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All in one
(non-conservation of L, B, Q charges and candidates for D)

The GERDA collaboration tried to find in one experiment the answers to several fundamental
guestions in modern physics and cosmology which go beyond the Standard Model:

#1: OvpBp - search neutrinoless double-beta decay of ’° Ge:

= AL # 0 - non-conservation of the lepton number and evidence of the Majorana nature of V

- what may support the arguments in favor of Leptogenesis as the source of baryon asymmetry
in the early Universe.

# 2: Search for decay/disappearance of nucleons bound inside the 7°Ge nucleus:

= AB # 0 - baryon number non-conservation is one of 3 fundamental criteria necessary for
origin of matter-antimatter asymmetry in the Universe, Baryogenesis
[A.D. Sakharov, 1967 — see Backup Slides #1 and 2].

# 3: Search for decay of electron in Ge atoms:

= AQ # 0 - non-conservation of the electric charge as one of the experimental tests of the
fundamental U(1) gauge symmetry.

# 4: Search for bosonic DM particles (SuperWIMPs) interacting with electrons of 7°Ge atoms,

—> DM — registration of signals from possible candidates for the role of Dark Matter.
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GERDA experiment (Phase /)

64m> LAr cryostat
(4 m-diameter)

HPGe detector array

LAr veto system

Muon veto PMTs

590 m? water tank
(10 m-diameter)

GERDA operated with bare germanium detectors (made from enriched 76Ge)
immersed directly in liquid argon (LAr).

The stainless steel cryostat with internal copper
shielding filled with LAr (64m?3, ~90 tons) is
placed inside a tank filled with water (590m?3)
which is viewed by 64 PMTs (Muon Veto)

The Ge detector array is located in the
center of the cryostat and consists of

7 strings with detectors and surrounded
by the LAr-veto signal collection system.
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Search for OvBpB-decay of "°Ge

; 10° F Alldetectors - 103.7 kgyr 5
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GERDA (GERmanium Detector Array) has achieved an unprecedentedly low background index:
5-10“ counts/(keV - kg - yr) in the ROI of the OVBP signal (Q,; = 2039 keV)

For a total exposure (Phase | and Phase Il) of 127.2 kg - yr (1288 mol yr 7°Ge), the desired
signal was not observed and a limit was set on the half-life of OvBp for 7°Ge :

T,/,(0vBB)> 1.8-10%° yr, (90% C.L.)

and the limit on the effective mass of a light Majorana neutrino has been extracted as:
(Mgg) <79 -180 meV,

(depending on the range of the calculated NME values).

Phys. Rev. Lett. 2020, 125, 252502




Single nucleon decay inside °Ge

Sn = 6506 keV
X G (4) s 5 As + e
% H(UVTI/2= 83 min
7 de-excitation
6 (e 75 A,E;*+ e + .

Sfe=)

3~ de-excitation
proton Sn = 8482 keV

75 ¥ 75 - A
Ga (+7) "Ge + e
T,,=126s T;/,=83 min

Simplified scheme of neutron /proton decays in 7°Ge, with subsequent isotopic transitions.

rd= _
P As + e

~

Only those inclusive single-nucleon decays, n— X, p— X, are analyzed, as a result of which
only the bound states of the daughter nuclei (A - 1) are populated, that is, their levels are
stable with respect to the emission of any particles, except for the de-excitation y-quanta.

That means that only B-y pairs from B-decay of 7>Ge and the subsequent de-excitation
of the arsenicum isotope 7>As by y-quanta are considered (highlighted in blue) .




Beta decay of °Ge -> B— 75As* ->

— BAs

(°Ge = ... *As)

Pll+ events surviving LAr veto
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. . . . N Il = ,l cay
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For the inclusive decay of a single neutron in 76Ge, a lower limit on the
partial lifetime of T, > 1.5x1024 years is obtained, and for the proton
T,> 1.3%x102%% years, at 90% C.l. (Bayesian)

Eur. Phys. J. C. 83, 319 (2023)

N.B. It’s important to remember that T, = T o,/ B;

(for our case i the value of B;is unknown, however B;< 1)

The “partial mean life” limits tabulated here are the limits on 7/B;,|where
REVIEW OF PARTICLE PHYSICS® |7 is the total mean life and B; is the branching fraction for the modd in
question. For N decays, p and n indicate proton and neutron partial

Particle Data Group

lifetimes.



