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1. INTRODUCTION

Neutrinos are massive particles = SM must be extended

\4

New Standard Model = ySM

There is no New Physics (NP) at low vSM and model of neutrino mass is
energy scale — neutrino masses are accompanied by NP at low energy
related to GUT scale physics scale (TeV scale).

Such low energy NP can change neutrino

oscillation in vacuum and in matter



Many different extensions of SM are considered :

1. Sterile neutrinos,

2. Heavy neutrinos

3. Lepton Number Violation (LNV),

and/or

4. New Vector Current (NVC,)

5. Flavour Changing Neutral Current (FCNC),
6. General Fermi Interaction (GFI=>S,P,V,A,T),
7. Mass Varying Neutrinos (MVN),

8. Violation of Lorentz Symmetry (LSV),

9. Principle of General Relativity Violation (PGRV).

10. Large Extra Dimensions (LED),
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Existing experimental data gives

d SM works very well —

bound on NP parameters

U

NP effects must be small

1 There are also other mechanism
which are able to modify (damp)
neutrino oscillations:

Neutrino decay To earch for NP
modifications given

Wave pocket decoherence — by damping effects

Oscillation to strille neutrino should be known

Neutrino absorption

o &~ 0 bh -~

Quantum decoherence



1 Experimental data are not precise: Will it be

1. experimental oscillation rates possible to
R ’ —— recognize
2. vSM parameters (mixing angles and 6m?’s), NP effects?

3. confusing non-standard neutrino interaction with oscillation.

3 Oscillation rate ( )
In any real experiments, where oscillate the measure rate FP_>D
is the product of three terms, integrated over neutrino energy ( EV):
dr,

> the flux of produced (P) initial neutrinos

I’dE,
> the probability that, after travelling a distance L, P neutrinos will oscillate into
detected (D) neutrinos: P, (L,E ),

and

> the cross section for detection of D neutrinos: GD(EV)



I

[, = [dE, (<72) x (P, (L.E ) x (0, (E,))

d
L*dE

1 We will not consider full oscillation rate, but only
O We will not concentrate on any specific model,

d Model independent approach

d We will not discuss any damping effects,

 The impact of NP on the determination of neutrino mixing
parameters are not discussed > |



2. WHERE SHOULD WE LOOK FOR
NEW PHYSICS EFFECTS?

dr,
L’dE

v

T, = [dE,(<2) x (P, ,»(LE,)) x(05(E,))

m The New Physics (NP) can give corrections to all three factors, but
m The feature of these corrections are quite different

---- for production and detection factors the effects are L independent
(trivial L.? factor appears in the production rate ),
---- the NP in the matter oscillation probability depends on L.

m The oscillation probability depends on tha production ‘ VP> and
detection ‘ VD> states which are not necessary flavour states.
m If we assume e.g. that eigenmass (i) neutrino states are produced in
the process
1+A—>v. +B
then the production (and analogously detection) states are defined in
the way:



Vo) :ILZA(HA — v, +B) v, where

3
N \/ZA(HA —>v,+B)’
=l

EXAMPLE

If, for example, the light and heavy neutrinos mix together, and their
mixing is described by the 3+n,, unitary matrix:

)
Uai Val
\VAi U A




As elements of matrices V are small it is convenient to parameterize

U=Y-U

where U is the standard 3x3 unitary matrix parameterized in the
standard way

4 -5

3G, Ci3512 Si5€
) )
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If we parameterize
Y =1-0Y

then from unitary condition

YY' =1-VV*

we ge (¢ 0 0
2C C 0

pe Hp

 2¢,. 2c Cor )

i

From low energy physics
c .=(VV"'
af ( )Ofﬂ bounds on Caﬂ exist.

We will work in the flavour SM orthogonal base

3
Va> = ;Uai Vi>




In this base the physical state and effective Hamiltonian are
matrices, e.q.
g /K?}Vp>\

Ve | v, Ve
Ay

PP_)D (EV,L) depends on new physics:
¢ In vacuum:
as |v,) and |v) are NP dependent,
* in matter:
--- NP changes coherent neutrino scattering,

--- effective neutrino masses in matter are changed.
Effective Hamiltonian in the flavour base:

Heff — HSM 4+ HNP
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To find the transition probability PP_)D(EV,L) , we calculate the transition
amplitude A, _, 4(t).

