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Neutrinos — Standard model
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in the Standard Model
Neutrinos interact weakly with matter



Neutrino Sources
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Standard Neutrino oscillation

(1957) Bruno Pontecorvo Flavour eigenstates Mass eigenstates
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Standard Neutrino oscillation

Double slit interferometer
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A double slit experiment
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Three-flavor neutrino oscillation
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v—Quantum decoherence



Beyond Standard Oscillation Physics

1 [
Hstd—osc = 2E (UPMN3AM UPMNS -+ A) flavor basis

AM? = Diag (0, Am3,, Am3,) A = Diag (Acc, 0,0) Acc = 2v2Gpn.E,

matter potential

A phenomenologist’s quest: Is there a subleading beyond-the-Standard- Violation of Equivalence Principle
Model effect, currently beyond the reach of existing experiments, co- g Y29

existing with standard oscillations?? J \
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H Non-standard neutrino interaction
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Standard Interaction Non-Standard Interaction

v-Quantum decoherence
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Non-Hermitian contribution



Decoherence in neutrino oscillation

Coherence (Decoherence) @Production/Detection
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logarithmic scale

Quantum decoherence

. o Environment
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Quantum decoherence —neutrino system

Environment

Interaction

H=Hgs+ Hg + Hj

. S = System E = Environment [ = Interaction

PSE (t) — U(tv O) (pS’(O) ® /OE) UT (ta 0)

Total unitary evolution of the system plus environment

PS (t) — TrE[U(ta 0) (pS(O) & pE) UT (tv 0)]

Non-unitary reduced dynamics of the system after tracing

Neutrino

Under the weak coupling limit conditions we can get:

Lindblad Master equation
Born Approximation: pgg(t) >~ ps(t) ® pg

Veak c ing S — E = negligible backreaction = pg almost stationary d t y
T psW) _ g v Hys, ps(t)] + Dlps(0)]

Markovianity: 74 > 75 dt

Tg : system evolution time scale 7p : environment memory time DiSSipative term

LS : Lamb shift
The weak coupling limit typical regime considered in neutrinos



Quantum decoherence —neutrino system

Lindblad Master equation

dps(t)

At — _i[Hstd—oscv PS (t)] + D[ps (t)]

His typically neglected

ain/jump term

Z ( Ay, ps(t)A)] + [Aips(t) ) Z (Ams AT — —{ATA.!»PS( )})
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losses and damping of coherences
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If we expand A; = Zi 1 ag)F [Fo, Fpl = ifapeFe(c =1,..,8), Tr[F,] =

Ay ¢ effective operators describing how the environment acts on the neutrino subsystem.
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Gorini—Kossakowski—Sudarshan-Lindblad form

Cab = Zag)az(l), C' = (cqp) > 0 positive semidefinite Hermitian Matrix, C = CT, \;(C) > 0

Lindblad Structure ensures:
Trace preserving dTr[gf(t)] — ()  Complete positivity C' > 0= ps(t) >0
for all ¢




Quantum decoherence —neutrino system

In neutrino applications an extra condition is added

A= A}L = S = —Tr[pln p| increases (AS > 0) Irreversibility

Dlps(t)] is:

with pg = pofo + Z? pntn, 8 8

1
Foocl D[/OS(t)] — _5 Z Z Cab(fnbrfarm)pnFm

n,m=1r,a,b=1

Nnow c,;, is symmetric and real

8
probability conservation D ]. Z
9 Ca f nbr f arm )
Dy, = D, = 92
O HO 0 r,a,b=1
entropy-increasing

D =D symmetric and real
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Dissipative/Decoherence Matrix



Quantum decoherence —neutrino system

8 8 8
pPs :poF0+ anF’n,a Hstd—osc:h0F0+ZhiFi- Ag = Z(l((f)Fa.
a=1

n=1 i=1

Lindblad Master Equation in components
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Quantum decoherence —neutrino system

M

uw 1N the two-neutrino system
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oscillation frecuency 0 + A « 0
0| 0 0
1 2 —2vt .2 —(a+a)t a—-o .
Py, v (t) = 5 cos” 20 [1 —e ] +sin“260 |1 —e cos 20t — 50 sin 2Qot ,
0
off diagonals dissipative coeflicient affects os-
4h2 + (CL _ 04)2 cillation frecuencies.
— 2
QO o \/A B 4 ) a, decoherence parameters destroy interfer-

ence (a + «), modified oscillation frecuencies and
amplitudes of the oscillatory terms (a — «)

v relaxation parameter tends to drive the sys-

F. Benatti and R. Floreanini, tem toward equipartition between the two oscil-
JHEP 0002 (2000) 032 lation channels.



CPT and CP symmetry
breaking



CPT and CP symmetries and neutrino oscillations

C
UaL — VBL = VqlL — VBL
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CPT symmetry — Diagonal Decoherence Matrix (DDM)
Dppy = —Diag(T,I,T,T,I,T,T,T)

