e -

Neutrinos ’
o [ "

- 7
'S
A. Yu. Smirnov )~ o
Max-Planck Institute
for Nuclear Physics, Bethe Forum, Bonn, Germany

Heidelberg, Germany March 6 - 10, 2017



Jv- oscillations

Vacuum, constant density medium

Interference of
different channels

Becoupling of
projection propagation  projection one state
Freeze out
" Vit ) ‘ subsystem




Adiabatic comversion



Hamiftonian for flavor states in matter

In the flavor basis Vi =(Ve, V)"

M M~
Hyor = 3

cosO sino
MM = U Mg % U U= [- sin® cos OJ
Mgig® = diag (Mm%, my?)

+ V(1)

Am2 |- cos 20 +& sin 20

Hiot = 4F
sin 26 cos 26
4V, E
" ame VemV26Gen.
vi =U(0,) v, Mixing matrix in matter -

diagonalizes H;;




Evolution equation for eigenstates

In non-uniform medium the Hamiltonian  H 1, = Ho1(n (1))
depends on time:

. dvy
gt = Hior Vi Vi

Inserting v: = U(6,,) v, 0, = 0,(n (1))

0 do, off-diagonal
i terms imply
. do,, transitios

dt H2m - Hlm

V1m ﬁVZm

off-diagonal elements can be neglected
ho transitions between eigenstates
propagate independently




Adlabatlclty

H (density) change slowly
tm the system has time to
adjust them

Adiabaticity condition dt <« Hy, -

transitions between ,
The eigenstates

the neutrino eigenstates PN ‘ .
can be neglected Vim Vam propagate independently

Crucial in the resonance layer:
- the mixing changes fast
- level splitting is minimal

Adiabaticity condition Arg > Iy if vacuum mixing is small

Arg = ng tan20 / (dn/dx)g l,=1,/sin26

width of the resonance oscillation length
layer in resonance




Adiabatic parameter

Adiabaticity condition:
Y << 1

| 40
'Y =
H2m - Hlm

most crucial in the resonance where I
the mixing angle in matter changes fast R™ 2nAr,

Arg=h,tan20 is the width of the resonance layer

h, = dnr}dx is the scale of density change

|, =1/sin20 is the oscillation length in resonance

Explicitly:




Adiabatic convessian

- -

resonance X

if density
changes
slowly

amplitudes of the wave packets do not change
s of the eigenstates being determined by mixing
follow the density change
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Nof-0se|

Single eigenstate:
- no interference
- no oscillations

- phase is irrelevan

This happens when
mixing is very small
in matter with very
high density

Ilatory transitign




Spatial picture

Adiabatic conversion

interplay of adiabatic
conversion and oscillations

Non-oscillatory transition
is modulated by oscillations
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Spatial picture

The picture is universal in terms of variable y = (ny-n)/ Ang
no explicit dependence on oscillation parameters, density distribution, etc.
only initial value y, matters

resonance layer

production
point
Yo=-9
esonance

oscillation
( band
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(ng-n)/An,  (distance)
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Adiabatic conversion probability

Sun, Supernova

Initial state: v(0) = v, = c0s6,.° v,,(0) + sinb, .0 v, (0)

‘ Mixing angle in matter

Adiabatic evolution vin(0) > vy in production point

to the surface of 5
the Sun (zero density): van(0) > V2

# Final state: v(f) = cos6,%v; +sin6, v, e 0

Probability to find P.. = [<v |Vv(f)>|2 = (cosb cosb,,°)? + (sinb sinod,,°)?
v, averaged over 0
oscillations = 0.5[ 1+ cos26,° cos20 ]

or P, =sin’0 + cos 260 cos?0,°




Adiabaticity violation

SN shock waves

If density n.(1) changes fast j,?"‘ ~ |Hpp - Hip | 1f S:i'me; Wity
neuJ NG
the off-diagonal terms in the Hamiltonian can not be neglectea smﬂ\\*m‘x\

transitions | Vim €= Vo,

Admixtures of Vin Vomin a given propagating neutrino state change

" Jump probability” = penetration under barrier: — AEH
12 — n
H H,, E,=de,/dt ~ 1/h,
is the energy associated
T AH to change of density
Hlm
Landau-Zenner
n- Yk - adiabaticity

parameter




Adiabatic conversion

Pure adiabatic conversion Partialy adiabatic conversion




Oscilation Mbatic ComerSion

Oscillations Mallavgtle 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

¢(1) Om (1)
°
?“‘06?\/ yort
0, (E) : S A
In non-uniform medium:

interplay of both processes




Resonance oscillations vs. adiabatic conversion
B

F(E) | Constant density Monotonously changing
Fo(E) |.. . density
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Jv- oscillations