(04




This amplitude satisfy the evolution equation:

1Aa—>ﬂ (1) = Z Hy, Ay e (O

Having Aa _)ﬂ(t) the physical amplitudes can be calculated:

App(D= vy V(D) =D vp vy vy V()

p
Heff (< p(L); Numerically

Heff (t ) e p(L) = const; Analytically

For not very large baseline, p=const is good approximation




Methods of approximation

For the Earth: 2g3 <p<l 1g3 and

cm m

for neutrino energy in the GeV range two parameters are small:

2
oMyl L0.03  sin’(20,,)<0.05

a:|

omj,

For smaller neutrino energy (MeV) there is also third small parameter:

Ae2 ~ (0.001
omy,




We can resolve the equation of motion perturbatively:

m Inthe firstcase if A_ < 1or A_ >1 :

A
B - E Uazuﬁp

SM
Hz =(Hy),; +a Vaﬂ where

e ae pe

A * N
(Hy) gz = E(umum +A0..0,), and

m In the second case if Ae << 1 then

SM
H 7z =(H,),z+ Vo_l/7

A "
(HO)JB — Euo_ﬁu 73

A A
E(Aeé‘ﬁeé‘ﬁe + U072U

where now

and

52) -

The basic \

Hamiltonian has two
degenerate
eigenvalues.The
perturbative methods
for degenerate states
must be applied

/




In the first order of perturbative expansion (in the first case) we

have three effective neutrino mass in matter:

A, =A(A_+asin 6, - ACA sin >286,);
4(1-A,)

_ 29 .
A, =Aa cos "0,;

~n

A(l+ A"'A sin >26,, .
4(1-A,)

and three eigenvectors:

sin®20),, a sin26,,
8(A,-1)? 2A,
a cos,sin26, e°(1+A_(asin’, —1))sin26,,sind,, a(l+A,)e" sin,,sin26, sin20,,
2A, 2(A, -1y’ 4A,
_asinb,sin26, e°(1+A (asin’6,—1))sin26,;cos6,, a(l+A,)ecos,sin26, sin26,,
2A, 2(A, -1y 4A
(1+A (e sin’6,, —1))sin26,,
2(A, -1y
aA cos 6’23si1126’12si1126’13 Lo
4(1-A)
oA sinf,,sin26,,sin20,,
4A_—1)

cosd,; +

—sind,, +

sin’26,,

S(A 1)’ )sind,,
; sin*26
+e & (1 — 8(1&_11)32)008 923




Using the perturbative methods we can calculate the first order
corrections to the eigenvalues and eigenvectors coming from NP

A= A=A +</1i HNP/li>

INPIIPIIS

Hamiltonian:

>< kHNPM

k#1

Now the transition amplitudes can be calculated: f
X

A, ,L=t)=3W, W e =
k

where the W matrix diagonalizes the full Hamiltonian:

W HTW = diag(A', A%, A)




If now our production and detection states are constructed as in the example

( VP>=Va>; VD>=Vﬂ> ) we can write:

1 '
VP>:/IZYO: V7>;

a 7

Then the amplitude A, (L) is:

AP—)D (L) — /1

where now the matrix:
W, =

is generally not unitary.




Transition probabilities and results

The transition probability can be calculated:

Po_p(L) = ‘AP—>D(L)‘ =

|
oA
4 RIsin®A, —2) 17sin2A,),

1>k 1>k

(0, —2Re(c, ;) -

where
RSy =Re(Tih). 1% = Im(Ti5 ) :
* * f f
L =W, W, W, W, ; Ay =4 =4 -

a,




We can decompose the W tensors for three pieces:

W=YW = (I-6Y)(W,+W,) = W, +W,

where oW =0W,-0Y W,, . .
L NP interaction in matter
oW, =OW*;

—5Y Wo — SW¢ « NP change in initial and final
neutrino states

SO

As also SM NP
Aik Tk T 5Aik

the full transition probability can be decomposed for two pieces:

PP—)D (L) = PPSED (L) + P—>D (L)

e
The NP part can be once more decomposed for two parts




Describes NP interaction
inside matter.

N (L) =6P¢ . (L) + SP¢ . (L): paramecried e

|

Describes the NP change in nt mass .
the production and detection P—)D (L) P—D (L) —|— P—D (L),
states. Depends on the model.