Tri-nucleon decays in 7°Ge 76Ge

In the paper of K. Babu et al. [1] it was shown that within the
framework of a model with discrete symmetry Z,, in which 3p
the baryon number B is discrete, processes with AB =1 or 2 424 2pn
are forbidden, but processes with AB = 3 are possible. ggﬁﬁu B /
Decay modes at AB=3: G, 6600 ot s s, 2np
ppp — "7 T and other modes, for example: r'”E%EZnDB_: o 3
ppn — et 3n—3v o0
pnn%e—’_ " 3n_)3Z am- 486h
nnn — o, e ——— Q?T‘aﬁ_
Q) 1593 v
We consider only those inclusive three-nucleon decays with the population
of only the bound states of the daughter nuclei (A - 3) with partial decay widths “995%
[,(x), i.e. levels that are stable with respect to the emission of any particles except _32@
y-quanta that remove excitation. rz — Z (F ) (x = ppp, ppn, pnn, nnn). ﬂ

As a result of ppp-, ppn- and pnn- decays in the 7°Ge nucleus, the isotopes 73Cu, 73Zn and
3Ga are formed, respectively. These short-lived isotopes are unstable and eventually pass to
73Ge (stable) as a result of the final beta decay of 73Ga.

[1] K. Babu et al., “Gauged baryon parity and nucleon stability”, Phys. Lett. B 570, 32 (2003)



Thus, the search for such three-nucleon decays of 76Ge leads to searching for B-decay of

3Ga, which predominantly (98.6%) populates the metastable level 73™Ge with an energy of

66.7 keV and a half-life of 0.5 s, which then discharges through the level of 13.3 keV (2.95
Ms) to the ground level of 73Ge (stable).

Our analysis also includes the nnn-decay of 7Ge, which goes directly through 7*™Ge.

486 h
372 0

73

31Ga
Qy =1593

"
~
014% 59 _ A3 1386.1
%] 40 12 1131.86
| 0.08%___ 7.8, 3/2+502+ 915.5 &
0.15% 76, 12532 _— 894.1
> ok “ oy
lerd 77, a2t ; S 554.91 Qr»}" /él
1] ss_ 3 VAo 392.45 LIl A 86.716 5490 ¢
[feed 58,32 —— > 364.02 @/
[01d%___86, (52  — —__353.56 o
| <0.26% >9.5, (7/2)* 68.752 Qq?
7% 72 A2 /[ 66.716 + -
5/2% \ /| 13.275 8_ .94595)55 gg*_ ’? 13275 5 95 s
9/2+ 0 stable 73 Stable
35Ge
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Beta decay of 73Ga and subsequent “instant” The transition from the metastable level”*™Ge
gamma cascades will cause the 1st event in will give the 2nd delayed (T,;, = 0.5 s) signal
the detector, corresponding to the sum of 53.4 keV - E2 and the 3rd delayed signal
their energies (<1531 keV) - E1. (Ty/2=2.95 ps) with energy 13.3 keV —E3 .
i (E2 + E3) = 66.7 keV
i 3 1:52 i<104
0 L MC simulation MC simulation 33 key. -
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Searching for decay of 73Ga consists of observation of delayed coincidences of a pair
of events with energies E1 and (E2 + E3), that occurred only in one Ge detector
during 2.5 sec (5 half-lives of the metastable level of 66.7 keV), where the first event
El is selected from the continuous spectrum (20 - 1598 keV), and the delayed event
consists of two steps E2 = 53.4 keV and E3 = 13.3 keV in the time interval (5 x 2.95 us)

11



100 by

MC simulation
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ROI: (40 — 72) keV for events (E2 + E3)= 66.7 keV

Experiment Decay Tp[x] (y1)
GERDA 6Ge 224 B3Cu + X 1.20 x 1026
6Ge 2% B7n 4+ X 1.20 x 1026
6Ge 2% 13Ga + X 1.20 x 1026
6Ge X5 B3Ge + Xipvishie k x 10%
MAJORANA [19] 76Ge 28 Boy + X 1.08 x 102
16Ge 28 Boyetptat 6.78 x 102
10Ge 2 Bznets + 7.03 x 105
EX0-200 [20] 136e P8 133gh 4 X 3.3 x 103
136 PP 133 4 X 1.9 x 102
Hazama et al. [21] 1277 20 1247 4 X 1.8 x 105

i i . GERDA 2023
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= i i
[ 1 1
8 i i
i ROI _i
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0 | ! 1 1
20 50 100 150 200

Energy (keV)
Lower limit on lifetime T low

NA g f76Ge
Nup,n Mtot

( N = 1 — effective number of nucleons
for the case of three-nucleon decay)

Tlow = €n - NePf ’

The total exposure for the low threshold data set:
€ = 61.89 kg yr at full efficiency €,= 0.554

with no observable signal N, = 2.3 counts

at 90% C.l. (Bayesian)), which gives:

partial lifetime limit
Tiow > 1.2x10%6 years, 90% C.1.
for ppp, ppn and pnn decays in 7°Ge

(for nnn decay 1, ,, > k -1.2x10%¢ )
Eur. Phys. J. C (2023) 83:778

N.B. Reminder : T, = T ../ B;
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Electron decay e-—> v+

Another BSM process of interest is the decay of an electron via e- - 3v,

or e- - V7, where the latter channel is explored in GERDA.

