs(6), (7) and for electrons f(=e) and
Hermitian evolution of neutrino flavor states affected by thenucleons {=p,n) they are given by

heavy neutrino sector in a matter. The equation of motion in 1

Sec. lll can be described by a Hermitian Hamiltonian from Ki _ _ K =

which real effective neutrino masses follow. Final probabili- Gev="0ea™ L{*We'+p9k'( +2$|nz®w>
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where E¢,m; and S= (1/m¢) (pX,Xm;+[ p(pN)/m;+E¢])

ki ki
Jev="Gen= ~Uedheit Ekai' denote the fermion’d energy, mass and spin four-vector,
respectively. The obtained relation between the vebgr
ki _ d the axial-vectoM , amplitudes is the consequence of the
Qui(T3i—2Q;SiFO ), an A amp q
giv= ng PRhil Tar e W V—A form of interactiongEgs. (6), (7)]. Now, using Egs.
arf<\|/: _gléIA: — Q0 Tar, (9) gg]find (16) we can write the effective potentid,; [Eq.
where ;
Vii= (A ki v.PLs
M\ZN T T3,=1/2, Q,=1, Q,=0 e Sy
M2 cod®,,” P S TTowRe T e (Af)i= 2GeN; gfv<p >+mfgfv<—f>}, (17)
(10 o

The global effect of matter—light neutrino interaction can bewhere the average valye) defined by
described by the Hamiltonian

3+n N S s
- 2 f p(BZEX) (19
Hint(X)I_Z N Vi, (11 (27 )3 f
where describes quantities averaged over the fermion distributions
pf(f),):). In this way the set of coupled Dirac’s equations for
E vi= 2 2 ravh, (120  all light neutrinos propagating in the matter is obtained
3+ng
and iZj_ (l y“&#éki—mkéki—vki)nﬁo, k=1,...,3+ Ng.

3
v;>ki=& )y f TP BOMY. (3 19
253 (2m) As we describe the propagation of light relativistic neutrinos
(Ma)kl is the part of the matrix element of the scattermgonly' a simpler Schidinger-like evolution equation can be
amplituden; + f—n,+ f connected with the fermiohin the  found. Assuming thak®=E7>m?=m; V4| =[V,4|?, we can

case when particles’ momenta and spins are untouched ~ get. in the momentum representat|o_n the Sdimger-like
equation for each left-handddr each right-handedompo-

(M)i=(f.p.X|W T a(gfa+gfays) ilf.p.X). (14)  nents of neutrino bispinors

. d _ 3+ng
In Eq. (13), p;(p,X) is the distribution function for the back- ikt = 2 HEM(t) W (k,t). (20)
ground particles of spili and momentunp, normalized in -
such a way thaN¢, defined as

Nf—E f

The wave function\lfj(lz,t) is the neutrino(antineutring

. state| W (t)) with momentumk and helicity A= —1(+1),
3pf p,\) (15  written in the eigenmass bagis;), ¥;=(v;|¥(t)). The ef-
(27m) fective Hamiltonian(we will assume from now on that all

is the number of fermionin a unit volume ¥=1). Hence neutrinos have the same momentum but different energies

. . . _ I 2\
the amplitude 1) ,; must be calculated for a single fermion Ej= Vk?+m?) is equal to

in V=1 (then for bispinorss we haveu'u=1) and[17] 2 .
b=kt 5 St HG' (21
w S 2k
p f
(M= — (M ng< +mfgfv( ) (16)
Eq where
|
Afiuy,PLu;  for Dirac neutrinos,
H'kr:t:<”k fvzld3XHint(X) Vi>: —(A)* ugy,Pgu;  for Dirac antineutrinos, (22)

A{jiUkyMPLul (A )*ukyMPRuI for Majorana neutrinos,

andAﬁi= Ef(A’#)ki .
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In the relativistic limit, with the additional assumptide=k; =K, we have

_ _ K
uk'yMPLuil)\——l:uk')’,uPRui}\—+1:<1!_ m) (23
and
Uk’)’,uPLui\}\=+1:Uk'yp,PRui|)\=71:(016)1 (24

so, finally, we have arriveﬁALﬁ:(AEi ,Aki)] at the formula

>

K .
AEi - mAki for Dirac and Majorana neutrinos withh = —1,
HiG'= - (25

k .
— (AEi)* + @(A“)* for Dirac antineutrinos and Majorana neutrinos with = + 1.