Survive in vacuum

Additional NP interaction Comes from effective neutrino
inside matter mass change given by NP

By appropriate decomposition of P, (L) in our example we obtain:
5P;—>D(L) = (Caa T Cﬁﬁ) PSL/ID(L) —2 Re(caﬂ) —
42 (6R)%; sin®A}Y — zz (61°)%; sin2A3

These tensors are respectively real and imaginary parts of the full tensor T
linear in ( )ak

ap




In the same way the other parts:

oP" (L) = -4 (SR*)X 81n2ASM—2 (O1°)2; sin2A, ",
5D a7 ik

Real and imaginary parts of the tensorTOi[kﬂ
linear in (6W*),,

And finally the mass term:

SR (L)= = D (AR™)L; sin2A3Y +2(IP) cos2AL™) Ay

1>k

(1]

Now we will concentrate on the model independent “¢” part.These
corrections can be parameterized by the flavour numbers (e, u, 7).

The probability can be decomposed for three pieces:

P P SM + 5P int + 5P mass

a— f a— [ a— B a— [




Pme = POme + dTme + dSme;

a C2¥ 212° Sin[ADelj?
RclP
213 23 Sin[Del - ADel}2

(-1+A)2

Rore= - (@s212s213s223Cos[ Dell] Cos[celta) Sin[ADel] Sin[Del -ADel]) /7 ((-1+A) AC13) +

+ (as212s213s223Sin[Del] SinfADel] SinfDel - ADel] Sin[celta]) /7 ((-1+A) AC13) ;

dime=
a(2c:23enleZ(bs[d1ien] Sin[ADel] (As22Sin[(-2+A) Del] + (2 (-1+A) 2+ As23) Sin[ADel) .
\ (-1+A A
c23? et s212 s23Cos[chiet] (ACos[2Del] - ACos[2 (-1+A) Del] -2 (-2+A) Sin[ADel13)
(-1+A) A2 *
c23ens212s23 Sin[chien] (Sin[2Del] - Sin[2 (1-A) Del] - Sin[2ADel]) .
(-1+A) A
23?2 et s212 s23Sin[chiet] (Sin[2Del] - Sin[2 (1-A) Del] - Sin[2ADel]) 1,
(-1+A) A )

213
1
\ (-1+A)2A
(ens23 (-c23 +AC2F +2AS2F + (-1+A) <237 Cos[2Dell] + (237 - Ac2F - 2As2F) Cos[2 (-1+A) Dell] + 23 Cos[2ADel] - Ac23? Cos[2ADel))
c23ets23 (-1-A+ (-1+A) Cos[2Del] + (1+A) Cos[2 (-1+A) Delj +Cas[2ADel] - ACos[2ADel) Cos[chiet + delta]
(-1+A)2A ¥
232 ens23 (-Sin[2 Dely +Sin[2 (1-A) Dely + Sin[2ADel]) Sin[chien + delta]
-1+A) A ¥
c23ets23? (Sin[2 el - Sin[2 (1-A) Delj - Sin[2ADel) Sin[chiet+ delta) \
-1+A) A )’

Cos[chien+deltay]) -

dSme = 0;
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For check we have calculated all probabilities

(@, B) = {(e.e), (e,u), (e,7), (w.€), (i,u), (w,7), (7.€), (T, ), (7,7)}

As NP is parameterized by hermitian Hamiltonian oscillation
probabilities are conserved:

ZPa_wzl, forall a=e,u,r1
all B

What is more interesting, for each @ we have separately:

SM int mass __
ZPaaﬂ - 1’ Zél)aaﬁ - O, Z&)aeﬂ - O
all all B all g

The general structure of the SM oscillation probabilities is the next:




SM 0 o 2 oo
P —5 +ABy+aAﬂy+a Aﬂ7+

By

sin“26,, A}, +a sin26,, A7

The not-suppressed terms, A%y appear in (By) = {(uu), (ut), (r7)}
channels only, and are the same for all channels:

A0 =+sin’26,, sin’A;  whee A=0m;,

The CP violating phases exist in the appearance channels only (as
should be), and are the same for each channel:

sin[A]sin[A_A]sin[(1— A )A] o
A (1-A)

Al =1sin26, sin20,




The NP terms have general structure:
" =B +aB? +sin20.B,  +0(a,sin26.);
_ —y 13" B—>y > 13/

By P—y
mass __ 0 a . S : .
SP™ =C, +a Cy, +sin26,C;,, +0(a,sin26,);

By by

Unfortunately, the NP not suppressed terms appear also in (By) = {(uu),
(ut), (r7)} only and are equal:

BQ/))Q/ = i Sin 4923 {sz €23 (glulu - gn') + 2 0082 923gyfcos UT ] } Sin2 [Z] 9
C), =+Asin’ 26, {cos20,(s,, — . ) +25in26,¢, cos[ 7, ]} sin[2A];

The second mass term C%y has different dependence on the baseline L
and neutrino energy.




