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Tpu B o1HOM

B ogHom aKcnepumeHTe GERDA npoBoanaca NOUCK OTBETOB Cpa3y Ha HECKONbKO
aKTya/IbHbIX BOMPOCOB COBPEMEHHOM PU3NKU N KOCMONOTUN, BbIXOAALLMX 33 PAMKM
CraHgapTHOM Mogenu: HapylleHne 3aKOHOB COXpaHeHUA N1enToHHOro AL # 0 un
6apuoHHoro AB # 0 yucen U NOUCK KAaHANUAATOB Ha POoNb TV

* Mounck OVPP - 6esHeiTpuHHOrO ABOIMHOrO 6eTa-pacnaga "°Ge:

= AL # 0 - HecoxpaHeHue IeNTOHHOTO YMC/la U A0Ka3aTeNbCTBO MaliopaHOBCKOM npupoabl V
- YTO AO/IXKHO NOATBEPAUTb apryMeHTbl B N0Nb3Y /lenmoz2eHe3a Kak UCTOYHWKA 6apUOHHOM
acMMMeTpumn paHHeun BceneHHow.

** [lonCcK pacnaga / ncuesaHoBeHUA HYK/IOHOB, CBA3aHHbIX BHYTPU aapa '°Ge:

= AB # 0 - HapyLleHne 3aKoHa COXPaHeHMA BAPMOHHOTIO YnCcna - ABNAETCA OAHUM U3
Tpex pyHAaMEHTaIbHbIX KpUTEpMeEB, HE0BXOAMMbIX ANA BOSHUKHOBEHUA aCUMMETPUN
MaTepUM-aHTUMaTEPUN B paHHeln BcenenHon [A./l.Caxapos, 1967]. bapuozeHe3uc.

*** [ToMCK 6030HHDBIX YacTuy, TM (SuperWIMPs) npu nx B3aMmMoaencTBnm C 3N1€KTPOHaAMMU
aTomoB "°Ge [Phys. Rev. Lett. 125, 011801(2020) ; arXiv:2405.15954 [nucl-ex]] ,

= TM — pernctpaumua CUrHaaoB OT BO3MOKHbIX KaHANAATOB Ha posib TemHon Matepun ,

B TOM Hucne j


https://arxiv.org/abs/2405.15954

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]
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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 u3
06bIYHOrO B 3€PKa/IbHbIN MUP, BO3MOXEH U ** aibTePHATUBHbIA NPOLLECC — aHHUTUAALUA 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)



HAPYHIEHUE CP-MHBAPMAHTHOCTH. C-ACUMMETPUA
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.




BapuoHHaa acummeTpua morna bbITb BbiI3BaHa IEBNTOHHOU acummeTpueit: leptogenesis [1].
Ecnu HeTPUHO MaiMOPAHOBCKOE, TO pacnaj, TAXKe/bIX ManOPaHOBCKUX HEMTPUHO Ha NENTOHbI
M YacTuubl XUrrca B paHHen BceneHHOM - 3TO naeasbHbIN CLUEeHapUK ANs nentoreHesa.

T.e. OTKPbITME MAAOPAHOBCKOM NPUPOAbLI HEUTPUHO NPU perncTpaunm 6esHeuTPUHHOro
ABOMWHOro 6era-pacnaga, MoXKeT YKpenuTb apryMmeHTbl B N0/1b3Yy IENTOreHe3a Kak MCTOYHUKA
6apuoOHHOI acummeTpun BceneHHoi [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



https://www.sciencedirect.com/journal/physics-reports
https://www.sciencedirect.com/journal/physics-reports/vol/466/issue/4

GERDA sxkcniepument (Phase 11)

64m> LAr cryostat
(4 m-diameter)

HPGe detector array

LAr veto system

Muon veto PMTs

590 m® water tank
(10 m-diameter)

GERDA onepupoBana ¢ OTKPbITbIMU repMaHMEBbIMU JETEKTOPaMM
(M3 oborauweHHoro 76Ge), NOrpy»eHHbIMU HEMNOCPEACTBEHHO B XUAKNIM aproH (LAr).

