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Single Beta Decay

Standard single beta decay can occurin three different fForms

N
* PB-decay n—pt+e +7, < ¢
~ !
* B+ decay p—n+et +u, =N :
\
* Electron capture (EC) ¢~ +p > n+ 1, %
A\
: »NNQ
CIIll
TStable T. Potter
1 1 ] I 1 I Ls
(A, 2) = (A, Z+1)+e” + 7, 48 50 52

>4

If the decay is possible M(A,Z) > M(A,Z + 1), it is the dominant contribution.
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Single Beta Decay

Standard single beta decay can occurin three different fForms

N
* B-decay n—pte +Ule 3:1\ :
* B+ decay p—n+et + v, E|\ odd-odd b
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* Electron capture (EC) ¢~ +p > n+ 1, ) % \7 )

Even A
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If the decay is possible M(A,Z) > M(A,Z + 1), it is the dominant contribution.
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Double Beta Decay

For 35 nuclides (even A, even Z), the standard single beta decay is not energetic possible.

m/\ : J : ;
g 0 | AEwen . 9

allowed Bp

V

Energy 4 (b) A

(A,7) = (A, Z +2) + 2 + 27,

In this case, the second order two neutrino double
beta decay can be the dominant contribution!

Nemo collaboration
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Neutrinoless double beta decay

For these 35 nuclides (even A, even Z), there is potential to probe new physics via
neutrinoless double beta decay.

T | 1 i | 4 i L . | i !

|_Beuselinck et al. (2012) ol
Bpov
= ///..\\\ \ -
= \ -
/\ “\
. /’ Bp2v N 4
neutrinoless B © - ) \ :
/ \\
L / \ -
,I \\

(A, Z) = (A, Z 4+ 2) + 2e~ -/ N .

/ 1 1 1 1 1 1 1 \l\a.L 1

. . 0.5 I
Lepton Number violating (LNV) N S

AL =2

Besides the continuous BB2v spectrum, a monochromatic line at the maximal energy
could be a hint for a possible lepton-number violating BBOv decay process.
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Neutrinoless double beta decay

SEPTEMBER 15, 1935 PHYSICAL REVIEW VOLUME 48

Double Beta-Disintegration

M. GOEPPERT-MAYER, The Jokns Hopkins University
(Received May 20, 1935)

From the Fermi theory of B-disintegration the probability of simultaneous emission of two
electrons (and two neutrinos) has been calculated. The result is that this process occurs suffi-
ciently rarely to allow a half-life of over 10'7 years for a nucleus, even if its isobar of atomic
number different by 2 were more stable by 20 times the electron mass.

DECEMBER 15, 1939 PHYSICAL REVIEW VOLUME

On Transition Probabilities in Double Beta-Disintegration

W. H. Furry _
Physics Research Laboratory, Harvard University, Cambridge, Massachuselts

(Received October 16, 1939)

The phenomenon of double g-disintegration is one for which there is a marked difference
between the results of Majorana's symmetrical theory of the neutrino and those of the original
Dirac-Fermi theory. In the older theory double g-disintegration involves the emission of four
particles, two electrons (or positrons) and two antineutrinos (or neutrinos), and the prob-
ability of disintegration is extremely small. In the Majorana theory only two particles—the
electrons or positrons—have to be emitted, and the transition probability is much larger.
Approximate values-of this probability are calculated on the Majorana theory for the various
Fermi and Konopinski-Uhlenbeck expressions for the interaction energy. The selection rules
are derived, and are found in all cases to allow transitions with Ai= =£1,0. The results obtained
with the Majorana theory indicate that it is not at all certain that double g-disintegration can
never be observed. Indeed, if in this theory the interaction expression were of Konopinski-
Uhlenbeck type this process would be quite likely to have a bearing on the abundances of
isotopes and on the occurrence of observed long-lived radioactivities. If it is of Fermi type
this could be so only if the mass difference were fairly large (6520, AMR0.01 unit).
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Neutrinos &
Lepton Number violation
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Neutrinos - what do we know?

>TYHE STANDARD IMODEL e

Illustration by Sandbox Studio, Chicago

“Neutrinos, the Standard Model misFfits”
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Neutrinos - what do we know? 2015 NOBELPRIZE

Neutrinos in the Standard Model are massless

V; .

Neutrino mixing

Arthur B.
McDonald

Ve "
v | =Upuns | V2 NEUTRINO OSCILLATIONS
V’T V3 The discovery of these oscillations shows that neutrinos have mass.
* Neutrino oscillations rec.IUire massive Neutrinos normal hierarchy (NH) inverted hierarchy (IH)

m2 4 A m2

Am?2, ~ 7.59 x 107 %eV?
P(Vz' — Vj) X Am2 Mz ©

Y AmZs ~ Am3, ~ 2.3 x 1073eV?

Normal vs. inverted hierarchy E—— 1,

How do neutrinos get their masses?
What nature do neutrinos have? Are they their own anti-particles?

Julia Harz Overview of neutrinoless double beta decay 7



Right-handed Neutrinos as New Physics
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Right-handed neutrinos could explain the neutrino masses
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Why Lepton-Number Violation?

