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Abstract. We reconsider the standard scheme for description of neutrino spin-flavor
oscillations aiming at a rigorous derivation of evolution equation for the mixed flavor neutrino
states in magnetic field. For this purpose we obtain the evolution equation in the physical
basis of massive neutrinos and then trace its transformation into the flavor basis. The effective
Hamiltonian of the resulting equation relevant to interaction with the magnetic field differs from
the standard one by several entries. The approach leads to interesting relations of the neutrino
magnetic moments defined in the two neutrino bases and to some additional subtle properties
of the formalism.

1. Introduction

Significant advances in neutrino physics, performed during the last decades, do not leave any
doubt that neutrino is subjected to oscillations and has nonzero mass [1]. The latter fact leads
to the well-known possibility for neutrino to have non-trivial electromagnetic properties [2],
which brought forth the research area that was investigated in details by numerous authors (see
recent review [3] and references therein). In the course of these studies many phenomena that
may appear in electromagnetic fields have been recognized and described thoroughly. Among
them the neutrino spin-flavor oscillations is the one, featuring both the above mentioned basic
neutrino aspects — nonzero mass and electromagnetic properties from the one side and mixing
from another [4]. Owing to this, in spite of being a longstanding problem, the spin-flavor
oscillations can reveal some new aspects of existence of neutrino mass and electromagnetic
properties. These concern the problems of neutrino parameters relation in neutrino physical
(mass) and flavor bases and, generally speaking, of accurate establishment of the formulas used
to describe oscillations.

In this way, in this short note we would like to give an advanced view on the standard scheme
of neutrino spin-flavor oscillations description aiming at solid determination of parameters
involved in the formalism and its rigorous derivation. Starting from the mass basis we
obtain neutrino evolution equation with effective Hamiltonian written through fundamental
electromagnetic parameters, and then perform transformation to flavor basis. A direct
comparison of the result with the standard picture known for the flavor basis gives relation of
the neutrino electromagnetic parameters among the bases. The resulting spin-flavor oscillation
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pattern must contain nothing but fundamental parameters, defined in the mass basis. In
conclusion to our note, features of the spin-flavor oscillations arising due to the transformations
are highlighted.

2. Neutrino spin oscillations in mass basis

As usual, for the sake of brevity, we will consider only two neutrino physical states, 11 and vy,
having masses my and mo. We also restrict ourself by the Dirac neutrino nature and assume
fundamental interactions introduced into the Standard Model such way that neutrino acquire
electromagnetic interaction via magnetic moment matrix pag, o, 8 = 1, 2:

1
Hgy = §Na67a‘7quBFW + h.c., (1)
where F* is the electromagnetic field tensor, o, = i/2(y,7 — 7y) and 7, being the Dirac
matrices. In a uniform magnetic field the Hamiltonian (1) becomes

Hey = oo Va 2By + h.c., (2)

o g; 0
and o; are the Pauli matrices.

In the neutrino oscillation framework, one is interested in evolution of chiral neutrino
components within the common neutrino beam state. Since in the ultrarelativistic limit the
latter are approximated by free neutrino states with definite helicity s = £1 the 4-component
basis (V1 s=1, V1 s=—1,V2,s=1, Y2,s=—1) i adopted to describe neutrino beam. With the standard
column vector notation, v, = (1/1,321, Vl,s=—1,V2,6=1, Vg,sz,l)T the neutrino evolution equation
relevant to electromagnetic interaction has the Schrédinger-like form:

where

i%ym(t) = Heffljm(t). (4)

The effective Hamiltonian consists of the vacuum and interaction parts:
Heff :Hvac+HB- (5)

where the interaction part is composed of matrix elements of the field interaction Hamiltonian
taken over the helicity neutrino states: Hp = (Vo,s|HEMm|Var s7)-

Let us calculate the effective interaction Hamiltonian under assumption that neutrino moves
along the z-axis. From the magnetic field interaction Hamiltonian (2) we have:

. B 0
HO?,S;O/,S/ = <Va,s|HEM|Vo/7g/> = _% /d3ﬂj‘yi[’}/0 < 0 2B> V! (6)

For the spinors representing the free neutrino states we take:

E 4
Va,s — Ca M ( z;fj ) ezpa:c, (7)

