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Neutrino flavour oscillations

(two flavour approximation)
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Neutrino flavour oscillations

(two flavour approximation)
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The evolution equation taking into
account guantum decoherence

Liouville-von Neumann equation

ot =i [B.p(0)] 72




The evolution equation taking into
account guantum decoherence

Requirements for the evolution equation:

(1) T(t+s)=T(t)T(s) =T(s)T(t), T(0)=1, Vit,s >0, (semigroup property)

(2) t+— T(t)p is continuous, for all p € J. (strong continuity)

(3) 1T @)p| < |lpll, for all p € T, (contractivity)

(4) T(t)p >0, forall t >0 and all p > 0,

(5) Te(T(t)p) = Tr(p), for all p € T*(H). Communications in Mathematical Physice 350 (2017
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Lindblad equation
GC. Lindblad, On the Generators of Quantum

Lindblad equation DynamicalSemigroups, Commun. Math. Phys. 48
(1976) 119.

Dy = —diag{l'1,I'1,T'2}

[, decoherence parameter
[, relaxation parameter

p,(t) - neutrino density matrix
H, - neutrino Hamiltonian

Dissipative term

dp, , 1
- at(t) = ~ilH®,p,O1+ ) v, (Livai -5 {L{Lipy) )

Decomposition in terms of Pauli matrices gy, :

Opp(t
%()gk — 2€iij7;,0j(t>O-k + Dyipi(t)o




Lindblad equation
GC. Lindblad, On the Generators of Quantum

Lindblad equation DynamicalSemigroups, Commun. Math. Phys. 48
(1976) 119.

= —i[Hg, p(t)] + D [p,]

Dll — _diag{Fla Fla FQ}

[, decoherence parameter
[, relaxation parameter

p,(t) - neutrino density matrix
H, - neutrino Hamiltonian

Lindblad equation by components

Jd P11 P12\ .[n [p11(t) Typia(t)
E(Pm ,022)__l[H'p(t)]_<Fipi(t) F;;i(t))



Lindblad equation

Lindblad equation

= —i[Hg, p(t)] + D [p,]

Opy(t)
ot

Dll — _diag{Fla Fla FQ}

[, decoherence parameter
[, relaxation parameter

The probability of flavor oscillations of neutrinos taking
Into account gquantum decoherence

1 - - .
P, ., = 5 [1 + e 12" cos? 20 + e~ 11 sin* 26 cos (A:c) ]



Neutrino from
reactors and accelerators

Lindblad master equation in case of three flavours expanded by Gell-Mann matrices:

d Py (t)
ot

Fy = 2€;;Hi Pi(t) Fy + Dy P (D Fy

V. De Romeri, C.Giunti, T.Stuttard, C.A.Ternes, Neutrino oscillation bounds on quantum decoherence,
JHEP 09 (2023) 097
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Neutrino from
reactors and accelerators

Lindblad master equation in case of three flavours expanded by Gell-Mann matrices:

d Py (t)
ot

Bo1
Boz
Bos
D = | Boa
Bos
Boe

\n

Bo1
_Fl
:812
:813
1814
P1s
b6
P17
:818

Boz
b1z
_l"z
1823
:324
B2s
B26
Ba7
1328

1803
P13
1823
_l"3
B34
B3s
B3e
B37
1838

Boa
:Bl4
1824-
ﬂ34
_l"4
Bas
Bae
:84-7
1848

Fy = 2€;;Hi Pi(t) Fy + Dy P (D Fy

Bos
P1s
Bas
P3s
Bas
_FS
Pse
Bs7
Bss

Bos
1816
1826
B3e
:B46
Pse
_l"6
Be7
1868

Bo7
:817
:827
P37
1847
Bs7
Be7
_1"7
1878

:808
b1s
:828
B3s
1848
Pss
ﬁ68

Brs
_F8

\

/

D = —diag(I’;1,T21,0,I34, 31, 32,135, 0)

V. De Romeri, C.Giunti, T.Stuttard, C.A.Ternes, Neutrino oscillation bounds on quantum decoherence,
JHEP 09 (2023) 097
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Neutrino from
reactors and accelerators

Lindblad master equation in case of three flavours by components:

g (P11 Piz P13 R 0 [1p12(t) T31p13(t)
—( P31 P2z P23 | =—i[H p®)] —( T21p21(t) 0 [32023(t)

ot P31 P32 P33 [31p31(t)  T32p32(8) 0

Decoherence parameters are taken as free parameters:

Iij(E) = L'ij (Eo) (EEOY

V. De Romeri, C.Giunti, T.Stuttard, C.A.Ternes, Neutrino oscillation bounds on quantum decoherence,
JHEP 09 (2023) 097
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Neutrino from
reactors and accelerators

Experiment Baseline Energy range Main oscillation channel

KamLAND [58] O(100) — O(1000) km 1.8 — 8.0 MeV Ve = Ve
Daya Bay [57] and [56] O(100) — O(1000) m 1.8 — 8.0 MeV Ve — Ve

T2K [63] 295 km 0.2 —2.0 GeV v,(v,) = v,(v,) and v, (V,) = v.(Ve)

[62] 812 km 0.8 — 5.0 GeV v,(v,) = v,(v,) and v,(V,) = v.(Ve)

MINOS/MINOS+ [60] 735 km 0 —40.0 GeV v, (v,) = v, (V)

[65] ~ 53 km 1.8 — 8.0 MeV Ve — Ve

DUNE [96] 1285 km 0.5 —20 GeV v,(v,) = v,(V,) and v,(V,) = v.(Ve)

DUNE HE [97] 1285 km 0.5 —20 GeV v,(v,) = v,(7,) and v,(V,) = v.(Ve)

V. De Romeri, C.Giunti, T.Stuttard, C.A.Ternes, Neutrino oscillation bounds on quantum decoherence, JHEP 09 (2023) 097
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Neutrino from
reactors and accelerators

Decoherence Model n=-—2 n=-—1 n=0 n=-+1 n=-+2

A: Tgp =T33 = T30 7.8 x 10727 (KL) | 1.8 x 10724 (KL) [5.1 x 10724 (M)|3.0 x 10=2% (M)|1.3 x 10=26 (M)
B: gy =T33, 32 =0 | 7.9 x 10727 (KL) | 1.8 x 10724 (KL) |2.4 x 10723 (N) |2.3 x 1072* (M) |1.0 x 10725 (M)
C:T91 =T32, 31 =0 | 7.9 x 10727 (KL) | 1.8 x 107%* (KL) 9.4 x 1072* (M) 5.7 x 1072* (M)|2.5 x 1072° (M)
D: gy =T32, T21 =0 6.9x107% (R) [2.1x 1072* (T2K)|5.6 x 1072* (M)|3.3 x 1072° (M) |1.5 x 1072 (M)
E: T, 33 =T32=0 | 7.9x 10727 (KL) | 1.8 x 10724 (KL) {3.2 x 10723 (M) |2.2 x 1072* (M) |1.0 x 10725 (M)
F: T3y, T =T3,=0 | 1.0x1072* (R) |1.9 x 10723 (T2K)|2.3 x 10723 (N)[2.2 x 10~2* (M){1.0 x 10=2° (M)
G: T'32, Doy =31 = 0 4.0 x 10723 (T2K) 6.5 x 10723 (T2K)|1.1 x 10723 (M) 6.6 x 1072° (M) 3.0 x 10725 (M)

E

Lij(E) =Ty (Eo) (E—())n

V. De Romeri, C.Giunti, T.Stuttard, C.A.Ternes, Neutrino oscillation bounds on quantum decoherence, JHEP 09 (2023) 097
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Mechanisms of neutrino guantum decoherence

Neutrino decay

Neutrino decay
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K.Stankevich, A.Studenikin, M.Vyalkov, Generalized Lindblad
master equation for neutrino evolution, Phys.Rev.D 111 (2025) 3
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Mechanisms of neutrino guantum decoherence

Neutrino decay

Neutrino decay H(t) = fd3 xz v(x)Tuv(x) Ay (x)

K.Stankevich, A.Studenikin, M.Vyalkov, Generalized Lindblad
master equation for neutrino evolution, Phys.Rev.D 111 (2025) 3
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Mechanisms of neutrino guantum decoherence

Neutrino decay

Neutrino decay

H(t) = jd3 Xz v(x)Tuv(x) Ay (x)

o(t) = py(ty) & palto)

Q(t) = U(tOi t)Q(tO)UT(tOI t)

t
U(ty, t) = Texp (—iJ H (t’)dt’)
t

0

K.Stankevich, A.Studenikin, M.Vyalkov, Generalized Lindblad
master equation for neutrino evolution, Phys.Rev.D 111 (2025) 3
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Mechanisms of neutrino guantum decoherence

Neutrino decay

Neutrino decay p,(t) = Try o(t)

o(t) = py(ty) & palto)

Q(t) = U(tOi t)Q(tO)UT(tOI t)

t
U(ty, t) = Texp (—iJ H (t’)dt’)
t

0

K.Stankevich, A.Studenikin, M.Vyalkov, Generalized Lindblad
master equation for neutrino evolution, Phys.Rev.D 111 (2025) 3
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Mechanisms of neutrino guantum decoherence

Neutrino decay

Neutrino decay p,(t) = Try o(t)

Two additional approximations:
1) rotating-wave approximation;
2) Markovian approximation.