Dirac mass
1/2

y, LeHvy D mprpvg
-1/2 0

* tiny Yukawa couplings

my/Apw < 1071

* Lepton number no accidental
symmetry anymore

hypercharge

Majorana mass

vaRVIC%
0O O
-1/2  1/2
My VLvy LLHH
1/21/2 -1/2 1/2

not at tree-level within
the SM possible

* higher dimensional operator

* Lepton number violation (LNV)

(H) (H)
o XGH) A
vL ——ﬁ R i % S Vs
- : ——1’7 VL, YL ‘& -
(H)X VL
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Majorana Neutrino Masses

O

LDOYYL;Nj¢p+ M7 N;N;
= MJv;Nj + My, N;N; "

= (e o)
v MT My

Diagonalisation with M, >> M,;:

M? mainly active SU(2), doublet
~ c ~ D L
v v+ 0vg Mv ="y,  stateswith light masses

Seesaw type |

N ~ vp + 0T¢ M ~ M mainly sterile singlet states
R L N M with heavy masses

“naturally’ small neutrino masses

How can one test if neutrinos have a Majorana or Dirac nature?
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Neutrinoless Double Beta Decay

ulia Harz Overview of neutrinoless double beta decay

11



Neutrinoless Double Beta Decay Experiments

Most stringent constraints on neutrinoless double beta decay half life:

GERDA: Ty >1.8x10*y

es
- Kamland-Zen: 175 > 1.07x10%° y fedonw e
Future prospects:

3o disc. sens.

Experiment Iso. T /2 mag

vz | [meV]

LEGEND 200 [60, 61] | "®Ge|8.4-10%°| 40-73

LEGEND 1k [60, 61] ®Ge (4.5 - 10°7| 17-31
. SuperNEMO [67, 68] 828e |6.1 - 10%7(82-138
Sy, CUPID [57, 58, 69] 828¢ |1.8 - 10°7| 15-25
§ 2 CUORE [51, 5] 130 e | 5.4 - 1075 66-164
- e vab e 1 CUPID [57, 58, 69] 1230Te (2.1 - 1047 | 11-26
SNO+ Phasel [65, 70] |'*°Te|1.1-10° |46-115

SNO+ Phasell [66] 1507 14,8 - 10%°| 22-54
KamLAND-Zen 800 [59]|'**Xe 1.6 - 10°°|47-108

KamLAND2-Zen [59] 125Xe 8.0 - 1077 | 2149

nEXO [71] 19Xe [4.1-10°7| 9-22
NEXT 100 [63, 72] 136Xe|5.3 - 10%° [82-189
AL PandaX-III 200 [64] 199Xe |8.3 - 10°° |65-150

SJM Peeters PandaX-III 1k [64| 136%e 0.0 - 107 | 2046
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Half life of Neutrinoless Double Beta Decay
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Half life of Neutrinoless Double Beta Decay

Ty =l mgg 7 G | M |?

/7 N

particle physics nuclear physics

phase-space factors

Kotila, lachello (2012)
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100F
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@ this work

neutrinoless Bp €

G107 yr )

* known and calculated to good
accuracy

Te

 Dependent on new physics!
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Mass number
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Half life of Neutrinoless Double Beta Decay

Ty = | mgs PG [ M |?

/7 N

particle physics nuclear physics

phase-space factors
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Neutrinoless Double Beta Decay &
Standard interactions
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Neutrino Oscillations & Ovf3

Vi) = Z Uwi [Va)

Ve Flavour eigenstates
2 mass eigenstates
Ui Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) mixing matrix

* Solar experiments

Homestake, Chlorine, Gallex/GNO, SAGE, (Super)
Kamiokande, SNO, Borexino

« Atmospheric experiments
IceCube, ANTARES, DeepCore, Super-Kamiokande

* Reactor experiments
KamLAND, Double Chooz, Daya Bay

* Accelerator experiments
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Mass hierarchy & OvBf

2 2i¢12 2 21913
(Mee) = ‘012013 My + S19Cla My € + s73mge

hierarchical cancellation quasi—degenerate
(only normal)

* Uncertainty from unknown - JAmZ 2, cos 2615
Majorana phase 3

0 1 _ \/ AmQAC%?)
* Quasi-degenerate region gl \
above 0.2 eV =
= 001 5 o
« Accidental cancellation 3 mo =
For NO E
0.001 . myciycis
t —y/Am? + mistycis
I —\/AmA—I—m%S%S
0.0001 ] K
. 0.0001 0.001 0.01 0.1 1
m [eV]

>
Re
Lindner, Merle, Rodejohann (2006)
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Mass hierarchy & OvBf

NUFIT 4.0 (2018) Future projection with JUNO
0.1 ‘ ; — ‘
— L | I I | L ’
10" E
—~ = = >
% B ] = oot}
T £
2107 E
10_3 = i 30 Range - ij’rior —
— | | 3 Posterior
11 | | | | | 1 1 1 0001 i
0.1 | 0.1
rm. (eV) = m; [eV]

<ml’/>min — Am%(cg _ Sg)cﬁ%
JUNO can determine minimal value of the effective mass with almost
no uncertainty - fixes the half life that needs to be addressed

Esteban, Gonzalez-Garcia, Hernandez-Cabezudo, Maltoni, Schwetz (2018+)
Anamiati, Romeri, Hirsch, Ternes, Tortola (2019+)

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo (2017+)

