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Neutrino oscillations in matter
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For £ ~ 1 MeV neutrinos mean free pathin lead is ~ 11y. !

{ mean free path = (onv)™',

For incoherent processes (capture, finite-angle scattering)
<> O X (GF)Z

Coherent forward scattering: effects ~ Gpg, I.e. much stronger!

Lead to effective potentials for neutrinos in matter ~ Gg.V.




Coherent forward scattering on the particles in matter

W+ 12‘3I ‘/;)CCEV:\/iGFNe
/\ “/Kp e

2f neutrino evolution equation (x ~ t):

o zi Ve \ _ —ﬁ—fg cos 20 + V (x) ﬁ—fgsin% Ve
dz \ v, ALL—”E“Q sin 26 ﬁ—%’? cos 20 vy,
For antineutrinos V(z) — —V (x).
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At low neutrino energies the effective Hamiltonian CC interactions

Hee = % (1 — 5)vel ey (1 — 75)e] = % (1 — 15)el[Zer™ (1 — 75wl

(Fierz transformation used). To obtain the matter-induced potential for v, fix
the variables corresponding to v. and integrate over the electron variables:

Heff(Ve) — <HCC>electron = DeVeVe .

We have:

Uepe>

E. <é'7756> — <Ge> ;

<é’706> — <€Te> = N, <é76> — <V€> ) <570756> — <

For unpolarized medium of zero total momentum only the first term survives
=

O Vo)ec =V =V2GrN. |.
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O |sin?26,, = sin”20 - (S)°
" [A2”E”‘2 cos 20 — v/2Gr N, )2 + (A;’E”‘z)2 sin” 26
Osc. length: 17! = l,sc(sin 20, / sin 20).




L
O P, = sin®26,, sin® (7‘(’ T )

OSsC

sin? 26 - (A" )?2

[A2”E”‘2 cos 20 — /2G g N, )? (A;’E”‘z)2 sin” 26

O | sin? 20, =

Osc. length: ™

OSC

= losc(sin 20, / sin 26).




L
& P, = sin®26,, sin® (7‘(’ T )

OSsC

o lsin2o0, — sin” 20 - (82 )2
" [A2”E”‘2 cos 20 — v/2Gr N, )2 + (A2”E”L2 )2 sin® 26
Osc. length: 17! = l,sc(sin 20, / sin 20).
ﬂ MSW resonance:
o] O |V2GEN, = 2E = cos 26 =
0:47 em = 450
N independently of 6!

o 3 4 6 & 10 n (lg;c)res = losc/ sin 26.




O +v2G N, = A2—”E”L2 cos 260

For given E yields (N.)..s (Or vice versa).

For neutrinos LHS >0 = can only be satisfied if RHS > 0:
Am?cos20 = (m3 —m?)(cos?d —sin*6) > 0

— If v, is heavierthan vy, one needs cos?26 > sin*# and vice versa.
<  Lighter mass eigenstate must have larger v, component.

If one chooses cos 26 > 0, the resonance for neutrinos occurs when
Am3, > 0.

For Am3, < 0 = res. takes place for antineutrinos.




At any point z eff. Hamiltonian H,,(z) can be diagonalized by unitary transt.
U = Up () with the mixing angle 6,,, = 0,,(x):

in2g. Am?
O tan20p,(x) = - 2E
21 00820 — V2G p N ()

In general osc. probability cannot be found in closed form.
lv1m), |vom) — local (at point x) eigenstates of H,,, (matter eigenstates):

Ne > (Ne)res t 0, = 90°
Vim) = cosOp, |Ve) —sinb,, |v,)
Ne = (Ne)res : 0, =45°

Vom) sin Oy, |Ve) + cos Oy, [v,,)

Ne < (Ne)res : em ~ 0

In the adiabatic regime: vy, and vs,, do not go into each other =

v. born at high density will remain v, at small N, with probability sin®# and

go to v, with probability cos?6 independently of L
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Adiabatic flavour conversion

Adiabaticity: slow density

change along the neutrino
path

sin? 260 Am?
cos20 2K

L,>1

L, — electron density scale
hight:
1 dN.|™

[ —
. N, dx

PR p
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Mechanical model of the MSW effect




Flavour states in terms of local matter eigenstates:

O fva) = UL (@) [Vmae)
Evolution equation: i-%|vg) = HP'(2)|va) =

d . |
O i [Yman) = UnHPU, — iUnp(UL)'] [Vmate)

Cm, S
For the 2f case: U,, = ( ) =

<> zdi Uim _ c.c/’l (x) _ZH;n (33) Uim
L\ Vam 0! (x) Es(x) Vom

E1(x), E2(x) — local eigenvals. of H"* at a given .