2F, Bt Us

where pq is the neutrino v, momentum. The two-component spinors u, define neutrino helicity

states, and are given by
1 0
Us=1 = <0> s Us=—1 = <1> . (8)
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Recall that in the ultrarelativistic limit these are correspondent to the right-handed vp and
left-handed vy, chiral neutrinos, respectively.
Substituting (7) into the effective Hamiltonian formula (6) we get

1 X 0 s
B 3 3Xpa
Hy o s = —§Maa’CaCa/ /d B <u£ EafmauD (0 —E) <E§,:f_‘;; ,Us'>

X V(Fe +2ma£7a(§oi/ M) exp (iApz). (9)

Decomposing the magnetic field vector into longitudinal and transversal with respect to neutrino
motion components B = B + B it is possible to show that

i _Spa ,t) (2 0 s’ _
B <Us Eafmau8> (0 _2> <ﬂus,> -

Ea/-l—ma/

T EB 1— papai EB 1 papa’ . 10
i ( I ( (ECM + ma) (Ea’ =+ ma/) * + * (Ea + ma) (Ea’ + ma/) Us ( )

Let us apply the ultrarelativistic condition Yg—z < 1 to the part of the integrand of Eq. (9):

2E E, ~ 2

where the quantity v, we will call the transition gamma-factor. Similarly, it is also possible
to show that

E, ' E.

1— PaPo’ \/(Ea + ma) (B + o) Ll fma  me\ (11)
(Ea +ma) (Ea/ +ma/) = r}/aa/’

14 Pabor V(Fo+ma) (Bor + ) (12)
(Ea + ma) (EO/ + ma/) 2\/EaEa/ '

Introducing an angle 8 between the B and p, vectors and assuming that B is aligned along
the z-axis we further obtain:

ul_SBusy=(1 0)% (é) (B +B.) =

(1 0)o3 (é) Beosf+ (1 0)oy (é) Bsin 3= Bcosf3, (13)

and similarly

uZ:12BuS:_1 = Bsin g, (14)

uZ:_12Bu8:1 = Bsin 3, (15)

u;r:_lEBusz_l = —Bcos 3. (16)

As it was expected, in neutrino transitions without change of helicity only the B = Bcos 3

component of the magnetic field contribute to the effective potential, whereas in transitions
with change of the neutrino helicity the transversal component B, = B sin S matters.
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Performing the remaining simple algebra one can readily write out the Hp matrix. However
we wish to write at once the evolution equation (4) in which the whole effective Hamiltonian is
obtained by adding the diagonal vacuum part Hg.:

B B
E e B = B
V1,s=1 1+ MHPYH pu J_B M12’712 Hi2 ;;_ Vi,s=1
I 1
; d [vis=—1]| _ n11 By Ey — paior p12B —H125,, Vls=—1 (17)
- = B B
dt | V2,s=1 2 p2B1 Bytpea  paBl V2,5=1
V2 s=—1 B . B B Jo By V3 s=—1
1251 H1277, H22 | 2~ H225,;

This equation governs all possible oscillations of the four neutrino mass states determined by
the masses m1 and mo and helicities s = 1 and s = —1 in the presence of a magnetic field. The
form of the equation enables us to make some general suggestions on influence of an arbitrary
magnetic field on neutrino evolution:

1) the longitudinal magnetic field component By coupled to the corresponding magnetic
moment shifts the neutrino energy,

2) in case of nonzero transition magnetic moment p12, the mixing between neutrino states
with different masses is induced by Bj| also.

At the same time, we note that general previously known features of the spin oscillations
are clearly emerge here: first, the change of helicity upon mixing is due to the corresponding
magnetic moment (or transition magnetic moment) interaction with the transversal magnetic
field B, and, second, the suppression of terms with longitudinal field component in the
ultrarelativistic limit.