Ge, Rodejohann (2018)
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Mass hierarchy & OvBf

NuFIT 4.0 (2018) Future projection with JUNO
= | I I | L ’ 100
10" ] —
““D 5 :_ _: - 10
ED 10 ? g é <m >max-
10° 5 = o ,\,y,xn;,in@,Jll.l!-s,\ e
- | | | ] | | ] 1 1 1 l a (\XSW?\) (m2i
0.1 1 1072 sul
£m, (eV) 10°° 1026 1027 1028 1029

T [years]

JUNO can determine minimal value of the effective mass with almost
no uncertainty - fixes the half life that needs to be addressed

Esteban, Gonzalez-Garcia, Hernandez-Cabezudo, Maltoni, Schwetz (2018+)
Anamiati, Romeri, Hirsch, Ternes, Tortola (2019+)

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo (2017+)

Ge, Rodejohann (2015+)
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Mass hierarchy & Ovf33 & Cosmology

Dell'Oro, Marcocci, Viel, Vissani (2016)

0.08 ! !

"KamLAND-Zen upper limit
 Phys. Rev. Lett. 117 (2016) 082503

. (95% C.L) -
; il | | L | | 1
0.05 0.10 0.15 0.20

Julia Harz Overview of neutrinoless double beta decay 20



Complementarity

e

Atmospheric neutrinos
K, ORCA,
ceCube Gen2,
NO

LBL exp:
DUNE, T2HK,
(ESSnuSB, 727)

Reactor

neutrinos:
JUNO

Cosmology
Direct search

Neutrinoless

1/ nature

double beta decay

S. Pascoli

Julia Harz
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Heavy Sterile Neutrinos
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Heavy Sterile Neutrinos
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Heavy Sterile Neutrinos

2
3 2 nsg 2
1 _ GOV 4 2 MOV 2 Ueimi ‘/eNz-mNi
ro, — e M2 Ty 2 g
1/2 =1 i=1 N;
17' "
Y AN W W N N N S R g el I current
1072 -\,';:“"3::: — Ffuture
10 N

_g| ™= 107% eV
10771 ¢,=0
i TP/VQ(76 Ge) > 10% y
Am _
10710 — TA = mA::\ — 10 6
— 7y =107*
— rp = 1077
10712 L, . . . | . | . | . k . .
107° 10°° 1073 1 10°

my, [GeV]

Ar - 0 leads to pseudo-Dirac limit where lepton number is approximately

conserved and Ov[3f3 forbidden
Bolton, Deppisch, Dev (2019)
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Light Sterile Neutrinos

Hypothesis: KATRIN sees a kink

Assumption: 3 active + 1 sterile neutrino

my4 € [1 KeV,18.5 KeV]

dI'/dE (a.u.)

|Ues|® > 107

20

Impact on neutrinoless double beta decay:

4 4

341 2 9o MYy 2 __(SM,, 2

m(+):ZUeip —ZQEZUeimi:m((ze )+m4Ue4
; ;

ee
=1

Abada, Hernandez-Cabezudo, Marcano (2019)
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Light Sterile Neutrinos - Interplay OvB3p & KATRIN

10 — i —
my | Ues | = 107> KeV
Assumption: 3 active + 1 sterile neutrino: |
Excluded by KAMLAND - ZEN
S 107 P _
@ :
E 2
» possible kink @ KATRIN would imply that IO E 105
and NO might not be distinguishable ) :
anymore with Ov(p " E
1074 1073 1072 10" 1 10
. . Miightest (€V)
* Observation of Ovpp would not necessarily
. 10 . S ———]
Imply 10 my | Ues |* = 107 KeV
1
° xcluded by KAMLAND - ZEN
* Non-observation would not rule out IO due S 107 = ;
to cancellations for large enough m Uz , = 0 N ;:
S 10-2 £
- :
2
1073, -
1074 =L
107* 1073 1072 107" 1 10
Miightest (€V)

Abada, Hernandez-Cabezudo, Marcano (2019)
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Neutrinoless Double Beta Decay &
Non-standard interactions
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Lepton-Number Violation

* LNV occurs only at odd mass dimension:

L= LSM+—0<5>+Z A30<7> Z A5(9<9>+

Ay
O = LYLPHPH ¢\, e 50 O\ = LLPQ,uQ d g,

C’)gz) = LO‘LBQPdCHUeagepa

Babu, Leung (2001), de Gouvea, Jenkins (2007), Deppisch, Graf, JH, Huang (2017)
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Lepton-Number Violation

* LNV occurs only at odd mass dimension:

L= LSM+—0<5>+Z A30<7> Z A50<9>+

A4
O = LLPHPH €\ €5, OY) = LYLPQaucQ d s,
(H) (H) ng) _ LaLBQPdCHaeaﬁepa
*, #+
v o'l
he- W), >
,02
m, ~ —
M ; o Yayugt v?
VL (h0) VL v (167‘(‘2)4 Aqig

