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1. INTRODUCTION

» change the states of producing and detecting neutrinos,

‘VP>= %z Al +A - v, +B) ‘vi> where

N = i\A(l +A> v, +B)
i=1

» give some new interaction for neutrino propagating inside

matter

Heff — HSM _I_ HNP




We would like to investigate the new physics effects which
can give non-unitary mixing between light neutrinos.

EXAMPLE

The light and heavy neutrinos mix together, and their mixing is
described by the 3+ 1n, unitary matrix:

/Uai V, I\

94

\VAi UAI/




> Grossmann: Three flavour + sterile neutrinos

Matrix U = (3+ny) x (3+n,)

» Czakon, Gluza,
Z.M.

Matrix U’ = (ng X ng)

Heavy neutrinos

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



= |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




A, = 1=(VV"),, -

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

~~/

U=Y-U: U=AYU; A=diag(I/A,,1/A,1M,)

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

( ~id )
C13C12 C13512 S13e
) i0
- 512C23 - C12313523e C12C23 - S12513323e C13523
io i0
\ S12323 - 0128130236 - C12323 - S12313(:23e C13C

%3 )




If we parameterize

Y =1-6Y

then from unitary condition of the full mixing matrix
YY" =I-VV'

we get

From low energy physics

bounds on Caﬂ exist

From charge lepton proceses there are bounds on the ¢ parameters

A%

I ..
(L) vee = N, = F—bl =2.9840+0.0082

\A%




u—>ev,v, BT—> U, v, uw - ey

T—> eV, T—> uv,

H —> e Ve Vu’ T > H VM V’[D »Nardi, Roulet,

Tommasini;

I<l3 decaya B decaYa

»Bergman, Kagan,;
2 £0.0054; 2
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¢2 <0.0094;
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. PROPAGATION OF NEUTRINO STATES IN
MATTER,

Everything is much better to consider in the neutrino mass states

Let us assume that our neutrino interactionin has general form:

n=3+n.+ng

> Z% “(1-7)U,) s N\W, +hc.;

Lo = 2fsmt9w ooea.r il

C

Le= > NyA=p)Q NZ,, where

4sinfy,costy, i

— Z(Uv);i(uv)aj

a=e,u,T




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:

1nt(X) z Z nrnk Wfr (gfa+§¢;75)gﬂf]

|k1aVA

where

— R = U Uei + pQi (_

L

e 1
~gkh = —Ulei + 59

ki _ ¢ .
—HfA T 2e7% (_Trjf — Eﬁc.]'f sin® Gy ] !

K A,
= —(oq4 = —I;_:EE.:;-éI'jf,

M2,

= M oos?0n 2 = T =1/2.Qp = 1,00 =0.




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

{i JU—; } ki ' Iy _II': | i fF"-l {! g .;;21 T+ 49 I;L:T 5 } v f |J11 P, T" -' :

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

" d3 g = e
e f .'_‘ 1 il 7 j‘
| E;T | q .I'-]f l-..l!l']'!‘ ":Illl.-'l {.. 41’}- a ] fed "




And the effective sum over all fermions:

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

I mg

where E;, m; and BAESes (ﬁ..:a,_.:am.f | are energy, mass and spin

four — vector of the f fermion



So finally, for the effective potential V we obtain:

where

Bp L= o
: } 5P5(D, A)z(p, A)

Ll
(&7 )




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

Aa Uy Pru; for Dirac neutrinos,

— (A% ) gy, Pru; for Dirac antineutrinos,

(AL aryuPrug — (A%,) @ry Prug for Majorana neutrinos,

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

Ab — LA, tor Dirac and Majorana neutrinos with A = —1,

—(A‘f:ij* i(fhﬂ)* for Dirac antineutrinos and Majorana neutrinos with A = 41,



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

nt interaction
[Hft? tipartic r-] :

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: <If > = 0

isotropic: <f) f > = ()

electrically neutral: N, = Np # N

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

|
mt IGF[N UekU _EPN le]

Which in the standard case
(ng=ng=0) reproduce (in the
flavour base) the well known
Hamiltonian (a, 8 = e, u, 7):

1
H™ =+2GN,6,,6., = v2G,N,| 0
0



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:

0

If we assume that the initial
neutrino states is:

w(0))=|9,(0))

LU +42G, U022
sm?, .