The NP CP violating terms are « or sin(26,;) suppressed and appear in the
interaction terms, not in the mass terms:

BZ_W =h, + hﬂgeﬂsin Lt he sin[y |;

Bsﬂw =k, +k sy, +0]+ k & sin[y._+0];

The NP CP violating X.: phase, and €, term do not appear in the
approximation which we consider,




Connections between parameters

Two examples:

*» Models with non decoupling heavy neutrinos and left handed current
interaction,

% The Left-Right symmetric model.

In the first case:

L e

— v v (11— N.W +hc.;
C 2\/581119“] azez,lu,r;l)”ay ( 7/5)(Uv)a1 1 u

e =
LNC = ZNlj/ﬂ(l—j/s)QU NJZ,u , where

4sin6,, cosby,
Qij — Z(Uv):;i(uv)aj

a=e,u,T




In this case the HP Hamiltonian is equal

NP _1 _ i An + 0
HY = (ALY E(1)+ E(DSY]+ " * [V +8Y]) wiee

1 0 0)
A =2/2G.EN_ wms E(1)=|0 0 O}
0 0 0

(1Pl (131

Now we can easy find relations between “c” and “€” coefficients:

Eee :Cee(_1+ i );




In the Left — Right symmetric model

If neutrinos are Dirac particles

éHLR

Dirac

If neutrinos are Majorana particles

HY =6H=.  =6H=X

Majorana Dirac

COS

—Y (O T +0OY
26,( )

~A B(VE(1)V)-A y




&k _n

Then connection between the “€” and “c” terms are the next:

For Dirac neutrinos, the same as in the previous example.

For Majorana neutrinos:

A o . .
E,5 =Cup A“ (Z 7P )= P(Vx o Vn )

1-2sin” 8, cos'6,,

), 0 =p

where IO' = ,0(1 + 7/ Cosze :
\W%




2. NON-UNITARY NEUTRINO

OSCILLATION.

Three flavour + sterile neutrinos

Grossmann;

Gonzalez-Garcia, Matrix U = (3+ns) X (3+ns)
Grossman, Gusso,
Nir;

Czakon, Gluza,
Z.M:

Beckman, Gluza,
Holeczek, Syska,
Z.M:

Bilenky, Giunti.

Matrix U" = (ng X ng)

In this lecture we will not consider specific models
which can produce non-decoupling for light neutrino. Heavy neutrinos



= |i) i =
vy =) Bi=1,2,3REo

Flavour eigenstates. States for
production and detection process

- > | = T, 5, 3 Eigenmass states in matter




Neutrino states in general case




Experimentally produced neutrino flavour states:

This mixing matrix is not unitary

= ’

U'U =1

<Vu VB>=I=1 for o #;




As before we parameterize;

Ay = 1=(VV'),,

and

U= Y-U U=AYU; A=diag(l/A,,1/1,1/}))

where U is the standard 3x3 unitary matrix parameterized in the way:

( ~id )
C13(:12 C13512 Sl3e
) i5
- 512C23 - C12513523e C12C23 - S12513323e C13323
i5 i5
\ S12323 - 0128130236 - C12323 - S12313(:236 C13C

23




And once more

Y =1-6Y
then from unitary condition of the full mixing matrix
YY =I-VV'

we can parameterize /
C €cC

2C

e

\20

7

From charge lepton proceses there are bounds on the ¢ parameters

r ..
(I)invisse = N :%:29840:&0.0082

v

\A%




u—>ev,v, BT—> U, v,

L

—

C ¥

T—> eV, T—> uv,

u—>ev. v, BT UV, Vv,

»Langacker, London;
»Nardi, Roulet, Tommasini;
»Bornaboim,Bernabeu,
Jorlskog, Tommasini;
»Bergman, Kagan;

> llana, Rieman;



- Neutrino Propagation in Matter

Based on: B.Bekman, et. al.,
Phys. Rev.,D66(2002)093004.