Kpuocrart 13 HepiK. CTann ¢ BHYTPEHHEeM 3amnTon 13 C6opKa n3 Ge AeTEKTOPOB PACNO/IOKEHA
meam 3anonHeH LAr (64m?3, ~90 moHH) nomelleH B LleHTpe KpnocTaTta U COCTOUT U3 7-Mu
BHYTPM TaHKa, 3ano/IHeHHOro Bogon (590m?3), CTPUHIOB C geTekTopamu. OKpyKeHa
KOTOpyto NpocmatpusatoT 64 ®3Y (MiooHHoe BeTo) cucTemoin cbopa curHana ¢ LAr —Bero.



GERDA Phase 11
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be3HneliTpuHHBIN ABOIiHOI OeTa pacnana °Ge

OcHoBHO1 Uenbto akcnepumeHTa GERDA (GERmanium Detector Array) 6bin nouck
6e3HelTPUMHHOrO ABOWHOro 6eta-pacnaaa ’°Ge (0vpp).
OvppB-pacnas ponkeH HapywaTb robanbHoe NenTOHHOe 4YMuCNo Ha ABe eauHuupl (AL=2) wn
BO3MOXEH TOJ/IbKO B TOM C/Zly4vyae, eCaun HEﬁTpMHO ABNAKOTCA MaVIOpaHOBCKMMM Yyactuamum C

HeHyneBoM Macco. B CtaHaapTHOM moaenn Bce HENTPUHO 6Ge3maccoBble, 3TO O3Ha4yaeT, 4To

HabnopeHne OvPP-pacnaga [acT YHWKaNbHbLIA MHCTPYMEHT A1A MNPOHWUKHOBEHWA 3a npeaenbl
CTaHaapTHOM MOoaenu.

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

A=T76 [ O6Hapy:xeHue OvBP pacT ceegeHus o:
33 B * HapyweHuu L uncna (AL=2)

2258 \ * npupoge V (Dirac or Majorana)
BB o

R apPeKkTUBHOM Macce V
34 * HEWTPUHHOI MACCOBOM UEpapPXUn

Qgg = 2039 k3B

0.002 Ovpp ckopocTb OvBB-pacnapa (ans nerkoro Vi)
2 of
0.001 1/7- - G(Q7 Z) . |Mnucl| . <mﬁﬂ> + ...+
A——— 1 J
1r
0 a3 dexkTUBHAA Macca
0 500 1000 1500 2000 MalopaHOBCKOro HEHTPUHO




Pesyabratel GERDA 1o noucky Ovpp-pacnaga °Ge

10° All detectors - 103 .7 kgyr

§ [ Prior to analysis cuts §
> . 0 Aidter LAr veto g 4
= 10°c [ After LAr veto and PSD cuts Extremely powerful complementarity Background level = 5.2-104 cts / (keV kg yr)
% — 2vpp decay between LAT veto and PSD cuts!
3
U ~_

£ 107! £ Background best fit and 68% C.L. interval

-EJ E W 90% C.L. Ty jp lower limit (1.8 x 10% yr)
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GERDA pocturna 6ecnpeueeHTHO HU3KOro ¢pOHOBOrO MHAEKCA:
5-10"* otcuetos / (k3B- Kr-rog) B 0bnactu nckomoro curHana (Qgg = 2039 k3B)

3a obulyto skcnosuuuio (Phase | v Phase Il) 127,2 kr-net (1288 mol yr 7Ge) nckombi
CUTHaN He Habnoaancs U ycTaHOBAEH Npeaen Ha nepuoa nonypacnaga Ovpp ansa 76Ge:

T,/,(0vBB) > 1,8-:10% ner, (90% C.L.)

OTKyAa npeaen Ha 3aPpPeKTUBHYIO MacCy 1EerKoro MaiMopaHOBCKOrO HEUTPUHO:
(M gg) <79 - 180 m3B,

(8 3a8ucumocmu om OuanaszoHa 3Ha4yeHuli pacyemHoix AM3).

Phys. Rev. Lett. 2020, 125, 252502




ITonck oaHO-HYKJIOHHBIX pacnaaoB B '°Ge

Sn = 6506 keV

rd= % 5_ a4 o
X “Ge (+7) A PAs +e
% neutron T1/2= 83 min

3~ de-excitation
T6 = * —
fh(_;rf_?. "SAS 4 e + ~
3~ de-excitation '
proton Sn = 8482 keV

rd =GP * -j_ rd =4 o :J,_ = .

X f-)(_}a (+,}) / fa(;e + e : y .‘JAS + e

T,,=126s T;/,= 83 min

0606WweHHan cxema pacnaga HEMTPOHOB U NPOTOHOB B "°Ge,
C nocnepyoWMMN U30TOMHbIMKU Nepexoaamm.