We can clearly see that the effective interaction Hamiltonian 3+ng

n
is the same for Dirac and Majorana neutrinos and that [va)=2 (US)alvd= > Us|v). (28
=1

=1
Hlpne;rticle: _[Hlanr:tiparticle]*- (26)
If no sterile neutrinos are preseni,&0), then, after re-

We would like to stress, however, that these properties arﬁwoving the redundant diagonal terms in E€&1), (27), the
not the general rules. They are satisfied because ol/the well known Hamiltonian is obtaineda(, 8= e, 1, 7)

— A type of neutrino interactions in Eg&5), (7), as it is in
the case of relativistic neutrinos for which the scalar and
pseudoscalar terms can be neglected.

Equation(25) gives the most general Hamiltonian for an
arbitrary number of (3-ng) light relativistic neutrinos
propagating in any background medium and interacting in ) _ o
the V—A way. In what follows we will concentrate on the If @ single sterile neutrino is presem=1), then another

case of unpolarized/{)=0), isotropic {p;)=0) and elec- well known Hamiltonian is obtaineda( 5=e, ., 7.5)
trically neutral No=N,#N,) medium. Then we arrive at

the following Hamiltonian (later we will usually put Am? .

Am?
Hop=| Um=UT

SE +\V2GENeSaedpe - (29)

ap

1
+\2Gg| Neb,e85e+ >Nndasdps|-

(30

aB

. 1
Hi{'= V2G| N oddei— 5 PN . 27
From now on, we will only consider cases when there is at

The above Hamiltonian always has 3) X (3+n,) di- least one nondecoupling heavy neutrino preseg(1).
mensions, independently if heavy neutrinos exist or not. Let If we want to use the full (3-ns+ng) eigenmass basis,
us first consider two conventional cases with none and with ave need to expand the 3ng) X (3+nyg) HamiltonianHﬁi”,
single sterile neutrino, when no heavy neutrino existg ( given by Eqgs.(21), (27), to proper (3+tng+ng) X (3+ng
=0, n=3+ny). Then(in both cases +ng) dimensions, adding zeros

et HET  as given by Eqg(21),(27), if both k,i<(3+ny), a1
K710 ifany of k,i>(3+ny).

These zeros mean that, for the physics of light neutrinos which we are interested in, the energy and momentum conservation
do not allow heavy neutrinos to be produced nor detected. If we now define the flavor basis as

n 3+ng 3+ngtng
va)=2 (UD)ailv)= 2 Uslvy+ > Vilw), (32)
i=1 i=1 i=3+ng+1
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we can express the Hamiltonian E81) in the flavor repre-
sentation.

If no sterile neutrinos are presenhg=0), but some
heavy neutrinos existn=3+ng, ng=1, then (,B
=e,u,T)

Am?
Hop=| U5=U"

+ \/EGF Ne(5ae53e_ Caﬂ( Oaet 5ﬁe)
27

. (33

2C,— >, caycyﬁ)

1
+CoeCep) + —Nn(
2 Y=eu, T

If a single sterile neutrinon;=1) and some heavy neutrinos
exist,n=4+ng, ng=1, then @,B8=¢€,u,7,S)

Hap= u—uAmz f
B\ 2E

Ne{ 5ae5ﬁe_ Caﬁ( 5ae+ 5ﬁe)

3

+2G¢
B
1
+ CeaCeB} + E Nn 5a55ﬁs+ Caﬁ(z_ 5as_ 5ﬁs)

. (34)

- 2

Y=eu,T

Caycyﬁ]

In both above casd&qs.(33), (34)], we present the Hamil-

tonian in the light neutrino subspace only. The full Hamil-

PHYSICAL REVIEW D 66, 093004 (2002

though we consider the problem of light neutrinos propaga-
tion only, in the flavor basis Eq32) we have to deal with
(3+ng+ng) X (3+ng+ng) dimensional matrices.

It should be stressed here that, up to now, all Hamilto-
nians in Eqs(21)—(35) are represented by Hermitian matri-
ces. The transformations in Eq28), (32) are unitary as we
sum over alln available neutrino eigenmass states.