2

Yag: v

my ~ 2\2
(1672)2 Az, Deppisch, Graf, JH, Huang (2017)
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Lepton-number violating effective operators

| & Operalor [ | O Operator I [O Operator I [o Operator [
1 L'IJH‘H‘(&EJI al, Lipamdﬁanﬁ"HkHE{mEJ!Em" 47s Li”atdalakaHﬂéjmﬂﬂ il Iigeyed® H’J’Qrdnﬁ._cﬂ
i m
2 P I* Hegen 3% L'LQ Qi HT, | MRS G U e | B HEHQ H e enen
3‘ L"qudc”'ﬂjéﬂ 32 L‘-Lj_ arl) J!Hkﬁ TR A7a L'L:'Q.QIQ'QMH'“'H“(!*(“ - " !
ap B ourgEe I Ty 22 Qmu Q"u . iiE_ﬁgf: 47, L'UQEQIQ.QmHmHREanH T2 L LkﬂﬂffIthgHREr,ﬁjfm
any i e T ¥ Ll e L
2| e e | B A t| IIQUQTT ™ e Bl LLQUH QU H iy
5 L Uanu-ff H HIEJJ 4| [ A QjE! " = H EakE5L .ﬂ'g. L'qulﬂratamﬂmﬂntﬂqn 73& Lly@kdeff!{grhn!!n‘ Cintil
i Qe Qu HY H H™ euem 35 ee"L'e"Qu"HI H  eue 470 | L' LIQ Q' Q,Q H™ H" esgumerne™ F :, o
8 Dewd Hey 6 EEQUEQ AT M eey 47, | LI QQ 0, H™ H e pmeane?? Me|  PLQuellQrur I ersejn
2 el 37 e Q'd'Qu H' H ey 10, | L PR H™ H eomegmense®|| || HP Qi Q0 M vy
. S g g m LU LA d e dode 1 1 eane 5 Lieowd* HIQ U Ho cpots;
1 a8 F‘EP"QiﬂeQ we i H? kgl i ralig
1a LA Q A ey J 49 LA dur H® H egpeq
o LG 3. LLL*LLLH™H™cememt bl
. —— i AT . 50 LA deie 1 T e g
19, LD T 20| LA U T Lo H™H eem ¥ I Dt i e
— : iyirkyriT T T LT —
o|  Uoaeren nd B mabmin ol I (WL Lol
o { L e ] Sy | LA LTLS L L Cii Ol U i T
14, L'Ljag-dtqtﬂnéq 1] irjrk lzq_ Ifm-”i il e Ljd:del?@-glnj
i gl 40, 'L iQJ: Ekmnfin Edn L'qu*d'ﬁicfﬂ‘ﬂ"‘e;mm
14s L .[JQ,'LE“Q f&_ﬂ 40 LJ.L:Lk EIQ H™H ¢ " & 0
0 Pt b : Q2 L@, Ejm Elen 5,  D'QIQMTQEH H™eueim
16 et ey 40- f-‘_f-ka Q' LiQH™ H tymeen 8| LIQHTDeH H™ comege
1 LA deucesy 10g| LU L*QLQ,H™ H epnein Ba|  LQIQ Qe U™ cupeem
18 L dou it iey A0, PFrrrQ'T.g, o H™tj16k6m 58a L'QPQQ e H* H'ey
i kg
10 LA Pty 4| ALQT.Q H™H e iy i L Q’ij?.f?ﬂ‘;ﬂ ‘” fu
= Qe Wy|  LLAL*Q'LnQ H™ H" ¢ jtekn g Rt i
Na| DETPEQue H™ H gepmen 40|  LLL*QLnQ H™H" eiem i k ?Jdcffj'_# H :‘T‘:rf:l
iy L'Ljﬂkcﬂqiucﬂmﬂnt'uqm(m 40, L LleEman HPHY EiﬂEJr!“-H“-"m 57 Lid:?;j“:ﬁ'ffﬂ H:“
'SRIr] gyl ppm L i 58 LA ufE) uretut MY 1 Begn
7] LA LF e e H H™ ey g 40; | B LR T O, HP H€ip €€ 06™ 1
i k e U™ % oty ik 50 L'Q"fﬁfﬁ_"ﬁf"‘ﬁrﬁuﬁk
ot ook - vl Ma|  LIFELdH'H e s -
LIOMEOE HT o I e 60 L' Qutetut 1T,
M, LAQF 8 d H™ Hiegeeim 41 LALA LR Tyde H H ™€ pm e
Ik . i 61 LA L e T e o
| L0 aGdH Tepmca 12, LT HH™e e
a5 LIHQ-tFQ‘u&I{mH-nl'mljnin - l|—1l|—;j-k cTi 5 H_IH"' $HCkm a2 L‘L:Lkﬂ“ffli.’t’:ﬂﬂriijl'k!
Ma| QT H H™cpieem A% g “L o : e 6| LA HLT e T repen
zﬁa LlﬂQHfLM?'HIHmiuéjm 43“ LLjL d’glu"ﬂ E'f:k 63{: L‘L—"Q'::“H;L’c"ﬂreueﬂ
¥ LIHQ‘CF'Q{J"H!}JEHQKM 4‘]5 IL'I? Lhdcftjufrflff;‘!’.u G, L'LJEJ.;'FF'HKL‘—Q(FPEJE
| LAQEE DA H H™ eyt ym 43.| LUALM Lt H™Hueigteme™ 64, LG H L e H ey
28, L*uq*dﬁﬁ,ucﬂ@m 44, LHAQ e Qer H H™ e jreiem 65 Lrerurd LT e H regg
:j:: t{ﬁ‘?: :‘2-:““:;‘:[1;":- Ay QD H H™cucym 66 T H* e d* Hyey:
= ﬂuqfﬂ"’:}mm“’* M. FEQQE M ™ cjenm 6| IR HQ T e
u ,u E;u:E}m b B o = i
44 L LAQ e Qe H H™ €ip jm ! 5
20, LA Tl ™ e gm 4 ; Qt _[‘{‘e_ i f i i ol S Babu Leung (2001)
=, LU TGt e 45 LitdedendeH" H'epey 68, L HQ d Heeney G ! Jenki 2008
0y | LU TG ut 1 g g™ 16 L' etweru H* Hleinep 80, LG ue QY d e e ouveaq, Jenkins ( )
Na|  PLQEQuH ey 47| LLIQ*QQQH™H tmem 0| DO E e Graf, JH, Deppisch, Huang (2018)
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Half life of Neutrinoless Double Beta Decay

