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Oscillation
Set-up
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Oscillations in
multilayer medium

flavor-to-flavor
transitions

Absorption

Re = 6300 km
R.... = 3600 km



Source

n, K, u- decays free decays?
Incoherent fluxes of the flavor states

Ve, Vv,  and corresponding antineutrinos

Energy range: 0.01 - 106 GeV corresponding vacuum oscillation length
| =10 - 108 km due 1-3 splitting:

Flavor ratio

r=@ /@ increases with energy from 2 to 100
' e

Charge asymmetry: @ /@, increases from 1.2 to 1.5

Size of coherent production reaion aiven by decay lenath I...
much smaller than oscillation length  For : 1. /1|, - upto 0.05

Oscillations in coherent production region - negligible

Size of the wave packet from free decay ~ °* ~ lgec EZ?




Medium

Baselines: O - 13000 km
Matter density 3 - 15 g/cm3

Density profile depends on the zenith angle

air approximately symmetric matter profile

For low energies size of external layer in close to horizontal
directions can be comparable with oscillation length

Problem to see effects: neutrino energy and direction

reconstruction DUNE?

Absorption can be neglected at energies of interests for standard

oscillations: E < 100 GeV
The probability of absorption

P = 0.005 (E/ 100 GeV)




The earth density profile

A.M. Dziewonski
D.L Anderson 1981

e PREM model

El\
' Si

core
outer

core )
transition (phase transitions in

zonel silicate minerals)
lower
mantle ! crust

upper

mantle Alternative models

0.8 1.0

R, = 6371 km




Detection

Flavor states are detected

Flavor identification

Neutral currents

Scattering on electrons?

Neutrino energy reconstruction o

Neutrino direction (baseline) reconstruction




Oscillation

amplitudes and
prohabilities |




Propagation basis

V¢ = UPMNS Vimass
Standard

parameterization Upmns = UasIs U3 Uy, I, =diag(1,1,e"®)

r{r

commute
Vi = U23I5\U13 U2 Vinass
Y

Propagation basis vp = Uy ¥

=l & v, and the potential are not affected
H=U;3 U, Ho®9 Ut Ugst +V

3

. . 2
Hamiltonian in Hodies = Amgs2 diag (O, r,, 1) r, = Amcoy

the propagation basis Am?3;

H=H (012,613, V) does not depend on 0,5, 5
Evolution in the propagation basis does not depend on CP violation phase




Scheme of transitions ===

VoS U13 U12 Vimass

Vf = U23I5 Vv Spr‘op :l |A;j| |

»
>

projection  propagation projection back

CP appears in
projection only




Ampltudes In the propagation basis

_ ee AeZ AeS
prop = | Aze Az Aps
Aze Aszp Ass

S

For symmetric density profile due fo T-invariance:
Hierarchy of amplitudes

. in2 . .
Ae3 ~ Sin 613 AeZ ~ r'A ~ SIN e13 A23 ~ Sin 613 r‘AN S|n3613

Matrix of transitions in the flavor basis

Sf = U23]:8 Sprop I—S U23+

A,, A,3 As;can be expressed via A,, A.;




Constant density

|A62| = COSs 613m sin 2912'“ sin (1)12m Solar Gmp“TUde
i : -1 §y3™ . i
|A_3| = sin 20,5M |sin ¢;5m e + 8in 20,,™ sin ¢;,"

~ 8in 203™ sin ¢;3M Atmospheric 2nu
amplitude

|A,3| = sinB3™ sin 20,™ sin ¢,"

Sin20;,™ ~ sin 20, /&4 , .
O™ ~ by Eqp = VL/2 matter dominated limit




projection propagation projection

P(Ve > VM) - |C05623 Aez + 658 Sin923Ae3|2

P(v,2 v.) =P(v. 2> v,) (6 > -9)



Ve =V,

projection propagation projection




projection propagation projection

4 channels
A3z, = Ajs

interference
of 3 terms:

even function of &




projection propagation projection

4 channels

P(v,> v.) = | 7 5in20,35 (A3 - Azp) + (c0520,3 CoS 3 + i Sind) Ays|?