If we now take into consideration the fact that, due to
kinematical reasons, no heavy mass eigenstates i(3&y.
can experimentally be produced, then the properly normal-

ized state$7/a>, which correspond to neutrinos produced in
real experiments, are

3+ng

V=N 2
i=1

where X\ ,=\SZ NU 2= V1-c,, and U=\, U,

Such states are not orthogonal

3+ng

UZi|Vi>: 21 aZi|Vi>*

(36)

(Va|ve)#0, a#p. (37)

Let us notice[10,1]] that in this case the usual notion of
flavor neutrinos loses its meaning. For example, a neutrino
which is created with an electron, and is described by the

state|7/e>, can produce besides an electron also a muon or a

tonian is more complicated and contains parts related to thiau. It is better then to see active neutrinos as particles which

light-heavy neutrino mixing. In the full basis, it is repre-

sented by a (3 ng+ng) X (3+ng+ng) dimensional matrix

uHeffuT Z,{HeffV,T
Hap— (35)

VrHeffuT V’HeffV'T

are produced together with charged leptons of particular fla-
vors (in some charged current weak decayather than par-
ticles having their own flavors.

When we write Eq.(20) in the basis of experimentally

accessible statds,), we get

B d - ~ o~
" N . (Pl V(D) =2 Hop(vgl W (1), (38)
where HE'" is the (3+ng)X(3+ny) dimensional Hamil- B
tonian given by Eqgs(21), (27), and Eq.(33) or Eq. (34) is _
the most upper left part of the matrix E(5). Thus, even  The HamiltonianH .z is given by Q ,5=\,6,p)
N
Ne— o O 0 0
0 0 0 0
0 6ém3 O 0 0 - % 0 0
-~ o~ 1. ~ ~—
A=tmi'=zuf 0 0 sm3; 0 U+ \2GU\? N
O 0 0 om 0 0 - 0
0 0 0 0
(39

This matrix, in contrast to the previous Hermitian representafionggs.(21)—(35)], is not Hermitian. In practice we can
solve the basic Eq20) either in the experimentﬁ/a) or in the eigenmasls/;) basis[in both cases we deal with Hamiltonians
having dimensions (3 ng) X (3+ny)].

Let us assume that at tinte= 0 the statdW(0))= |7/a(0)) is produced. In order to find the stdﬁea(t», we need to solve
Eq. (38) with an initial condition
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(V[ 7a(0))=(NaXg) " (8ap~ Cpa). (40)
In the eigenmass basis we have
d 3+ng
grndva(0y= 2, Hig(milva()), (41)
where
Nn
Ne— > 0 0 0
0 0 0 0
0 6ém5 O 0o - 0 _% 0 0
1
2E 5 0 0 N, 0
0 O 0 5m41 ot - 7 e
' 0 0 0 0
|
and the initial condition is The A(vm=oX—14Y) is simply the standard model's ampli-
- . tude describing the procesgX—1;Y. Thus, the production
(v va(0)) =N Upy - (43 cross section is
For neutrino propagation in a uniform density medium we “\vy—y —2 _ 2 _SM -
can solve the evolution equation analytically. Then it is sim- T X1 Y) =N Bap= Capl o™ (vpX—15Y) (45

pler to use the eigenmass basis in which the effective Hamil-

tonianH is Hermitian. We wiill folloyv th|s.approa.ch in thg Where O'SM(VBX—>|;Y) is the standard model's cross sec-

next chapter. In the case of a medium with varying density, . _ :
tion for the processz;X—1,Y. For other processes, which

Eq. (38) or Eq. (41) must usually be solved numerically. we do not describe hergike, for example, neutrino elastic

Then any of them, Hermitian E@41) or non-Hermitian Eq. teri lcated “scaling” fact
(38), with appropriate initial conditions, from respectively scattering, even more complicated “scaling” factors appear.

Eq. (43) or Eq. (40), can be used.