Adiabatic conversion

projection propagation projection

[
»

e"d’i

P(vy > vg) = IZ; Uy €% U, He|2



Jv- oscillations

Adiabatic conversion Sun, SN

projection propagation projection
n=0

P(v, 2 vg) = |2J. Ujg;vac e 0 Uoch+|2



Parametric effects




Parametric enhancement ..

Enhancement associated to certain
conditions for the phase of oscillations

Another way of getting strong fransition

No large vacuum mixing and no matter
enhancement of mixing or resonance
conversion

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

P. Krastev, A.S., Q. V. Liu,

S.T. Petcov, M. Chizhov

vV D,

" Castle wall profile”




Parametric enhancement of 12 mode

mantle ;

. tan®,, =0.450, ©=249°, E=0.20 GeV
———l e
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Parametric enhancement

N

mantle

mantle

mantle core

.[® =27°, E_=4.28 Gey

mantle




Resonance enhancement in mantle




vvsscattering

Refraction in
neutrino gases

A=26:(1-v, V)

velocities
t-channel /Ve(P)
elastic forward scattering

Vb Vb(q)

J. Pantaleone

Ve
hannel / Ve (P) q can lead to the coherent effect
(q) Vb

Momentum exchange > flavor exchange
- flavor mixing
Vb

Collective flavor transformations

u-c
\%




Flavor exchange

J. Pantaleone

S. Samuel

ot V.A. Kostelecky
projection _—
vv - scattering in u-channel
due to Z° - exchange

1. Momentum exchange >

coherent

background flavor exchange

2. Coherence if the background
projection is in mixed state:

Vip > = Djp [Vp) + Dy [V

Coherent flavor changing transition

Probe neutrino =
background neutrino




Flavor exchange ...

S. Samuel
V.A. Kostelecky

projection If the background is in

the mixed state:

Vib > = Dje [Ve> + @ [V D

coherent

background B.. ~ I @, @,

sum over particles of bg.
projection w.f. give projections

v

T

Contribution to the Hamiltonian

Flavor exchange between the beam inthe flavor baoD

(probe) and background neutrinos

|(Die|2 (Die*q)ir

oy =N2 6p 2 (1- v, vip )

CDCD* |(D|2

e IT it




Evolution equation

Ensemble of neutrino polarization vectors P,

Negative frequencies

d.P. =(- ®B + AL + pP) x P, for antineutrinos
Vacuum mixing term Usual matter Collective vector
potential
+ inf
B= (sin20, 0, cos20) L= (0, 0, 1) P=|do P,
- inf
o=Am?/2E A =V=\26gn,

H :\l§ GF n, (1 - COs 6vv)

The term describes
collective effects




External conditions
(density) change slowly
the system has time to
adjust them

Adiabaticity condition

transitions between

the neutrino eigenstates ‘ The eigenstates
can be neglected propagate independently

if vacuum mixing is small

Crucial in the resonance layer: Ar, > I

- the mixing changes fast _ — .
- level splitting is minimal l,=1,/5sin20 oscillation length in resonance
Arg = ng / (dn/dx), tan20 ~ width of the res. layer

If vacuum mixing is large, the point n@av) = nd > Ny
of maximal adiabaticity violation
is shifted to larger densities N0 = Am?/ 2\2 GLE




Solat neu

4p + 2e- > *He + 2v, +26.73 MeV

IC
sion LMA MSW
BOREXINO | Chiorine ¥, ST
Bahcall-Pinsonneault 2000 | V
Oscillations
in matter
of the Earth
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G. Gamov, V. Weizecker