O 1Ea(x) — Ei(z)| = \/ [AZng cos 260 — \@GFNe(a:)]Q + (

Am?
2F

2

) sin? 20
If |&5 — &1] > 2|0) .| (adiabatic regime) =  matter eigenstates »4,, and
Vo €volve independently. Adiabaticity condition:

= L 1
260" | 2F cos20 >

L,=|N./N.|~! — scale height of electron number density. Let |v(0)) = |v.):

v(0)) = cm(0)[v1m) + 5m(0)[vam)
In the adiabatic regime:

<> |V(CC)> — Cm(O) e—i wa &1 (a;’)dq;’ |V1m> 4 Sm(O) 6_7; wa gz(x’)da;/ |V2m>




At the point z the state |v,) can be expanded as

V) = = sm(T)[vim) + em(T)|vem)

Transition probability: P, = [(v,|v(z))]? =

1
cos 20; cos 20 ¢ — 5 sin 20; sin 20 sin @

<> Ptr:

1 1
2 2

97; — Hm(O), Hf — Hm(x), b = / (51 - 52) d.il?/
0
¢ Problem: Derive this expression.

If N.(0) > (N¢)res Or 6y < 1: the 3rd term can be neglected (also if
¢ > 1 and averaging is performed) = F;, dependsonlyon 6, and 0.

Inthe case N.(0) > (Ne)res, Ne(x) < (Ne)res (1€, 6; = 90°, 05 =~ 0)

= P, =cos%0, Py, =sin?é.




Possible adiabaticty violation can be taken into account.
E.g. in the averaging regime (Parke, 1986):

cos 20; cos20¢ (1 — 2P")

DO |

<> Ftr —

1
2

P’ — probability of v4,, <> vs,, transitions between points 0 and z. In the
Landau-Zener approximation: P’ ~ e~27 where ~ is the adiab. parameter.

In the extreme non-adaiabatic regime:

d Uim 0 —ZQ;n ($) Vim

i
dz \ py,, it () 0 V2m

%

Can be solved exactly by = — 7= 0,,(2), 7= = 57 4 =

O Po= sin®(6; — 6y)

& Problem: Derive this expression.




1. The mixing angle and osc. length in matter 6,,, 7. goto 6, l,sc when

Am?
2F
= P, — P¥%¢. Interms of convenient parameters:

OSC

Ne
N, + N,

V2GrN, ~ 7.63 x 10" p(g/cm3)Y. eV, Y. =

2. In general (even in the case V > Am?/2FE) the vacuum oscsill. probability
is recovered in the short baseline limit. In matter of constant density:

2

2 2
sin” 26- 1
P, = sin® 20, sin®(wL) = <2 it) sin®(wl), W= 5\52 — &1
w
For wL < 1: ,
A 2
P, ~ sin? 29-( 42 ) — PY° in short L limit .

Problem (*): Does this hold also for N, # const.?
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dt — 2(B x S)

S = {Re(v'v,), Im(v'v,), vive —1/2}
= {(Am*/4E)sin20, 0, V/2 — (Am?*/4E) cos 20}




The survival probability for solar v.:

Psur

1

.......

~
.....

non—adiab.

edge

1~(sin 220, )I2

|

26,)12

E/Am




The survival probability for solar v.:

Psur

1

sin ©28)/2

E/Am2

Day-night effect: the probability of finding a solar v, after it traverses the Earth

_ 1 — 2Pg

Psp = Ps + (Pye — sin®6) .

cos 20,

Here: P,. = P(vo — v.) — probability of oscillations of the second mass
eigenstate into electron neutrino inside the Earth.




General properties of P, and CP, T and CPT




3 flavours = 3 x 3 =9 probabilities
Paﬁ = P(Va — V5)7

plus 9 probabilities for antineutrinos P 3.
Unitarity conditions (probability conservation):

ZPO{B:ZPO{B:]- (047626,/1/,7')
I5] o'

5 indep. conditions = 9 — 5 = 4 indep. probabilities left.
Additional symmetry: the matrix of matter-induced potentials diag(V'(t),0,0)
commutes with O,3 = additional relations between probabilities.




Define
Pag = PQB(S%:)) < 633, sin 2(923 — —sin 2(923)

(e.g., Oo3 — Oo3 + 7T/2) Then
PeT:Pe,u PT,u:P,uT P’T’T:P,u,,u,

2 out of 3 conditions are independent = 4 — 2 =2
indep. probabilities (e.g., P., and P,;) =

O All 9 neutrino ocillation probabilities can be expressed through just two!