Finally, we should also remember that, the nonorthogo- Ill. OSCILLATIONS OF LIGHT NEUTRINOS WITH ~ CP
nality of the [v,) states has some impact on theoretically AND T VIOLATING EFFECTS
calculated cross sections for neutrino production and detec- |, \what follows oscillations of three light neutrinos with
tion. Let us consider, for example, a charged lepton producs_— 1 nondecoupling heavy neutrinos will be considered. If
tion processy,X—15Y. The production amplitude is then  heayy neutrinos decouple then the mixing between flavor

3+ng Vo= (Ve,v,,v,) and massy;=(vy,v,,v3) neutrinos is de-
A(vaXHIEY)=)\;1 izl USA(rX—15Y) scribed by the & 3 unitary matrixU, namely,
3
v)=3, Usilo). (46)

=\, Z UnilhgiA(vim=oX—15Y).
i=1
(44 For the matrixU the standard parametrization is taken

—ié

Uar Ue Uegs C12C13 S12C13 Sk
U=| Uu U, Uus|=| —S12Co3~ C1585815€" ® C1Lra— 155255180 Spelas | (47)
Usg Up Ug S$12S23~ C12C23515€ o= C15823~ S1€23515€" 2 C23C13

Now, in order to implement effects of heavy neutrinos, as discussed in the Introd[Eten(1), (2)], the submatrix) must

be introduced. As the number; is unknown,V will be parametrized in a simplified way, using a single effective heavy
neutrino state. In this way, the effective light-heavy neutrino mixing can be charact¢fizpdby three real parameters
€., and two new(real) phasesy;,x» (responsible for additionaC P and T asymmetry effecis

€cr€y
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€e
v=| e e, |. (48)

eiIXZGT

Then\ ,=+1— eawl—eiIZ and the X3 matrixi(e,), to the order of(’)(Ei), has the form

Uel)\ev Uez)\ey Ue3)\e
U= UMl)\M_UeleiixlfeE’u, UMZ)\M_UGZeiiX:"EEE}L’ UM3)\M_Ue3eiiX1€e6M , (49)
u Tl)\ T Ueleii)“eeer u 72)\ T U62€7iX1EeET u 7'3)\ T Ue3e7iX1eeer
_U#lei(X1*X2)6M€T, —Uﬂzei(X17X2)6ME,., _Uﬂaei(X1*X2)6/L67
|
\(/ih?;:reuai are the unitary mixing matrix elements as in Eq. <V1|7/a(t)>
Experirrzlental data restrict the light-heavy neutrino mixing Tt)=| (valva(t)) | . (57
elementse?, [2,9 ~
«129] (v3[7a(1)

2 2 2
€2<0.0054, €,<0.0096, €7<0.016, (50) This equation together with the initial condition E¢3) can

altogether with their products easily be solved giving

€0€,<0.0001, €,€,<0.01. (51) vt =, (W), e M 2B R, . (58)
I

There are no constraints on additior@P breaking phases _ ) -
x1 andx,, so we will assume, as in the case of the standar@nd the amplitudé,, _, 5(L) for v,— v neutrino oscillations
CP phases [18], that any values in the range (@2 are  in matter, after traveling a distanég is given by

possible. The matriX),; in Eq.(7) is given by R stands for 3
the single effective heavy neutrino AaHB(L):<;B(O)|’;a(|‘:t)>:2 Wﬁiwfgiefi(miZIZE)L_
. i=1
Qkizﬁki—V,'QT(V,'Qi, k,l :1,2,3, (52) (59)
and The nonunitary neutrino mixing matrw is defined as
Vii= —Uei€e— U ,i€'%1€,— U je'¥2¢ . (53

Wei= (UW") =M 2 UnWG=N G Wei . (60)
Now, assuming a constant matter density, the evolution equa- k

tion (41) can be solved analytically. First, the Hermitian ef- ' " - B .
fective Hamiltonian %Tlix?%.transmon probability,  5(L)=|A,_ 4(L)|* is the

Hﬁiﬁ=%(mi25ki+2\/§G,:E(NeL{;kZ/{ei—%Nani>) 1 .
g

can be diagonalized by a unitary transformation :
g 4 y —4;( RIK;SIMPA i + 81 :5SINA 1SN 318N 3

o Lo ~ o
He =EW diag (m"HW, (55)
+2[AlJsin2A 5+ AlD)sin2A 5] ¢ (61)
wherem? are(rea) eigenvalues of EH®'f andW is a matrix
built of eigenfunctions of EH®". Then Eq.(41) takes the ~where
form _
; . Riss = Rel Wi W Wi W ], (62)
Aty — — Wi 2\ @ !
Idt\P (t) 2EW dlag(m, )W‘l’ (t), (56) Ilcly(ﬁzlm[waiwﬁkWZkWEi]! (63)
where[the|7,) states are given by E¢36)] Al)(€,)=Im[WhWpch,], (64)
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and states, this sum can be bigger or smaller than 1, and its value
changes with neutrino energy and distafiiee).
(m mk)[eVZ]L[km] In agreement with Eq(25), the transition probability for
Aj=1.267 E[GeV] : (65 Dpirac antineutrino or Majorana neutrino wik= +1 can be

