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Abstract

It is shown how to obtain the analytical expression for the effective mixing angle in matter using the formalism
which was developed by Kimura, Takamura and Yokomakura. If the baseline of the neutrino path is long enough so
that averaging over rapid oscillations is a good approximation, then with the help of Landau’s method, the nonadiabatic
contribution to the oscillation probability can be expressed analytically by this formalism. We give two examples in

which the present method becomes useful.
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1. Introduction

Neutrino oscillation is a quantum mechanical inter-
ference effect which sometimes has complex behaviors,
particularly in matter. To discuss the behaviors of neu-
trino oscillation intuitively, it is important to have ana-
lytical formulae for the oscillation probability. Unfortu-
nately, an analytical formula in the three flavor mixing
scheme in matter is quite complicated. In 2002 Kimura,
Takamura and Yokomakura (KTY) discovered a com-
pact formula [1, 2] for the neutrino oscillation proba-
bility in matter with constant density. Subsequently the
KTY framework was generalized to more general cases.
Ref. [3] discussed the four neutrino mixing scheme in
matter with constant density. Ref. [4] discussed the case
with unitarity violation. Ref.[5] discussed two cases
of neutrino oscillation in the adiabatic approximation,
the one with non-standard interactions where the matter
potential has non-diagonal elements in the flavor basis,
or the other with large neutrino magnetic moments in a
magnetic field.

In general, however, adiabatic approximation may
not be good, and in this talk I discuss nonadiabatic
contributions to the oscillation probability. When there
are more than two neutrino mass eigenstates, there can

be more than one level crossing. It is believed ! that
the nonadiabatic contributions to the transition phenom-
ena in a problem with three or more eigenstates can be
treated approximately well by applying the method for
two state problems [8, 9] at each level crossing, if the
the two resonances are sufficiently far apart. Through-
out this talk I discuss the case in which the baseline of
the neutrino path is long enough so that averaging over
rapid oscillations is a good approximation, as in the case
of the solar neutrino deficit phenomena.

2. The oscillation probability

2.1. The oscillation probability in the adiabatic approx-
imation

The equation of motion for neutrinos propagating in
matter with general potential is given by

d¥

i = [U&U™ + AW . (1

ISee, e.g., Ref. [6] and references therein. See also Ref.[7] for a
discussion on the condition to justify such a treatment.
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where
80 = diag(El,Ez,E3),
Ape(t)  Ag()  Ax(D)
AN = | Ape(D) Ap(t) A0 |
Are(t) A1) Arr()

Since the matrix which is proportional to identity gives
contribution only to the phase of the probability ampli-
tude, instead of & itself, we use the following quantity:

E= 80 - E]l = dlag(O, AE21, AE31),

where AEy = E; — Ej =~ (m? — m})/2|pl. The 3 x 3
matrix on the right hand side of Eq. (1) can be formally
diagonalized as:

UEU™ + A = UOED T (v), )

where &(1) = diag (El (0, Ex (1), Eg,(t)) is a diagonal ma-
trix with the energy eigenvalues E|(¢) in the presence of
the matter effect. Substituting the diagonalized form (2)
of the Hamiltonian into the Dirac equation (1), we have

d¥ [z .~o(d A\l

ar s . < ally

wtkquﬂ], G)

where P is the effective energy eigenstate defined by
v1(2)

V2(1)

v3(1)

If the term U~'dU/dt in (3) is negligible compared
with &, i.e., if adiabatic approximation is good, then the
oscillation probability is given by

P(vo = vp) = > UL T ()T} (0)Tk(0)
ik

Y OE U '(0O¥@).

X exp

L
i f AE (1) dt] , (4)
0

where we have defined AE (1) = E (1) — Ex(). The bi-
linear quantity Xfﬁ & = U, j(t)f];j(t) can be expressed
analytically as [1, 2, 10, 5]

5 1 L~ - -
XP — (ByFs, —(Ba+ E3), 1
1 AE21AE31( 2k3, —(Ex +E3), 1)
f(gﬁ(t) = m(ﬁsﬁh —(Es+E), 1)
1 I - -
T8 ——(E\E,, —(E(+Ey), 1
b)) AE31AE32( 1By, —(Er+E), 1)

Oap

lveu" + ﬂ(t)]aﬁ ’ )

[(USU—I + ﬂ(t))z]aﬁ

Es
L Ey
[
A(ty) Alty)

A

Figure 1: The three energy eigenvalues £ j (j = 1,2,3). The potential
Aqp(t) is assumed to be of the form diag(A(#),0,0) and A(?) is assumed
to be linear in ¢ in this figure. We have E3 ~ E| near t = ty and
E| ~E)neart=t.

where the t—dependence of the quantities E s AE K 1s
suppressed for simplicity in Eq. (5).