P_B = Pa5(5cp — —5(313, V — —V)

= All 18 v and v probab. can be expressed through just two




e CP: vop+vapg = Uy—U: ({bcp} — —{dcpr})

Vir)— —V(r)
o I: t 2 to ~ Vo <7 VR
= Uy — U%‘n- ({ocp} — —{dcp})
Vir)—V(r)

‘7(7“) = \/§GFN(T)

N(r): corresponds to interchanged positions of » source and detector.
Symmetric density profiles: N (r) = N(r)

o The very presence of matter [with (# of particles) # (# of antiparticles)]
violates C, CP and CPT!

—  Fake (extrinsic) ¢ which may complicate the study of
fundamental (intrinsic) &




e Exists evenin 2f case (in > 3f case exists even when all {écp} = 0) due
to matter effects:
P(Va — Vﬁ) = P(Da — DB)

E.g., MSW effect can enhance v, <+ v, and suppress v, <+ i,
or vice versa.

e Survival probabilities are not CP-invariant:
P(vy = vy) # P(Uq — Uy)

To disentangle fundamental & from the matter induced one in LBL
experiments — need to measure energy dependence of oscillated signal or
signal at two baselines
Alternatives:
o Low-E experiments (£~ 0.1 -1 GeV) with L ~ 100 — 1000 km
# Indirect measurements: CP-even terms ~ cosdcp Or area of leptonic
unitarity triangle




CPT not conserved in matter = ¢ and Z° are not directly related!

#» Matter does not necessarily induce v (only asymmetric matter with
N(r) # N(r) does)

» Thereisno 7 (either fundamental or matter induced) in 2f case —a
consequence of unitarity:

P+ P, =1
Pt P, =1
¢
P.,, =Py




e In 3f case — only one T-odd probability difference for v’'s (and one for ’’s)
irrespective of matter density profile — a consequence of unitarity in 3f case

AP, =AP| = AP],

Matter-induced 7 :

¢ An interesting, pure 3f matter effect; absent in the case of symmetric
density profiles (e.g., N(r) = const)

¢ Does not vanish in the regime of complete averaging

¢ May fake fundamental 7" and complicate its study
(extraction of dcp from the experiment)

o Vanishes when either U,3 = 0 or Am3, =0 (2f limits) = doubly
suppressed by both these small parameters

= Perturbation theory can be used to get analytic expressions




Is there a relation between & and 7~ in matter?
For symmetric density profiles (i.e. V(r) =V (r))
P(vy — vg; dcp, V(1)) = P(Ug — Uy; 6cp, —V (1))
(Minakata, Nunokawa & Parke, 2002)
Easy to generalize to the case of an arbitrary density profile:

P(vy — vg; dcp, V(1)) = P(vg = Uy; 6cp, =V (1))

Unlike CPT in vacuum, does not directly relate observables
Can be useful for cross-checking theoreticl calculations




& Two types of 3f effects — “trivial” (existence of new
channels, their inter-dependence through unitarity) and
nontrivial (interference of different parameter channels,
qualitatively new effects — fundamental CP and
T-violation, and matter - induced T violation

& 3f corrections to probabilities of oscillations of solar,
atmospheric, reactor and acceler. neutrinos depend on
[Ues| = | sinfy3]; canreach ~ (5—10)%

{ Possible interesting 3f effects for SN neutrinos — depend

significantly on the value U.s (known now to be not too
small)



& Manifestations of > 3 flavours in neutrino oscillations:

s Fundamental ¢P and ¥

» Matter-induced 7
» Matter effects in v, < v, oscillations

s Specific CP and T conserving interference terms in
oscillation probabilities

O Ues plays a very special role




Direct neutrino mass measurements




grof

w klein

E,
E. Fermi, Z. Phys. 1934

Electron spectrum in allowed 5 decays:

N (E)dE, x F(Z,E)\/E2 —m2E,(Ey — E.)*dE., (m, =0);

N.(E.)dE, x F(Z,E,)\/E? —m2 E.(Ey—E.)\/(Ey — E.)2 —m2dE,, (m, #0)

For n mixed neutrinos:

m2 — m% = Z Uei|*m?
=1
Troitsk & Mainz expts. (*H —° He + e+ 7): m3 < (2.2¢eV)?  (95% C.L)
KATRIN (expected sensitivity): mg < 0.2eV ~ (90% C.L.).
Discovery potential: mg =0.35eV  (50).




‘H—>’He+e +v,

Precision on the neutrino mass determination relies on

v’ Precise modelling of the atomic
F’ and molecular final state
v’ Background reductions
&

T

1.2 10 T r
[ Only a small fraction of events

in the last eV below the endpoint:

2 ¥10°13

— m(v)=0 eV
8 —=-m(v)=10 eV

Triutium is present as
bi-atomic molecules

count rate [o.u.]
L
o
Counts [a.u.]