Other probabilities

P(vy, > vp) = P(vg 2 v,) (6 > -9)

For antineutrinos:

o> -0 V->-V

Unitarity...
Approximations: sinf;3= 0

Am221 =0



Another propagation hasis

Convenient for
ve = U, Ujgv” for sub-sub GeV events

additional 1-3 (vacuum or matter) rotation

projection  propagation  projection

Decoupling of the third 3v > 2v
state frim evolution

Single amplitude matters A
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) Eff@ectsg

Resonance Parametric
enhancement enhancement
of oscillations of oscillations

Resonance Mantle - core - mantle
(MSW) peaks trajectories

Parametric
ridges

In oscillation probabilities and
distributions of events

Interference of 1-2
and 1-3 modes of
oscillations

cp-violation -

Magic baselines,
CP-violation domains

. !




Graphic representation

Electron spin precession in the magnetic field

|P| =% polarization vector

p. v, B, = % (sin 20,,, 0, cos20,)
m
t P,,=v,v,=P,+1/2
1 | _ illation
o, = 2nt/ I, 0S¢
v. phase
Degrees of freedom:
0,, (n) - mixing angle
20 Neutrino polarization ¢, (n) - phase
vector in the flavor 0. (dn/dx) - cone angle

space

P

X




Resonance enhancement

Ei<E,<E3<Ey E,
E.
Constant, nearly constant
densit
ES 1
Precession on the Es~ Eq
surface of the cone




Resonance enhancement in mantle

mantle

Conditions for
resonance peak

mantle

o
V
ol

o
Q1
o

o)
™
dn

probability




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. Y. Liu,

S.T. Petcov, M. Chizhov

" " Castle wall profile”




Parametric enhancement

mantle
AW

mantle mantle

I I T '._I T 'I'—I'_I'_I'_'_'I_'I_
L&A [ =277 E =428 06

mantle




Parametric enhancement of 1:2 mode

mantle ;

tan“®,_ = 0.450, © = 24.9°, E = 0.20 GeV
-Irl_..__. -

/

mantle

P e |
0 0.5 1
position
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1P sin” 20__ = 0.125

0.995
ee

Oscilloarams™
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loeCube searches for sterile neutrinos

M.G. Aartsen et al,
(IceCube Collaboration)
1605.01990 (hep-ex)

IC86, 2011 - 2012, 343,7 days,
20,145 muon events

(reconstructed tracks) with

Resonance E = 320 GeV - 20 TeV
enhancement

of oscillations

parametric
enhancement
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Neutrinos and
antineutrinos

Normal mass

hierarchy

No resonances

M. Maltoni
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Other
channels

For 2v system

'g
&

hormal = inverted

heutrino =2 antineutrino




nterterence  CP-violation




Dependence on CP-phase

E.K. Akhmedov, M Maltoni,
o -dependent parts of probabilities - interference AY S, arXiv: 0804.1466
of amplitudes driven by solar and atmospheric frequencies

Ppeé = Sln 2923|A62| |Ae3lcos((|) - 6) (I) = le'9 (AeZ Ae3*)

P 8=-3gin 20,-|A A o -
W = - 8in 20,3] A, | ALzl cos ¢ cosd - D3 Dependences on ¢

P2 = - Sin 20,5 Agy| | Agslsin ¢ sin & + Dy and 5 FaCICEEY

Do3 = 2 sin 40,5 cosd [Re Ays™ (As3 - Azz)]  4mm small amplitude




GP-violation

o = 60°

Standard
parameterization




6 = 130°




6 = 315°




N V. Barger, D. Marfatiaq,

k Whisnaln‘r.
P. Huber, W. Winter,
A.S.
P(V - V ICOS 923 Aez + e S|n 923Ae3|
Pt = 2823Ca3| A2l [Aslcos(d - 8)

d) - arg (AeZ Ae3*)

Dependence on & disappears, interference term is zero if

@ A, = 0 -solar magic lines
=0 - atmospheric magic lines
‘ Ae3 =0 P J

~ (0-8)= n/2+2nk - interference phase condition

# ¢(E,L)= & +n/2 +mk depends on &
o =n/2+2nk for v, 2> v,




CP violation domains

. 2 _ 2 _ -5 2
sin ‘2613 = 0.125, Am_ = 8x10~ eV,
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Interconnection
of lines due to
level crossing

factorization
is not valid

Regions of different sign of AP

solar magic lines
atmospheric magic lines
relative phase lines




AP = P(3) - P(5,) = const

sin 28, = 0050, Am,, 8x10 eV  base &, = 0% plet 5., = 30°
: 13 21 '] O
T T I T T T T I T I T T I T T
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Fluxes af
a letector

dereening
2198 Suppressior




®, = ®OP,, +dOP

Vo« flux at the Odetector

uoc

r=o0/o,.