K.Stankevich, A.Studenikin, M.Vyalkov, Generalized Lindblad
master equation for neutrino evolution, Phys.Rev.D 111 (2025) 3
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& Generalized Lindblad |, "Y
\ - i(P)/

vl (P) °
>—> S
- master equatlon ~a AW
P A(k) N
9
pgt( ) —i[H(®), pp()] — (Fd + I ) (T, pp (D)} +
d3k
+Zf 2(2m)3w Z f 2(2n)35 Ca-ipisPa (DT + 2 J 2(2ﬂ)35 fae lqu(t)nﬁ]
[ j: mJ>ml J: m]<ml

Lindblad master equation
Opp(t) _

1
ot [H(t) pp(t) + Z Vi ( lppLT - E {L-{Li' pp} )




Vil Generalized Lindblad| ,, Y
\ - i(P)/

vl (P) °
> —<
. master equation L AG
P A(k) N
)
! gt( ) ~i[H(t), pp(©)] — (Fd + T i, pp (03 +
d3k
+Zf 2(2m)3w Z f 2(2n)35 Ca-ipisPa (DT + 2 J 2(2ﬂ)35 fae lqu(t)nﬁ]
[ j: mJ>ml J: m]<ml

Lindblad master equation
Opp(t) _

1
ot [H(t) pp(t) + Z Vi ( L,DpLT _ E {L}LLD pp} )




\\(«n ~ |Generalized Lindblad )/'(/%)

>—> S
x master equatlon ~a A
- A RN
dpp(t ) d
o = —iH®),pp(0)] - (F + I ) (T, pp (D)} +
d3k
+Zf 2(2m)3w Z f 2(2n)35 CamipllijPa (DT + 2 J 2(2ﬂ)35 faie lqu(t)nﬁ]
[ j: mJ>ml J: m]<ml

Lindblad master equation
Opp(t) _

1
ot [H(t) pp(t) + Z Vi ( L:OpLTL - E {L-{Li» pp} )




vily Generalized Lindblad| ,, Y
\ - i(P)/

vl(P) .
T <

- mMaster equation “ L A®
- A &

Opp(t) _ .

dt —i[H(2), 'Dp(t) (F + Fp){nll'pp(t)} +
d3k
+z,[2(27‘[)3 Z ,[2(27'[)3E q—>Lp Lqu(t)H + 2 JZ(ZT[)3E q—>lp lqu(t)njl
J: mJ>ml j: m]<ml

- decay width of the neutrino stationary state |ip > to all possible neutrino states

Fi% - absorption width associated with transitions from all possible states into the neutrino state | ip)

l“]‘pr - decay widths associated with transition between neutrino states |jq >- |ip >
[igoip - @bsorption width associated with transitions between neutrino states |jq >- |ip >

I1;; = |i ><j| - projector to the neutrino mass states




& Generalized Lindblad | | "¥
\ i(P)/

Vi(p) )
T <
v mMaster equation . A
-7 (M A
d
p(;t( ) —i[H(2), 'Dp(t) (Fd + F%){Hlupp(t)} +
d3k
+z]2(2n)3 z jZ(ZF)BE q_)lp MlijPq ()L + 2 JZ(Zn)3E q—np 1 pg (OT1;
J: mJ>ml j: m]<ml

- decay width of the neutrino stationary state |ip > to all possible neutrino states

rflg - absorption width associated with transitions from all possible states into the neutrino state | ip)

l“]‘pr - decay widths associated with transition between neutrino states |jq >- |ip >
[igoip - @bsorption width associated with transitions between neutrino states |jq >- |ip >

I1;; = |i ><j| - projector to the neutrino mass states




Vi) - - v, (s)
\\"v . |Generalized Lindblad /

i . Vi(p)
/m),, —»> mMaster equation > \\‘A(\@
apgt( = (O, 0] - (Fd + T2, pp ()} +
+ 2 ] 2(;1;;(3 Z f z(zn)s Eq; [aoipllijPg (O + 2 J 2(2n)35 P80 (O11;
ji{rm) o