I T e 0 N
G{} L) 10 15 18.54 18.55 18.56 18.57 18.58

energy £ lkeV] Energy / keV
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The KATRIN experiment

High resolution B-spectroscopy: MAC-E-Filter

Magnetic Adiabatic Collimation and Electrostatic Filter:

Nair coils”™

| ~electrodes—x
I T
electront E > eU

max

detector

max

U=0v U,

~ ~/ o ~,I ~'L‘—_L‘—.'_;—h_.—)-_‘—ﬁ
2 electron momentum (without electric ﬁeld)

< ¢ ¢ ‘B

Philipp Ranitzsch, WWU Mlinster

Evgeny Akhmedov Moscow International School of Physics 2020

Magnetic guiding and collimation of e-

» Transform E | to E,
U= % = const.
Electrostatic field for energy analysis
» Sharp transmission depending on:
» Emission angle
» Radius at B,
Integrated energy resolution:

B .
AE = qUpax ——

Bmax

e.g. A. Picard et al., NIM-B63(1992) 345-358

Voronovo, March 3-9,2020 —p. 32




KATRIN experiment in Karlsruhe

| main spectrometer transport

4S8N v, A“:f BELARUS'_
Hamhurg _ i =

-nl'ﬂ_l'l'l'l-l_l . Berll i o H-I'Eit
: ; A N JRivne
Sm = ¥ : o is i d = .
- - dﬁﬁ{?u,,?_ RMANY Zeagiz s ey UKRAINE

. Paris

FRANtE

I _.J,.J

L s Medlterranm'\__*“\a_ iy 7e :
Alglers 3 - % b
" Pt s . o :
ora e Ll it a < AL Scale 1: 19,500,000 ﬁﬁﬁﬂj
’ - ?;Jﬂ.? o f sl o e il L I&'- Vallatta™® Lambert Conformal Conic Projection, |
REDal” B 528 s A e AL MALTA ﬂandard paralids 40°N and 56°N
Facaklaners L 4 PR R I W /TEINISI A 300 Kiometers

KIT - die Kooperation von e

7 r ™ Universitat Karlsruhe (TH) Forschungszentrum Karlsruhe
Evgeny AKImedoy, | k17| NOW2003 Moscow IRt BRASERORLET ERiAT 2620 D S I oromeven s Samsoamm. p 8
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| End of the 8800 km voyage ﬂ("
25.11.2006

arrival of the main spectrometer

.,
FIT — Qi R pearasin ok :
16 The KATRIN main spectrometer: status of the electrode system - oo o0l e [T forshnasonium kidswie =) Liiversit Kavtsnuhe (TH
SNl KIT SFE-TRI7-Mewting 13.06. 2008, Karknihe  ond Universis Kadsuna { TH) r PR P Fudaripun et o oot 1220
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KATRIN’s 1st
Measurement!

Squared neutrino mass values obtained from tritium 3 -decay in the period 1990-2019

100
r 1j Los Alamos Phys.Lett. B256 (2991) 105111 & Mainz Phyls.Lett. B300 (1993) 210-216 [ # Troitsk Phys.Lett. B350 (15&95) 263272 & Mainz Eur.PLys.J. C40 (2005) 447-468 b
[ 4 Tokyo Phys.Lett. B256 (1991) 105-111 ! China Chin.J.Nucl.Phys. 15 (1993) 261 ¢ Mainz Phys.Lett. B460 (1999) 219-226 # Troitsk Phys.Rev. D84 (2011) 112003 B
: # Zurich Phys.Lett. B287 (1992) 381-388 # LLNL Phys.Rev.Lett. 75 (1995) 3237-3240 ® Troitsk Phys.Lett. B460 (1999) 227-235 ® KATRIN 15t run: 22% Tritium activity - 23 days :
50 - y
0 ; ¢ ués o -
o - 3 1
RN i 2000 2019.5 |
© 50 l .
v [ 2r 1]
o | 9 =
— L —~ 1t I
2 -100 - > —
NE : Q’ [~ I ol :
[ + . . 1]
o | | t
B NE _2 = -
2000 3 t Mainz ¢ KATRIN 1% run: 22% Tritium activity - 23 days 11
i ¢ Troitsk PDG 2019 Average :
S [ | | | | \ \ L]
1990 1995 2000 2005 2010 2015 2020
year

5 : Factor of 2

:m(re) < 1.1 eV (90% C.L.) improvement in

30 days!