2.2. The nonadiabatic correction to the oscillation
probability

If the adiabatic approximation is not good, on the
other hand, then Eq. (4) should be modified by taking
non-adiabatic contributions into account.

In the three flavor case, there are at most two level
crossings for neutrinos as in the case of a super-
nova[11]. Let us assume that there are two level cross-
ings. Let r = 15 and ¢ = t; be the level crossing points,
and we assume that the energy levels 1 (1) and 2 (3)
cross at ¢ = 11 (¢ = ty), respectively (See Fig. 1).

Except the two regions near t = fy and t = f;, we
can integrate (3) in the adiabatic approximation. Near
the two level crossings ¢ = ty and ¢t = t;, the energy
eigenstates at ¢t = ty + € and t = t; + € are related by
the matrices Wy and W, as in the case of the two level
problem [12]:

Pty + €)= WyP(ty — €
Pt +e) =W Pt — €

In this case the flavor eigenstate is given by

¥(L)

L 1y
= U(L) exp [—i f S(I)dt] Wy exp [—i f S(t)dt]

X Wy exp [—i f Hé(z) dt] U(0)"'w(0).
0
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Taking average over rapid oscillations, we have the
probability

P(V(y - Vﬁ)

= DO |Vl (Wil | 0Ot
Jiki

1-P; Py 0

= ( |U/J’1|2 |Uﬁ2|2 |U/33|2 ) P, 1-P, 0
0 0 1
1-py 0 Py [ |0a©@f
o I 0.0 | ©)
PH 0 1- PH |U¢13(0)|2

In (6) it was assumed that the nonadiabatic contributions
to the transition phenomena in a problem with three
eigenstates can be treated approximately well by apply-
ing the method for two state problems at each level-
crossing, when the the two resonances are sufficiently
far apart. Using the WKB approximation [8], the jump-
ing factors in (6) are given by

Py =exp [— Imf AE5 (D) dt] , @)
c

P; =exp [— Imf AE5 (F) dt] . (8)
c

2.3. The effective mixing angles in matter

To evaluate the jumping factors Py and Py in the pre-
vious subsection, we assume here as in the two flavor
case that the exponents in (7) and (8) are related by the
ratio of the difference of the energy eigenvalues of the
two levels to the derivative of the effective mixing angle
at the level-crossing. For that purpose, it is necessary
to know the effective mixing angles at the level cross-
ings. In this subsection I show how to derive the ex-
pression for the effective mixing angle in the presence
of the matter using the KTY formalism. Our strategy
here is to start with effective matrix elements X which
are obtained by the KTY formalism and to determine
the phase of each element by demanding that it be con-
sistent with the standard parametrization of the mixing
matrix element:

0 — eié23/l7 FE"SB) ei§13/l5 (F((;S))_l ei(;uh, (9)

where 4; (j = 2,5,7) are the Gell-Mann matrices de-
- 0 0 0 —i
0O 0 0 |

fined by 4, = j
i 0 0
0

From the identity U, ; = e'*® ijf(;w / f(je, we can pos-

tulate the form for

U = 0 el%/ls 61509/19 U, ewg/ia ewﬂz’ (10)

where (Up)q; = X}”/ ‘/}N(je, A3 = diag(1,-1,0), Ao
diag(1,0,-1). and choose the phases ¢o, @3, @9, ¢}
and ¢j so that the form (10) is consistent with (9) (See
Ref. [13] for details). Comparing Egs. (9) and (10), we
find

yee _ Yyee
Xl X2

c0s20;y = ———=, 11
12 X+ X (11)
cos 2613 = 1 — 2X%¢, (12)
I ¢CTe
c0s 26,3 = — (13)

Y~~~ 7.A
IXTP + X5

6 = —argdet Uy + arg X4 + arg X2 + arg X, (14)

The quantities f(}"g and det Uy in Egs. (11)—(14) are ex-
pressed in closed form by the known variables as is seen
in Eq. (5) on the assumption that analytical expressions
for all the eigenvalues are known.>.