Many laboratory tests have been performed to test the fundamental U(1) gauge
symmetry ensuring charge conservation, e.g. the stability of electron as well as
the zero mass of photon (- see selected constraints listed in Backup Slide #3).

Before analyzing the experimental spectrum aimed to search for the gamma peak from decay
e- - v+7 in the ROI around half of the electron mass (~ 255.5 keV), it was necessary to
obtain the true peak shape, since the release of atomic binding energies causes both Doppler
broadening (Backup Slide #4) and shift of the peak position for different electron atomic levels.

In GERDA e- decays could occur both within a Ge-
detector and in its surrounding materials which
include neighbouring Ge-detectors and LAr.

—— detectors; 2.0keV
—— Doppler br.; 4.4keV
total; 5.2keV

e
.
|

GERDA 2024

=
w
|

The total signal energy (peak center) is 255.9 keV.
The full width at half maximum (FWHM) is 5.2 keV

o
&)
|

Normalised amplitude

| A
o J L (blue), with contributions from detector resolution
00 ) 2.0 keV (red) and the Doppler-broadening 4.4 keV
280 240 250 20 270 280 290 (green)

Energy (keV)
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Lower limit on electron lifetime T low

Efficiencies:

N &
A for recording detector €, 4., = 0.419
Nupe Mot for neighbouring Ge €4, .. = 0.034
Na  mpr €& for LAr € ,, = 0.00070

Tlow = (EGe,det =+ GGe,mat) + Ne Ge

+ €Ar Ne,Ar :

Nupe mGe  Mar N.c.=32and N, ,, = 18 - numbers
of electrons in Ge and Ar atomes,

. M,,=39.95x10-3 kg/mol - LAr molar
mass,

LAr total mass m,, = 3884.1 kg,
Total Ge mass mg, = 38.78 kg

16007 \ Ge molar mass M,,, = 75.66 g/mol

Exposure € = 105.5 kg years

Electron decay
1750

1700 = Eo

GERDA 2024

1650 —

2000

1750 =

No relevant deviation from
the background was observed

=== Limit (Ngy=264.2)
1250 === Observed (Ny=15.3)
Background

. . . . . — The lower limit on electron lifetime:
200 220 240 260 280 300

Energy (keV)

> 5.4%x10%° years, 90% (C.I. & C.L.)

tlow

Ey,1 = 238.6 keV (?12Pb), Ey,2 = 295.2 keV (?1*Pb)
Eur. Phys. J. C. 83, 319 (2023)
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Bosonic Dark Matter

GERDA is sensitive to pseudoscalar (axion-like particles, ALPs) and vector
(dark photons, DPs) bosonic DM candidates, also referred to as superWIMPs)

A search for full energy depositions from bosonic keV-scale dark matter candidates of
masses between 65 and 1021 keV has been performed. Masses within this range imply a
super-weak interaction strength between the DM and the SM sector, much weaker than
normal weak-scale interactions, requiring an early thermal decoupling of the DM sector,
which happened before the electroweak epoch at T, ~ 100 GeV [1].

We are focusing on masses below 2m_ ~ 1022 keV, since for DM masses m,, 2 2m,,
decays into e-e+ pairs are possible, making long-lived DM highly unlikely. )

M1-enrGe spectrum

GERDA analysis aims to scan the energy
range 65 (196) - 1021 keV to find some
unknown peak not associated with

the well-known background y-lines.

GERDA 2024

39 Ar

The exposure-weighted energy resolution
o (standard deviations of a Gaussian peak)
ranges from 0.9 keV up to 1.2 keV in the
bosonic DM range of interest.

10%

T T | T T
200 400 600 800 1000

Energy (keV)

[1] m. Pospelov, A. Ritz, M.B. Voloshin, Bosonic super-WIMPs as keV-scale dark matter, Phys. Rev. D 78, 115012 (2008)
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GERDA analysis includes direct DM absorption as well as dark Compton scattering

The dark Compton scattering DM + e- = e- + y leads to release of e- and y with fixed
energies - the recoil energy T of the electron and the energy W’ of the emitted photon .