Ty = |mgs PG [ M |7

7 B

particle physics nuclear physics

phase-space factors
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Half life of Neutrinoless Double Beta Decay

1/2 |€B’2(;OV| A40V|2

/7 N

particle physics nuclear physics

phase-space factors

standard mass mechanism long range contribution short range contribution

d u Or T U
W— d
e e d e
675 4 1
e e~ d e~
W-— W-
U d T Oy u

Julia Harz Overview of neutrinoless double beta decay 29



Long-range contributions to OvBB decay

Iza\ m long range contribution
dl
2 5 2 "l _
AL =2 )
G .
_ TF T T # —
L \/—{Jv ady - A,J,JFZ Jpdal o1 9 “

Leptonic and hadronic current with different chirality structure:

Ovia=79"(1%75)

Jp = e0pv with Ogtp = (1£75)
J = u0.d i
OTR,L — 5[7#7’)@](1 + 75)
X 10° [ o |73 i o

Ge 411 021 37 066 0.07
Xe |26 011 22 026 0.03

Deppisch, Hirsch, Pas (2012)
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Schechter-Valle Theorem - Black Box Theorem

w o~ a1 %
db, A AuBd

Schechter, Valle (1982)

Any AL = 2 operator that leads to Ovbb will induce a Majorana mass
contribution via loop

v(p) e“(p+ ki) e(p — ko) v(p)

9-dim AL = 2 operator will lead to Ovbb but only tiny contribution to neutrino mass

 1n—28
6my — ]-O eV Dirr, Merle, Lindner (2011)
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Can one ever prove neutrinos are Dirac?

v 0v4B Black Box v

0v4S Black Box

R_

5 1 \2 .6
,B,[Z(A_) q 10821

)2 18

Qup

1
Ald

Should a 0v43 decay signal ever be established, unaccompanied by 0v2[3
decays, then one would rule out Majorana neutrinos

Caveats may exist?

Hirsch, Srivastava, Valle (2018)
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Distinguishing Majorana vs Dirac nature?

10Y

SR 1 SR 2
‘ K* i ‘ |
‘ . .; 10_1:‘ LNV: K* -t vy

o b
—< < T
v §
>
©

v S 102

g :
Golden Channel c
+ + oo _ +1.0 —11 3

BR(KT — mTvo)sm = (8.57775) x 10 s o

Buras, Buttazzo, Girrbach-Noe, Knegjens (2015)
NA62 aims to reach SM precision! Py NA62
10 . . . : : .
0.00 0.02 0.04 0.06 0.08 0.10 0.12

s [GeV?]

s=(Ex — E;)*

* SM, lepton number conserving vector current

Lo ™" = = @7"'vi) (dyus)
SM

« BSM, lepton number violating scalar current ~ different phase space distribution

TVV v 7
Lot = B (vivj) (ds)
BSM

Deppisch, Fridell, JH (2020)
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Topologies for Neutrinoless Double Beta Decay

Long Mediator (U(1)em, SU(3).)
.- Decomposition Range? SorV, ) S"or V) Models/Refs. /Comments
1-i (ud)(e)(e)(ud) (a) (+1,1) (0,1) (—=1,1)  Mass mechan., RPV [58H60],
LR-symmetric models [39],
Mass mechanism with vg ,
TeV scale seesaw, e.g., [G21[G3]

+1,8) (0,8) (-1,8) [64]
l-ii-a  (ud)(u)(d)(ee) +1,1)  (+5/3,3) (+2,1)
+1,8)  (+5/3,3) (+2,1)
1-ii-b  (ud)(d)(u)(ee) +1,1)  (+4/3,3) (+2,1)
+1,8)  (+4/3,3)  (+2,1)
2-i-a  (ud)(d)(e)(ue) +1,1) (+4/3,§) (+1/3,§)
(+4/3,3) (+1/3.3)

Vi Vo V3 V4 2i-b  (ad)(&)(d)(ue) (L) +1,1) (0,1)  (+1/3,3) RPV [58H60], LQ [65166]
+1,8) (0,8) (+1/3,3)
+1,1)  (+5/3,3) (+2/3.3)

+1,8)  (+5/3,3) (+2/3,3)

2-ii-a (ud)(u)(e)(de)