D+D -,5|++L\/2,U pte+p—=TH+y,

"Hip—="He+y
[6.70%

‘He +*He —*He +2p He +‘He —Be +y ‘He+p—"He te'+v,

H. Bethe
H. Bethe and 99.88% prm—— () |2%
C. Critchfield

Bet+em—=li+y, Be+p—="B+y

"Li+p—>2'He B—>Bet+e'+y,

ppl ppll ppllI

CN cycle



Solar neutrino Spectrum

A. Serenelly
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Neutrinos from the primary

|
BOREXINO Collaboration
(6. Bellini et al.)
Nature 512 (2014) 7515, 383
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Day-Night effect -

First Indication of Terrestrial Matter
Effects on Solar Neutrino Oscillation

Super-Kamiokande collaboration
(Renshaw, A. et al.)

Phys.Rev.Lett. 112 (2014) 091805

arXiv:1312.5176

>3 0
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SK-IV solar zenith angle
dependence of the solar
neutrino data/MC
(unoscillated) interaction
rate ratio (4.49-19.5 MeV).
Red (blue) lines are
predictions when using the
solar neutrino data (solar
heutrino data+KamLAND)
best-fit oscillation
parameters. The error bars
are statistical uncertainties
only.



Scheme of transitions ...

Sun and the Earth

propagation propagation

rojection )
A in the Sun in the Earth

[
>

mixing at the
roduction Ul
ppoin’r o g Ve <] nearly decouples

adiabatic oscillations
conversion in multi-layer
medium

Pee = zi| Ueim(nO)l s Pie

during the day P, =| U, 2 scale invariant



oanning the Earth with Sofar neutrinos

A. Toannisian, A.Y.S., D. Wyler

SNO+ 1702.06097 [hep-ph]

1-1 *
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0

R Mo tiank actorktor Relative excess of the night events
different energy Integrated over E > 11 MeV

resolutions




Attenuation effect

Consequence of finite energy resolution /reconstruction function
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* Solar neutrinos and LMA NS

M. Maltoni, A.Y.S.

1507.05287 [hep-ph]
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Upturn?

Best global




Neutrino parameters ... .

1507.05287 [hep-ph]
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o.1 0.2 0.3 0.4 0.5 0.2 0.25 0.3 0.35 0.4
v EH . EH
sin@,, sin@,,

Red: all solar neutrino data
Am221 (KL) > Am221 (SOIGI") 2o

KamLAND data reanalized in view of reactor Am2,, decreases
anomaly (no front detector) bump at 4 -6 MeV » by 0.15 105 eV?




G. L Fogli et al hep-ph/0309100
a er o en Ia C. Pena-Garay, H. Minakata,
hep-ph 1009.4869 [hep-ph]

M. Maltoni, A.Y.S.

T T T 1507.05287 [hep-ph]

| sin H _0022

V= apsw Vstand
answ = O is disfavoured by > 15 &

the best fit value aysyy = 1.66

aumsw = 1.0 is disfavoured by > 2 &

related to discrepancy of Am?,,
from solar and KamLAND:

E Am?,; (KL)
Amsw Am221 (Sun)

Potential enters the
probability in combination

=16

Determination of the matter potential

from the solar plus KamLAND data

using aysw as free parameter Vv
Amé,




dcaling -

Inside the Sun highly adiabatic conversion -

The averaged survival probability is scale invariant = no
dependence on distance, on scales of the density profile, etc.

Function of the 2VE 2VE o weak
. . S —— €44 = e
combinations 127 Am,,2 BT Amg,? depe“deme

in the Earth
(I)E - Am212 L /2E

L - the length of the ftrajectory in the Earth

If oscillations inthe p _p (612, 813) = Peelero)