GERDA analysis focused on events in which both the final electron and photon are
detected within a single Ge detector, leading to a peak at energy T+ w = m,),,.

Equations for the DM photoelectric-like absorption and Compton interaction rates - in Backup Slide #5

With a total exposure of 105.5 kg yr, no evidence for a signal above the background has been
observed. The resulting exclusion limits are the most stringent direct constraints in the major
part of the 140-1021 keV mass range. The ALPs and DPs dimensionless couplings to electrons
are parametrized via g,, and &’ /a, where a’ denotes the hidden sector fine structure constant.
As an example, at DM mass of ~150 keV : o’ /a < 8.7 - 107>*and g,. < 3.3 - 10712 3t 90% Cl.
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Conclusion and Prospects

The GERDA collaboration has demonstrated an unique opportunity to search for answers to the
most exiting questions of modern physics and cosmology in a single experiment: non-conservation
of lepton AL # 0, baryon AB # 0 and electric AQ # 0 chargers and possible candidates for DM.

In addition to the result of searching for Ovpp -decay of °Ge, GERDA has obtained many results in
searching for other processes beyond the Standard Model. Among them, the results in searching for
inclusive decay of single nucleons (firstly for 7°Ge), some modes of three-nucleon decays in the
76Ge nucleus (1-3 orders of magnitude better than previous results), electron decay (the best for
medium mass nuclei), as well as the stringiest exclusion limits on the bosonic keV-scale DM.

These initial results of GERDA are planned to be significantly improved in the
currently launched LEGEND-200 and the future LEGEND-1000 experiments.

Past Present Future

GERDA-II LEGEND-200 b LEcEND
|

Lock System _—
Work deck m‘;

Isolation valves

Re-entrant tubes

~p7 m cryostat
912 m water tank
~215 m cavity
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#1 HAPYIIEHUE CP-WHBAPUAHTHOCTHU. C-ACUMMETPUS
U|BAPUOHHASI ACUMMETPUS BCEJIEHHOI|

AJ. Caxapos
(KITD. [ucema ¢ pedaxyuro. 1967. T. 5, e¢un. 1. C. 32 — 35)

Teopus pacumpstonieiics BeeneHHOI, npeﬂno.rmra}omaﬂ CBEPXILIOTHOE Ha-
YyaJlbHOE COCTOSIHME BelllecTBa, MO-BHAMMOMY, MCK/IOUaeT BO3MOXKHOCTH MakKpo-
CKOITMUECKOro pasie/ieHHs BellleCTBa U AaHTHUBEIECTBA; MO3TOMY C/leyeT PUHAITD,
UTO B MPUPOIIE OTCYTCTBYIOT TeJla U3 aHTUBeLeCTBa, T.e. BceJleHHasd acuMMeTpruuHa
B OTHOINIEHUM uuciaa dacTul W aHTH4YacTull (C-acummeTpus). B uacTHocTH, OT-
CYTCTBHE aHTHOApHOHOB M MpenoiaraeMoe OTCYTCTBUE HEM3BeCTHBIX DapMOHHBIX
HETPUHO O3HAvaeT [oTIMumMe OT HYJIsk 0apMOHHOIO 3apsaa (OapuoHHas acHMMeET
[pust). Mbl XOTM yKa3aTh Ha BO3MOXHOE 0ObsicHeHHe C-acCMMMETPHH B ropsueii
MoOJenn paciuupsoeiics BeeneHHoit (cM. [1]) ¢ mpusiiedeHreM >(peKToB Hapy-
meHuss CP-unBapuantHoctH (cMm. [2]). Jdas oObsicHeHMs OGapMOHHOMH acCUMMETPUU

NOMOJHUTEILHO MpearoaaraeM NpuOJMXKeHHBIN XapakKTep 3aKOHa coXpaHeHud Oa-
PHOHOB.

IIpyHMaeM, 4TO 3aKOHBbI COXpPAHEHMsI 0APUOHOB U MIOOHOB He SIBJSIOTCH a0COJIOTHBIMHU 1
JIOJDKHBI OBITH|00BEAUHEHEI B 3aKOH COXpAaHEHUs "KOMOMHUPOBAHHOr0'" 0apHOH-MIOOHHOIO 3apsiaa)

T.e. B COBpeMeHHOM UHTepnpeTauun 6apruoH-nentoHHoro uucna B-L (B page mopeneit B+L)

1. 3envoosuu A.5.// YOH. 1966. T. 89. C. 647.
2. Oxynw JI.B.// YOH. 1966. T. 89. C. 603.