Evgeny Akhmedov

Moscow International School of Physics 2020
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Magnetic calorimeters

e~ capture (***Ho — ECHo, HOLMES, NUMECS...)

< >

Electron synchrotron radiation (Project 8)




» Novel Technique: CRES

Cyclotron Radiation Emission Spectroscopy

® Enclosed
volume

e Fill with
tritium gas

® Adda
magnetic
field

\ 4

e

VAVAVAVE

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009)

Evgeny Akhmedov

Moscow International School of Physics 2020

e

Pacific Northwest

NATIONAL LABORATORY

Proudly Operated by BalleBe Since 1963

Decay
electrons
spiral
around
field lines

Add
antennas to
detect the
cyclotron
radiation

| 4
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Pacific Northwest

u NATIONAL LABORATORY
- ITC ngie .y
Proudly Operated by Balle#e Since 1963

The angle between
the electron momentum

and the magnetic field —g¥ AN > 3

W eB cot? 0
» Correction term for the Wy = “0 e (1 4 >
cyclotron frequency v e

1 2¢°w? f%sin? 6
» Power emitted — dteg 3¢ 1 — 32

| 6
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Project 8 Experiment

A phased tritium beta endpoint experiment to measure the
electron neutrino mass

> Phase | (Complete)
— First demonstration of CRES technique with 83mKr

> Phase Il (2015-2018)

— First tritium measurement with CRES
— Endpoint determination to ~30 eV
— see also Mathieu Guigue, Thurs. parallel

> Phase Il (2016-2022) 2015 2016 2017 2018 2019 2020 2021 2022
— CRES demonstration in 200 cm?3 free space volume

— Neutrino mass sensitivity of ~2 eV
> Phase IV (2017+)

— Atomic tritium endpoint measurement with m, ~ 40 meV projected
sensitivity

Walter C. Pettus 25 July : TAUP 2017 UNIVERSITY of WASHINGTON‘ 8
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Cosmology: constraints on ) m,. Strongly depend on what is taken into
account.

» Typically range from » m, < 0.32 eV (Planck, ...)
downto > m, < 0.12 eV (Planck + Lyman «a) (95% C.L.).

# In a foreseeable future may start probing hierarchical neutrino masses.
# ¢V - range sterile neutrinos ruled out (if thermalized).

# KkeV - scale sterile neutrino (warm dark matter) allowed




20 decay




Decay modes for Double Beta Decay

Double Beta Decay is a very rare, second-order weak nuclear transition
which is possible for a few tens of even-even nuclides

Two decay modes are usually discussed:

@

@

Evgeny Akhmedov

2v Double Beta Decay

(A,Z) — (A,Z+2) + 2 + 2\)_e +<—— allowed by the Standard Model

already observed — 1> 10"y

(AZ) = (AZ+2) + 2&

neutrinoless Double Beta Decay (0Ov-DBD)
< never observed (except a discussed claim)
1>10%y

Process @ would imply new physics beyond the Standard Model

violation of lepton number conservation

m, #
Observation of 0v-DBD - VV 0

V

Moscow International School of Physics 2020 Voronovo, March 3-9,2020 —p.43



Is possible for A(Z, N') when the decay into the “neighbouring” nucleus
A(Z £ 1, N F 1) is energetically forbidden, but decay into the next nucleus
A(Z £2,N F2) is allowed. 2Se, °Ge, °?Mo, 1%°Te, °9Zr, 48Ca, 13°Xe, ...

Extremely rare decays (I' «x G%), Tj,2(282v) > 10 yr.
F /

Usually 26~ decays (only few canidates for 25* decays known, expected T /-
very large due to small @) values).

Neutrinoless 25 decay — AL = 2 process; would be an unambiguous
evidence for Majorana nature of neutrino!

2650v decay not yet experimentally established (only lower bounds on
T /2(280v) exist). Only one (controversial) claim by part of Heidelberg-Moscow
collavoration (Kalpdor-Kleingrothaus et al.). — contradicts data of GERDA expit.

Main uncertainty in the interpretation of the results related to inaccuracy in the
theoretciacal calculations of the nuclear matrix elements.




The standard mechanism with a light Majorana neutrino:

dr, ur,
- -
§W
Uez —
—— €L
I/’L
2
qu O Azgor o ), miUgG = mpp
1 %4
U, g = °z
- -
dr, ur,

In the basis where m, is diagonalized mggs IS the ee entry of m,: mgg = me.

Depends on Majorana-type & phases! Inthe 3f case:

2 2’i01

2 9 2 2 2i(oca—0cp)
& mgg = C]3CiaM1 + Ci3572€ meo + S7s€ ms.