Earth are averaged
a=-1 flip of the

.2 .2
A PR SR mass hierarchy

Invariance:
Am# > bAm¢@ E>DbE




Non-standard interactions

Additional contribution MC. GOHZ?/eZ'GGf”CfG ;
to the matrix of potentials M. Maltoni

in the Hamiltonian f v arXiv 1307.3092
- D N
Vst '\I?GF ¢ efy  efy fze ud

_lllullI|II|II|II__|IIIII|IIIII|III_
- sin’0,, = 0.023 f=u 4 |

f=d

_ Solar+KamL—| |- . a1 Inthe best fit
Lo b b b b I 0w b bva o b poinTsTheD_N

08 -04 0 . 08 1.2 -0.8 04 0 .
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4 -5%

Allowed regions of parameters of NSI




New physms effects

0.8 [T

LI [ T T T I T 1 1 I T T | L
o Borexino {HB}
4  Super-K
= SNO

M. Maltoni, A.Y.S.
1507.05287 [hep-ph]

Brx (pp)

difference

Mg bev s lo vyl

el —
"

111

—— Standard —— NSl-up
—— Sterile NSI-dw

E, [MeV]

Extra sterile neutrino with Non-standard interactions with
Am2p; = 1.2 x 105 eV?, and gly = - 0.22, g4 = - 0.30
sin2 2a = 0.005 gdy = -0.12,¢9,=-0.16




meV physics

sterile neutrino mgy ~ 0.003 eV

v
sin?f

Vz-:-]

Vo N
vl—:-J¢
sino.

For solar nu: sin? 2o ~ 10-3
For dark sin? 2B ~ 10-3 (NH)
radiation sin2 2B ~ 101 (TH)

Adiabatic conversion

for small mixing angle
Adiabaticity violation

Allows to explain absence
of upturn and reconcile
solar and KAMLAND

mass splitting but not large
DN asymmetry

additional radiation
in the Universe if mixed in v

no problem with LSS
bound on neutrino mass




Problems, future

the spectrum at about

Absen% 2 -30 - level
Difference of values of Amz2 § g
from solar and KamLAND dagy < OTd & §
Q.

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 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



Problems, future

Intermediate energy range upturn, D-N asymmetry

me light on the problem

s fo shed S0 y data and metallicity

Detection of CNO neu’rr'mof o esicmolog

of the SSM: confroversy ©
High precision measurements of the pp- and Be- neutrino fluxes
Checks of flux- luminosity relations

Detailed study of th
Oscillation Tor)rllogr'apflyEarTh matter effect

Experiments:
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Decisive experiment

scintillator reactors
<L> ~ 180 km
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Daya Bay Collaboration
aya Bay result =
arXiv:15605.03456 [hep-ex]

L1
%2 10
<1 5

e
93.7% CL.
255% GL.
B88.3% C.L.

Best fit

A [107 eV
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lroshene nemiines

Cos

IC rays

in the first approximation
v, — Vv, vacuum oscillations

atmosphere

v, — Ve oscillations
in matter

P\
T uU+V,
W2>e+v, +v,
at low energies:
FM/Fe =2
K> u+v, ?
Parametric effects
9 + + - - -
Iéen +M +V” b~ M Vu in v, — v, oscillations
TreT Ve D>K+pu+v, for core crossing

D>K+e+yv, trajectories



Dl i Bhe Eadh_o =

Atmospheric, accelerator neutrinos
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The earth density profile

15.0

F PREM model A.M. Dziewonski
e

D.L Anderson 1981
k

core
outer
core

transition (phase transitions in

zone 1 silicate minerals)
lower
mantle ! crust

upper
mantle

i R, = 6371 km




Atmospheric neutrino fluxes

M. Honda et al., arXiv: 1502.03916

b, X ES (M5 srGev?)
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Enormous physics potential

which is not completely explored

Baselines: 0 - 13000 km and largely unused
Matter :

effects: 3-15 g/cm3  which change with

tent nue, numu energy and zenith

con :
Flavor u - anfinu angle

Lepton number N

BAKSAN

- i Kamiokande
Chievements.

