Why is it natural to think neutrinos to be
Majorana particles

Bernhard Schwingenheuer,
Max-Planck-Institut Kerphysik, Heidelberg

‘ Erice school, 14-23 June 2024 ‘T6Rb
Zn g B
' ‘ "
"Ga : EC.—
_ — TSKr
B {15Br
 SAs i
?EGe ‘h.‘"*." :T'. B
"‘*H..' :

Q=2039 keV “Yogq

30 31 32 33 34 35 36 372

NN\
\\\ :




title of the talk is triggered by a comment by a Heidelberg colleague:
why should neutrinos by Majorana particles?
(Majorana means particle = anti-particle)

Early 1990, | would have argued the same way ....

(at that time neutrino mass > 0 (oscillations) was not established,
mass=0 - no difference if Majorana or Dirac)

Nowadays, we should know better



Introduction
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interactions [ force carriers

(kosons) . .
neutrinos are (very) special.
0 =125.11 GeVice ) )
8 H - only SM fermions without charge
1 9 O . .
— only weak interactions
gluon higgs — unclear how to distinguish
- particle vs antiparticle
0 (15t argument why Majorana)
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3 neutrino flavors, iIn SM mass=0

-mass > 0!
only well-established non-SM effect

- most abundant massive particle
In universe (we know of)

- 4 Nobel prizes so far
- Cross section tiny

of the 7x1010 v/(s cm2) from sun
only O(100) interact in earth
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(free) Dirac equation =*k=

Dirac equation for fermion: (i Yy 6u—m) Y=0 In Dirac representation:
: : i : u u__ _u 1 0 O 0
solution requires 4-dim since Y yv+ y”y =g Y v lo1 0 o _(1 0
. . o YZlo o -1 o] lo -1
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H= _.m_, op 0 0 0 —i
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helicity operator X p== _=| p =unitvector
210 op 0 01 0
y=| 0 00 —1 |0 o’
>H]=0 - helicity is conserved -1 00 0| |-0 0
[H,Zp] 0 4 0 10 0
. 4 eigenvalues: E, -E (e.g. positron E>0), helicity +% o'=Pauli spin matrices
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helicity states

eigenvectors:
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weak interaction NS
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1 0
Uy“‘u  vector current (eg. electro-magn. interaction) odd under parity P
uy y'u axial-vector current space components: even under parity P

. o . 1
weak interaction violate P maximal - V-A current 5(1 —y’)
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weak interaction (Il) N
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5(1 _ 3’5) ( U<1)+ UQ)) Nuh:_1+f Up—1—Urg left-handed fermion

1 (1 5 (1) (2) m . . . .
AL Y )(v +vV )th:1+f Vi—_1=Vgy right-handed anti-fermion

weak interaction (W,Z bosons) couple to LH fermions and RH anti-fermions

in relativistic case E>>m LH has h=-1, RH has h=+1

neutrinos are produced in sun, reactor, supernova, big bang, ... at >MeV energy
mass ~ 10 meV scale - neutrinos are produced h=-1

neutrinos with h=+1 (RH neutrinos) and
anti-neutrinos with h=-1 are not produced
effectively, do no not exist (coupling to Higgs is tiny)

- only 2 of the 4 (Dirac) states occur in nature??

2" argument why Majorana



dim 5 operator =T

operators of SM have dim=4, dim [fermion] = 3/2, dim [boson] =1
- coupling = 2 fermions + 1 gauge boson or Higgs (or 4 gauge bosons or ..)

extensions of SM: higher dim operators dl/T > , d1m26 ,... A =-energy of new physics,
A non-renormalizable
Y AL=2
' . Jij Fc Fx&t | =
LMajorana = A Lpi® ® Lrj, spontaneous sym. breaking — mass

H H“"x“ ::... H

VR VL (v))c v vp  (VR)C
AL=0 AL=2 AL=2
dim 4 dim 5 dim 5

LYuksz\_/LvR+mLVL(VL)C+mR(\7R)CVR+h.C.



dim 5 operator (Il) -\\é-

C
_ —_ \C m.~0 m
LN( Vi (VR) ) ! Pl
mp mg| \ VR
eigenvector N ~ vR + (W\R)C v ~vL+ (v)C Majorana particles
mass (mL ~0) MR mp? / mr

mRr large - mp? / mr small = see-saw mechanism to explain tiny v mass

3% argument for Majorana

“most” extensions of SM predict Majorana neutrinos

4th argument for Majorana



Sakharov conditions

Anti-Universe

Universe

Imbalance between matter and
anti-matter in our universe needs:

- C and CP violation

- baryon number B violation

- interaction out of thermal equilibriun

In SM: B is ‘accidentally’ conserved (no global symmetry),
expect also lepton number L violation