% 1 + (I" Sln2623 1) Pe3 + (r- C052923- 1) Pez +p Pueg

< Lo

5= gj 1/2 B
Screenlng Pue = sin 2923 [Pez Pe3] COS((I) 8)

(I) - Gr'g (Aez* Ae3):

P.; (P.,) appears in all the probabilities with
the screening factor (r sin?6,;-1) , ((r cos?6,;-1))

Reason why oscillations of v, have not been observed
from the beginning




V., flux at the detector

%&U =1- 75sin?20,3[1 - Re (A33 A")] -
v
_ 523 (rs,2 -1)P, - C23 (rc,2 -1)P,, + « Screened

+ PMH6 s 1 P,3 CP-violation

rl

3 sin2 20,5 [1 - Re (A35 ALLM)] -
g..2
2 =1 Pgs - 2 (rcps® - 1) P + « Screened

5 4.1 p s
+ Pw: + T Per
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Track events

~ 10° events/year

N [PINGU 1 yr]

N = NI [PINGU 1 yr]

"

-10 -08 -06 -04 -02
cos 6,

Estimator of sensitivity
S - asymmetry
|S| - significance




Cascade events

N [PINGU 1 yr]

(V" = NN [PINGU 1 yr]

-10 -08 -06 -04 -02 0
cos @,

Statistical significance




Theta 23 sl

W — NY/VEY2 [PINGU 1 yr]

sin? 03, ¢ = 0.50

sin? E)32,’rrue = 0.42

Future measurements
- improve accuracy of
determination of the
angle

Effect has the same sign

o . Regions of strong effects
Large effect is in he region of of the angle and hierarchy
small number of events do not overlap significantly




- S-distributions
| omal ns for different

values of &

v,-events (track + cascade)

1 9 +0.6 20:'
bcp =m/4 E

] +0.4 18}
+02 165
14f
0 r
12f

w0z 10f

Rl W CP-effect:

° : : 2-5%

AN = 2 - 10 events
in each small bin

Scp=371/2




CP-domains

Cascades ( v, - events)

gl AT i e R S-distributions
o § for different
14§ 1 values of &

Strong
asymmetry of
CP differences

Have opposite
sign at low
energies with
respect to

v, -events




Gonclusions

Oscillations of the atmospheric neutrinos in the Earth in
the standard 3v framework are completely elaborated

Structure of the neutrine 0Sci

is well understood llograms

ics includes R
Ph\lﬁcsonance enhancement of oscillations

) par'ame’fric effects

litu
_interference of amp! .
frequencies, CP violation, gri

With this one can address open issues:

- Determination of the mass hierarchy
-Measurements of the CP-phase

- deviation of the 2-3 mixing from maximal

- searches new physics beyond the 3v framework




Backup slides




Vacuum and constant density cases

Propagation basis - eigenstates in
vacuum (mass states) or in matter Vo

- eigenstates
in matter

projection propagation projection

~ le

> sz




A bit of history

V. Ermilova ,V. Tsarev, V. Chechin, ~— 1O large vacuum mixing, I
Krat. Soob. Fiz. # 5, 26, (1986) - no matter enhancement of mixing,

- ho resonhance conversion
Harmonic modulation of density n (1) = <n> + n; cos ot

Parametric resonance: ko=2<«>, k=1 2..

<> = m,(<n>) frequency of oscillations for the average density

Am? P
2 E

Solution from neutron-antineutron
oscillations in magnetic field
G D Push, Nuovo Cim 74A, 2, 149 (1983)

Effect may play a role in astrophysical Without modulations

periodic structures YAVAVAVAVAVAR