obtained from Eq(61) after the replacement
It is interesting to notice thdtl1], while in the case of uni- = B .
tary mixing matrix (r=0) we always have Pa (L) =Pap(LiU—=U" ,Cr——Gp). (66)

2p—epu(9Pap=1, itis no longer true whemg=1. In  Then conventionaCP and T violation probability differ-
this case, as a consequence of nonorthogonality ofnp)e ences are

APCE p=Po =Py p=— mB 22 [Rag(Gr)siAi(Gr) ~Ryjs(— Ge)simAi(~Gr)]

—4[1:5(GE)SINA 1(Gr) SINA 31( GE) SINA 3 G) + 1 235( — G) SINA 1( — G) SiNA 35( — G ) SinA z5( — G ) ]

—[A{)(Gp)sin2851(Gg) + AZ)(Gr)sin2A 31 Ge) + AL — G)sin2A 3y( — Gg) + AZ)(— G)sin2A 5 — Gg) ],

(67)
and
T 1 1)
APQ*)B: Paﬂﬂ_ PB"“ )\ )\2{4| BS|nA21$|nA3ls|nA32+A S|n2A31+A S|n2A32}. (68)
B
|
Nonunitarity of theW matrix produces two types of ef-
fects. At first, all conventional quantities such agkﬁ,ufﬁ AP!
depend ore, and newCP phasesy;. Secondly, new terms a /3
proportional toA(}); appear. 1
The first effect can majnly be seen in numerical analysis. = —4——IM(W} W5 Cl 5)sin2A 5 .
The presence of the additional term is more spectacular and A2 Mg
can be analyzed directly. For neutrino oscillations in vacuum (73
(Gg=0) new terms do not change the relation between
APSP ;andAP]_ 4, and they are equal This means tha€ P and T asymmetries appear even for two
flavor neutrino transitions. Furthermore, for unitary 3 flavor
APSPB (vacuum=AP] 5 (vacuum. (69)  Neutrino oscillations, moduli of all Jarlskog invariants are

equal and, as a consequence,Takhsymmetriegequivalent
i to CP asymmetries in vacuurare equal as well
For =B, A!) =0 and y nare eq

APl =AP!  =AP!

e—u m—T T—€er

(74
AP] . (mattey=AP] _ (vacuum

a—a

In addition, if any element of the mixing matrix is small
—APSEa(vacuun)=0. (70 (vanisheg then the above asymmetries are also sraah-
ish). For V#+0 (and as a consequent®+0), there is

In the normal medium, which is matter and not antimatter,
APCEP (mattery~=0. Heavy neutrinos will make this effect

a—a

stronger. For long baselingBL) neutrino oscillations

e, = 1 A 1MW, W (W TV * W, ]
= 1= IM[Wei Wy (WY TV * W],
AgL~Az=A3=0(1), Ay=0, (71 | 25= 1 25— IM[ W, WCh ]
and, in contrary to the unitary oscillations, '15+|m[W§1WB102B]' (79

T cp The above relations and terms proportionalﬁtﬁﬁ in Eq.
AP, g(vacuum=AP " s(vacuum#0, (720 (68) imply
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API  #AP!T  #AP!

(76) 0.02 ] [ AP% (veiv,) Vacuum 250[km) |
e—u m—T T—e" = :

(a)

From Eq.(75) follows that even when some of thé matrix z _
elements vanish, the asymmeﬁ}?lﬂﬁ can be nonzero. For 001 -\ :

instance, ifWe3=0 thenliz=0 (i=1,28=pu,7), but re- gt
maining five CP invariants, wheréWg; is absent, do not 10’ 1 10 EfGev]
vanish. .

