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* In vacuum Majorana neutrinos and double
beta decay (DBD)
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— Effective field theory approach
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Classical Double Beta Decay Problem
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Neutrino P effective mass
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TR Neutrino oscillations parameters

Oscillation parameters
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Black box I (electron neutrino)
J. Schechter and J.W.F Valle, PRD 25, 2951 (1982)
E. Takasugi, PLB 149, 372 (1984)
J.F. Nieves, PLB 145, 375 (1984)

(1) Lepton number conservation is However:
Ovpp observed ¢ violated by 2 units. M. Duerr et al, JHEP 06 (2011) 91

(i1) Electron neutrinos are Majorana
fermions (with m > 0).

at some level (om, ) ~107eV << y[am3|=<0.05ev

Black box II (all flavors + oscillations)

M. Hirsch, S. Kovalenko, I. Schmidt, PLB 646, 106 (2006)

(1) Lepton number conservation is gegqrdles?) Oééhe
violated by 2 units. ominant Ov
OVBP observed ’ mechanism!

at some level (i1) Neutrinos are Majorana fermions.
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CENTRAL MIGHIGAN Other models: Left-Right symmetric model and
SUSY R-parity violation
DAS et al. PHYSICAL REVIEW D 86, 055006 (2012) xm
4 VoA woo d VA & d = ¢
Woyes Wes :
Xm, KXmy u
g‘fw._el Z{;W'—"k g
(a) (b) d - e
xlll
d T w o d oy u, Gluino exchange
7VL’LLV—A > e ':V,_LLLV—A o g
Xmyp Kmp u
)\f 3 Kmy

ug L2

K my n 4 LMy a
_ W —
% .W._ek lu}‘&w._ek d ; __>___
r V+AAJ\‘$ " V—A
“R “L e

—1 W ‘
[T{)/IE} = Go19a ‘nOI/MOI/ + (771](7R + ﬁﬁR) Mon o ; u

Squark
=+ 77Q~MC} - 77>\’M)\’ + 77)\X>\ =+ 77an‘2 . e)?change

(¢) M. Horoi, A. Neacsu, PRD 93, 113014 (2016)

INT 18-1a, March 8, M. Horoi CMU S8iDAC
o Q-



it NME for the light-neutrino exchange mechanism
CENTRAL MICHIGAM]

UNIVERSITY : — IBM'2 ~
: | — QRPA-En!
: |* |l —— QRPA-TU
5t , . * ISM-Men-
: ® I e l | i m— SM ]
ar S ° 1
3F e :
: \\ I
2_— | I I ]
1 _
48Ca 76Ge 825e 130Te 136Xe

IBA-2  J. Barea, J. Kotila, and F. Iachello, Phys. Rev. C 87, 014315 (2013). == @ IBM-2 PRC 91, 034304 (2015)
QRPA-En M. T. Mustonen and J. Engel, Phys. Rev. C 87, 064302 (2013).

QRPA-Jy J. Suhonen, O. Civitarese, Phys. NPA 847 207-232 (2010).

QRPA-Tu A. Faessler, M. Gonzalez, S. Kovalenko, and F. Simkovic, arXiv:1408.6077

ISM-Men J. Menéndez, A. Poves, E. Caurier, F. Nowacki, NPA 818 139-151 (2009).
SM M. Horoi et. al. PRC 88, 064312 (2013), PRC 89, 045502 (2014), PRC 89, 054304 (2014), PRC 90, 051301(R) (2014), PRC
91, 024309 (2015), PRL 110, 222502 (2013), PRL 113, 262501(2014).

INT 18-1a, March 8, M. Horoi CMU SADAC
2018 Qli'f-"“o*""m“’“‘.f‘.'”“



il

CENTRAL MICHIGAN

Heavy neutrino-exchange NME M,
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Effective field theory approach
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(a) The generic OvBp3 decay (b) Light left-handed neutrino
diagram at the quark-level. exchange diagram.

arxiv:1706.05391
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Effective field theory after hadronization
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Consequences: - scales for new physics

- baryogenesis via leptogenesis
PHYSICAL REVIEW D 92, 036005 (2015)
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Consequences: - scales for new physics

- baryogenesis via leptogenesis

PHYSICAL REVIEW D 92, 036005 (2015)
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Neutrinos in atomic nuclei

Atomic nucleus 1s a high electron density medium:

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

3

Electron density inside nucleus: N , =~ 20z
m\a,
2(z\
Equivalent matter density: p=m N =1.67x 10° —(5) ing/cm® >> O,
T
pSuncore = 150 g / Cm3
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#e Solar Neutrinos Survival Probability

|v, >=cosf|v, >+sinf|v, >

Low energy 1§
A 2 3‘ 0'9:_
. . m Xx =i =
P (t)=l<v |v (t)>]=1-sin*26 s1n2( ) = 0.8
v, el e 4F 9 =
3 0.7
———>1-—sin"20=0.56 > 0.5 R ™ -
2 5 0.5 l *
T -
§ 0.4
0 C @ pp - All solar 23
0 0.3— e ’"Be - Borexino e
= = ° EEP - Borexino
: 0.2 = B - SNO LETA + Borexino
High energy L:g - e ‘B - SNO + SK
| v (f) o= sinH e_,E; | V2 S 0. lE_ MSW-LMA Prediction
€ 0_ | 1 1 | | 111 | 1 | | | 1 11 1 |
- 2 104
B (1) =<v,(0)]v,(2)>] ! E, [Mev)
c 2
=sin"f =032 <0.5 Figure 8. Solar v. survival probability as a function of energy.
The colour lines correspond to experimental data. The grey line
corresponds to the MSW-LMA solution for solar neutrino
N(3) oscillation. (From [29]).
*
v >= EU@Z. v, >
i=1 Journal of Physics: Conference Series 593 (2015) 012007
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evperen Neutrino Mixing (MSW effect)

Neutrinos in matter interact with: ,
V = i\/EGFNe (N, : electron density)

- Electrons via charged current +(=) neutrino (antineutrino)

- Any fermion via neutral current V

N P=~E

|v, >=cosf |v,>+sinf |v,> d |ve>) i PHm2P 00 VoV, 0 (|ve>)
—i— = +

v, >==-sinf |v,>+cosf |v,>  d\lv,> 0 P+my/2P) |0 Vo) vy >

2PAE, =2P(E,, - E, )= Au’ = \/(Amz c0s26 - 2PV, )2 +(Am’sin 249)2

Am?*cos260 -2 P
Cos28m= m-cos26 V 1 =>9m=§

\/(Amz cos20 — ZPVe)z .\ (Am2 i 26) 0<2 PV, >>Am’

lv,,, >=01v, >+1lv, > — adiabatic transport — P (t)=l< v, |v(¢)>[=l<v |v_ >[=sin’0

NO oscillations! Just mixing!
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Neutrino mixing

Gonzales-Garcia & Nir, RMP 75, 345 (2003)

U=

cos# sin 9)

—sin @ cosé

v, vy cos 0, sin 6, \ [ v
=U(4,,) = m
Vx

m .
V) —sinf,, cosf,/\V;

()= (i Z80") CE) o=

Adiabatic evolution : off —diagonal terms neglijable ,
o

0.9 -

0.8
(1) small energies : matter effects neglijable .
0.6 -
(2) lage energies : matter effects + adiabatic evolution 05 :

(3) lager energies : matter effects + nonadiabatic evolution Z; 3
0.2 E
0.1 F
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Neutrinos in atomic nuclei

Atomic nucleus is a high electron density medium:

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

3
Equivalent matter density: p(t)=1.67x10° 2(%) e [in g/cem?®, t in pm]
T

V. (¢t)[ineV]="7.6x 10" p(¢) [in g/ cm’]

The typical requirement is:

V
oV /ot

he 53
< 20 —<<—1000 [in fm
7 [in fm]

pP

A <<
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Vo(in eV) = 7.6 x 107 p(in g/cm?)
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_____________________________
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Neutrino mixing in atomic nucle1

2 (Z\°
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T \ 53
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10p ===,
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Partial summary

* One can consider the neutrino mixing in
atomic nuclei.

» The analysis of neutrino mixing in the Sun
and atomic nuclei leads to results backed up
by phenomenology.