AHaNU3NpPYIOTCA TOIbKO TaKUe UHKI03UBHbIE OAHO-HYK/IOHHbIE pacnagbl, n— X, p— X,
B pe3synbTaTe KOTOPbIX 3aCenatoTcA TONbKO cBA3aHHble cocToAaHuA (bound states) [o4epHUX
agep (A - 1), To ecTb YpOBHMU, YCTOMUYMBBIE MO OTHOLLEHUIO K UCMYCKAHUIO NIIOObIX YacTuL,
KpOMe Y-KBaHTOB, CHAMAIOLLIMX BO36YKAEHMe.

MosTomy paccmaTpusaeTca ToNbKO B-y-napbl oT B-pacnaga 7°Ge v cneaytowwero 3a HUM CHATUA

BO36Y)AeHus n3oTona arsenicum 7>As y- KBaHTamMu (BbleN€HO CUHUM LBETOM).
10



75Ge

B

0-1183 keV

87.1%

Bera pacnag °Ge -> p— 5As* -> 7V — 7°As

(7>*Ge —> ... ’>As) MC simulation
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— 6001
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\\ T .= E 3D

1500 - 40K

200 400 600
E [keV]
e voi,_\i
f”— -\\\ f,‘ N

nucleon decay tagging via ™ Ge
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Nucleon decay

HuxHuit npepen Ha Bpema usun T >
=== Limit (N90216.5)

GERDA 2024

NA f76 Ge nd T Observed (Ny=6.8)
Tlow — €n ° Neff e 5 : Background
Nup,n Mtot o Eo
\% 15— "f\\‘
€, — 3OdEKTMBHOCTb perncTpaLmm coBnageHnn 2 1l
aNneKTpoH-poToHHOM napsl (0,2%), gm_—‘ ’_L‘ ’,-"/ \ H H

N.g — 9ddekTnBHOE Yncno HyknoHos (16 - n, 14 —p) B
N, — uucno Asoragpo 5 - JJ_LL "_LJ
MonspHbliii Bec M,,, = 75.66 (r/monb)

MN3oTonHan ppakuma f7°Ge = 87.5%

| |
3kcno3numa € = 105,5 Kr net 255 260 265 270 275
Energy (keV)

[lNA MUHKNKO3MBHOrO pacnaaa OAMHOYHOro HelTpoHa B 7°Ge nonyyeH

HUKHWIA NpeAen Ha NapunanbHoe Bpemsa XuUsHn T, > 1,5%x102% ner,

a ans npotoHa T, > 1,3x102%* net, npu 90% C.I. (Bayesian)
arXiv:2405.15954 [nucl-ex]

N.B. BaxHo nomHutb, uto T |, =T tot/ B;

(ana Hawero cnyyas i 3HayeHne B;HeunssecTHO, ogHako B;< 0 )

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 mode in
question. For N decays, p and n indicate proton and neutron partial

Particle Data Group

lifetimes.

12


https://arxiv.org/abs/2405.15954

5Ge

ITonck Tpex-HYKJIOHHBIX pacnaaos B '°Ge

B pabote [1] 66110 NOKa3aHoO, YTO B paMKax Moaenu ¢ 3
y v y p
ANCKPeTHON cummeTpuen Z,, B KoTopon HapMoHHOe Yncno /
B ancKpeTHo, npoueccbl c AB =1 nnn 2 3anpeLyeHbil 42s 2pn
BCu 2
a BOT npoueccbl ¢ AB = 3 BO3MOXHblI. 29U p /
2np
- . Q BE00
Mogapb! pacnagos npu AB =3 : 3 rao w5 g
+ o+t LT 03 255 3n
ppp — e m T M Apyrve mofpl, Hanpumep 37n
+ +
ppn — e’ 3n—>3v Q, 4200
pnn — et 3n— 3y
O --------------------- E-Q 483 h
NINIL — DTT . seesessssssssssseenes ;?Ga ﬁ_‘
Mbl paccmaTpuBaem TONIbKO TaKME UHKAKO3UBHDbIE TPEX-HYK/IOHHbIe pacnagbl, o, v
B pe3y/bTaTe KOTOPbIX 3aCeNATcA C napumnanbHbIMK LWMpUHaMM pacnaga M(x), 12 8716
04099 5—+—

TONbKO CBA3aHHble cocToaHuA (bound states) pouepHux agep (A - 3), To ecTb
YPOBHU, YCTONYMBbIE MO OTHOLLUEHWUIO K MCMYCKaHMIO N0ObIX YacTUL, Kpome Y-

KBAHTOB, CHUMalOLWMX BO3OYKAEHME. Fg = Z'Y (F_{?), (x = ppp, ppn, pnn, nnn).