#2

BFAPUOHHASI ACUMMETPUS BCEJIEHHOM

AJl. Caxapos

(Pusnyecknit uucturyTt uM. I1.H. Jlebenesa AH CCCP)

(O630pHblil dokaad nHa Kougpeperuuu, nocesujernol 100-remuro
A.A. @puomana. Jlenunepao, 22 — 26 urwns 1988 z.(l))

3. TpeTbe HampaBjieHUE B IpodIeMe DapMOHHON aCUMMETPUU — OTBeprarollee
coxpaHeHHe OGaproHHOro 3apsna. [lepBble yKazaHus U paboThl: BeiitHOepr (1964)
[4], CaxapoB (1967) [5], Ky3bmun (1970) [6].

Tpr ocHOBHbIE MpeaNoOChUIKA KOCMOJOTHUECKOro o0pa3oBaHus 0apHOHHOM
acummetTpun (BA).

I. OTcyTcTBME 3aKOHA coXpaHeHUsT GapuOHHOTO 3apsja.

II. OTnMume yacTui OT aHTUYACTUL, NposiBsitolleecss B HapylieHU CP-uH-
BapUaHTHOCTHU.

IT1. HectaimmonapHocth. O6pazoBaHue B A BO3MOXKHO JIMIIb B HeCTallMOHAPHBIX
YCJIOBUSIX TIPU OTCYTCTBMM JIOKAJIbHOIO TePMOAMHAMUYECKOIO PaBHOBECHSI.

Weinberg S.// Lectures on Particles and Fields/- N.Y.: Prentice, Hall, 1964, p. 482.
| Caxapos A.J1.// Thacbma B XKDT®D. 1967. T. 5. C. 32|
Kyzomun B.A./l TIucema B JKOT®. 1970. T. 13. C. 335.




#3

Table Selection of constraints on the electron lifetime T, at 90% CL

Experiment Nuclei Decay T, (years)
Borexino [61] C.H.N.O e —> VeV 6.6 x 1028
* HdM [18]* Ge e — VoY * 94 x 102
MAJORANA [62] Ge e — 3V, 2.8 % 1025
EDELWEISS-III [38] Ge e — 31 12 % 1024
GERDA Ge e —> Vey 5.4 x 102

* HAM [18]2 - more likely overestimate

[R.L. Workman et al. (PDG), Review of particle physics.
Prog. Theor. Exp. Phys. 083C01 (2022);

A. Derbin, A. lanni, O. Smirnov,arXiv.:0704.2047 [hep-ex]]
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4

Table Germanium and argon electron binding energies Eb’ifor different atomic shells [*]
together with electron shell occupation numbers n,. The corresponding FWHM

contributions to the Doppler broadening of the electron decay signal are separately shown
for the dominant contributions coming from Ge source detectors (K, L1-L3, M1-M5, N1-N2)
and from the LAr (K, L1-L3, M1-M3). The FWHM value of each atomic shell are shown too.

Shell nj Ebi (keV) FWHM; (keV)
Ge Ar Ge Ar
K 2 11.103 3.2059 90.6 47.4
L1 2 1.4146 0.3263 31.7 15.2
L2 2 1.2481 0.2506 20.8 13.3
L3 4 1.217 0.2484 290.5 13.3
MI 2 0.1801 0.0293 11.4 4.6
M2 2 0.1249 0.0159 9.6 34
M3 4 0.1208 0.0157 04 33
M4 4 0.0298 — 4.8 —
M5 6 0.0292 — 4.8 -
N1 2 0.0143 — 3.2 -
N2 2 0.0079 — 2.4 -

[*] T. Carlson, Photoelectron and Auger Spectroscopy (Plenum Press, New York, 1975)
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#3 GERDA analysis includes direct DM absorption as well as dark Compton scattering

Absorption interaction rate
for ALPs (a) and DPs (v):

1.47 x 1017 :
R = P () () ket
M [keV] [b]

23
RO — 4.68 x 105 o ([keV] (ape ke -
Mo o \ my [b]

M, (g/mol) is the molar mass of

the target material, the ALPs and DPs
dimensionless couplings to electrons are
parametrized via g,, and a’ /a, respectively,
and is related to the kinetic mixing strength
K of DPs via a’ = ak?