Everything is much more convenient to consider in the neutrino mass basis

Let us assume that our neutrino interactionin has general form:

n=3+n.+ng

S = _
= -y YU ) NW +hec.;
CC 2”\/§Sinew azeZﬂJéWozy ( 7/5 )( v)al 1 U

e n
ZNJ/#(I_}/S)QU szﬂ , Where

- 4sin @y, cos by,
Qij — Z(Uv):ci(uv)aj

a=e,u,tr

L

I‘NC




° , No interference
. Interference

Neutrino interaction are described by the L. and Ly Lagrangians

COHERENT NEUTRINO SCATTERING IS DESCRIBED
BY THREE TYPES OF FEYNMAN DIADRAMS



All three diagrams
contribute to

neutrino - electron
scattering

Only this diagram contributes
to neutrino- nucleon scattering:

n+f—->n +ff = p,n




For Q> <<Ms;,,M, | the effective interaction of light
neutrinos with background particles can be written in the form:

Z Z [n,,n, J[w I (gfa+§¢;75)§”f]

|k1aVA

where




Amplitudes for forward scattered fermions f (their momenta and spins are
untouched) is defined as:

(juéf)m — <fv ﬁv Xlkilfra (9% =+ gﬁgfi'YS) \Pf|fa ﬁa X>

Let o, (13, ﬂ,) describes a distributions of momentum (p) and spins (1) of
the background particles f, normalized in such a way that N; defined as




And the effective sum over all fermions:

Then the global effect of matter — light neutrino interaction can be described
by the Hamiltonian

(}ﬂ pEER.IR)  are energy, mass and spin

mye+Ef

four — vector of the ffermlon



So finally, for the effective potential V we obtain:

where

p3 pf(pv )\)"(pa )\)




For the (k,i) matrix of the element of the Hamiltonian (in the eigenmass
base) we obtain:

ALy, P for Dirac neutrinos,

H" =< / *r Hype(z ) v >= ¢ —(AL) ur, Pru; for Dirac antineutrinos,
V=1

Al gy, Pou — (AL ) gy, Pru; for Majorana neutrinos,

For relativistic neutrinos:

We obtain the final, general Hamiltonian for neutrino
interaction with background fermions:

for Dirac and Majorana neutrinos with A = —1,

(Agd) for Dirac antineutrinos and Majorana neutrinos with A = 41



We see that our Hamiltonian has the properties: Valid for V-A
neutrino

interaction

H’mt . lH’int | | *

particle antiparticle

So the most general Hamiltonian for light relativistic neutrinos which interact
in the V-A way, propagating in any background medium has the form:




unpolarized:

Isotropic:

electrically neutral:

We arrive to the simple Hamiltonian which has (3 + ng) x (3 + n,)
dimension 1

Et = \/EGF[NeUZkUei _EIONani]?

Which in the standard case
(ng=ng=0) reproduce (in the

int __
flavour base) the well known Haﬂ B \/EGFNE56ﬂ5eﬁ = ‘/EGFNe

Hamiltonian («a, 8 = e, u, 7):




If a single sterile neutrino is present (n=1, a, 8 =€, u, 7, S)):

+2G [N 5e+%N 5.5,1;

c ac n- as

The energy and momentum conservation do not allow heavy
neutrinos to be produced or detected




If no sterile neutrinos are present (n,=0) butng=1,2 ..

E U+J +ﬁGF[Ne{5ae5ﬂe _Caﬁ (5056 +5ﬂe)+ceaceﬂ}
afs

1
+ ENH {2caﬁ — Z caycyﬁ}];

If a single sterile neutrino (N, = 1) and some heavy neutrinos exist (n =4 + ng)

j +/2G N, {6,.8, —C, (S, + 55 ) +CorCos)
af

|
+5Nn {5%@8 +caﬂ(2—§aS —§ﬂs)— chcw}];

V=CH,T




And generally in the full flavour base:

Even we consider the
eff y 71+ eff x 71+ problem of light neutrino
UH U UH V propagation only, in the

Vy Heff U+ V, HeffV,+ flavour basis we have

to deal with (3 + ng+ ng)
dimensional matrices

af

No heavy mass eigenstates can experimentally be produced - the
properly normalized light neutrino states produced in real experiment:

Usual notation of flavour neutrino loose its meaning.
Neutrino created with electron can produce muon and tau.