B pe3ynbTtaTte ppp-, pph- 1 pnn- pacnagos B agpe '°Ge, obpa3sytotca nsortonsl 3Cu, 73Zn u
73Ga, COOTBETCTBEHHO. TN KOPOTKOMMUBYLLME N30TOMbI HECTabUbHbI U B KOHEYHOM MTOTe

nepexoaaT B pe3ynbraTe beTta-pacnaga ’>Ga ao 3>Ge (ctabunbHoro).

[1] K. Babu et al., “Gauged baryon parity and nucleon stability”, Phys. Lett. B 570, 32 (2003)
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MOWUCK TaKUX TPEX-HYK/IOHHbIX pacnagos 6Ge csoamTcs K noucky B-pacnaga 3Ga,
YUYMTbIBAA, YTO OH CHayana npemmyLlecTBeHHO (98,6%) 3acenseT meTacTabunbHbI YPOBEHb
3mGe c sHepruen 66,7 KaB 1 nepnogom nonypacnaga 0,5 ¢, KOTopblt ganee pas3paArkaerca
yepes yposeHb 13,3 K3B (2,95 MKc) Ha OCHOBHOM ypoBeHb 73Ge (cTabubHbIN).

B Hall aHaNM3 BKAIOYEH TaKXe nnn-pacnag, '°Ge, nayLimin Hanpamyto yepes 3MGe.

486 h
3/2- 0
73
31Ga
Q, =1593
™
~
014% 591232 1386.1
%] 40 12 1131.86
| 0.08%___ 7.8, 3/2+502+ 915.5 &
0.15% 76 23— 804.1
P/ ) oy
lerd 77, a2t ; S 554.91 Qn}" /éj
1] ss_ 3 VAo 392.45 LIl A 86.716 5490 ¢
[feed 58,32 —— > 364.02 @/
[0.13%___386, (52  — X —.___393.56 n
| <0.28% >9.51, (7/2)* 68.752 Qq?
L. 72, Az A88TT6 g 499 s 52+ 4o 13.275
\ M 13275 - Y :
5/2+ \ 13275 595 s 9/2+ 7 2.95us
9/2+ 0 stable Stable
13G
320€
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Beta-pacnag ’3Ga 1 nocneayouime

“MmomeHTanbHble” ramma-KacKkaabl BbI3OBYT B
aetekTope 1-oe cobbiTve, COOTBETCTBYIOLLEE

cymme mx sHeprui (< 1531 k3B) - E1.

Mepexoa U3 meTacTabuibHOro yposHsa 3MGe
AACT 2-01 3aaepKaHHbIN (T;/,= 0,5 ¢) curHan
53,4 k3B - E2 1 3-ni 3ag€ep*KaHHbIA CUTHAN

(T1/2=2,95 mKc) csHeprmen 13,3 ksB - E3.

MC simulation

E1

Counts
=
T
{

Energy (keV)

0 200 400 600 800 1000 1200 1400

(E2 + E3) = 66,7 K3B

x10*
152 F

MC simulation LA A -

-------------

1.50 I

534 keV
1.48 |-

ADC counts
--____r_ﬁ____“
N
66,7 K3B

1.46 (WWSGUIIT Y W oy T g

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time (ps)

Mpoueaypa noucka pacnaaa ’3Ga 3akato4aeTca B perucrpanmm 3afep*aHHblx CoBnaaeHuii napsl
cobbiTnii c aHepruamm E1 n (E2 + E3), npomsoweawmnx To1bKo B 0AHOM Ge-AeTEKTOPE B TeYEHUE
2,5 cek (5 neproaoB nonypacnaga metactabuabHoro ypoBHs 66,7 KaB), roe 1-oe no BpemeHu
cobbiTne E1 BbibMpaeTca u3 cnaowHoro cnekTtpa (20 - 1598 k3B), a 3aaepaHHOe cobbiTue
cocTouT n3 asyx ctyneHei E2 =53,4 k3B 1 E3 = 13,3 k3B Bo BpemeHHOM MHTepBane (5 x 2,95) mKc