The photoelectric-like absorption
cross section at a given mass is:

2
e (M) = g1 = p (IGJTamz
o o (mv)
oy (my) = — ———"
a p

Here, m, (m,,) is the ALP (DP) mass and
O, is the photoelectric cross-section of Ge

Dark Compton interaction rate
for ALPs (a) and DPs (v):

1.27 x 10%* [keV]
RC _ C N. 2~ 7 2 k —1 d—l
a = fa Ne Mooy 8ae ( M ) g
7.79 x 1022 & [ [keV]
RS = f&N, — — — kg=td!,
V fV e Mt.ot o ( my ) &

Ne is the number of electrons of the target atom
and mass-dependent factors for ALPs and DPs are:

mg (my + 2me)2
(my + me)4
(mv + 2me) (m%, + 2memy + 2m§)

(mvy + me)3

fac (my) =

5 (my) =

For a non-relativistic incident DM particle
having an energy equal to w = my,,,

the recoil energy T of the electron and
the energy w’ of the emitted photon are:

w?
and o =+ T?+2m.T .

- 2(me + w)
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Neutron dark decay

O6WNM MeXaHM3MOM A4/19 06BACHEHMA aCUMMETPUN MATEPUN-aHTMMATEPUMN BO BceneHHOM 1
npupoabl TM moxeT 6bITb anbTepHaTMBHOE pelweHne npobaembl TM ¢ nomoubio “TemHbix”
nnn “3epkanbHbix” HENTPOHOB - CMOTPU, Hanpumep, B [1]

oY
Y X
Nﬁ\f\j\} \\7—)2—//.
’ ,(I)

n ‘\\& n ‘\9\
¥ b, s
 ree e "ee <
Neutron p-decay in SM Neutron — dark matter +y  Neutron — two dark particles

XWX - oaunH nnu aga “sepkanbHbix” (“TtemHbIx”) HelTpoHa, a @ u ¢ - “TemHble” 6O30HbI.

Kpome * ucuesHoBeHUA HEUTPOHA NPU POXKAEHUU ero TeMHoro cobpara, T.e. Nnpu nepexoae 13
06bIYHOrO B 3€PKa/IbHbIN MUP, BO3MOXEH U ** aibTePHATUBHbIA NPOLLECC — aHHUTUNALUA HEUTPOHA
B AZPE NPU ero CTONKHOBEHUM C TEMHbIM (aHTU-)HEMTPOHOM M3 rasiakTuyeckoro raso TM [2]

*%% lcuesHOBEHME HENMTPOHA C NePEXOA0M B HEBUANMbIM 3€PKa/ibHbI MOXKET ObiTb 06bACHEHNeMm
pasHuubl (~ 40) Mmexay nusmepeHHbIMU BpeMeHaMM }KU3HU HEUTPOHA B HEUTPOHHOM ny4Ka ("beam”
experiments ) U Npu pacnaae ynbTpaxo/ioAHbIX HEMTPOHOB B 3aMKHYTOM o6beme (“bottle” type) [3].

[1] H Ejiri and J D Vergados, Journal of Physics G, 46.2 (2019)

[2] M. Jin and Y. Gao, Phys. Rev. D 98, 7 (2018)
[3] B.Fornal and B. Grinstein, Phys. Rev. Lett. 120.19 (2018); Mod. Phys. Lett., A 35.31 (2020)
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Baryon asymmetry could be caused by lepton asymmetry: leptogenesis [1].
If the neutrino is a Majorana particle, then the decay of the heavy Majorana neutrinos into
leptons and Higgs particles in the early Universe looks like an ideal scenario for leptogenesis.
That is, the discovery of the Majorana nature of neutrinos in the neutrinoless double beta
decay observation can prove the arguments in favor of leptogenesis as a source of baryon
asymmetry of the Universe [2]

5 AL =2
vBB Majorana v AB#0
searched
in
GERDA Lepton : Baryon
asymmetry asymmetry Matter-antimatter
Lent == ) . == . asymmetry
eptogenesis —>| Bariogenesis ———) . (1. Universe
-~ L n
Nucleon decay
How are they all connected? searched J
in Dark matter
- See, e.g., [2]: GERDA
“A particularly attractive mechanism is leptogenesis, which seal:ched
can potentially link the baryon asymmetry of the Universe n
to another outstanding puzzle, the origin of neutrino mass ..”[2] GERDA

[1] S.Davidson, E. Nardi, Y. Nir, “Leptogenesis”, Physics Reports, 466, 4-5 (2008);
[2] G.Chauhan, P.S.B.Dev, “Interplay between resonant leptogenesis, neutrinoless double beta decay
and collider signals ...”, Nuclear Physics B 986 (2023) 116058
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https://www.sciencedirect.com/journal/physics-reports
https://www.sciencedirect.com/journal/physics-reports/vol/466/issue/4

Neutrinoless double-beta decay 7°Ge

The main goal of the GERDA (GERmanium Detector Array) experiment was
to search for neutrinoless double beta decay of 76Ge (0v([).