Propagation equation in the experimentally accessible states:

ii<v (1) = ZHaﬂ<Nﬂ‘W(t)>;

where the Hamiltonian is not hermitian:

If we assume that the initial The initial condition:
neutrino states is:

w(0))=|7, > ‘75 v, > (4, ﬁ)_l(5aﬁ_caﬁ);




In the eigenmass basis the propagation equation:

3+ng

1— Vo ‘v (t)> Z Hkl<v

Is simple , Hamiltonian is hermitian:

The initial condition: Vi [V, (0))y=2,'U_,




Nonorthogonality of neutrino states has some impact
on theoretically calculated amplitudes:

3+n, 3+n,

AV X—>1LY)=4 > U AvX - Y)=2, Y U U AWV, X—1;Y)
i=1 i=1

and cross sections:

oc(v. X—=>1:Y)=21°6 ,—c 2GSM(V X—=>1.Y)
a yij a [~ af af b p




Oscillation of light Neutrino

Oscillation of 3 light (no sterile) with at least one heavy will be considered:

For one heavy
neutrino:

Then full neutrino interaction Hamiltonian in the eigenmass basis:

' | . |
Et — E (mizgik + \/EGFE[NeUekUei - 5 Nani ])9

. . 1% Y .
With the Q matrix: Q. =0, - Vo, Voo, 1L,k=1,2, 3.




For neutrino propagation in a

equation of motion can be solved analytically.

Effective neutrino
Effective Hamiltonian can be diagonalized: mass in matter

1 -
He" = ZEW diag(m )W;

and the propagation equation takes the form:

1 X\ .
- (1) = W diag @)W (1)

where:




The equation of motion together with the initial condition give:

~ 2
.1

Pe(t) = 2 (WH)e (WD),

and the amplitude for the oscillation after travelling
a distance L can be calculated:

A, B(L) - <VB V(L= t)> B

1=1




Now we can calculate the transition probability:

Pa—),b’ (L) — ‘Aa—>,8 (L)

And we have:

2
’

1 0 . : :
P (L)= ﬁ {0, 5~ |Cup )2 — 4Z:leﬁs1n2Aik + SIifﬂsmA2 SINA, SInA,, +
a’p

a,
1>k

+2[A} sin2A;, + ADsin2A,, 1}

Iijﬂ =Im[W Wﬁk Wa*k W;i ]

)

2
A, =12670 -M)(EV ILTkm

E[GeV]



The transition probability for Dirac antineutrino or Majorana
neutrino with A=+1 can be obtained after the replacement:

(L;U > U",G; - -G;)

P_ ,(L)=P,

—f

We can find now the CP and T asymmetries:

—4[1.,(G})sinA,, (G;) sinA;, (G )sinA s, (Gp) +
I,,(=G)sinA, (-G ) sinA, (-G )sinA, (-G )] -
[AL;(Gp)sin2A; (Gp)+ AL (Gp)sin2A L, (Gy) +
AD(-Gp) sin2A4, (-G;) + AD (-G, ) sin2 A, (-G )]}




12 . . .
[ 41,5 SINA,; sinA;;sinA;, +

Al sin2Ay, +AY) sin2A,, ]

Nonunitarity of mixing matrix produce two types of effects:

» R and | tensors depend on € and y parameters ,

» Additional new terms proportional to A appear.

Seen in numerical analysis More spectacular, survive in vacuum



Non - Unitary Effects in Neutrino Oscillation

In vacuum G — 0

AP,” .(vacuum) = AP, . (vacuum)

Fora=p

AP’ (matter) = AP, _(vacuum)= AP,  (vacuum)=0

Normal medium is matter (not antimatter)

AP (matter) 0

and heavy neutrinos make this effect stronger:




Agr Ay 2A,201), A, =0pEE

for unitary oscillation in vacuum, the CP and T asymmetries
for LBL disappear. Contrary, in the non-unitary oscillation:

AP, .(vacuum) = AP,”  (vacuum) # 0

and

AP, ;(vacuum) = (AL +AD))SIn2A =

7»2 7»2

Im(W o, W,sc,) sin2A 5




For unitary 3 flavour transitions, moduli of all Jarlskog invariants
are equal and all T and CP asymmetries in vacuum are equal,

eg.