1 _ _
USS/? PPM— —(1—e")+e'P)9, | SO = Standard Oscillations

APSO ¢ DDM _ e_FtAPSO

CPT Val/q APSO _ Pva—wa . Pp@_ﬂja

ValVea

Vacuum Matter
ApSO@DDM _ o AP PPM — APSO (1 ()
CPT -
SO @ DDM
in vacuum AP° =0 APCPT =0 (F — OO)

ValVa

in matter AP>©, +£0

Vo Vg

J. C. Carrasco, F. N. Diaz, A. M. G, PRD 99, 075022 (2019).



CPT violation-Non Diagonal Decoherence Matrix

Aqa, Aog

oscillation frecuencies
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Quantum decoherence and CPT violation

Decoherence Matrix
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CPT violation symmetry

AI)CPT — PVM—H/M — PDM—H?M

CPT violation with Dirac Phase
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J. C. Carrasco, F. N. Diaz, A. M. G, PRD 99, 075022 (2019).



CPT violation symmetry

DUNE .
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Dppwy = Diagonal decoherence matrix
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J. C. Carrasco, F. N. Diaz, A. M. G,
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Revealing
Majorana phases



Quantum Decoherence and Majorana Phases

Majorana condition

— I/C — CI?T Neutrino=

Uh’Iajurana — UPI\JINS dl(lg(l~ exXp —?:lej exp _5(/52)

Majorana phases are unobservable in standard neutrino oscillation

However...

p1 = P1 COS YL — P S?n 1 APCP 7é 0 CP violated symmetries:

P2 = P2 COS¢1—|—[)1 Sln‘;bl 6CP 7&0, or (bl 7&0 or gbg %O or A¢:(Zb1 *gbg 7&0
'Oi — 'Oi o CPV Non-null Majorana phase
pi ~ ’Oi Cos ¢z = pz anqbg 513, 823, B1s, o8, B12 o1

P5 —* P5 COS P2 + py SN P2 B34, B35, B4, Bss, Bas P2

pe — PG cos Ag — p7 sin Ag B37, B36, Bes» Be7, Ors Ag¢

p7 — p7 cos A¢ + pg sin Ag B4, B24, B15, Ba2s P1, P2

Iog —>pg’ 616361736267627 @1,A¢

Ba6, Bar, Bs6s Bs7 P2, Ap

F. Benatti and R. Floreanini, PRD 64, 085015(2001).
A. Capolupo, S. M. Giampaolo and G. Lambiase, PLB 792, 298 (2019). A¢ — @1 — ¢2
R.L. N. De Oliveira, M.M. Guzzo, P.C. De Holanda, PRD 89, 053002(2014).

J. C. Carrasco, F. N. Diaz, A. M. G,
PRD 105, 035010 (2022)



Quantum Decoherence and Majorana phases

Then we have:

pSO@DE _ (L—e) 4 pSO_ T

Vi —Ve 3 Vu—Hjee
Iog | . r =
- % S1I1 2912 Sln2 (92 @ r + O(F28913) + ...

the Majorana phase can be revealed

g4 [ =55x10"4GeV === 63%C.L.
¢fre/m = [-0.5,0,0.5] 00%C.L.
*  Best Fit

1= Non-zero Majorana CP-phase
(40.5/-0.5) can be differentiated
from zero at more than 1o.

J. C. Carrasco, F. N. Diaz, A. M. G,
DUNE PRD 105, 035010 (2022)
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¢1/m = —0.50(4+0.50) & 0.32 for I' = (5.50 & 1.42) x 10~2% GeV




Distortion in the
Oscillation-Parameter
measurements



Quantum Decoherence -DUNE sensitivities

DUNE projected sensitivities for Quantum Decoherence
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Quantum Decoherence — T2HK and DUNE

Distorsion in the extraction of oscillation Feature DUNE (USA) T2HK (Japan)

parameters at T2HK and DUNE Fiducial mass 40 kton (LAr) 374 kton (Water)
Baseline length 1,300 km 295 km
Mean energy ~ 2.5-3.0 GeV ~ 0.6 GeV