- decay width of the neutrino stationary state |ip > to all possible neutrino states

Fi% - absorption width associated with transitions from all possible states into the neutrino state | ip)

l“]‘pr - decay widths associated with transition between neutrino states |jq >- |ip >
[igoip - @bsorption width associated with transitions between neutrino states |jq >- |ip >

I1;; = |i ><j| - projector to the neutrino mass states




>

d3k
2(2m)3w

Opp(t) _

at

J: mJ>ml

Opp(t) _

at

Generalized Lindblad
master equation

—i[H (1), pp()] —

(Fd + I3 ) (M, pp (D} +

J: m]<ml

Lindblad master equation

1
[H(t) pp(t) + Z Vi ( lppLT - E {L-{Li' pp} )

z 12(27@35 ja-ipMijPa (DT + 2 Jz(zn)sg ja-ip leq(t)Hji]




G Generalized Lindblad | |, "%
\ i(P)/

>—> >
v master equatlon ~ a A
27 A TS
dpp(t ) d
o = —iH®),pp(0)] - (F + I ) (T, pp (D)} +
d3k
+Zf 2(2m)3w Z f 2(2n)35 Ca-ipisPa (DT + 2 J 2(2ﬂ)35 fae lqu(t)nﬁ]
[ j: mJ>ml J: m]<ml

| p, > m,

Lindblad master equation
Opp(t) _

1
ot [H(t) pp(t) + Z Vi ( lppLT - E {L-{Li' pp} )




Mechanisms of neutrino guantum decoherence

Neutrino decay

ant(t) Fy, = 2€;jxH;Pj(t)Fy, + Dy P (D) F,

/ _l S S _rS _i S S

0 0 0 3 (2r3; + Tg; — T$,) 0 0 0 0 @(rgz + rgl)\

0 Iy O 0 0 0 0 0 0

0 0 Ty 0 0 0 0 0 0

0 0 O VN 0 0 0 0 0
pP=——lo 0o o0 0 rs, + I35, 0 0 0 0

0 0 O 0 0 Iy, + I3 0 0 0

0 0 O 0 0 0 3, + I3 + Ty 0 0

0 0 O 0 0 0 0 Iy, + I3 + Ty 0

\o 0 0 —%(rgl +T5, —T3)) 0 0 0 0 2(T5, +T5,) /




Mechanisms of neutrino guantum decoherence

Neutrino decay

Comparing the obtained dissipative matrix with experimental

constants on neutrino decoherence parameters we get the following
estimation on neutrino lifetime:

T S
—2 5183 x10"10 =
my eV

The current constraint on neutrino lifetime from oscillation data is:

T S
2 5118 x 1011 =
m, el
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Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

Neutrino interaction is given by

v B (0) = [ @ 2,007 (o)
/\ where neutrino current

% Ju () = @)

and external matter current

Ju(x) = e e (x)

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D




Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

ap (t) 3 3 d3q o N
i,j=

ij=1

(aijp) - scattering cross section for neutrino from state [ip) to Y,1jq)

<d“ jq-ip

P > - scattering cross section for neutrino from state |jq) to state |ip)

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D




Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

3 3
0 py (t) d3q  |dojg-;
;t = [H(®), pp(®)] - Z(Gijp>{l'[ii,pp(t)}+2 z jZ(Zn)3qu iqu p I1;;pq (D11
i,j=1 Lj=1
p, <K mg
Lindblad master equation
Ipp(t) _

ot [H(t) pp(t) + Z Vi ( lpp Y {LT L;, pp} )

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D




Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

1) Neutrino scattering on electrons leads to quantum Zeno effect

——
__—

C OO OO OO ko
C OO O OO R OO
C O OO OO OO O
C O OOk O OoOOoOOo
C OO OO OO OO
C OO OO OO OO
C OO OO OO OO
S OO OO OO OO

S~

0
0

0

0

kl = 0
2 1o

0

0

0

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D
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Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

2) Estimations on neutral current NSI parameters
L = ~2V2Grepy (Var"PLvg) (fYuPLS),

—4.47 < el < 4.47

Global fit: —0.13 < €l < 0.12

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D




Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

2) Estimations on neutral current NSI parameters
L = ~2V2Grepy (Var"PLvg) (fYuPLS),