In unitary case, if any elements of the mixing matrix is small
(vanish) then above asymmetries are also small (vanish), eqg.

AP, . =AP," , =sin°(20,;)

o> 3

In the non-unitary case the Jarlskog invariants are not equal, and:

12; - 1;1; + Im[WmWfA( (WV'V'WH. =

Iizlg -Im[W W:k (WV'TV'*WT )it ]



The above relations and terms proportional to A tensors imply:

AP' = AP' =+ AP'

e— U U—>T T—>¢€

We have calculated the differences AP and asymmetries
defined by:




» Standard, best fit values for mass square differences and
mixing angles (we do not consider error for them),
» L=295km and L =732 km,

> Energy E = 0.1 — 30 GeV, > |
» madium density p = const = 2.6 g/cm3,
> Y. = 0.494,

» The € parameters:

A) e, ~0.001, ¢, =€ ~0.1;
B) €. =¢,~ 0.01, €.~ 0.1

AJeV*]=22G,NE=7.63x10°[ 2 ][Ye][iv]

g/em” 0.5 Ge

A [eV*]=2/2G.N E=7.63x107[

o cnf][l Y][—V]



A PCP ( Vel \.r“ ) Vacuum 250 [kl'l'l] 1.

10

Hatched region

0 < 0cp < 2nm

Shaded region
0 <y < 2n

Tan? (28,;) =0.005



Shaded e ot o - Shaded region:
aded region - effect of nonunitarity <=
O <y, <2r

0.001 Bt i i i35 AP (vary,) Earth 732 [km]
0.0008 5 '

% 0.0006 --
o .

0F

Earth effect: (AP + 0) even for unitary neutrino oscillation
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| A% (v, ;v,) Vacuum 250 [km] '
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M — T transition in vacuum for 250 km
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M — T transition in vacuum for 250 km

20 E [GeV] 30

0 <y < 2n



20 E[GeV] 30

M — T transition in vacuum for 732 km




AP (v, ;v,) Vacuum 732 [km]

"
PEEE TR TP TP

20 E [GeV] 30

M — T transition in vacuum for 732 km




Resonance phenomena, > |

For unitary neutrino oscillations, the effective mixing angle sometimes has
resonance behaviour:

sin 2615

sin 20.q =

( 2'\/§GF |Z’N2
A'm,%l

— €08 26015)2 + sin® 204,

And we see, that for:

&F‘kh\]e — 0052912;

2
Am;,

©,, mixing angle bacomes maximal: Sin26€ff — 1




. . F. del Aguila & M.Z.
We have checked the resonance behaviour in the case Acta Phys. Pol.

of two non-unitary mixing neutrinos B33(2002)2585

The effective mixing angle in this case is given by:

with

\/§GF ‘ 'l_t:l Nn,

] 2
]
Am 51

[sin 2615 + S13 sin 26055 cos &

. SiIl2 2923 SiIl2 o) ]




There are two kinds of new effects

The resonance has a new position:

2

(1 ) —> €0s20,,
Am21

The effective mixing is not maximal:

. 2 2
sin20_ . — c,=1-¢ *1



EXFECTS OF RIGHT — HANDED

CURRENTS.

Let us assume that the effective Hamiltonian which descsibes the coherent
neutrino — background matter particle scattering has the following form

Neutrino transition n - m
matrix element;

Mup—m(z) = ifmmm n) = ZZ 0| Am((2a)ij Vi 1 v + (2, ] Vj T Vi MT 10>,




Mﬁ)—m — Zu{(w mn Uml Uy ‘|‘( )nm UmF Un}

D * — Ta ' — a
= — ~ m 3 & 7 Ly
M"?'L—L“TTL M S Z(-L{(w(;)vrz,?*l, l-"-‘nr U, + (-a )‘?’L‘?’TL f"mr l“"‘ﬂ,}

for Dirac neutrinos,

for Dirac antineutrinos,

MM MD 1 MD

m—n —11 n—1m

Or more explicitely

D — 1
Mn—wn — ZS U Uy, + ZP Um /5Un + Z\ L Um ‘ Un + Z&;t Um /

MD

n—1m

M]\f

TTn—11

(2 ReZs) tmin + (21 IMZp) Umysun +

* = , 0
ZS Um Up — ZP "l-l«'?n,h)‘{-.‘i Up — ZX o Um i Un —|' ZAJU U m ‘

for Majorana neutrinos.