—_—
| AP (ve3v,) Earth 250 [km] I

IV. NUMERICAL RESULTS ()

APCP

Here we will present some numerical analysis of the stan-
dard and nonstandar@P and T violating effects for real
future neutrino oscillation experiments. In order to check the
effect of nondecoupling heavy neutrinos in neutrino oscilla-
tions, the CP and T asymmetries for two baselines i}
=295 km andL =732 km are calculated. Neutrino energy is 3 [ ©

APCP(V.;Vu) Vacuum 250 [km] i

o

allowed to vary, according to the experimental conditions, “ [
in the range E=0.1-30 GeV for ve—v, and E N

-0.002
=1.78-30 GeV forv,—v,. These baselines gre planed for o ; pra
/ . . [GeV]
several future experiments.g., JHF and SJHF in Japan with
E~1 GeV[19]; ICARUS [20] and OPERA21] in Europe, 0.001F (277 (i) B ra2bml ]
E~20 GeV; MINOS[22] in USA, E~10 GeV; and Super- 0-0008;\
NuMi [23] in USA with E~3,7,15 GeV). In all these experi- 5%\ @
ments neutrino beams from the pion decays will be used, s¢***E
they are mostly muon neutrino and antineutrino beams. Neu- **“E
trino factories will give in addition electron neutrino and i . e
antineutrino beams. In Figs(&—6(c) the probability differ-
ence APSF ; for ve—wv, and v,—v, is shown. Forv, FIG. 2. (a) The probability differenceAPS”, defined in Eq.
—v_ also standard quantities defined as (67), for L=250 km as a function of neutrino energyscillations
in vacuum. The hatched region describes normal unitary oscilla-
tions with 0< §<2#. The shaded region corresponds to the non-
APCET unitary neutrino oscillations with addition& P breaking phases
ACP _ M _ _ (77) ; 8 _
u—T P(v,—v)+P(v,—v )* X1.X2 LEQ. (48)] that change in the domalr.1<0Xi\27r. '[rle €,
M T M T parameters for both sets from E¢81), (82) give e.¢,=10"" and
the results are the same for both cases. Other oscillation parameters
APT correspond to the best LMA fit values given[®b] (see the text for
A;_,T— roT (78 details. (b) Neutrino oscillations in matter with the same param-

P(r,—v)+tP(v,—v,) eters as in @). In this case neutrinos pass only the first shell of the

Earth’s interior[24] with a constant densitp=2.6 g/cn? and Y,

are presented and matter effects are included =0.494.(c) Neutrino oscillations in vacuum with the same param-
eters as in @) but for ©,5=0. In this case, in vacuum PSP

a— B

=0 for normal unitary neutrino oscillations. Nonzero effects are

Ae[eV2]=2\/§GFNeE exclusively related to the nondecoupling heavy neutrin@s.
APSP for neutrino oscillations in matter for®;5=0, L
~7.63x10°5 p {E (79 =732 km. Other parameters as _i(a)z Be.cau_se of matter effects,
' glcn? |1 0.5/ GeV/’ APgﬂﬂq&O even for unitary neutrino oscillations.

[25] tarf@® ,;=1.4, 6m3,=3.1x10 % eV?, tarf®,,=0.36,

Za
Adl€V?] = V2GENE 5m2,=3.3x 10 eV? and taR2® 5= 0.005.

o The parameterg,, €, and €, [Eq. (48)] are small and
=7.63x10 °| ——|[[1-Y,] Govl’ (80)  satisfy the experimental constraints given by E&S), (51).
g/cn? e In agreement with the above constraints two sete opa-

rameters will be discussed

For L=250 km andL =732 km neutrinos pass only the first
shell of the Earth’s interiof24] with a constant density

=26 glcd and Y.=0.494. Then AJeV?]=1.96 (A):€,~0.001, €,=¢,=0.1, (81)
X104 [E/GeV] and A [eV?]=1.0x10 % [E/GeV]. The
oscillation parameters are taken from the best LMA fit values (B):ee=€,~0.01, €,=0.1. (82