15



r . 5 ] i i ] GERDA 2023
i MC simulation : w1 | v Experiment
[ 1 = i i
A . ROl (b 5 ||I||| : :
i | c i i
| 1 Q 1 1
! I 'I ROI _i
E | 0 — : ' .
! .
: : 20 50 100 150 200
102 | ]
: | Energy (keV)
10' : ' HuXHUM npeaen Ha Bpema KU3HU T |,
100 b i i fosenca i | L i
0 10 20 30 40 50 60 70 80 90 100 Tow = €n - Nt - Na~ £ Jroge
ow — “1 e
Energy (keV) Nup’n Mot

ROI: (40 — 72) k3B gna cobbitnin (E2 + E3)= 66,7k3B (N, = 1 — 5GEKTUBHOE YMCAO HYKIOHOB

ONA CnyYana Tpex-HYKNOHHOro pacnaaa)

E i t Deca Th[X] (yr
- d blx] &0 O6uwan akcnosnuma ana Habopa c HU3KMM NOPOrom
GERDA 6Ge 225 B3cu + X 1.20 x 10 | £ =61,89 Kr/rog npu nonHo apHeKTUBHOCTH
6Ge 2% Bzn + X 1.20 x 10 | €, = 0,554. MNpwn oTcyTcTBUM HabAtogaeMOoro cMrHana
6Ge 5 T3Ga + X 120 10% | N, = 2,3 otcueta npun 90% C.I. (Bayesian), 4to Aaer:
76 ninn 73 26
G Ge + Xinvishle k x 10
e ) npesen Ha NapuuanbHOe BPeMS KU3HM
MAJORANA [19] Ge — BCu+X 1.08 x 10% 26 )
I — N N Tiow > 1,2%x10%° net, 90% C.1.
"Ge — PCuetnta™ 6.78 x 10~ 76
oy ANA ppp-, PpPN- U pnn- pacnagos B /°Ge
°Ge 2= B Znetx + 7.03 x 10% 26
oo . (4na nnn-pacnaga Ty, > k x 1,2x10%° )
136 133
EXO-200 1201 - b+ X e Eur. Phys. J. C (2023) 83:778
136xe L2 133 + X 1.9 x 103 N.B. B T
ann 1o, .B. Ba)*XHO NOMHUTb, YTO T |, = .
Hazama et al. [21] 127 2, 1474 X 1.8 x 102 ! low tot/ “i

16



3akJiloueHue u ICPCIIEKTUBLI

GERDA konnabopauma npogeMoHCTPUPOBaa YHUKaIbHYO BO3MOXHOCTb B OAHOM 3KCNEPUMEHTE
MCKaTb OTBETbI Ha aKTya/ibHeMLwMe BONPOCbl COBPEMEHHOM GU3MKM MU KOCMONOTUU: CTENEHb HapYLUEHUA
3aKOHOB COXpaHeHUA NenTOHHOro AL # 0 u 6apuoHHOro AB # 0 uncen U NOUCK KAHAUAATOB Ha poib TM

Kpome Hanbonee ambuumosHoro pesynbtata no noucky OvPB-pacnaga ’°Ge, 8 GERDA nonyyeHo
MHOTrO pe3ynbTaToB MO MOWUCKY APYrMx Npoueccos 3a npeaenamu CtaHaapTHOM moaenu. B Tom uncne
NoJiy4eHbl pe3ynbTaTbl MO MOUCKY BO3MOMKHOIO NPOABAEHUA UHKIO3UBHOIO, T.€. He3aBUCMMOTO OT
MopA, pacnaga OAMHOYHbIX HEWTPOHa U NPOTOHA (8repsbie 0714 7°Ge), a TaKyKe HEKOTOPbIX MOA,
TPpex-HYKNOHHbIX pacnagos B aape °Ge (Ha 1 — 3 nopAa0Ka ny4ywe rnpedbiOyuux pes3yabmamos) .