3. Transition to flavor basis
Once having physics in the mass basis in hands, our next step is to bring it to observational
terms. This means that we must elaborate a generalization of the mixing matrix for transitions

between neutrino vector written in two four-component bases v, and vy = (wh vl vB vIT so

S Ve s Vi Yy
that

vy =Uvp. (18)

This procedure appears to be not quite direct since we should hold the condition that polarization
of the fields must preserve under transformation of the bases elements. That is why we put (still
keeping in mind that chiral components are almost helicity ones):

I/va = V] ,s=-+1COS 0+ V9 s=+1 sin 6,
RL . (19)
V' = =11 g—+15in0 + v 4—11 cosb.
Then, using Egs. (18) and (19), it is easy to obtain that
cos 6 0 sin 0
0 cos 0 0 sin 0
U=|_ sin 6 0 cosf 0 ' (20)
0 —sinf 0 cos 0

Given the transition matrix (20), derivation of the evolution equation in the flavor basis is
straightforward:

d
iEW:UHWW, (21)
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so that the effective interaction Hamiltonian H é = UHgU' has the structure:

_ B , _ B ,
Hee %! /‘eeBl Hep %‘IL ,UEMBL
B, —p. B B, —p. i
b | HeeBL Theen e Bl —hans, (22)
B 5 By B, . 2 B
’ue'u”Yeu ’uel" 1 ’u““ oy Mﬂl" 1
~ By B,

:U'euBi _,U/eﬂ,yeH ’U'HHBL _ﬂuu Vant

Here we have introduced the following formal notations intended to manifest an analogy with
the standard spin-flavor oscillation formalism (see below):

flee = (,un cos® 6 + 422 sin? 0 + [h12 sin 26)
1 .

Ml@u = (um cos 260 + 5(@2 — p111) sin 26) (23)
M;L;L = (Mll cos? 0 + H22 sin? 6 — [12 sin 26)

Pee (,un 'u22 sin®6 + i sin 26)

Vee 711 722 Y12
Bep (& cos 20 + — <M22 s > sin 29) (24)
Veu 712 2\y2 11
Hup ('“11 LN PR e 29>
m Y11 722 Y12

It should be noted that the Egs. (23) have been in principle defined in [3] but in the general
form through transition relation among the neutrino bases (the final form like that of Eqgs. (23)
was not established).

4. Discussion
According to the aims of the paper let us now confront the obtained effective Hamiltonian of
interaction with the magnetic field with the one typically written straight in the flavor basis:

B
Hee =~ —i NeeBL 0 Me,uBi
B e 2L B 0
H]_]; _ HeeD | ﬂee Hep Bﬁ 7 (25)
0 :U'euBJ_ Hpp—=~ ~ MMMBJ—
By

HepB 1 0 MupB1 —tpuu— P

where v is the common neutrino gamma-factor.

First of all, we can ascertain that the structure of the obtained expression (22) is consistent
with the “standard” Hamiltonian (25). At that, the magnitudes (23) well correspond to neutrino
magnetic moments in flavor basis. The magnitudes (24), however, do not coincide with the due
structures in (25), but resemble them. In the limit of ultrarelativistic neutrinos all the values
for ~11, 722 and 12 in (24) obviously become equal leading to complete correspondence. The
presence of these magnitudes in the Hamiltonian means that the spin-flavor oscillations depend
on neutrino masses — an interesting feature, though useless due to the gamma-factor suppression.

Also, in general, all the comments made at the end of Section 2 remain true given that the
second item from there is to be read with using of ,u'eu magnitude and is concerned the mixing
between flavor neutrino states. To make the meaning of this item more clear it is interesting
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to observe that purely hypothetically, for the very specific set of parameters which we will not
discuss here, the Hamiltonian structure can be

a 0 b 0
0 —a 0 b
b 0 ¢ 0]’ (26)
0 -b 0 —c
so that neutrino states with different flavor and same chirality decouple and form subsystems
independently mixed by the field. For example, one would have two states (v%, l/ﬁ) mixed in
accordance with the equation
. B . B
d (vE ,U'ee,yT! ’UG“VT‘JL vk
Za I/L = - ~ BH ~ BH ]/L ° (27)
[z Hepsg,  Hups, . Iz

In this way, the system would change flavor and preserve chirality i.e. would oscillate in flavor
in the usual sence by means of magnetic field.

In conclusion we would like to summarize that going into the physical neutrino basis gives
some new possibilities for the neutrino spin-flavor oscillation phenomenon to reveal its features.
On this basis a new (secondary) oscillation channels can be established and a connection with
the fundamental electromagnetic neutrino parameters can be achieved.
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