093004-9
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|_ AP (v, ;v,) Vacuum 250 [km] i | AP (v, ;v,) Vacuum 732 [km] i
0.02}— e 0.02 o — - -
o 0.01 o 0.01
2 0 @ 2 @
< <
-0.01 -0.01
-0.02|_ -0.02
2 3 4 5 6 7 8 910 20 E[GeV] 30 2 3 s 5 é 7 ;; 9 10 20 E [GeV] 30
05 [~ A% (v, ;v.) Vacuum 250 fkm] ' sl [ A" (viv) Vacuum 732(km] |
0.6 osF — -
04 -
. 02 . 01F
5 9 ® 5 of ®
-0.2 -0.1
B e TR ST ORRT SORTES ST TITIS ST S S P [
06 | -0.2_ 8
0.8 | 040 |
2 3 4 5 6 7 8 910 20 E[GeV] 30 2 3 4 5 6 7 8 910 20 E[GeV] 30
FIG. 3. APSP (@) and AP, | (b) for neutrino oscillations in FIG. 5. APSP | (a) and ASP | (b) for neutrino oscillations in
vacuum,L =250 km. Other parameters as in Figa2 €, according  vacuum,L =732 km. Other parameters as in Figa2 ¢, according
to Eq. (82). to Eq. (8D).

Figures 2a) and 2b) presentA pgiﬂ (L=250 km) for neu- fects alone can be largeee e.g[11,26]). We would like to
trino oscillations in vacuun{Fig. 2@] and matter[Fig.  Stress, however, thaA" ; and A} ; must be discussed
2(b)], respectively. We can see that matter effects are verjogether withAPZP o quantities. Only then we can say if
weak. The hatched regions in these figures, and in all followthese effects can really be measured in experiments. Such a
ing figures, describe the classical unitary neutrino oscilladiscussion forv,— v, transitions will follow in the next
tions, with 0< §<27, and they are similar in both cases. In figures.

Fig. 2(b) this region is only slightly asymmetric. As param-  In Figs. 3a), 3(b) the APS” and A5 quantities in
eters €, which describe nonunitary oscillations are very vacuum are presented as functions of neutrino energy. for
small, deviation oAPSP  from unitary oscillations is very =250 km and the first set of, parameters from Eq81).
weak. The shaded regions in Figga2 2(b), and in all fol-  Here theCP violating effects are quite large. For example,
lowing figures, give the allowed range &fPS”, for the  for E=2 GeV,AP" e (—0.0003;+0.0003) in the unitary
nonunitary case with addition& P breaking phaseg,,x,  case[hatched region in Fig. (8] and APgiTe (—0.017,
[Eq. (48)] that change in the domainQy;<2w. Itis inter-  +0.017) in the nonunitary cagehaded region in Fig.(3)].
esting to see the sam@P violating quantityAPgﬂﬂ for ~ We do not present results fofk;_w here as in vacuum
®,5—0. In vacuum this quantity is equal to zero. In Fig. A] ;=A% ;. We can see that for higher neutrino energies
2(c) a possible range cz&P(e:_P,# is depicted for nonunitary nonunitary effects can be very lar¢gend increase with neu-

oscillations. In agreement with our previous discusgigq.

(72)] such a quantity does not vanish. However, it is small, T 2P®(uivo) Eann 7a20em |
which comes out of strong experimental bounds Eg%), e :
(82). Situation does not change qualitatively in the matters @
case[Fig. 2d)], except that this time unitary oscillations can <
be nonzero. Such miserable effects cannot be detected i
future neutrino experiments. Of cours& " andAL ef- ; I S S |
" M 2 3 4 5 6 7 8910 20 E [GeV] 30
I AP (v, ;v,) Vacuum 250 [km] i 0.3: l AcP(‘t“;‘I") Eartn 1752 [km] i """""""""
0.002 ———— 0.2 i
. ooo . 01
@ o ® < O ®
< -0.1
-0.001 -0.2F :
-0.002 -03f |
2 s 4 5 6 7 8 910 20 E[Gev] 30 2 3 4 5 6 78910 20E [GeV] 30
0.08 [ A% (v,;v,) Vacuum 250 [km] ' 0.3 | AT(v.ivo) Earth 732pem  §
0.06 0.2F ; i
0.04 C
. 002 - O
9 0 (b) <« O (c)
-0.02 0.1
o0 o, ook _
o8 | 0.3 |
2 3 4 5 6 7 8 910 20 E [GeV] 30 2 3 4 5 6 7 8 910 20 E [GeV] 30
FIG. 4. APSP (@) and AP | (b) for neutrino oscillations in FIG. 6. APSP (@), ASP | (b), andA], ., (0) for neutrino oscil-
vacuum,L =250 km. Other parameters as in FigaR €, according lations in matterL =732 km. Other parameters as in FigaR €,
to Eq. (82). according to Eq(81).
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trino energy. Unfortunately, oscillation probabilities them- but is represented by a non-Hermitian matrix.