ITW CTapTOBble pe3ynbTaTbl NNAHUPYETCA 3HAYMUTE/IbHO YNYYLWNTb B HAYaBLUEMCA B HAacToALee
Bpems akcrnepumeHTe LEGEND-200 n 6yayuwem skcnepumenTe LEGEND-1000

Past Present Future

GERDA-II LEGEND-200

Lock System
Work deck

Re-entrant tubes

~p7 m cryostat
912 m water tank
~215 m cavity

¢
%
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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.// Tlacbma B XKD T®. 1967. T. 5. C. 32.|
Kyzomun B.A./l TIucema B )KOT®. 1970. T. 13. C. 335,
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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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Negative experimental resulis:
Particle Data Group

Partial mean lifg Antilepton 4+ mesons
(10 30 Vears) 7 T = 82

-+ meson

= 168 (n)., > 1600 (p)

p — et K*(892)°
N — v K*(892)

> 100 (n), > 473 (p)
> 112 (n), > 25 (p)
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> 32
> 57

Lepton + mesons
= 30
= 20
- 17
=~ 34
=~ 75
= 245

Antilepton + photon(s)
> 670
> 478
> 28
> 100
> 219




Mean life 7 > 3.6 x 1029 years, CL = 90% [l  (p — invisible
PDG_Booklet_2022: mode)

Mean life 7 > 103! to 1033 years [fl  (mode dependent)

The “partial mean life” limits tabulated here are the limits on 7/B;, where 7 is
the total mean life and B; is the branching fraction for the mode in question.
For N decays, p and n indicate proton and neutron partial lifetimes.

Current lower limits on the proton mode depended lifetime
are setatt/B(p > e+no) > 1.6 x 1034yr and t/B (p = e+|,lo) > 7.7 x 1033yr

PHYSICAL REVIEW D 95, 012004 (2017)

Search for proton decay via p - e*myand p - e*y, in 0.31 megaton - years exposure of the
Super-Kamiokande water Cherenkov detector

We have searched for proton decay via p — e*z° and p — p* 7"

using Super-Kamiokande data from
April 1996 to March 2015, 0.306 megaton - years exposure 1n total. The atmospheric neutrino background
rate in Super-Kamiokande IV is reduced to almost half that of phase I-III by tagging neutrons associated
with neutrino interactions. The reach of the proton lifetime 1s further enhanced by mtroducing new signal
criteria that select the decay of a proton in a hydrogen atom. No candidates were seen in the p — e*z°
search. Two candidates that passed all of the selection criteria for p — u*z° have been observed, but these
are consistent with the expected number of background events of 0.87. Lower limits on the proton lifetime

are set at 7/B(p — eTn°) > 1.6 x 10** years and 7/B(p — u*n°) > 7.7 x 10 years at 90% confidence
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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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Search for Bosonic DM

GERDA is sensitive to pseudoscalar (axion-like particles, ALPs) and vector (dark photons, DPs)
bosonic DM candidates — superWIMPs (Weakly Interacting Massive Particles) [1].

The GERDA exclusion limits are the most stringent constraints in the major part of the
140-1021 keV mass range. As an example, at a mass of 150 keV the dimensionless
coupling of dark photons and axion-like particles to electrons has been constrained to

o'/a< 8.7 x1072*and g, < 3.3 x10712 at 90% credible interval (Cl), respectively.

[Phys. Rev. Lett. 125, 011801(2020) ; arXiv:2405.15954 [nucl-ex]]

107194 - - 7
- - Vady —— XENONnT Y - -a—=2y —— MAJORANA
—-— HB Stars XMASS A 10~ 10 ) —— X-ray, y-ray —— XENONnT
—-— RG Stars —— COSINE-100 i EDELWEISS-III ~—— GEerpa 11
g 10-2 EDELWEISS-III —— GERDA II 2 ) XMASS —— GERDA LI+
-~ —— MAJORANA —— GERDA ILII+ & —— COSINE-100
- %1071 -
1 n-23 =
= 107" =
& o)
= = .
= : 10_12 = I
&0 S Al A .
g 1025 = VYoV Ao ﬁ,MM'l 'M.‘ ! N
7 g Inf\ MY A
: Yl ¥ T AN
=] ’ MW = i - o\ .
= —27 LA, Q i /
z 10 / o i
E g nﬁf’uw' A Y 2 A
S LU | / - L . <+
’ F\u --J-.,’_ i g 1014 - e 2
7= = 1 -
10—29_ / 1 g U N 2
[ = T 21
: § - o
T T T T T T T T T ™
10! 10? 10° 10! 10? 10
Mass (keV) Mass (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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Masses of bosonic keV-scale DM particles imply a super-weak interaction between the DM
and the SM sector, much weaker than normal weak-scale interactions. These requirements
follow directly from the necessity of having an early thermal decoupling of the DM sector,

which happened before the electroweak epoch at T, ~ 100 GeV [1].