Ovpp-decay must violate the global lepton number by two units (AL=2) and is possible only if
neutrinos are Majorana particles with non-zero mass. In the Standard Model all neutrinos are
massless, what means that observing Ovpp -decay will provide a unique tool for penetrating beyond
the Standard Model.

OVBB: (AZ) > (AZ+2) +2e | AL =2

A= 76 Detection of OvBf3 will provide
337S information about:
"~ Ge \3  violation of L number (AL=2)
* nature of v (Dirac or Majorana)
35¢|| © effective mass of v

0.003 |- 2vpP Qgp = 2039 k3B * neutrino mass hierarchy

0.002 1 Ovpp-decay rate (for light VM_) ______
2 2

0.001 1/7- - G(Qa Z) . |Mnucl| . <m?ﬂ> ot

afls
Majorana neutrino
effective mass

0 500 1000 1500 2000
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Table 1 Currently leading experimental lifetime constraints for single nucleon decays at 90% confidence level (CL) in different
isotopes. The decay channels refer either to neutrons (n) or protons (p), where n.gr is the effective number of nucleons N that
are available for the decay of a given isotope. Invisible channel (N — inv.) results where no visible energy is deposited by
charged particles in detectors are shown, together with inclusive channel (N — X)) results looking for the decay of radioactive
daughter nuclei after the N decay.

Experiment Decay Mo Tlow (¥T)
SNO [14] (=) 160 & 150 + inw. 8 1.9 x 10%°
160 2 15N + inw. 8 2.1 x 102°
SNO+ [15] (@) 160 & 150 + inw. 8 2.5 x 102°
160 £ 15N + inw. 8 3.6 x 10?9
Borexino [16] (?) 12¢ & 11C 4 dnw. 4 1.8 x 102>
13C P 128 4 jnw, 4 1.1 x 10%
DAMA /LXe [17] 136¥e & 135Xe + X 32 3.3 x 1023
136X P, 1357 4 X 26 4.5 x 10?3
DAMA [1§] 120K P, 1287 4 X 24 1.9 x 10?4
Nal(T1) [19] 1277 B,y 1267 4 X 34 1.5 x 1024
1271 P, 126 | X 20 3.0 x 10?4
Geochemical [20,21] 13%Te &5 129Te + X 28 8.6 x 1024
130e Py 129gh 4 X 24 7.4 x 1024

(a) Searches for v rays coming from the de-excitation of a residual
excited nucleus following the disappearance of a nucleon in 0.

(b) Searches for decays of unstable nuclei left after nucleon decays of
parent '2C, 3C nuclei.
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Proton decay, and the decay of nucleons in general, constitutes one of the most sensitive probes of high-
scale physics beyond the Standard Model. Most of the existing nucleon decay searches have focused
primarily on two-body decay channels, motivated by grand unified theories and supersymmetry. However,
many higher-dimensional operators violating baryon number by one unit, AB = 1, induce multibody
nucleon decay channels, which have been only weakly constrained thus far. While direct searches for all
such possible channels are desirable, they are highly impractical. In light of this, we argue that inclusive
nucleon decay searches, N — X + anything (where X is a light Standard Model particle with an unknown
energy distribution), are particularly valuable, as are model-independent and invisible nucleon decay
searches such as n — invisible. We comment on complementarity and opportunities for such searches in
the current as well as upcoming large-scale experiments Super-Kamiokande, Hyper-Kamiokande, JUNO,
and DUNE. Similar arguments apply to AB > 1 processes, which kinematically allow for even more
involved final states and are essentially unexplored experimentally.
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Leptogenesis

The baryon asymmetry could have been induced by a lepton asymmetry:
leptogenesis. If neutrinos are Majorana particles, the decays of the heavy Majorana
neutrinos into leptons Lplus Higgs particles ¢ in the early Universe provide an ideal
scenario for leptogenesis.

Heavy Majorana neutrinos are their own antiparticles, so they can decay to both l.¢ and
[...p final states. If there 1s an asymmetry in the two decay rates, a net lepton asymmetry
will be produced.

Finally, this lepton asymmetry can be efficiently converted into a baryon asymmetry via
the so-called sphaleron processes.

for leptogenesis to occur, three conditions must be met. These conditions directly
follow from the ingredients that are required to dynamically generate a baryon
asymmetry (Sakharov's conditions ):

1. Presence of lepton number violating processes;
2. Beyond-SM sources of CP violation.s;

3. Departure from thermal equilibrium, so that the inverse processes do not wash
out the generated lepton asymmetry.
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“IIpu BBICOKHMX TeMmeparypax B CTaHIapTHOM MOJEIIA IPOUCXOIUT
npsiMoe HapyIlleHHe OApUOHHOTO YUCJIa COBMECTHO C HapylICHUEM
JIENITOHHBIX YUCEN. DTO OTKPBIBAET BO3MOKHOCTB ITOCTPOCHUS TAKUX
MEXaHU3MOB T'eHepalu 0apuOHHON aCUMMETPUH, KOTOPbIE
IPOUCXOMAT 38 CYUET HAPYIICHUS JICNITOHHBIX YMCEN U YACTUYHOU
nepedpocku B pamkax CM 3TUX JIENTOHHBIX YHCENI B OApUOHHOE
YUCJIO IPHU BBICOKUX TEMIIEparypax.”