,. = v,
Y5l + Z T v ‘l-(«'-m,o"L Un,

* — w,
V5ln —7Z T v 'l.l,--m,O"( Un,

( 2 I I I?z Z“' ]J ) l[ e ’ ll " (2 R(j Z;‘—l .’*’L ) a e "}" ’LL /}/5 ‘.l—[*"?"l, _|_ ( 2 Z. I.UZ ZT IJ' 1/ ) ‘.a'-)'rl O-IJ Y ll 7

for hermitian: S,V,A,T) (

AR for antyhermitian: P)



For relativistic neutrinos

= Jlrc ~ Prn =. -I: and 1" 33':".:. =
~~
Um Uy ~ 0 ;

_ 5 -

U Y Uy = 0, i

Y = (1,A=-) with A= -1 or
A &, |

Y] ~ ,al‘[’
u'fn:f)/[llu'n ~ h’A 9

— 1 ~ ﬂ;l,
um')/l Yslp = A Ky

'lth {\,’ — {ZT, [ —|_ \Z‘h—‘-’ ML

—+T1

— LV ~
umo'l Up ~ O !
MP

aom(A) = {_Z{H + \‘ZHI-I)

mn

MM (N = 2(\ReZa,+iImZy,) K\

n—m\



D
M n—m

My n(A=+1) = ML (A= +1) = =2(Z3, ) run &Y

j\/ﬂ[—wn(A — 1) (Z\ L + 24[1) hﬁ

mn

Mﬁ[—wn(A - +1) - = (ZV,LL + ZA,u)mn hi



Let us assume the general interaction Lagrangian in the form:

.’.:r",'_i ji| ET:E & '['I;*I-II— _|_ h c

¥

B — f1 + v )2, Vi +
4siné W eostw 3 } I]
L,

Y—‘ f{_pﬂr'u l'_'_‘JI" 1_Ar,:l|—|— f1—|— rFI|:| f }Z'I'.I Y

ik

SM is reconstructed for:

So we assume:

Nf o f

e =21y — qpsin®Ow + 6 en’ = —qrsin?Ow + 0%




We can calculate effective
Hamiltonian which describe neutrino
propagation in matter (uncharged,
unpolarized, constant density) :

{_h']'

HD A=-1 Il — \«EG’FF i'1'||"'TE: E,E: o d

Has(A = =1) = V2GF{Ne 8ca 65 — Nellf°[*0ea bep + 5(eN")" (67 + 05 + 261"

-1, N ¥ * x
‘|—...5},;ﬁ+ ‘|—'|' "Fhinﬂir] :""n:{':"j;—ﬁl )*(—1+ ”'L + H ‘|_"u ?1 j”H }"

H (A = —1) = V2GFN.{




In the example which we consider:

Present experimental values for 6.

2 .
; and 5mij and their errors:

Future experimental errors ---1%

e’ =~ 107 n<l 0<yw<l

3 for L= 1000 km
plg/cm’]=(p)=( 5for L=6500 km
7 for L =13000 km
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Figure 3: The transition probabilities difference AP as the function of the neutrino energy E, in GeV
and L in km, for the process v, — vy, n = 1. The calculations were performed for the matter densities
equal to 3, 4 and 7 [g/c-m?’} for the travelling distances L between 0 — 4500, 5000 — 9000 and 9500 — 13000
km, respectively. The projections on the L-AP plane were marked by the set of the black points.
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Figure 4: Panel: (a) Upper and lower bands for the transition probabilities for the Dirac and the
Majorana neutrino cases for current 95% confidence intervals of the oscillation parameters [6] as the
function of the neutrino energy E, in GeV for L = 13000 km for the process v,, — v, n = 1. (b) Upper
and lower bands for the transition probabilities for the Dirac and the Majorana neutrino cases for future
95% confidence intervals of the oscillation parameters as the function of the neutrino energy E, in GeV
for L = 13000 km for the process v,, — v,, 1= 1;
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5. SUMMARY

New Physics
o sin26,,

2. NP CP violation effects are suppressed by powers of @ and
Sin26,,,

CP
(613 — 0),

4. Other effect, like the sum of probabilities not adding to 1 or
modified resonance effects will be difficult to discriminate,



