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Neutrinoless double beta decay in vacuum
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Neutrinos traveling in matter:

Coupled Dirac equations for neutrino mass-eigenstates:

. () (p.a. +mp 0 0 ) (Vx)+Vy 0 0 ( ;)
[ E W, | = 0 P, + mzﬁ 0) + U f 0 VN 01U %)
\ l//3) \ O O pxax —+ m3ﬁ) \ O O VN} \ I,U3)

In-matter neutrino optical potential:
V(eV)=%1/2GyN, ~ £1.26 x 107N, (cm™>)
Vy(eV) = F GxN,/I\/2 = F63x 10733N (cm™3)

Reduction to a “time-dependent” Schroedinger-like equation for amplitudes:

p ( I/e\ (0 0 0 ) /Ve(x) 0 0) ( Ue\ ( l/e\
Y 0 0 Am3,/2E L 0 0 0Jf\ & |
Condition: Amplitudes:
A< | V(x)/(dVIdx) | = > W= D, Vb

TC-May20 a=1,2,3 a=1,23
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Neutrinos traveling in matter:

Constant electron density: the eigenvalues method

0 0 0 ) V. oo 0 (0 0 0
HU"=U"M - |U|0 Am3/2E 0  |Uut+|¢og o ol| U"=vu"|0 AMZI2E 0
0 0 Am3,/2E | 0 00 0 0 AM5,/2E

The flavor oscillation probability becomes:

* L[ AMIL N L [ AML
Pa—>ﬂ= aﬁ—42R€<U ai ﬂiU oy ﬂj> stn AE +221m<U ai ﬂiU Y ﬂj) S 2F

i>j >j

Take the case of two flavors: [/ — < cost Si”9> N g < cost,, Slnem)

—sin@ coso —sin0, cos0,,
2 : Amy,
AM221 = Amzzl\/ (cosZQ — 2V E/ Amzzl) + sin?20 sin26, = N} sin20
AMj3,L
P, _=sin*20 sin’ !
e—U,T m AE
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Neutrinos traveling in matter:

Constant electron density: the eigenvalues method

0 0 0 ) Voo 0o (0 0 0
HU"=U"M - |U|0 Am3/2E 0  |Uut+|¢og o ol| U"=vu"|0 AMZI2E 0
0 0 Am3,/2E | 0 00 0 0 AM5,/2E |

3 flavors: no compact solution
Perturbations approach: to get an idea here is one of them

H. Minakata and S. J. Parke, JHEP 01, 180 (2016)
P(I/a — VB) = (Saﬁ

4 A52) 656  (B2) oy (Bl R  B O 2T
+ 4 :{A(j_(ﬁ)} ci +e€ {Big} (J- cosd/cis) Ao (()i+__)\>‘)>()\_+(f7;f§n + CL)}: sin? (At 4—E>\0)L
a1y ) (ot S Qe ot G L)
R v A_)Eim EemA)og)(A_ ) - ;EA % sin ;EAO)L

(A+ — o)L (A+ — X)L

x | {C*P} cosé cos + {5§%F} siné sin (3.17)

1F 1F ’
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Neutrinos traveling in matter:

Integration method: rewrite the time-dependent Schroedinger eqg. in dimensionless form

(v (0 0 0 (AGs) 0 0)] (% (v,) (v,
id_ vl=1Ulo a OJlUT+] 0 0 0 Wl =H$)|%| = |UDU"+D,| |
\)
)| 00y 00 0] %y 77 %)
Definition of the dimensionless variables: a=0om;/\6my| vy =06mi/|éms |
$ =X, A(s) = 2EV,(x)/| m2
X, = (2Ehc)/|5m321| the unit length (5) = L0/ omz; | o No(x)
The S-matrix and probability: S(s) = Te o H)ds’
\ 2
v Ppa = | Sip®)]
An iterations approach: S(s) = HS(ASi)
=l \
The piece-wise S-matrix formula: S(As,) = e AP ge—iAsDiyT

TC-May20
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Neutrinos traveling in matter:

The iterations approach:

S(As) = Uy(spUUUT

N 2
Sis) = | | Scas) Py o= |Sop(s) ‘
i=1
| eIASAG) (0 O | 1 O 0
UA(Si) = e—lAS,'Dz(Si) — O 1 O Uf = e—lAsl-D1 — O e_’ASia O
0 0 1 0 0 e—iAsly

N =~ 15 is enough for good accuracy:

Absolute difference
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Neutrinos 1in atomic nuclei

Atomic nucleus 1s a high electron density medium:

Consider 2 electrons 1in the lowest s-orbital of an
Hydrogen-like atom

. 1 OOO B | | | . | . | | | | A |
Electron density near nucleus. : Si, dimer )
; i _
2( 2| _ 100 F .
Ne(r)z— = leZ/aB i ‘ o
m\ a, . -k Jo
= 10 F | "
8 I
()
Electron density inside nucleus: Z L 1
3 [ DFT electron densit
N e(O) =~ _(_) 01 L i
\ a, T :
001 | ] ] ] ] ] ] ] ] ]
0O 05 1 15 2 25 3 35 4 45
P e =150 g/ cm d (au)

2 x 1s el. Hydrogen-like density

3
Equivalent matter density: p = m,N_=1.67x 1062(523) ing/ent >>pg
JT
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Matter eftects in neutrino oscillations

Electron density unevenly distributed in condensed matter: spikes

DFT calculations of S10, electron density (all atomic units)

I 3
logop

Average flat
density used in
matter effects
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Different spike shapes produce the same
result

The 3D topology of atoms can be
simulated 1n 1D with random spikes

Actual density 1s a mixture:
pmixed_spikes:() ¢ P spikes+0 4 Prlat

Pave™ Pflat =3.8 g/ cm3 (PREM)
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Are there any effects of the spikes 1n the electron
density?
Apparently yes for very long baseline in neutrino oscillations!

vY | (00 o0 Ais) 0 0)] (% ,
Ev =050 GeV ii vl=|Ul0O a OJUT™+]| 0 0 0 Vol = H(s)| Y
A ds | o, 00 7y o 0 o)\ v,
— 2
3-neutrino oscillations A(s) = 2EVe(x)/|5m31 | o N(x)
0 V(x) = £ 1.26 X 107N, (x) (cm™>)
2
0.8 - Pvﬂ—we: Ve
2 0.6 -
3 < PVM_% mixed-spikes
(@]
5 0.4-

S \ \/\ /\ / \/ | ‘ - P, ., fat

0.0 -

0 1000 2000 3000 4000 5000 6000 7000
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TC-May20 CERN -> Sanford

22



Neutrinos traveling in matter:

Integration method: rewrite the time- dependent Schroedinger eg. in dimensionless form

(v (0 0 0 (AGs) 0 0)] (% (v,) (v,

id— wl=1Ul0 a OfU"+] 0 o ol||%]| =H®|%| =|UDU"+D,||%
\)

)| 00y, (0 0 0J] %) 77 \77)

Consider As; < 1 and A(s) = Asl-/i(sl-)é(s) near electron density spikes:

dv,(s) -
i ; =AG)(s) =  v,(s) = e A0 (5)
S
o (o—irsAs) 9 ()
The contribution to S(As:) through _ —iAsDy(s) _
the Dirac delta otelntial' Uals)) = 7 = 0 0
P ' 0 0 1
Therefore, the piece-wise A
) - _ f — |
S-matrix formula is the same: 5(As;) = Uyu(s)U UfU 5(s) = HS(ASz)
i=1
2
TC-May20 Py o = [Sep(8) ‘
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Conclusions

* We presented a fast and reliable algorithm to calculate the neutrino

oscillation probabilities through matter of varying density (more
info in Universe 6, 16 (2020)).

* The algorithm was extended to the case where the sterile
neutrinos are present.

* We use this algorithm to show that the electron density spikes near
the atomic nuclei can be treated as a local average density.

» This statement can be extended to the neutron density spikes
contributing to Vn (needed 1f the sterile neutrinos are present).

* Related: we showed (EPJA 56, 39 (2020)) that the large neutrino
optical potential due to the electron density spikes in the atomic
nucler does not affect the neutrinoless double-beta probability for
the mass mechanism.

24
TC-May20



