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Oscillations in matter

COSHm Ho> Hz= Hy + V

Vk > Vink
eigenstates of Hy  eigenstates of H

0 = 0 (n)
¢ 2> o ()

Resonance - maximal mixing in matter -
oscillations with maximal depth

X
Om = ©/4

Constant density medium:

the same dynamics Resonance condition:

Mixing changed V= COSZ@ ?]Ianz

phase difference changed




Resonance enhancement
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Parametric enhancement of 1- mode
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Parametric enhancement of 1-2 mode
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Parametric resonance

Enhancement is associated to certain
conditions for the phase of oscillations

V. Ermilova V. Tsarev, V. Chechin
E. Akhmedov

P. Krastev, A.S., Q. VY. Liy,

S.T. Petcov, M. Chizhov

" Castle wall profile”




Aaiabatic conversion




Evolution equation for eigenstates

In non-uniform medium the Hamiltonian depends on time:
Hior = H yor(ne(t))

[ 1 instantaneous
m

. dvg
V9t — Hio Ve Vi =

eigenstates
Vi of the Hamiltonian

Inserting Vf B U(em) Vm em - em(n e(t))

of f-diagonal

= , ' terms imply
- : transitios

vlm ﬁv2m

of f-diagonal elements can be neglected
no transitions between eigenstates
propagate independently




Adiabaticity
External conditions (density)

Adiabaticity condition ‘ %I « Hyp - Hy, change slowly the system has
dt time to adjust the changes

transitions between v o> v ‘ The eigenstates

the eigenstates .
can begneglec‘red propagate independently

‘ shape factors of the eigenstates do not change

A.C. crucial in the resonance layer:
- the mixing changes fast,
- level splitting is minimal

If vacuum mixing is small, A.C.  Arg > I

& &

width of the resonance layer oscillation length in resonance

Arg = ng tan2g / (dn/dx), Ix=1,/ sin2g




Adiabatic convessian

resonance

if density
changes
slowly

amplitudes of the wave packets do not change
)rs of the eigenstates being determined by
g angle follow the density change




Adiabatic conversion probability

Sun, Supernova

Initial state: V(to) = Ve = €039,° Vim(to ) + SiNg,° var(to)
V>0 ‘Mixing angle in matter
Adiabatic evolution vi(to) > vy in initial state
to the surface of RO
_ Vam(to) V2
the Sun:
Flnal state: V(Tf) - Cosemo Vi + Sinemo Vo el(b

Probability to find v,

averaged over _ 2 _ ON2 o (i i OND

oscillations Pee = [<ve|V(te)>|2 = (cosp cosp,2)? + (sing sing,,°)
= 0.5[ 1+ cos2g,° cos2g ]

or P.. = sin®g + cos 2¢ cos?y,°




Spatial picture

Adiabatic conversion

0

distance




Level crossing .

+  resonance v,

m

Sin2 2612 =0.825

Crossing point - resonance
- the level split is minimal
- the oscillation length is maximal




Adiabaticity violation

SN shock waves

If density n (1) changes fast 46m | ~ | H, .- H, | :
the of f-diagonal terms in the Hamiltonian can not be neglected “eu’w'\“‘?i.\ ag
Yo
. smO“
= fransitions | v, @@ V,, oxist

Admixtures of Vi, Vonin a given neutrino state change
AH

"~ Jump (flop) probability” _ =
penetration under barrier Po=e & E, ~1/h,

A

T is The energy associated
/Hzm to change of density
o AH - Landau-Zener
/ o
_ adiabaticity
. K = Alp/ I parameter




Adiabatic conversion

Adiabatic conversion Violation of adiabaticity




Oscillations versus MW

Oscillations Mallgvaile convErsion

Vacuum or uniform medium Non-uniform medium or/and medium
with constant parameters with varying in fime parameters
Phase difference increase Change of mixing in medium >
between the eigenstates change of flavor of the eigenstates

o(T)

m T \
Om (E) 0 (1) \’N;se,%ej o
\(¢

In non-uniform medium:
interplay of both processes




Resonance oscillations vs. adiabatic conversion

Passing through the matter filter

F(E) | Constant density Monotonously changing
Fo(E) |, .| density
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Conclusion:

Adiabatic conversion s effect of change of
mixing angle in matter in medium with slowly enough
density cnange on the way of neutrino propagation

Conversion without oscillations

iResorance enancement of oscillations occures |
I Gertain eneryy range in matter with @@@@@@@@@nﬁy

el @
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Phenomenology

fluxes, detection, results

from major neutrino
experiments




Solat.neutrinos

dp+ 2e > “He +2v,+26.73 MeV

ric
sion LMA MSW
(BlgﬁiEi(r:f'nNo Chlorine | SuperkK, SNO
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Oscillations
In matter
of the Earth
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Homestake

Ga-calibration
experiments
anomaly

v, + "lGa > 7lGe +7e
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Decisive experiment

scintillator reactors
<L> ~ 180 km
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Day-Night effect =~
y g EOI‘L IH{\I"HJ»‘L
£
First Indication of Terrestrial Matter & %ﬁ%ﬁw
Effects on Solar Neutrino Oscillation £ 00|
Super-Kamiokande collaboration % 7
(Renshaw, A. et al.) )
Phys.Rev.Lett. 112 (2014) 091805 adl ]
arXiv:1312.5176 e
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- Neutrinos from the primary
p.neu rI nos pp-reactions in the Sun
BOREXINO Collaboration
(6. Bellini et al)
Nature 512 (2014) 7515, 383
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M. Maltoni, A.Y.S.

to appear
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Neutrino parameters

12 sin9,., = 0.022
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Red regions: all solar neutrino data
also restrictions from
individual experiments

sing,; as fit parameter
then marginalized

b.f.: Sin2613 - 0017

Sin2613 fixed
by reactor
experiments

Solar neutrinos
Vs. KamLAND

M. Maltoni, A.Y.S.
tfo appear

Am221: about
2o descrepancy

of the KL and
solar values

KamLAND data
reanalized in view of
reactor anomaly (no
front detector)
bump at 4 -6 MeV

Am?,, increases
by 0.5 10 eV?




Problems, future

n of the spectrum at about

Difference of
valu
from solqr and KameLs AO'SDAEZ% extracted

Large value of matter potential
extracted from global fit

Another reactor anomaly or new physics in solar neutrinos?

Detection of CNO neutrinos to shed some light on the problem of the SSM:
controversy of helioseismology data and abundance of heavy elements

High precision measurements of the pp- and Be- neutrino fluxes
Detailed study of the Earth matter effect

Experiments: SNO* Hypep-
xperiments o TuNo YPerK
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Oscillations in
multilayer medium

Applications:

flavor-to-flavor transitions

- accelerator
- atmospheric
- cosmic neutrinos

mass-to-flavor transitions

- solar neutrinos
- supernova heutrinos



The earth density profile

15.0

Fe PREM model AM. Dziewonski

D.L Anderson 1981
inn?\

core
outer
core

transition (phase transitions in

zonel silicate minerals)
lower
mantle ! crust

upper
mantle

- R, = 6371 km




HE R |
S. Razzaque, A.Y.S.
arXiv: 1406.1407 hep-ph

Ve 2V, NH

Large (10%) effect
o0 ] | at E~(05-15)6GeV

Parametric | |
effects

The key: with

hn, A/ i change of the phase
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Averaging over

fast oscillations

and integration over
zenith angle does
not wash out CP
phase effect




Probabilities

v, évu
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No phase shift

Effect is opposite
fo v, 2 v,
with change of 6

¥

Flavor suppression
of effects for
v, events

Flavor identification
is crucial
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Oscillograms
oftheEarth

Lines of equal Pq(jr'ame’rric ’“
Probability in riages
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Neutrinos and
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