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Motivations

Let us begin with the process of the production (P) of the massive neutrino v; (¢ = 1,2, 3)

accompanied by the lepton [, (o =€, u, 7):
la—FPl%VZ'—FPQ, (1)
followed, after travelling along the baseline L, by its detection (D):

VZ'—|—D1%15—|—D2 (2)

where P, P, and Dy, D, are the accompanied particles.

1. The effective model Lagrangian

We assume that the interaction is characterized by the effective model Lagrangian. The

charged current (CC) Lagrangian is:

Loo = Q\f_siiew{z I U [yH(1 — 75)6LU£Z-* + ~AH(1 + 75)5RU£-*] L, W;
+ DU LA =)V + (L s)nrVel o HY
—l_zud V(1L = 5)erUna + (1 +75) €Ul d W,
— Zud (1 —5) TLWuLd* + (1 + ’75)TRW£Z*] d H+} + h.c. (3)
and the neutral current Lagrangian:
Lyc = 452’719;0059W{ZU v [ (1 — %)ggw&j + ~*(1 + 75)5%VQ£-] Vi 2,

™ Zi] [ (1= ys)mp "y + (1 + )" ] vy H

il Zf eudf[ (1_75>5Lf+V (1+%)5R ]qu

F Y ad [0 4 (0] ) )

The proposed Lagrangian introduces all possible new effects during the neutrino journey from
the production to detection place (as e.g. neutrino mixed initial state, lack of factorization,

neutrino helicity flip).

3. Production, oscillation and detection

For calculations of the density matrix of the neutrino |2] we use the following conditions:

e For the large oscillation baseline L only neutrino which is produced in the forward direction
in the CM frame will reach the detector. Therefore the calculations with ©p = 0 of the

density matrix in CM are enough.

LAB(

e For the relativistic neutrino: ,OCM(pcm) = p Piab)

1. The density matrix for the production process is:
: : a NAP N AP *
0p( N\, i N, 1) = — ZAPQAPM i\ 1,)\2 (P) (A%pl,xi(ﬁ)) - (9)
2. For the evolution of the statistical operator we use the following formula:

p5(T = 0,t = 0) Hp%(fzf,t:T) = ¢ 2 (Z=0,t =

4. The differential cross section

The differential cross section in the LAB frame of the detector for the 8 neutrino detection

(we start with the o/ neutrino) is given by:

dO’g& B ] p%
A 6472 (2sp, + 1) E, mp, (B, +mp,) p5— Es (7' ps)
8 A\Ap, NAD, /= \#
D ni ’Am o (75) 0N i N L = T) (A N (55) ) (11)
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It could be rewritten in the form which after summing over all helicities of the particles is

as follows:

da'g@ B 1 p%

dQ — G4n* (2sp, +1) E, mp, (E, +mp,) v — Ej (0 pis)

Do |@sar 0p(= 1,0 =L@ L) + 2 cosp Re(aj; 0p(1,4: —1,4 L))

— 2singp Im(ag;; op(1,4;—1,1 L)) +ajy 0p(1,4; 1,45 L) |

where a-coeflicients are the functions of the energies and momenta of the particles in the

detection process |3].

2. The general effective interaction Hamiltonian

The effective low energy four-fermion Hamiltonian resulting from the former charged and

neutral interaction Lagrangians has the general form [1]:

Hepr =2 f—epn 22@,;‘ > azvar (Tl;) {fr (gfa 9}‘2%) f} : ()

We consider 3 massive neutrino states (i=1,2,3) in 2 possible helicity states (A = +1). In the
mass - helicity base |¢, A\) the Hamiltonian H; ). ., which describes the coherent neutrino

scattering inside matter is 6 X 6 dimensional matrix:

H__ H_
H — ./\/l —|_ i 3 (6)
Hi— Hist
where M is the mass (kinetic) part: M = diag(E}, EY, Eg, By 5. Eg)
and B0 = mi=1,2,3.

Now, to obtain the formulas for the oscillation probabilities we have to resolve the eigenvalue

problem for the Hamiltonian H. To perform the task we decompose it into the vSM part
and NP part which then is treated as the small perturbation. Hence:
H 0

H=H>"M+H"=M+| — | +V, (7)
0 H++

The perturbation 0V is given entirely by NP and is also decomposed into 3 x 3 0V,; matrices:

s =1 [0V (8)

5.Some results
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0. Comments

e The difference between Dirac and Majorana neutrino is generated by the NP terms.

e The usefulness of the density matrix formalism in the neutrino oscillation analysis follows

from the facts:

1. States are mixed if RH, scalar-LH-RH or pseudoscalar RH-LH interactions are present

2. Only for relativistic neutrinos produced and detected by the LH mechanism the oscilla-

tion rates factorize.
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