The standard parametrization (9) is not the only one
for 3 X 3 unitary matrices, and other parametrizations
are possible as is described in Appendix B of Ref. [13].
In the three flavor case, there can be at most two level
crossings. Depending on which pair of the energy
eigenvalues gets close at each level crossing, the rel-
evant effective mixing angle varies. The appropriate
parametrization is the one in which the orthogonal ma-
trix, which mixes the two energy eigenstates, is located
on the most right-hand side of the unitary matrix U, be-
cause in such a parametrization the diagonalized matrix
looks like - -- O@)diag(- -+, Ej, -+, Ex, - )O0@;)T -+,
and it becomes clear that 6 in the orthogonal matrix
O(8j) plays a role of the effective mixing angle which
mixes the energy eigenstates with the energy Ej and
E\. Furthermore in order for the effective mixing an-
gle 6 ik to be consistent with the two flavor description,
0 i should become maximal at the level crossing. Thus,
while the effective mixing angle at t = 7 is 61, defined
by (11) for the standard parametrization (9), the one at
t = ty should be @3 defined by

yee _ Yee
Xee - X¢

T 15 s
X7+ X

cos2pi3 =

2Here we note that the effective mixing angles were given in the
standard three flavor case in Ref. [14], whereas Eqgs. (11)—(14) are the
results for the case of the general potential.



0. Yasuda / Nuclear Physics B Proceedings Supplements 00 (2014) 1-6 4

for the parametrization
U = %34 rfslz) PLIEXE (1"212))—1 eP3ls

where T{'? = diag(e /2, ¢/, 1). From the analogy

with the two flavor case, the jumping factors Py and Py,
are given by

b AE5,
P e ——F— 9 16
H e"p( 2 2|d¢13/dt|,-,H) (e

AE
P; =exp I F———2_ |
2 2|d912/dt|t=tL

@13 and ), are defined by (15) and (11), and F is the
factor which depends on the form of the potential Ayz(1),
and F = 1 in the case of a linear potential.

3. Examples

Now I discuss two examples to demonstrate how the
general discussions in the previous section are applied.

3.1. The case with non-standard interactions

The first example is the oscillation probability in the
presence of new physics in propagation [15, 16, 17]. In
this case the mass matrix is given by

UEU™" + Ayp (17)

l+€e €u Eor

e k .
where Ayp = V2GEN, € €y € | The di-
k *
€er Ey‘r €t

mensionless quantities €, stand for possible deviation
from the standard matter effect. It is known [18] that
the constraints on the parameters €, €., €, are strong
(leaul = 0(1072) (@ = e,u,7) while those on the pa-
rameters €, €1, € are weak (|€.l, |€c|, le--] = O(1). In
Ref. [19] it was found that large values (~ O(1)) of the
parameters €, €, €, are consistent with all the experi-
mental data including those of the atmospheric neutrino
data, provided that one of the eigenvalues of the matrix
(17) at high energy limit becomes zero, and that such a
constraint implies the relation €;; = le.-*/(1 + €,). For
simplicity, therefore, we consider the potential matrix

l1+¢, O €r
A=Al 0 0 0 . (8)
€ 0 e/ +ee)

Then Ayp can be diagonalized as

Anp = 7075 diag (1,,,0,0) ePbe™™ b (19)

where tang = le /(1 + €.), ¥ = arg(e)/2, o =
A(1 + €,.)/ cos? B. The mass matrix (17) can be written
as

UEU™ + Anp
— ei‘y’ﬂge—iﬂ/ls e—i¢9/196—i¢3/13 [U”SU”_I + dlag (/1(3/ , 0’ 0)]
X e—iw3/13 e—iwg/lgeiﬁ/ke—iy//lg (20)

where the phases ¢3, ¢, w3 and wy, which are defined
in Appendix C of Ref. [13], are introduced to make U"”
consistent with the standard parametrization (9). The
expressions for th mixing angles 0};{ and the CP phase
0" in the standard parametrization of U” are given in