CP violation of SM is too small
- need extension of SM to explain matter asymmetry

see-saw: lepton asymmetry at high energies, decay of heavy RH neutrinos,
conversion of L asymmetry to B asymmetry via sphaleron

“lepto-genesis”

5t argument for Majorana 0



Primoridal neutrinos = & mn

produced at high E - pure h=-1
today ks Tv =168 ueV - p<<m s |

Cosmological » {Big Bang)

Salar »
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proposed detection ve+n - p+e  Fux |
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Energy (eV)

Flux on earth of neutrinos from various sources, in function of energy

non-relativistic — cross section ‘same’ for h=+1 & h=-1 neutrinos
If v is Dirac: 50% of 'neutrinos’ are anti-neutrinos (h=+1) - no reaction
If v is Majorana: also the h=+1 v will react

-~ PTOLEMY will see 2x events if v is Majorana particle

difficult experiment, very far away -
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Double beta decay =

masses of A=76 nuclei

E . TR
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%Ge . 1B experimental signature for double beta decay
Q=2039 keV Yoga~ T
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(A,Z) 4>(A1Z+2) + 2 e_ + 2; AL:O /I 1 [ | 1 015 1 !\\\i\s.L i
(A Z) A(A Z_|_2) + 2 e' AL:2 sum electron energies/QBB

search for a line at Q value of decay — good energy resolution b
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How to observe Majorana v?

A

Look for a process which can only occur if neutrino is Majorana particle

3
coupling strength ~ mﬁﬁzz Uiimi
i=1
function of
- neutrino mixing parameters
- lightest neutrino mass
- 2 Majorana phases

also possible: heavy N e3xchange

- coupling strength ~ Z ViIM,

: m,‘ eI i=1
Z Uei(vi,h:—l—i_FVi,h:l)
i=1
h=helicity W— strength ~ (M/E)2 ~ (10 meV/1 MeV)2 ~ 10-16
p . Na = 6 1023 helps to compensate
nh d d P helicity suppression
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Expected Majorana mass range =*=

scan of Mg (AMam?, AMsol®, Mmin, Oatm, Osol, 013, 2 Majorana phases)

according to measurements (2 o range) or random (2 Maj. phases)

0.1 b

>
9,
Eo.m
v mpp ~ 18 meV correspond to
T,,of ~10%8yrfor "°Ge
0.001 ~6 1027 yr for 136xe

NH

Maj. phases CP cons (‘worst case’ nuclear matrix element)

IIIII L L 1 1 Ll I
0.0001

0.01 current experiments 10%° - 10%° yr

PDG 2016 y



L violating dim=7 operators:
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limit for scale A of new physics for several discovery channels
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From T1/2 tO mpp

Ov 2 <m >2
movf Mo

1 4 ~0v
—o-=0.G
Ve

e

TOv = measured experimentally
1/2 )
gAa = axial vector coupl. (= 1.27)

GO = phase space factor ~ Q°

Mov = nuclear matrix element
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selected Ovfp isotopes from PRD 83 (2011) 113010

m. = electron mass

Isotope GY [10-14y] Q[keV] nat. abund.[%]
48Ca 2.5 4273.7 0.187

6Ge 0.23 2039.1 7.8

825e 1.0 2995.5 9.2

100Mmqo 1.6 3035.0 9.6

1307e 1.4 2530.3 34.5

136xe 1.5 2461.9 8.9

150Nd 6.6 3367.3 5.6

e

need M to understand physics mechanism

enrichment required (except 139Te), cost differs

N°=M.-t-B-AE

M = mass of detector

and

N
Experiment observes N™'=In2—%-a-e-M-t/ Ty,
Experimental sensitivity
N
%WAa-e-Mot for NP =0
T,,(90%CL)> " S
la —Aa-e\/—M't for large N°<
1.64 A B-AE

t = measurement time

A = isotope mass per mole
N,= Avogadro constant

a = fraction of Ovfp isotope

€ = detection efficiency

B = background index in units cnt/(keV kg y)
AE = energy resolution = energy window size
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LEGEND@LNGS: search for Ovpp of 76Ge -Q\é\\-

@
()
i |
e E
JFET + 0
feedback C,R

76Ge enriched from 8% to ~90%
LEGEND-200: taking data since 2023,
up to 200 kg of Ge (now 140 kg

LEGEND-1000: in planning
17



mailto:LEGEND@LNGS

Counts / 10 keV

~ scintillation

light
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First LEGEND-200 result: next Tuesday §