* These results seem simple and natural, but
the road to them 1s complex!
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Neutrinoless double beta decay 1n vacuum

N(3)
Aypg * NP = (0| T [ther, (w1971 (22)] |0) ¥, ()= Y U, (%)
NP = 3, U2 (O T [ar (@192 (22)] |0)
_Za U { i f (d4p mpg l;f;:LZZQ)PLC}
1 s n
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2
€
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1 /2
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Neutrino Fields

Dirac equation: states vs fields

(i y°9, +iy'0, - m)‘/’(x) =0 Yy Yyt =2g" =iy
ial/;(tx) =(—iy°yial. +)/Om)1/J(x) Yi=Yre = Yo=Y, V=V,

d’ +) (= - = - —ipx +) = - = - ipx

Y@) = [ (W (B a(p, )+ 4O (Ba(p,-)) e + (v (BB (B.4)+ v (B)B () e |

(27)"2E

a(p.),a' (P 1)| =6,,0(-P)  [a(p.h), a(p, k)] =|a"(B.h),a' (P =0

Same for b, bf
In addition one needs a vaccum state:|0> = |y>=y'(x)|0>

P. Mannheim, PRD 37, 1935 (1988): used a(p, -) piece of the field to justify Wolfenstein’s
Egs. provided that neutrinos, Dirac or Majorana, are ultra relativistic!
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Majoron decay of neutrinos in matter

C. Giunti, C. W. Kim, and U. W. Lee
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

W.P.Lam
with production of any massless pseudoscalar boson. In particular, we discuss the two-generation case

and show that in matter the helicity-flipping decays are dominant over the helicity-conserving decays.
The implications of the Majoron decay for the neutrinos from astrophysical objects are also briefly dis-

cussed.
10 0 0 —io*®’ 0
Weyl . y5= PC= , Y(x)= i0"® (x) =y, (x)=
0-1 0 io D(x) d(x)
N —iEWt +ipx * iEWt —ip-x
oMx)= 2B S S [aB(Pw(p,hla phle T TP =B (P (p, —haf(p, ke )
Vr)? /=1 hSh
- Mq ol m}_)z_maz
Baj (P)=—ay; '(P) ~—"al, 2 Mol )(P)=0
(+)(P)“ m (TP 2 N
— a;.”(P)+b§1 Vi By (P)=0
(h)2 NG
. w M
E=P+—L—, j=1,....N D (x)= EUMCI)G (x)
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Neutrinoless double beta decay of atomic
nuclei

2, () / 3/2 Z Uea (aa_j X (B)a; (B, ) + %52?)(“%15’)% (P, +)) e~ P

(3500 ) D @l 7.-) - 8% Bal (5, +) 7]

Z Ueao‘<_') — 5j Jh

()% _ J, — highest mass eigenstate (3 for NO, 2 for 10)
Z UeaBy'j" = 8.5

J; — lowest mass eigenstate (1 for NO, 3 for 10)
MSW effect

0 w0 —id
. COS N, Sl = €
X @) = ( 2 ) ;o X7®) = ( 2 )

9 oig
sin 5 e
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Neutrinoless double beta decay of atomic
nuclei

0 (0) = [ oty (YO @03, 5.2) + oy Ueo B8N Py 4)) e

+ (S0 Vea 30l ) XD @)l (5. -) — XO@)al, (5. 4)) 7]

— highest mass eigenstate (3 for NO, 2 for 10)
J; — lowest mass eigenstate (1 for NO, 3 for 10)

Phys.Lett. B336 (1994) 439-445 alternative 4-component spinors
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Effective neutrino mass
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Effective neutrino mass
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Neutrinoless double beta decay of atomic nuclei

CIDW( / 3/2 ZUea ( a]X( )( B)a; (P, —) + %ﬁéi)x(ﬁ(ﬁ)aj(ﬁ’ +)> o—ipw

. 0 0
NE, = O [useila a2)] 0= () 7 e (an)] )

0182 @) @ () 10) = U2 [ 0 T WO ) - X e e

o [cpg[/(xl) (q’gv(l’z ] = —zz / d* P mge” P(*1—z2)

(i)

p? —m2 +ie
0 O
In atomic nuclei NP = In vacuum NP PC= 0 io> )
3
Vacuum result stands : = EU ja m,
a=1
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uuuuuu Summary

* Neutrinoless DBD, if observed, will represent a big step
forward 1n our understanding of the neutrinos, and of
physics beyond the Standard Model.

* Better nuclear matrix elements and effective DBD
operators are needed to identify the underlying
mechanism(s).

* The effects of the high electron densities in atomic
nucle1 were investigated and they do not change the
neutrino emission or detection, nor the Ovpp outcome.

* These results look simple, but the road to them 1s
complex. Other observables (Majoron) may be affected!
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