Hot Universe Expansion

Based in the Gamow/Zeldovich Hot Universe:

‘Violation of CP invariance, C asymmetry, and baryon asymmetry of the Universe’,
Pisma Zh. Eksp. Teor. Fiz. 5, 32-35, 1967)

Sakharov describes a scenario where a universe which was initially contracting and with equal
and opposite baryon asymmetry to that existing today goes through a bounce at the singularity
and reverses the magnitude of its baryon asymmetry

This scenario kept the CPT Invariance

T<0 anti-matter Universe
T=0 Bounce with “Maximum” particles X
Massa 2 x10°g or 10* proton mass

Possible only out of the thermodynamical
equilibrium

Maximum: Double baryon number violation

The world of Andrei Sakharov: T>0 matter Universe
a Russian physicist’s path to

freedom, de Gennady Gorelik. q q
Oxford University Press (2005). e < —




Baryonic violation problem

In 1955, Lee and Yang discussed a new massless gauge field based on the established
conservation of baryon number.

They predicted the existence of a repulsive force between baryonic matter.

Grand Unify Theory
SU(3) Number of publications on baryogenesis

8D Leptogenesis—

Electroweak _—
] Baryogenesis

Sakharov

Kuzmin

Big experimental effort to looking for
protons decays



1964 CP violation observed

4 CP Violation .
> — (TT
K CP=+ _
- short \ CP=#
9
Docay time of 0.9 « 10-19 secand
Lol 11500 @
A CP=- I
X
Decay time of 0.5 % 107 second C =

Distance or Time of Flight

James Cronin Val Ftch

Epigraph in a copy of his paper to his friend
Evgeny Feinberg

“Waksng ase of the effect

1. Okubo bas proposed,
White the temperature i High
1he wnsverse is wehly clotbed
/0 a coat mad 10 [t
L erooked fignre-tead 1o foor.”

In 1957 Okubo proposed that CP violation imply in a
different rate between particles and anti-particles decays

| Direct CP violation I




|

Direct CP violation

Anti-proton decay rate bigger than proton decay.

e | =




Leptogenesis

The baryon asymmetry could have been induced by a lepton asymmetry:
leptogenesis (see, for example, [32, 33]). If neutrinos are Majorana particles, the
decays of the heavy Majorana neutrinos into leptons /l.plus 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 (see [32, 33] for details).

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 [34]):

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 [50, 51], and the set of parameters
adjusted for 76Ge.

The calculations were done with the shell-model codes KSHELL [52] and CoSMo [53]
comparing, where possible, our full range of the sub-shell nucleon binding

energies with the values obtained in other works [54, 55].

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.



Neutrinoless double beta decay and proton decay

Keeping in mind the special nature of B - L in the SM and beyond, it is
noteworthy that searches for lepton number violation are accompanied by
those for baryon number violation, in particular proton decay and neutron-
antineutron oscillation. These processes test different energy scales and have a
strong complementarity in searching for new physics beyond the SM.

Tri-nucleon decay

Baryon number (B) conservation is an empirical symmetry of the Standard
Model. Its violation is predicted by a number of SM extensions. Furthermore it
is expected that quantum gravity theories violate B and that theories with
extra dimensions permit nucleon decay via interactions with dark matter.

In particular, some SM extensions which allow for small neutrino masses,
anticipate B=3 transitions in which three baryons can simultaneously
disappear from the nucleus, so called tri-nucleon decay, frequently leaving an
unstable isotope [K. Babu, I. Gogoladze, and K.Wang, Phys. Lett. B 570, 32 (2003 ].




ITouck Tpex-HYKJIOHHBIX pacnaaoB B '°Ge

B pabote K. Babu et al. “Gauged baryon parity and nucleon stability”, 2003, 66110 NOKa3aHo,
yTo B CTaHAapTHON MoAEeNun, ONepUpPyroLLEN C O4eHb MaZlbIMKU MacCaMn HEUTPUHO, UMeEET

MecTo He-aHoMasbHaA (anomaly-free) guckpeTtHaa cummeTpua Zg, B KoTopoi bapnmoHHoe

yncno B anckpetHo.