24ib  (ad)(e)(@)(de)  (b) +1,1)  (0,1)  (+2/3,3) RPV [860], LQ
+1,8) (0,8)  (+2/3,3)
Topology 1 diiica  (de)(a)(d)(we) (¢) (-2/3.3) (0,1) (+1/3,3) RPV CEE0
(-2/3,3) (0,8) (+1/3,3) RPV
2-iii-b  (de)(d)(i)(ii€) (—2/3,3) (-1/3,3) (+1/3,3)
(-2/3,3) (-1/3,8) (+1/3,3)
3-1 (uu)(e)(e)(dd) (+4/3,3) (+1/3,3) (-2/3,3) only with V, and V;
(+4/3,6) (+1/3,6) (—2/3,6)
3-ii (uw)(d)(d)(ee) (+4/3,3) (+5/3,3) (+2,1) only with V,
(+4/3,6) (+5/3,3) (4+2,1)
3 (dd)(a)(u)(ee) (+2/3,3) (4+4/3,3) (+2,1) only with V,
(+2/3.6) (+4/3,3) (+2.1)
V3 H  @@@mde (9 (233 (01 (+2/33) RPV
(-2/3,3)  (0,8)  (+2/3,3) RPV [58HG0)
d-ii-a (wa)(d)(e)(de) (+4/3,8) (+5/3,3) (+2/3,3) only with V,
(+4/3,6) (+5/3,3) (+2/3,3) see Sec.[](this work)
4-ii-b (aa)(e)(d)(de) (+4/3,3) (+1/3,3) (+2/3.3) only with V,
V1 Vo V4 (+4/3,6) (+1/3,6) (+2/3,3)
5i (ue)(d)(d)(ue) ()  (=1/3,8)  (0,1)  (+1/3,3) RPV [58{60]
(-1/3,3)  (0,8)  (+1/3,3) RPV
b-li-a  (ue)(un)(e)(dd) (-1/3,3) (+1/3,3) (—2/3,3) only with V,
(-1/3,3) (+1/3,6) (—2/3,6)
5-ii-b  (@E)(&)(a)(dd) (-1/3,3) (-4/3,3) (=2/3,3) only with V!
Topology 11 (—1/3,3) (-4/3,3) (~2/3,6)

Bonnet, Hirsch, Ota, Winter (2014)
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Neutrinoless Double Beta Decay
& the LHC

ulia Harz Overview of neutrinoless double beta decay
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Neutrinoless Double Beta Decay at the LHC

Oy = %aaciciéé d e

d e~

vonome A>(1.2-32)g 2 Tev .
Topology I

Example: Left-Right Symmetric Model

My [TeV]

Mwy [TeV]

Helo, Kovalenko, Hirsch, Pas (2013)
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Neutrinoless Double Beta Decay at the LHC

Different possible contributions to Ovbb: u
) - - ] ] ] d e~
u u e u
} J } } d e~
> Sii Yo Sna < Sys Y S/ u
d d d e
e e
u e u d
L5/3 SB% U1/3 S2D/(§
d U4/3 e u d

Production process at LHC:

qlQ J J
Sy /3
S, /3

Helo, Kovalenko, Hirsch, Pas (2013)

Julia Harz Overview of neutrinoless double beta decay 37



Neutrinoless Double Beta Decay at the LHC

Different possible contributions to Ovbb: u
d d d
u ﬁ) e u
7»5/3 S.2
d U4/3 e a

Production process at LHC:

d 1000 2000 3000 4000 5000
LQ } } M, eﬁc(Ge V)

S+] ,

Helo, Kovalenko, Hirsch, Pas (2013)

Bonnet, Hirsch, Ota, Winter (2013)

Hirsch, Klapdor-Kleingrothhaus, Kovalenko (1995)
Mohapatra (1986)

52/3

52/3 ,

2/3 54/3 : 51/3 ;
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Neutrinoless Double Beta Decay at the LHC

u
Refined study of model with greatest LHC reach: i B
€
*CINT — 01 Q?daSi = ggefjl_,,,;FS}‘f + H.c. d e~
u
Including: [ |
* SM + detector background 14— L=100fb™" : : ]
* running of the operators 1 ol == £=300fb" Iy
* long distance contributions o r=3000fb"! 2 |
P e +F p _
5
2 2
ngé (03 —O0F ) ere + he. — Cef;jjngﬂ m 7w eren +h.c

Peng, Ramsey-Musolf, Winslow (2015)
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QCD corrections and running

Leading order QCD corrections to the complete set of the short-range d = 9 Ov33-operators
covering the low-energy limits of any possible underlying high-energy scale model

d u d u d u O = 4(aPxd)(@Pyd) j,
\89\&(;%/ . . . 05" = 4(uc* Pxd)(uo,, Pxd) j,
< < < OF" = 4y Pxd)(wy, Pyd)
/\\ e e e Op" = 4(ar"Pxd (o, Pyd) 5%,
d (a) u d () u d (©) u O = 4(ay*Pxd)(aPyd) j,

[105] 7 = G B (CFHA) + ORR) + 85 (CFR(A) + CFH(A)) +
+ B2 (G (A) + G (M) +

e.g.
+ B (CEH(A) + CRR(A)) + BER (CER(A) + CEE )| +

“x . . . f(X = M, U()fz))(u +-/\/12U12 211
+ Ga| By (G (A) + G () + By (O (A) + G (M) +