Discovery of neutrino oscillations
Measurements of 2-3 mixing and mass splitting

Bounds on new physics
- sterile neutrinos
- nhon-standards interaction
- violation of fundamental symmetries, CPT



Atmospheric neutrino resuits

Sub-GeV-e-like-Odecay-e  Sub-Ge¥ plike-Odecay-a Sub-GeV . like-1decay-¢ Muiti-GeV-a-lika v
N [ S Super-Kamiokande
4 et EW_&_‘__I,.#—* Collaboration .
, (Alexander Himmel)
arXiv:1310.6677 [hep-ex

i 7
.
et 4
> =

i
-1 a -1 ] 1
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AT - distributions of
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black points - SKI-IV dataq,
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— the best oscillation fit

Cos zenith



Atmospheric neutrinos

Oscillation effects Energy dependence
(infegrated over

the zenith angles)
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Measured flux spectra,

using all SK I-IV data,

Error bars include all statistical
and systematic errors.

Lines: the HKKM11

(Honda, et al 2011)

model with (solid) and without
(dashed) neutrino oscillation.
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Atmospheric neutrines

=

nui]!

o Vv, (unfolding)

=
]

'&,
F °"‘¢ v, - v, (forward folding)

‘A v, (DeepCore 2013)

1 IIIIIII| 1 IIIII'I

A v, (2012)

®, (GeVem™ s7'sr)

2
v

—

E

@ [GeV cm” sec ! srl]

cl

Super-Kamiokande -V v _
Super-Kamiokande -1V v,

3

E

Frejus v,

Frejus v,
leeCube/DeepCore 2013 v
leeCube 2014 v

leeCube v, unfolding

—— Honda v ,(HKKMS2007)
Honda v_(HKKMS2007)
modified Honda v_
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Log m(E:‘GeV) log, (E /GeV)

IceCube Collaboration (Aartsen,
M.G. et al.) Phys.Rev.

D91 (2015) 122004
arXiv:1504.03753 [astro-ph.HE]

lceCube v forward folding
AMANDA-ITv | unfolding
AMANDA-ITv | forward folding

10°®




Jv- oscilfations =
- ! d

Propagation vi = UysLs ¥
basis

I. =diag (1,1, e ,
. 9 ) po’ren’rial is
unchanged'“
new basis

projection  propagation projection

CP qppegrs in A22 A33 A23
projection only

For instance: A(ve 2 v,) = €0s0,3 A o™ +  SinO,3A,;




Jv probabilities

P(Ve 9 VH) - |COS 923 Aeze_is + Sln 623Ae3|2
= | cos 023 |Ae2|e (349 + sin 0,3 |Ae3| |2

¢ =arg (A, Aes™) Pint = 2523C23] Aga| |Agslcos(¢ - 8)

For constant density and E > 0.5 GeV

|A_,| ~ cos 03 sin 20,,™ sin ¢,M |A_3| ~ sin 20,5M sin ¢;3™
1- 1-2 >» 1> 2
Below 1-3 resonance and above resonance &p» ﬁé _oEN/ Ay
Sin2613m ~ Sln 2913 /(1 - §13) . ‘3
small matter corrections

d13™ ~ d13 (1 - &;3)

sin20,,™ ~ sin 204, /&5 matter dominated limit

O™ ~ dyp & = VL/2 If phase is small - vacuum mimicking

gives formula which appears in all Long baseline experiment papers




E Kh Akhmedov,

Probabilities

for hierarchy determination
high energies

P(ve 2 v,) = S23%| Agszl?

1
P(VM9 VH) = 1- ’%‘ S|n2 2623 - 5234|A€3|2 + '%‘ Slnz 2623 (1 - |Ae3|2)2 COoS (I)

? ¢ 3

Reduces Reduces the depth Modifies
the average of oscillations phase
probability interference

¢ = arg (A, Azs™)

1
P(v,> v = 7 8in% 20,3 - S53% Cp3%| Agz|? - 2 sin? 26,5 (1 - |Ac312) cos ¢
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New players in the field
Cé Lune
Deep Core . ...

Aptres

AMANDA 1-36GeV

Precision
IceCube
Next
Generation
Upgrade

Deep Core




DeepCore oscillation result

|
—— Expectation: best fit
|| - - - Expectation: no osc.
§ Data

l i i 1 | l l
= lceCube 2014 [NH] == TzK 2014 [NH
=  MINOS w/atm [NH] 5K IV [NH]

0% CL contours ="

-, wt
s ""”h-su'n":‘: ---------------

0.30 0.35 040 0.45 0.50 0.55 0.60 0.65 0.70 0 1 7 :
L ool Frrega {km/GeV) sin” (f5)

atmospheric v, disappearance, vo 5%
3 years of data gira\a’

Amg,2 = (2.72 +0.19/-0.20) 103 eV?