<Vﬂ

The initial condition:

v, (0)) =(4,2,) " (3,5—C,);




In the eigenmass basis the propagation equation:

3+ng

1— Vo ‘v (t)> Z Hkl<v

Is simple , Hamiltonian is hermitian:

The initial condition:




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




3. 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:

- 1 * 1
HLnit — E(m1251k T \/EGFE[NeUekUei _ENani])a

15 ' .
WY (2. =0, - V,, Vi, Lk=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

Lo~ ~
H" = — W 'diag(m’)W;

2E

and the propagation equation takes the form:

d 1 ~ ~
i—W¥%(t) =— W'diag(m? YWY (1);
o (t) oF g(m; ) (t)

where:




The equation of motion together with the initial condition give:

)
.1

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

Giving the amplitude for the oscillation after
travelling a distance L:

A,y (D)= (7|7 L=1)=

1=1




Now we can calculate the transition probability:

Pa—),b’ (L) — ‘Aa—>,8 (L)

And we have:

2
’

{(6,5—[cos)’ =4 RisI’A, +8I. sinA, sinA, sinA,, +

79
1>k

+2[A} Sin2A;, + AL sin2A,, 1}

Iijﬂ = Im[W Wﬂk W;k W;i |

s ) 2
A, =12670 -T)(EV JLTkm
E[GeV]




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

P ;(L)=P, ,(L;U—->U,G. > -G;)

We can find now the CP and T asymmetries:

AP CP

a—)ﬂ_P _P

a—pf a—f

2> [R3;(Gy)sin®A, (G;)—RE, (- Gp)sin®A, (-G )]

/12 5 o
—4{ aﬂ(GF)smAzl(GF)sinA31(GF)sinA32(GF)+
> o (—Gp)sinA, (-G ) sinA; (-G )sinA g, (-G )] -
[AL(G)sin2A; (G +AS(G)sin2A L, (Gy) +
(1)( G.)sin2A,, (-G )+A(2)( G;)sin2A,, (-G)]}




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

Al sin2Ay, +AY) sin2A,, ]

Nonunitarity of mixing matrix produce to type of effect:

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

» Additional new terms proportional to A appear.

Seen in numerical analysis More spectacular, survive in vacuum



4. NON - UNITARY EFFECTS IN NEUTRINO
OSCILLATION

In vacuum Gg — 0

AP," .(vacuum) = AP, . (vacuum)

Fora=p

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

For (o # B), CP asymmetry effect is larger:

AP" (matter)

- A



Argr # Ay =A5,=0(1), A, =0

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

AP, (vacuum) = AP  (vacuum) = 0
a—f — [

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

7»2 7»2

Im(W;Wmczﬁ) SIin2 A, o,

CP and T asymmetries appear even for two flavour neutrino
transitions



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:

X =T% +Im[W W, (WV'V'W"), ]=

eu

Ilrl;'lm[weiwek(wv VwW? )i ]



The above relations and terms proportional to A tensors imply:

AP, , # AP,  # AP

U—>T T—>¢€

We have calculated the differences AP and asymmetries defined
by:




» Standard mass square differences and mixing angles,
» L=295km and L =732 km,

» Energy E=0.1-30 GeV.\,

» madium density p = const = 2.6 g/cm?

> Y. =0.494

» The € parameters:

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

A [eV2]=2v2G,N E=7.63x 10" [—2—][—=][

g/em’ ™ 0.5 GeV]

E

An[eVz]:2\/§GFNHE:7.63XIO'5[ '03][1-Ye][—]
g/cm GeV
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4. RESONANCE PHENOMENZ,

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

L—— — o8 22 )+ an” 20

And we see, that for:

M — 0082612;

2
Am;,

©,, mixing angle bacomes maximail:




We have checked the resonance behaviour in the case
of two non-unitary mixing neutrinos

The effective mixing angle in this case is given by:

with
'Hn O |‘l]

n- ._.l"'"n--lll A :




There are two kinds of new effects

The resonance has a new position:

The effective mixing is not maximal:

. 2 2
sin20_ . — c,=1-¢ *1



6. CONCLUSIONS

. Some models are able to predict visible mixing between light
and heavy neutrinos, but the departure from the SM
predictions, resulting from the charged lepton processes, are
small,

. The main signature is the observation of CP violation together
with no mixing between first and third families (6,5, — 0),

. Ten best place to look for lack of unitarity is the y and 7
processes not involving e because there present limits are
less stringent.