In the case of NH, cancellation possible!




Other mechanisms in extensions of the SM

Contributions of Wg, Ng, triplet Higgses, SUSY particles, leptoquarks, ...

[ . [ P [ o [
Wi V—A - - d T €
1 1
1
1

YA, g W €
Xy . s,vu ¥
myN " 2T
)(mN N AR : u
[ S — e v =
W VA Cr W R V=v
R
d » V+A - q o V+A o e
ap > > Up ap > > Up _
\%%
d u

Independently of the 280v decay mechanism, neutrino gets Majorana mass
term = v’s are Majorana particles! The black box argument:

W 3 J 1%
d‘u‘ ‘u‘d

(Schechter & Valle, 1982)
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Ov(33 by RHC, Heavy v, SUSY, and others

:_ 233 v E:ﬁiﬁ_frf?B on — LHC + RHC

_ <m> +SUSY <A>~k(M,/M,)?
;‘ i|  LHC/RHC

: ©,, and E,, correlations
NG 17" LHC m,/SUSY

° 0 ] l]_;.ie:rgy E{Me“u”ihs ’ II]V MOV + kMS

different isotopes and states
2V — 2V M—
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mgg as a function of Miightest
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Blue — normal mass ordering, yellow — inverted mass ordering
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Experiments

mass

Collaboration Isotope Technique (OvB isotope) Status
CANDLES 48Ca 305 kg CaF; crystals - liq. scint 03 kg Operating
CARVEL 48Ca 48CaWOjy crystal scint. 16 kg R&D
GERDA T 76Ge Ge diodes in LAr 15 kg Complete
GERDA II 76Ge Point contact Ge in active LAr 44 kg Operating
MAJORANA DEMONSTRATOR 76Ge Point contact Ge in Lead 30 kg Operating
LEGEND 200 76Ge Point contact Ge in active LAr 200 kg Construction
LEGEND 1000 76Ge Point contact Ge in active LAr 1 tonne R&D
NEMO3 100Mo/82Se Foils with tracking 6.9 kg/0.9 kg Complete
SuperNEMO Demonstrator 82Se Foils with tracking 7kg Construction
SELENA 82Se Se CCDs <l kg R&D
NvDEx 82Se SeF6 high pressure gas TPC 50 kg R&D
AMoRE 100Mo CaMo0O4 bolometers (+ scint.) Skg Construction
CUPID 100Mo Scintillating Bolometers 250 kg R&D
COBRA 116Cd/130Te CdZnTe detectors 10 kg Operating
CUORE-0 130Te TeO> Bolometer 11 kg Complete
CUORE 130Te TeO> Bolometer 206 kg Operating
SNO+ 130Te 0.3% natTe in liquid scint. 800 kg Construction
SNO+ Phase 11 130Te 3% mtTe in liquid scint. 8 tonnes R&D
KamLAND-Zen 400 136X e 2.7% in liquid scint. 370 kg Complete
KamLAND-Zen 800 136Xe 2.7% in liquid scint. 750 kg Operating
KamLAND2-ZEN 136Xe 2.7% in liquid scint. ~tonne R&D
EX0O-200 136Xe Xe liquid TPC 160 kg Complete
nEXO 136X e Xe liquid TPC 5 tonnes R&D
NEXT-WHITE 136Xe High pressure GXe TPC ~5 kg Operating
NEXT-100 136Xe High pressure GXe TPC 100 kg Construction
PandaX 136X e High pressure GXe TPC ~tonne R&D
DARWIN 136Xe Xe liquid TPC 3.5 tonnes R&D
AXEL 136Xe High pressure GXe TPC ~tonne R&D
DCBA 150Nd Nd foils & tracking chambers 30 kg R&D
R&D Construction Operating Complete

Evgeny Akhmedov
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Present experiments (mgg)

Presently best available published limits for each isotope
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Mjightest [€V] S. Dell’Oro, Presentation at NuFact 2016
NOW 2016 - Neutrino Oscillation Workshop Otranto (Lecce, Italy), September 4-11, 2016




Status: near future
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Neutrinos are Majorana particles — proven logically :-)

The proof: =

(Boris Kayser, 2019)




1. There are three phrases on this slide
2. Exactly two of them are wrong

3. Neutrinos are Majorana particles







The survival probability for solar v.:

Psur
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The survival probability for solar v.:

Psur

1

sin ©28)/2

E/Am2

Day-night effect: the probability of finding a solar v, after it traverses the Earth

_ 1 — 2Pg

Psp = Ps + (Pye — sin®6) .

cos 20,

Here: P,. = P(vo — v.) — probability of oscillations of the second mass
eigenstate into electron neutrino inside the Earth.