Mpu cneymanbHOM Bblbope napameTpos B CTaHAaPTHON MOAENU, NarpaHXmMaH UHBapPUaHTEH

oTHocUTeNbHO rpynnbl Zg - Noarpynne KannbpoBoUHOM rpynmbl U(l)zy_3+3,_ — 1 nobble
Npouecchbl AOMKHbI YA0BNETBOPATb YC/OBUIO:

2AY-AB+3AL=0
roe Y - rmnep3apagn AY =0, a Bu L— 6apmoHHOE 1 1eNTOHHOE Yuchaa.
EANHCTBEHHO BEpHbIE peLleHnsa gaa 3Toro ycnosua TpebytoT, 4ytobbl AB 6b110 KpaTHO 3.
B pe3ynbTtate npoueccol ¢ AB=1u AB =2 3anpeLieHbl AN CUAbHO NOAAB/EHDI,

a BOT npoueccbl ¢ AB = 3 moryt npoucxoauTtb Yepe3 onepaTtopbl pasmepHocTu 15.

Ref.: K. Babu, I. Gogoladze, and K.Wang, Phys. Lett. B 570, 32 (2003).
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ecTb nn aAng °Ge npenmyLlecTasa no
cpaBHeHuo ¢ 136X ? Due to:

level has the most probability to form a Tritium-hike “bound state” of three nucleons. The
probability for three nucleons mm Oxygen nucleus to overlap in a range the size of Tritium
nucleus 1s

P~ % | [0 d(2)d(2)d(2) (sm (4 — ) sin (4’:-) sin (J":“)) ~ 0.0253
(11)

where ¢ % is the ratio between the radii of Tritium nucleus and Oxygen nucleus, since

] - - . . .
R o AY3 (A is the atomic number). So the effective baryon number violating operator of
Eq. (10) becomes

Ppa?
————(*Hre) . (12)
V2 ANRS ¢ o
The triple nucleon decay lifetime can then be estimated to be
167 f.°A?2 RS (13)
T v .

P 2 3 6 :\[ 3SH

In the MD paper: “We list the results, however, in case the nuclear dependence is of interest.”
Dependence on the nuclear — in which way?

136 76

R6 (136Xe ) > RS (76 Ge) Xe - Ge
N3 HaWKMX pacyeToB cnegyeT uto T(235Xe ) ~ 4 T (76 Ge)

P2 (3¢Xe ) < P? (" Ge) at the same A:

To ecTb YyBCTBUTENBHOCTL AN °Ge ~ 4 pasa nyywe 136Xe npu npounx paBHbIX YCNOBUSAX
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Q u d° ( e v H
Zg |6 5 1 2 5 3 1
Zy |3 o2 1 2 2 3 1
Zo |2 1 1 2 1 1 1

Table 1: Family-independent Zg charge assignment of the SM fermions and the Higgs boson along with
the charges under Z3 and Z5 subgroups.

Q uc d© ( e« v H
U(l)g /3 —-1/3 —-1/3 0 0 0 0

U(1)y, 0 0 0 1 -1 -1 0
U(1)y 1/6 —2/3 1/3 —1/2 1 0 1/2
U(l)agy—pgap | © —1 1 2 -1 -3 1

Table 2: Charge assignment under B, L, Y and U(1)ay_p 13z, which contains the Zg of Table 1.



GERDA Phase |l

Active Background Reduction
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Bera pacnajg °Ge

(*Ge ... 7>As) MC simulation
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Final Results of GERDA on the Search for Ov33 decay of 76Ge

; 10° E  Alldetectors - 103.7 kgyr g
2 E [_] Prior to analysis cuts g
3 5 [ After LAr veto : g
X 10°F B After LAr veto and PSD cuts Extremely powerful complementarity

8 [ —2vppdecay between LAT veto and PSD cuts!

3

Q
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Energy (keV)

Background level = 5.2-104 cts / (keV kg yr)

[ |Prior to analysis cuts [l After analysis cuts

102

E E = 107! g Background best fit and 68% C.L. interval
n Lo fﬁ ; BN 90% C.L. Ty lower limit (1.8 x 10%° yr)
Z10" B % 02 — Event energies
3 ~ E
o z = .
= R i
1 S 1073 g
:\ | I | | [ | | | A I | I
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Energy (keV)
Phase | and Phase Il data together give a total exposure of 127.2 kg yr, which corresponds
to 1288 mol yr of 76Ge. The combined analysis has a best fit for null signal strength, and
provides a half-life limit of

Ty /o > 1.8 x 10°° yr at 90% C.L.
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