B.A.Pyoaxkoe

V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikoy,

“On anomalous electroweak baryon-number non-conservation in the early universe”,
Physics Letters B ,Volume 155, Issues 1-2, 16 May 1985

A particularly attractive mechanism is leptogenesis [1] , which can potentially link the
baryon asymmetry of the Universe to another outstanding puzzle, namely, the origin of
neutrino mass. ...

The central idea of thermal leptogenesis is the production of a net leptonic asymmetry
in the early Universe, via the CP-violating out-of-equilibrium decays of heavy right-
handed neutrinos , which is then converted to a net baryon asymmetry...
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There are two qualitatively different types of direct neutron lifetime measurements:
bottle and beam experiments. In the first method one obtains [3]:

t,(bottle) = (879.6 £0.6)s
7,(beam) = (888 +2.0)s

The discrepancy between the two results is 4.0 sigma.

since in the "‘beam”’ experiment the result is obtained by studying the decay, the lifetime
they measure is related to the actual neutron lifetime by

Tn
Br(n — p + anything)

7,(beam) =

the discrepancy can be explained by considering an extra channel in the beam experiment,
which involves the emission of a dark fermion particle y, which goes undetected. Then they

proposed a model which can give a branching ratio of 1% to this new channel, while the standard
channel covers only 99%,

For a free neutron this cannot occur without the emission of another particle, e.g. a photon to
conserve energy momentum. Since the emitted particle is assumed not to carry any baryon
number [6], this scenario is very interesting, since if true, it will demonstrate the existence of
baryon number violating DB = 1 interactions. This scenario seems, however, to be excluded
from astrophysical data involving neutron stars.



The neutron in the nucleus seems to behave differently, due to the nuclear binding. In
certain cases it decays like in the beta decay, but the produced proton cannot escape due to
nuclear binding, while a daughter nucleus appears with its charge increased by one unit.
Decays of well-bound nucleons (neutrons) into invisible particles have been searched by
measuring g rays long time ago [11, 12]. In the model considered above the produced dark
matter particle %, interacting very weakly, can escape. In this case energy-momentum can be
conserved without the emission of additional particles, like the photon, and the decay width
is expected to be much larger.



The effective number of decaying neutrons (protons)

Inside the parent 76Ge nuclei, whose decay could produce the specific daughter
nucleus 75Ge (75Ga).

The effective number Neff = 16 (14) for neutrons (protons) was obtained by using the single
particle shell model with a modified Woods-Saxon potential, and the set of parameters adjusted

for 76Ge.
The calculations were done with the shell-model codes KSHELL and CoSMo comparing,

where possible, our full range of the sub-shell nucleon binding energies with the values
obtained in other works .

if Eexc is less than the binding energy of the least bound nucleon in the 75Ge daughter nucleus,
energy conservation requires that nucleus to de-excite by gamma emission rather than other
particle emission. This gives the following restriction on the Eb (n in A,Z ) for the neutron
decay of the (A,Z) nucleus to the (A,Z-1) nucleus only:

Eb (nin A,Z ) <Sn(A,Z) + min{Sn(A-1,2), Sp(A-1,2)},

and the similar for the proton decay of the (A,Z) nucleus to the (A-1,Z-1) nucleus only:

Eb (p in A,Z) <Sp(A,Z) + min{Sn(A-1,Z-1), Sp(A-1,Z-1)},

For n decay 76Ge — 75Ge: Eb (n in 76Ge) < Sn(76Ge) + min{Sn(75Ge), Sp(75Ge)},
Eb (n) <9.43 +6.51=15.94 MeV. (1)

For p decay 76Ge — 75Ga: Eb (p in 76Ge) < Sp(76Ge) + min {Sp(75Ga), Sn(75Ga)},
Eb (p) < 12.04 + 8.49 = 20.53 MeV. (2)

Therefore, it is necessary to determine the number of nucleons in 76Ge that have binding

energies less than 15.94 MeV for neutrons and less than 20.53 MeV for protons.
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