Before analysis cuts B After cuts [48.3 kg-yr]
- fr
"é blind analysis:
102 ) . IS events close to Qpp are hidden
£ G I ° fix all procedures & cuts
< 5 i 3 open the box and apply analysis
g 10 5 i = (happened last Friday, results
8 next Tuesday @ Neutrino)
TN
1600 1800 2000 2200 2400 2600  Background (6+2.5)x10-3 cnt/(keV kg yr)
] same as for GERDA
; Ty >1.9-10%%yr (90% CL) 3x our goal — investigating origin
5, 10 #== Background=5.3+2.2-10"%cts/ (keV-kgyr)
4 Fa
L0 ¢ R Sensitivity for 90% C.L. T1/2 limit
2 combined w. GERDA
3107 + Majorana Dem. 2.8 x 1026 yr
10-4 | | . | . limit 1.9 x 1026 yr
1950 2000 2050 2100 2150

Energy [keV]
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Kamland-Zen-

KamLAND-Zen 400

320-380 kg of Xenon
Data taking in 2011 - 2015

800: Xe-136 in scint. Q\>

KamLAND-Zen 800

~750 kg of Xenon Karr]}gn'i?)i—zen
DAQ started in 2019 Better energy resolution

q .':::"Zf:';:‘_\_ A
d b
g Wl b
E{a) Singles Data Total 1363 e Oufif (90% C.L. U.L. . . .
T Total (Opfff UL) —-— Carbon spallation + *7Xe 1000 t ||qU|d SClntlllator,
> 104% "Xe 21 Xenon spallarion products 6.5 m & inner balloon (25 um thick)
E - -~ IB/Extemal RI with 3% Xe doping (91% 136Xe)
= & 1L”_---—--.._|__ ——— Solar neutrino ES+CC
= '102%— ,J'-‘L'H Id_.,_'Li'-! + Data .
R L energy resolution FWHM ~10% at Qpp (Ge 0.15%)
> ™
[ . T 1) )
109 i T e .
ik o T12 > 2.3 1026 yr (90% C.L.) PRL 130, 051801
I | imi
IR B P B e =P LT best current limit

1 2 3
Visible Energy (MeV)
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CUORE: TeO2 bolometer ‘-\\>\

\\\—

. 988 natTeO2 crystals
206 kg 130Te
Ge NTD readout
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data taking since 2017

FWHM ~0.28% at Qpp bkg ~ 0.01 cnt/(keV kg yr) Reconstructed Energy (ke¥)
T12> 3.2 1025 yr (90% C.1.) PRL 124, 122501(2020) 21



CUPID: scintil. bolometer in CUORE cryost. —\Q\s\\\-

1534 Li2MoOg4 crystals with
Ge wafer as light detectors

«—Si Heater

LMO Ge Wafer |} 253 kg 109Mo (472 kg crystals)
NTD background 10-4 cnt/(keV kg yr)
» NTD, 4 FWHM ~ 0.2% at Qpp

Cu Holder Cu Holder sensitivity T1/2 ~ 1.5 1027 yr (limit)
1.1 1027 yr (discov)

background suppression by light readout spectrum in Edelweiss cryostat: 4 kg, 3 kg yr exp
o i i > 10° Base cuts + PSD
E 45 j : QBB -Basecuts:PSDH\C
% 40 % g 10* I Base cuts + PSD + AG + LY
é 35 é 103 210Pq
2 30 ]
25 5 10 102 ’\
20 o
15 10  | |
[ | Tl TJ
| -l;g | 1 oo ‘L
R Ry R o ?cécrnlc‘irg;y Ekeévcioo 1 1071 2000 ' ‘ on 00 H | | £000

Energy [keV]



nEXO: liquid Xe TPC NN

Underground
cavern

Access tunnel

5100 kg of Xe (90% 136Xe)

FWHM ~2.3% at Qpp

bkg inner 1000 kg 1.4 10-4 cnt/(FWHM kg yr)
(L1000: 2.5 10-> cnt/(FWHM kg yr)

bkg inner 2000 kg 3.6 10-4 cnt/(FWHM kg yr)

T1/2 sensitivity (discovery) ~6 1027 yr

N

charge readout
pads (anode)

in-xenon cold
electronics

(charge and SiPMs)

-

SiPM ‘staves’
coating the
barrel

(behind the
field cage)

cathode

1.2 m electron

SS Energy

o iu.
'|L_E|"f"l”!.‘"ﬂf.‘ ”W'! i
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Sensitive background [events/(mol yr)]

107"

1072

Future experiments - overview

discovery sensitivity = using large QRPA nuclear matrix element agostini et al. 2022 @@z o7s7)
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Ge detectors have best energy resolution (& lowest bkg) — easy identification of a peak
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>5 good reasons why we should assume neutrinos are Majorana particles

most sensitive test is search for Ovp decay
when Ovpf is found - strong impact on particle physics and cosmology

LNGS is front-runner with LEGEND and CUORE/CUPID

“After all, the idea of Majorana fermions is so elegant and attractive that Nature just could not
have missed the opportunity to create them.” Evgeny Akmedov (arXiv:1412.3320v1)
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