+ BEX(CER(A) + CER(N)) + BER (CER(A) + CEF )|

Gonzalez, Hirsch, Kovalenko (2015+)
Arbelaez, Gonzalez, Hirsch, Kovalenko (2016)
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QCD corrections and running

QCD corrections can give sizeable impact to short range contribution

With QCD Without QCD With QCD Without QCD
AX [ CEX (A 1CFX (A9)) | [CEEE A 1O (A e
6Ge |5.0x10710 38x1071%| 26x10°7 1.5 x 1078 9.1 x 1077 2.6 x 107
136Xe 13.4%x 10710 26x10710| 1.8x10°7 9.7 x 1077 6.1 x 1077 1.8 x 107
AX G5 (A |CFX(Ag)] |CX - — —
Ge | 35x107Y 5.2x 1079 1.4 x 1079 - - -
136Xe | 24%x 1079 35x1072 | 94x 10710 — — —
LR,RL LR,RL LR,RL
AX G55 (A |CFY (Ag)] |C5X] (& (A1)] |C (A2)] (& |
Ge | 1.5x107% 1.6x10°8 1.1 x 10~8 2.0x 108 2.1x10°8 1.8 x 1078
136Xe | 9.7 x 1079 1.1 x 1078 7.4 % 1079 1.4 x 10~8 1.4 x 1078 1.2 x 1078
XX(0 LR,RL LR, RL LR,RL(0
AX e 1eFX ) | 101 1R A (eEEREE )| o)
Ge | 5.0x107Y 39x10°%| 1.2x10°8 1.7 x 1078 1.9 x 1078 1.2 x 1078
136Xe | 34%x 1077 27x107Y | 7.9x10°° 1.2 x 1078 1.3 x 1078 7.9 % 1079
LR,RL LR,RL LR,RL
AX | CEX (A |CEX(Ag)] |CX| 1Cs (A1) |C5 (Ag)] 1Cs |
BGe | 23x107% 14x108 | 1.2x10°7 3.9 x 1078 2.8 x 1078 1.2x 107
136Xe | 1.6 x10°% 95x107Y | 82x10°8 28 x 108 2.0x 108 82x10°8

Gonzalez, Hirsch, Kovalenko (2015)

QCD corrections sub-dominant for long range contribution (less than 60%)
Arbelaez, Gonzalez, Hirsch, Kovalenko (2016)

» Extrapolation of perturbative results to sub-GeV non-perturbative scales on the basis of
QCD coupling constant “freezing” behavior using Background Perturbation Theory
— only moderate dependence Gonzalez, Hirsch, Kovalenko (2018)
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“Master formula”

>
0
Q
o
m -
A l
- | —
= I dim — 5 | dim — 7 dim — 9
-
%) Electroweak symmetry
~100CeV |- ¢ ¢ breaking
—
L dim — 7 dim — 9
EI (d — uev) ® J,, dd — uuee
1 Match to ChiPT
DY Se— et YN —_—— (LECs in Table 1)
~ 1GeV

|_
=5 _ - =2 b Iwweel Iwwel
o

Construct 0v33
operators (Eq. 24)

~ 100 MeV | 7207 mmmr s e R
g E Ow33 operators O35 operators
d=  FH (Long- and pion-range) (short-range)
o DU, N— T ... NMEs(Table?)
S
> = AA AP,PP,MM AA,AP,PP AP,PP
% “8 _8 Mp, MGT,T MF,sq, MGT,sd ? MT,sd
S o |
T 2 Phase space integrals
~ 1 MeV ‘L (Table 4)
+ T Master formula
v I 1/2(0 —+0") (Eq. 38)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2018)
Graf, Deppisch, lachello, Kotila (2018)
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“Master formula”

>
2a
Q
c
LIJ -
A l
=
LL I .
= I dim — 5 | dim — 7 dim — 9
>
) I E!ectr_oweak symmetry
~ 100 GeV |-: v & : * _ : ¢ _ & breaking
E | dm-3 | | dim—6 | I dim — 7 1 | dim—-9 |
-1
4 2 2 2 ,
(Tlo/”g) = gA{Gm (‘Ay' + | ARg| ) —2(Go1 — Gog)ReAJ AR + 4Gp2 | AE| :1)
~ 1Gs h
+2Go4 [\Ame > + Re (A:‘na (A, + AR))] — 2Go3 Re[(A, + Ap) AL + 2A,,, A%
38
. o [ Au? + s R [0, — Aw)ki] | (38 2
e Ov535 operators Ov55 operators
E h (Long- and pion-range) L> (short-range)
S
> AAAP,PP,MM AA AP,PP APEE
% '§ _8 Mp, MGT,T Mp,sd, MGT,sd ) MT,sd
)
T § A % I Phase space integrals
~ 1 MeV ‘L (Table 4)
Ov (n+ + Master formula
v I Tl/z(o —+0") (Eq. 38)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2018)
Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck (2018)
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Neutrinoless Double Beta Decay
& Baryogenesis

ulia Harz Overview of neutrinoless double beta decay
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Leptogenesis and Neutrino masses

The origin of neutrino masses lies beyond the standard model

Lepton number violating (LNV)

M, = 0.3 ($5Y) (10 ) eV
Leptogenesis via oscillations

Akhmedov et al. (1998)