—4.47 < €4, < 4.47

Global fit: =23 x 1073 < ¢, <23 x 1073

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D




Mechanisms of neutrino quantum decoherence

Neutrino elastic scattering

3) Neutrino interaction with dark matter fermions

IxYv _
Hint = jd3x 2 XLV”XLVeVuVe-
mzl

Theoretical prediction of the neutrino quantum decoherence parameter:
Tpy < 107* GeV

Experimental constraints on neutrino gquantum decoherence parameter:
[oxp < 10726 GeV

K.Stankevich, A.Studenikin, M.Vyalkov, Quantum field-theoretic framework for neutrino
decoherence from scattering in a medium, sent to Phys.Rev.D
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Mechanisms of neutrino guantum decoherence

Fluctuations of external classical environment

« Magnetic Field and matter

. I(: N. I)_oreti, A. B. Balantekin, Neutrino oscillations in noisy media, Phys. Rev. D 50
1994).

« C. P.Burgess, D. Michaud, Neutrino propagation in a fluctuating sun, Annals Phys.
256 (1997).

« F. Benatti, R. Floreanini, Dissipative neutrino oscillations in randomly fluctuating
matter, Phys. Rev. D 71 (2005).

« Gravity

- P.Nandi, T.Bhattacharyya, AS.Majumdar, G.Pleasance, F.Petruccione, Decoherence
from quantum spacetime noise: An open-system framework with appllcatlon to
neutrino oscillations, Phys.Rev.Res. 8 (2020).

« M. Dvornikoyv, Interaction of supernova neutrinos with stochastic gravitational waves,
Phys. Rev. D 104 (2021).




Mechanisms of neutrino guantum decoherence

Fluctuations of classical ALPs field

Neutrino interaction with neutrinophilic axion-like dark matter is given by the Hamiltonian

H(t) = /(i:‘xj(:r)a.(.zr),

where the neutrino current where the field is given by
. . V2p
j(x) =iv(x) (gv + gays) v(x) a(x) ~ oft) — COs (mgt).
with constants defined as where a(t) is positive random variable
i Mg — following the Rayleigh distribution
gy = Cy —F
o’
i i + M )= aexp | ——
¢l = zF i f(a) (19}@( 2).

A.Lichkunov, K.Stankevich, A.Studenikin, Neutrino quantum decoherence in a fluctuating ALPs
field, Phys. Rev. D 112, 123007 (2025).




Mechanisms of neutrino guantum decoherence

Fluctuations of classical ALPs field

D =
( 0 0 0 0 0 0 0 0 0 \
0 4h3 +h2+h2 0 0 3hohs 0 —3hohy 0 2v/3hshy
0 0 h% + h% 0 0 —hgh.‘;:, 0 —]7,2]7,7 0
0 0 0  4h3+h2+h%2  —3hohy 0 —3hohs 0  V3(h2-h2)
~&mer 1 0 3hohs 0 —3hohy B2 +4hZ+h2 0 3hshy 0 NE
’ 0 0 —hohs 0 0 h3 + h? 0 —hshy 0
0 —3hoh~ 0 —3hohs 3hshr 0 hg - hg + 4/1% 0 —v/3hohs
0 0 —hohry 0 0 —hshy 0 h% e h% 0
K 0  2v3hsh, 0 ﬁ(l?% — h2) V3hohs 0 —v/3hshs 0 3(h2 + h2) )
o Am3, (CZ —C?2) B Am3, (CyF — C3) o Am3, (CP? — C:,’f)
? E,F ’ 5 EF ’ E,F

A.Lichkunov, K.Stankevich, A.Studenikin, Neutrino quantum decoherence in a fluctuating ALPs
field, Phys. Rev. D 112, 123007 (2025).




Mechanisms of neutrino guantum decoherence

Fluctuations of classical ALPs field

0 1: orpanndenmna Ha ANeff [15]
[ nanneie SN1987A [16]
1077}

13 A 12 — )P
10713} ”F | m \/3 7T[7'.
C‘l/] — Cl} 2rnaEw()\/ 70
10719}
10723 |

10-'6 10'4 0.01 1

A.Lichkunov, K.Stankevich, A.Studenikin, Neutrino quantum decoherence in a fluctuating ALPs
field, Phys. Rev. D 112, 123007 (2025).




Conclusions

We have developed a novel guantum field-theoretic framework for
describing neutrino quantum decoherence. Within this approach we reveal
three distinct mechanisms of decoherence:

* Via neutrino decay
* Via neutrino scattering
* Via neutrino interaction with classical fluctuation of axion-like field

We have also shown that these results open a unigue new possibility to use
neutrinos as a window to new physics
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