IceCube Collaboration L SN
sin%0,.= 0.53 +0.09/-0.12 NO
(M.G. Aartsen et al.). alliies : (NO)

arXiv:1410.7227 [hep-ex] | compatible and comparable in precision
with accelerator experiments




Problems, future

No inconsistencies, problems
ects?

e are Matter eff

Wher

Experiments:
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Accelerator neutrinos

SOUKEES DEER IS

BIRESE The same as for

atmospheric

p-N collisions

T2 uU+V,
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K>n+e+v,

Also charm meson
decays in the beam
dump experiments
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Superbeams

Beta beams

Neutrino factories
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. T2K Collaboration (Abe, K. et
appearance SIgna al.) arXiv:1701.00432 [hep-ex]
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T2K Collaboration (Abe, K. et
re su s al.) arXiv:1701.00432 [hep-ex]

|||1'|r|||1rr| UL

|

2-3 mixing (disappearance)
CP-phase

68%CL(-2AInL=23)

—90%CL(-2AIn L=4.61) ]
*  Best-fit

PDG 2015

O.p (radians)

—— Normal Ordering

Inverted Ordering

|rr1'||||rr1||||r11|
68%CL(-2ZAInL=23)

— 90%CL (-2A In L=4.61)
*  T2K best-fit

—I-JIIJlIJIIJIIJIlJII]lIJ

1 II L1 1 ‘I“"a 1| I IJI':II III 11 1 II 11 | I | I -] I I
0.0l 002 003 004 005 006 007 0.08
. 2
sin” 6,

Super-K MINOS+
T2K NOvA
i | | | ]

1 1l 11 1 I L1 | L1 1 1 I L1 1 L1 I L1 | 11
0.35 0. 045 05 055 06 065 07
2

E_‘J_IllllllII|III|III|III|III|III|III|




T2K

T2K Collaboration (K. Abe et al.).
Phys.Rev. D91 (2015) 7, 072010
arXiv:1502.01550 [hep-ex]
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MINOS Collaboration
(Whitehead, Leigh H. for the
collaboration)

arXiv:1601.05233 [hep-ex]
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NOVA results

NOVA Collaboration (P. Adamson)
1601.05037 [hep-ex]
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NOVA Collaboration
(Adamson, P. et al.)

arXiv:1701.05891 [hep-ex]

rod

N-:rrmal Hlerarchy QD% CL 1 Am? = (267t011) x10-3 eV/?2
NOVA 6.05x10° POT ]

T2K 2014 .
MINOS 2014 1 sin% 6,5 =

0.404+0.030/-0.022 and
0.624+0.022-0.030, at 68%
CL.

Maximal mixing is
disfavored with 2.6 ¢




NOVA 2 years data -
arXiv:1611.07480 [hep-ex]
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events in the far detector. Black points: FD data, red

histogram: the best fit prediction, blue shaded histograms:
background MC.




NOVA 2 years data
arXiv:1611.07480 [hep-ex]

NOVA Preliminary NOVA Preliminary

Allowed regions of
The 2-3 mixing and
CP phase at 1, 2, and 3¢

T o= T8 F (left) results from ve
" NOwA Prelminary _ ___NowPeimnay - gppearance data and

(right) results from the
combination of ve
appearance and vy
disappearance data.

appearance + disappearance




Non-standard interactions?

2-3 mixing: 2.5 ¢ tension

Non-maximal: NOvA, MINOS
more matter

Maximal: T2K,
SK atmospheric, Deep Core

Standard interactions do not help > Non-standard interactions

J. Liao, D Marfatia, S. Fukasawa, M. Ghosh O. Yasuda
K .Whisnant, 1609.01786 [hep-ph] 160904204 [hep-ph]
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Jianming Bian,
v years a a arXiv:1611.07480 [hep-ex]
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