Neutrino state at the surface of the Sun:
ve) = a1|ry) + aso e'Ps Vo) (a2 — real)

Averaged v, survival probability in the Sun:

Ps = [(ve|ve)|? = af cos? 0 + a3sin® 0 =

cos’f — Pg
cos 26
Solar neutrinos arrive at the Earth as an incoherent sum of v; and vy =

a; = 1—aj =

1 — 2Pg

Psp = CL%Ple —|—CL§P26 — a%(l o PQG) —I—CL%PQe - pS + W

(Pge — SiIl2 (9) .

In vacuum P, =sin’§ = Psg = Pg.




For matter of constant density:
Vo

O Py, —sin?f = 12 sin” 20 sin? (wL)
W

Here:

2
Ams,

o =
2F

0 = 012. W= \/(00829-5—V)2+5281n2 202

Pre-sine? factor in P,. —sin®# reachesits max. at V =4 (notat V = §-cos26
which would correspond to the MSW resonance!)

(Poe — sin? ) mazx. ampl. = cos? # sin® (sin6-6-L)

In the (realistic) case V « §:

O Py, —sin?f = %sim2 20 sin? (%5-L)




3f oscillations in matter




Evolution equation:

Ve Ei 0 0 V() 0 O Ve
d
i v [=|U| 0 B2 0 |U'+] 0 0 0 Uy
v, ) L \0 0 B 0 0 0/|\w
2
2 a2~ ~
Ez—\/p +m; ~p+ o t~r

V(t) = [V(ve)lee = V2GrNe(t)

[V (ve)ne = [V(v,)lve = [V(vr)]nve — do not contribute

(Modulo tiny radiative corrections)




Evolution matrix S(¢, tg): v(t) = S(t, to) v(tg). Satisfies

d

<> Z%S(t, to) — Hﬂ S(t, to) with S(t(), to) = 1.

Hy = (0337501371 O19)diag(0, 6, A) (0L T;0L, T OL) + diag(V(t), 0, 0)

= (02375013 Oy2)diag(0, 6, A) (0%, 0%, TLO%) + diag(V (1), 0, 0)

where
5 Am3, A = Am3,
- 2F - 2F
Oscillation probabilities:
2
Pap = [5pal
Define
053 — 023 F(S

The matrix diag(V(¢),0,0) commutes with Oj; = go to the rotated basis




— 0,23 V’, or S(t, to) = 023 S/(t tO) 023 )

In the rotated basis H' = O); Hy O§3T. Explicitly:

812013(5 -+ 813A —+ V( ) 8120120135 513C13 (A — 8%25)
H/(t) — $12€12C130 0%25 —512€125130

2 2 2 .2
S$13C13 (A — 8125) —812C125130 013A -+ 8128135

Dependence on 633 and Jcp can be obtained in the general case by rotating
back to the original flavour basis. Also: easy to apply PT approximations

2
Am3,

L<<]. - negleCt (5 — T

o If Am?l

» As 0,3 isrelatively small — neglect si3

or use expansion in these small parameters
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Another use of essentially the same symmetry: rotate by
0/23 = (o3 X diag(l, 1, ei(SCP)

From commutativity of diag(V'(¢),0,0) with O}, =
General dependence of probabilities on d¢p:

P, = Aej cosdcp + Beysindcp + Cey,
P, = A, cosocp + B,rsindcp + C,7

+ Dy cos20cp + B, sin20cp




AP;";L = sindcp-Y + cosocp-X
fundam. 27/ matter—ind. T/

In adiabatic approximation: X = J.g - (oscillating terms) ,

sin(260; — 265)

Jof = S19C19 813 C22 S93 C ,
O ot 12 C12 813 €73 523 C23 Sin 201
Compare with the vacuum Jarlskog invariant:
2 .
J = S12€12 513 C{3 523 C23SIN0CPp

Sin(291 — 292)

= sindcp < ,
sin 2615




{ Negligible effects in terrestrial experiments

¢ Cannot be observed in supernova v oscillations due to experimental
indistinguishability of low-energy v, and v,

{ Can affect the signal from ~GeV neutrinos produced in annihilations of
WIMPs inside the Sun







Another possible matter effect




Parametric resonance in oscillating systems with varying
parameters: occurs when the rate of the parameter change is
correlated in a certain way with the values of the parameters

themselves
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Parametric resonance in oscillating systems with varying
parameters: occurs when the rate of the parameter change is
correlated in a certain way with the values of the parameters

themselves

For small-ampl. osc.:




An example admitting an exact analytic solution — “castle wall”
density profile (E.A., 1987, 1998):

A
Y
A
< Y

Resonance condition:

X3 = —(sin ¢ cos ¢y cos 2601,, + cos ¢1 sin P, cos 265,,) = 0

¢1.2 — oscillation phases acquired in layers 1, 2
EwewMdmeco  oscowomaionaSrooloiPyses2020  \oronowoMach38,200_~p70
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Fulfilled for v. <+ v, oscillations of core-crossing v’s in the
Earth for a wide range of energies and zenith angles !