Decoherence matrix [) — —Dlag (F7 5F/37 F7 F’ 5F/3’ F, 5F/3, F)

0.05:DUNE  TDpe=15x1002GeV:  True=46X1027GeV:  Type=7.6x1072 GeV-
depe=270° :

0.04¢

sin2913

0.03¢

0.02

0.05f

0.04f

Sil‘l2913

0 50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
oce [°] ocp [°] dcp [°]
e Measurement of SO parameters mostly unaffected

at T2HK.
G.Barenboim, A.M. Calatayud-Cadenillas, A. M. G, C.A.Ternes
e Large distortions could be expected at DUNE. PLB 852, 138626 (2024)



Quantum Decoherence — T2HK and DUNE

Distorsion in the extraction of oscillation
parameters at T2HK and DUNE
D = —Diag (L', 5I'/3,T, T',5I'/3,T, 5I'/3,T)

Decoherence matrix
Trrue = 7.6x10721 GeV-

Frue=15x1021Gevi Froe=46x1021GevE
' YR 1

0.05 DUNE
Sp'® = 270°

w20 ---20
3o 30 I I
0.04¢ S .. 50 + +
az] I I
$ .
E f,f'.'*x
“ 0.03 I (i +
o _
________ \ :_f'_/:'___________________;/f:\'-_;
| Al
) N
0.40 0.45 0.50 0.55 0.60 10 0.45 0.50 0.55 0.60 10 0.45 0.50 0.55 0.60
Sil’lzegg Si]flzlgzg

sinzﬂzg

e Measurement of SO parameters mostly unaffected
G.Barenboim, A.M. Calatayud-Cadenillas, A. M. G, C.A.Ternes

at T2HK.
e Large distortions could be expected at DUNE. PLB 852, 138626 (2024)



Open Questions



Open questions
(from the perspective of neutrino applications)

A = A;r- = unital dynamics = AS > 0

with S(p) = —Tr[plnp] >0

measures the degree of mixedness

unital dynamics stationary state (maximal entropy)
1 I
p(0)=T—p(t)=1=LI) =0 ﬂPVﬁVB:;EpZE
. (a,B=e,p,7
where P = K’( ) n =3 asymptotic behavior

Liouvillian Superoperator

Question: Is there a physical scenario that motivates to relax the condition

A; = Al?



Open questions
(from the perspective of neutrino applications)

dz_gf) — —i[Heg, p(t)] + D[p(¢)]

2 A et A natural hypothesis is that th
A — Am Heff — —id natural hypothesis 1s tha e same
— AFE e —A system-environment interaction gener-
ates both the off-diagonal coherent term
and the decoherence parameters.

A modifies both the oscillation amplitudes and frequencies

G.Barenboim and A. M. G, PRD 110, 095005 (2024)
In the weak-coupling limit, one obtains a Lamb-

shift contribution: .
Hog = Hgtqoosc + His with [Hstd—osm HLS] =0

Corrects the oscillation frequencies

Question: Is there any physical scenario in which the system-environment
interaction generates a non-diagonal coherent term while the evolution remains
completely positive and trace preserving?



Open questions
(from the perspective of neutrino applications)

d <Hstd—osc>
dt

= —1'Tr (Hgtd-osc | Hett, p(t)]) + Tr (Hsta-0scP|p(t)])

d Hs ~0SC
< C;;l > =0 ‘ [Hstd—OSCaHeff] — Ov ZDzkhz =0

Energy conservation of the system For instance, D33 = 0 only in the two-generation case

and in the mass basis, assuming known how the deco-
herence is written in this basis.

Question: Which physical environments justify non-conservation of the
neutrino subsystem energy?

Pure decoherence: no energy exchange with the environment

Dissipative dynamics: energy exchange with environment.



Conclusions

Open-system effects are not simply damping factors: the non-
trivial structure of the dissipator can encode novel physical effects beyond
dephasing or dissipation.

CP/CPT symmetry violation and Majorana phases: Non-diagonal
terms in the decoherence matrix can generate CP- and CPT-violating
contributions to the oscillation probability, and may also make Majorana
CP phases observable.

Distortion in the oscillation-parameter measurements: Open-system
effects may distort the extraction of standard oscillation parameters, mak-
ing decoherence a cause of misleading future precision measurements.

Open questions: Identify physical scenarios in which standard assump-
tions of open neutrino dynamics can be challenged or relaxed.
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