Ref. [13]. Among others the mixing angles 67, and 6}’
are given by

4 Ic/;e"y Unp + sﬁe’y/ Up|
i fasl b
lcge™ Upr + sge'” Ur|

/o
6/, = tan
9’1/3 = 811171 |CIB€7”/ U + S/gely U,

where ¢ = cosB, sg = sinf. The inside of the
square bracket in the mass matrix (20) has exactly the
same form as that of the standard case with replacement
O — 0};(, 0 —> ¢6” and A —> A,. Furthermore, at the
two level-crossings specified by AE3; cos 26, = A, and
AEy; cos 28, = (c}3)* Ao, 07, and 6}, become 7/4, re-
spectively. Therefore, 6/} and 8}, can be regarded as the
appropriate mixing angles to describe the nonadiabatic
transition at the two level-crossings. Hence we can de-
duce the jumping factors at the two level-crossings *:

n AEs; sin® 267,
Py =exp|—5 - 21
H exp ( 2 COS 291’3 |d log A/dtlresonance ( )
n AE;; sin” 267,
PL=exp|—7- 2
L exp [ 2 COS 291’2|d 1Og A/dtlresonance ( )

To estimate the effective mixing matrix elements at
the origin L = 0, we assume that the matter effect A
is much larger than the energy difference |[AE|. In
this case we can ignore the term & in Eq.(25), and
Eq. (19) indicates that the mixing matrix U is given by
e ¢ and we get

) cz, 0 sé
U (0= 0 1 0 (23)
sé 0 cﬁ

From Egs. (6), (21), (22) and (23), we can obtain the
transition probability P(v, — vp) in the case with the
nonstandard neutrino interaction in propagation.

3The quantity P was given first in Ref. [20] whose result agrees
with ours.
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3.2. The case with large magnetic moments and a mag-
netic field

The second example is the case where there are three
active neutrinos with magnetic moments and a large
magnetic field*. This is an example where the energy
eigenvalues cannot be expressed as roots of a quadratic
equation, and this case demonstrates the usefulness of
the KTY formalism. Here we assume the magnetic in-
teraction of Majorana type pozV, F. oK v;' + h.c., and
in this case the magnetic moments u,p are real and anti-
symmetric in flavor indices: pqp = —Ligq.-

( veu! B8 )

M= BJF U*S(U*)—l

(24)
with 8,5 = B 1,p is the hermitian mass matrix for neu-
trinos and anti-neutrinos without the matter effect where
neutrinos have the magnetic moments pog in the mag-
netic field B.

For simplicity we consider the limit 63 — 0 and
Am%1 — 0, and we assume that all the CP phases vanish.
Then the matrix (24) can be rewritten as

mo L1 A veU+iB 0
ol o1 0 UsU™' - iB
o 1 -
-1 1)

so the problem of diagonalizing the 6 X 6 matrix (24) is
reduced to diagonalizing the 3 x 3 matrices USU ™! +i8.
Since we are assuming that all the CP phases vanish,
all the matrix elements U,; and B,z = —Bg, are real,
UEU™! + iB can be diagonalized by a unitary matrix
and its complex conjugate:

UEU™ +iB =080 (25)
UeU™ - iB = 0" &0,
and the equation for motion is given by
d (W) + 1P
Yar\ W - )
_ ( UnEDT™ 1) (¥(@0) + ¥ (1)) )
T 0OENWO) ) {¥(n) - ¥ )

Introducing the notations

0 -po —qo
Baﬁ = B,uaﬁ =] Po 0 - |,
qo o 0

4The possibility that the magnetic moments of neutrinos in a large
magnetic field affect the neutrino flavor transition caught a lot of
attention after this idea was applied to the solar neutrino deficit in
Refs. [21, 22, 23, 24].

e—i923/l7 B ei923/17

0 —PoC23 + 40523 —P0S23 — 4oc23
=] poc3 — qos» 0 —Tro
Pos23 + qoc23 ro 0
0 -p —q
={p 0 -r|,
q r 0

it can be shown [13] that Eq. (25) can be rewritten as

e ¢ |diag(0,0, AE3)) + Ae Ly e |

Xe—iw/lz e—i023/l7 , (26)

where A, w and y are defined by A = +/p? + g% + 12,
w = tan~'(r/q), ¥ = tan"'(~/g? + r?/p). Since the
we are mainly interested in the effective mixing angle
which mixes the two energy eigenstates, the matrices
"1 619 o the left-hand side and e~@* =34 on the
right-hand side of the square bracket in Eq. (26) are ir-
relevant, so we discuss the following matrix:

AE3;

M = diag(0,0,AE3;) — 1+ A 1, e7¥5 (27)
where a matrix which is proportional to identity was
subtracted for convenience in later calculations so that
the trace of M vanishes. The eigenvalues E; of the ma-

trix M are given by E; = 2 \JAEZ /9 + A%/3 cos(p +

2jn/3)  (j = 1,2,3), where cos3¢ =

[(AE31/3)° = (1 + 3cos 20) A2AEs 12} / (AE2, /9 + A2/3) .

In Fig. 2 the three eigenvalues ¢; (j = 1,2,3) which
are normalized by 2 \/AE3, /9 + A?/3 are depicted as

a function of u = 3A?/AE3,. If y is small, then the
two of the three eigenvalues get close to each other,
and y can be regarded as the vacuum mixing angle near
the level-crossing in the present case. In this example,
for a large value of A > AFj3;, the energy eigenvalues
are 0 and +A, and we found that there is only one
level-crossing for |AE3;| ~ A, unlike in the standard
three flavor case. So in the following we discuss the
contribution from one level-crossing only.

Furthermore, it can be shown [13] that the following
relation holds:

P(vy — vg) + P(vy — V)
= > 1T (DP I 10,0
Jk
) ) , 1 0 0
=(|val" |Ul | )| O 1-Pu  Pu
Py 1-Py



0. Yasuda / Nuclear Physics B Proceedings Supplements 00 (2014) 1-6 6

1 T T T T T
3
”IIIII 1y, “"\IIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII
’II"'/,, “\\\\“\\“‘“"' cos3¢ =—
"//lm\\\\\“ t3=COS(¢) [
, -N\ t,=COS(¢-2773) = = =
/, \\N t1:COS(¢+2TI'/3) [ELRNT]
U4 ~o
4 . [
,/
-’
-
o
Il,,"'
""
’
"""'l II‘.‘II.II||||IIlllllllllllllll
-1 ! N PR N ! !
102 10t 10° 10 10? 10° 10
u
Figure 2: The behaviors of the normalized eigenvalues 7; =

Ej/(z IAE§I/9+ AZ/S) = cos(¢ + 2jn/3)(j = 1,2,3) and cos 3¢

as functions of u = 3A2/AE§]. See Ref. [13] for details.

|01 )
x| Oaf |- (28)
|00

where we have assumed that the level-crossing occurs
between the energy eigenstates 2 and 3, and we have
assumed that there is no magnetic field at the endpoint
t=1L,and IUH_,'(O)I2 in the transition probability can be
obtained from the KTY formula (5).

In the approximation of the small mixing angle y, the
jumping factor Py can be calculated as [13]

/e
P ~ - AEZ . 29
H exp( |d1\/dl|u:u0 X ) (29)

It can be also shown that the exponent of the jumping
factor Py coincides with —m/2 times the y factor in the
case of a linear potential (F = 1):

AE3,
Y=
2ldyrps /dt|

N 2AE§1)(2 B log Py
CldAdtm, W2

u=u

4. Conclusions

Using the formalism which was developed by
Kimura, Takamura and Yokomakura to express analyti-
cally the combination X';Iﬁ = U,,0; i of the mixing ma-
trix elements in matter with constant density, we have
shown that the effective mixing angle can be analyti-
cally expressed in terms of the mixing matrix elements
in vacuum and the energy eigenvalues. The analytical

expression for the effective mixing angle enables us to
evaluate the nonadiabatic contribution to the transition
probability based on the two assumptions: (i) The nona-
diabatic transitions in the case with more than two en-
ergy eigenstates can be separately treated as a two state
problem at each level crossing. (ii) The exponent of
the probability obtained by the WKB method is propor-
tional to the factor y which is the ratio of the energy
difference of the two eigenstates to the derivative of the
effective mixing angle at the level crossing. We have
given two examples: one with flavor dependent non-
standard interactions in neutrino propagation and the
other with magnetic moments in a large magnetic field.
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