0-4\"'|"'|""""""""" """ T
o \ / sin" 20, =0.15 ]
0.4 - Param. H E
] /\ ! i
0.3: : ] :
1 msw i E =10GeV :
i 0 0.2 i
0.2 - i \ |
i I E =12% ]
- 0.1[
0.1 — | E =15GeV
] / T
o o Lo AW AR
4 09 -08 07 06 -05 -04
E (GeV) cos O,
Intermed. energies High energies, cos® -
cos © = —0.89 sin? 2013 = 0.01 dependence

(Liu, Smirnov, 1998; Petcov, 1998; E.A. 1998) (E.A., Maltoni & Smirnov, 2005)
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> Parametric resonance of v oscillations in the Earth:
can be observed in future atmospheric or accelerator
experiments if 6,5 is not much below its current upper limit
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Parametric enhancement in the tarth

1
mantle
W
core 2
1’4
3 mantle core mantls
mantle )
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A coherent description in terms of different realizations of just 2
conditions — amplitude and phase conditions

Matter with N. = const:

O P, = sin®26,, sin® o,

» amplitude condition = MSW resonance condition (6,, = 45°)

» phase condition: ¢,, = 7/2+ mn




“Castle wall” density profile:

X7+ X3

-2
o
X2rx2rx2 o

<> P t(rn) —

Evolution matrix: v(t) = S(t, to) v(0). For 2 layers:

Y —iXs  —i(X, —iX
SO, t,) = i (X1 —iXs) S YPX? =1
—i(Xl —|-ZX2) Y +1.X;5

» amplitude condition = parametric resonance condition
(X3 =0)

» phase condition: ® = arccosY =7/2+ mn




cos @V cos @v
1 0.95 0.8 0.6 04 02 o01 0.95 0.8 06 04 02 O

Contours of equal osc. BB T e T T e
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plane "

O3 - dependense of P, =

P, — effective 2f transition

E, [GeV]

probability (Am?2, — 0)

9
Poy = $53Pa

2
PG’T C23PA
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(E.A., Maltoni & Smirnov, 2006) i—-?‘:&
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Including the effects of AmZ : (1 — Pe)

S

102IIIIIIIIII|IIIIIII IIIIII|III|III|III_IIIIIIIIII|III|III 1
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Including the effects of Am?* : (1— P..)
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Producing the oscillograms

Accelerators
neutrino detectors

— " —T_° N L
E LANDﬁ sin® 28, _ — o.os E
r 0005 ' -| NuFac 2800
s 0.03 ' |1 CNGS
r 0.10 :
10 B =
@) E
3 P (T .
L : ’:
= T2KK ; T2
= H
~ | Degeneracy
0.1 of parameters

Ll = @v

—. & s — . = —. = )

A. Smirnov, UCLA seminar

Evgeny Akhmedov Moscow International School of Physics 2020 Voronovo, March 3-9,2020 —p. 86







No explicit closed form solution in general.

Still, easy to answer !

T reversal: t 2 to & S(t, tg) = S(to, t)
One has:
S(to, t) = S(t, to)™ ' = S(t, to)T = [S(¢, to)T]*

Therefore
[S(to, t)lasl® = [[S(t to)lgal’

= In matter with arbitrary density profile, as well as in vacuum, time reversal
IS equivalent to interchanging the initial and final neutrino flavours




To extract fundamental 7~ need to measure:
AP,3 = Pyir(Vo = vV3) — Prev(Vp = Vo) X sindcp
Even survival probabilities P, (o= u,7) can be used!

Pair (Vo = Vo) — Proy(Vo — Vo) ~sindcp (a0 # e)

In 3f case P.. does notdepend on dcp — nottrue if veerite 1S pPresent!

Matter-induced 7° in LBL experiments due to imperfect sphericity of the
Earth density distribution cannot spoil the determination of écp if the error
in dcp is > 1% at 99% C.L.

= No need to interchange positions of v source and detector!

Experimental study of 7 difficult because of problems with detection of e*







Neutrino Oscillations & Ovf3f3
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Lindner, Merle, Rodejohann (2006)
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Light Sterile Neutrinos - Interplay OvBf3 & KATRIN
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