selves are getting smaller. If heavy neutrinos do not decouple, the notion of neutrino
In Figs. 4a), 4(b) the same quantities as in FiggaB 3(b)  flavor loses its meaning. In such case it is better to see active
are presented but for the second setepfparametergEq.  light neutrinos as particles produced together with charged
(82)]. As ¢, is 10 times smaller, also nonunitary effects areleptons of particular flavors rather then particles having their
smaller by the same factor. own flavors. Moreover, the nonorthogonality of such neu-

For L =250 km the effects of neutrino interactions in the trino states has also some impact on theoretically calculated

Earth’s matter are small and all presented quantities are aff0ss sections for neutrino production and detection.
most the same as in vacuum. Thus we do not present them We have found the equation which describes the propaga-
here. However, for longer baseline experiments ( fion of light neutrinos in any polarized, nonhomogeneous,

=732 km) matter effects can already be seen. In Fi¢®, 5 charged matter. Numerical analysis is done in the simpler
5(b) and Figs. 62)—6(c) theAPSP | AP andAT  quan- Casé of unpolarized, isotropic, and electrically neutral matter.

) " The nonunitary neutrino mixing is especially important

tities are presented for,— v, transitions in vacuum and oy X : e
matter, respectively. The, parameters are taken according for CP and T violating effects in neutrino oscillation. Two

to Eq. (81). Again, the nonunitary effects are large. For the2dditionalCP phases, which appear in the light-heavy neu-

unitary case, the symmetric region afP.” _ in vacuum trino mixing matrix, have crucial consequences in such phe-
[Fig. 5@] becomes asymmetrithegative in matter [Fig. norlnena. . ith | unit i ilati
6(a)]. The full range ofA Pﬁir for nonunitary oscillations theglgogz?r”\?iz?atimg n arr]grgr;aie?arlllllyalrgr;:ruafrzrlioagf)ga? vla?/re];n
shifts also slightly toward negative valugsompare the where standard effects are very small or vanish. The G&w

shaded regions in Fig(8 and Fig. §3)]. Once agaim,,,, andT violation effects depend on the strength of light-heavy

. . T . .
[Fig. S(b) and Fig. &b)] andA,, ., [Fig. 6(C)] asymmetries o tring mixing. For present experimental bounds on the

. L ;
are very similar to each other. They are larger for h'ghernondecoupling parameters, the— v, oscillation is espe-
cially sensitive to the nevCP effects. Forv.— v, oscilla-

neutrino energies but, unfortunately, not becad&;” _is

larger, but because the probabilities fantineutrino oscil- tion, where the bound on the,, parameters coming from
lations are getting smaller. the nonobservation of the—ey decay are very stringent,
the effects are smaller.

V. CONCLUSIONS If the observed futureCP asymmetries cannot be ex-
_plained by the standard three light neutrino mixing then non-
decoupling heavy neutrinos can be the answer to this prob-
lem. We should mention, however, that it is not the unique
possibility. Still other mechanisms, e.g., mixing among four

The evolution equation for neutrinos propagating in mat
ter is found in the case when heavy neutrinos do not de
couple and, as a result, the mixing matrix between light neu

trinos is not unitary. : . C : .
The neutrino propagation is described by a Hermitianl'ght neutrinos[27] or nonstandard neutrlno interactions in
Hamiltonian found in the eigenmass basis of light neutrinosMatter [10], cannot be excluded. Then, if the futufeP

This basis is the most convenient to calculate physical efdSymmetries will have nonstandard origin, further .StUdy
p discriminate among the nonstandard effects will be

fects. Two other bases which we consider, that means the ful
orthogonal basis which contains both light and heavy neylecessary.
trino states, and the “experimental” basis with nonorthogo-

nal light neutrinos only, are more complicated when applied

to numerics. In the first case, the Hamiltonian is Hermitian The work was supported by the Polish Committee for
but has full (3+ng+ng) X (3+ng+ng) dimensions. In the Scientific Research under Grants 2P03B05418 and
second case, it has smaller {8g) X (3+ng) dimensions, 2P03B13622.
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