M, = 0.3 (156V) (2%) ev
High-scale Leptogenesis

Fukugita et al. (1986)

Combined analysis of both regimes and comparison with existing literature (Klaric et al. 2021)

Julia Harz

Overview of neutrinoless double beta decay
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Leptogenesis via oscillations & OvB3 decay

For N=2, the baryon asymmetry is predictable by combination of different experimental measurements:

0.1

] Hernandez et al. 2015 Obs. Yag = 8.6 x 10~

®*  Observation of two heavy neutral leptons

with 0.1% accuracy at SHiP IH active v/’s|
®* Determination of their mixings to electrons —

and muons with a 1% accuracy %

= 001}

®* CP phase determined to 0.17 rad accuracy §

with neutrino oscillations _
®* Measurement of neutrinoless double beta AP = 1% AN —01%

decay AlUJ? = 1% ,AM = 0.1% ,Ad = 0.17 rad

0.001¢ : 1 . - .
-20 -10 0 10 20

YAB(l()*”)

Hernandez et al. 2015, Abada et al. 2015, Drewes et al. 2016
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High-scale Leptogenesis & OvBB decay

baryon
asymmetry
Q,

SM processes

lepton
asymmetry

] lepton lepton possibly at
neutrinoless asymmetry asymmetry high scales

double beta decay < washout generation For LG via
(LNV) (CPV and LNV) decays

Imagine we observe OvB3f3, can we make a statement about the washout strength
and thus about the validity of a baryogenesis model?
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High-scale Leptogenesis & OvBB decay

baryon
asymmetry
Q,

SM processes

lepton
asymmetry

] lepton lepton possibly at
neutrinoless asymmetry asymmetry high scales

double beta decay < washout generation For LG via
(LNV) (CPV and LNV) decays

Imagine we observe OvB3f3, can we make a statement about the washout strength
and thus about the validity of a baryogenesis model?

YES!
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Ovp3B and Baryogenesis

@ Operator
1H2 LiLijHlﬁtﬂtﬁikﬁjl
2 LILiLkecHejep
Sa LiLijdCHlEijEkl
3p LI QFd°Hejpe
4a LiLj@iiIchEjk
T iri ) e Irk
_1 L 2 /6 2 45 LLJQ;“UHEU'
1/2 GOV‘Ml ‘Eoz| 8 Liecutd“He;;
Observation would fix the 5
effective coupling for one Grer  g°v

A7( A7

1
5
C’/lpz> A < T < A
7

Limit above which the

operator \ V2 2A73 washout is highly

effective coupling can be Sgrfuclgg’eedciindze endence
related to the scale of the of the o eratorpscale
operator P

Os 9.1 x 1013 7 > 1

O~ 2.6 x 10%

Oy 2.1 x 103

O11 1.0 x 10° Deppisch, Graf, JH, Huang (2018)

Deppisch, JH, Huang, Hirsch, Pas (2015)
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Ovp3B and Baryogenesis

£ current

1019¢ 1 d u

> 0vBB LFV o

Q Vi 0, N ¢

~ ] 1 d u
10°¢ E
limit above which 104%‘LHC p— _
the washout is ;_ ~
highly effective — > I I!
FW 10"’;-EW scale o .-
—>1 £ a 1

H 1 1 I

Potential to Falsify baryogenesis models! Deppisch, Graf, JH, Huang (2018)

Deppisch, JH, Huang, Hirsch, Pas (2015)
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Distinguishing different operators

Dell'Oro, Marcocci, Viel, Vissani (2016)

0.08
* discrepancy between sum of neutrino masses I . ,

" "KamLAND-Zen upper limit e
from cosmology and OvB half life 0. 0ePhys: Rev. Lett. 117 (016) 082503 _a@lS
measurements could indicate non-standard i
mechanism

0.04 o

migg [eV]

0.02 ‘ i
30

(95% C.L) 1

| I
0.15 0.20

- Angular distributions allows to discriminate O,

. . Zcosm [€V]
from others, due to e, and e* in the final state
% Mass Mechanism '3 T Right Handed Current
l 5 /"/ \“ I.I>J - Theoretical distribution I-I>-l : - Theoretical distribution
B S // / [ Reconstructed distribution 0.8_ [ ] Reconstructed distribution
@ ‘~~~ ,',/ [
- / 0.6
310
E 0.4/
;U e L
L 05 dF F 0_2’ 0.27
———— = —(1 — kg cosb2)
dCOS@lQ 2 N N N N N I Y | I N B W I N I T e
-1 -08 -06 -04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
OO - . . | . . A Cosine of angle between electrons Cosine of angle between electrons
0.0 02 04 06 08 10 Ali, Borisov, Zhuridov (2006),
1At]/Q SuperNemo, Arnold et al. (2010)
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Distinguishing different operators

< [ [®areAEp)
* distinguishing between different mechanisms via & 3% o=@
° ° ° - - aavv v )
measurements in different isotopes T Mg :
>25_ r RHC .
S 2] !
> | LxrHca
NP1—1 _ 2 ~NP| { (NP2 a5 ! T '
— . - * !
[T1/2 |77 = enpGTH MY o f '
z i T '
o . :
- =
Tp('X) _ IM(PGoRG(PGe) | S P
76 o A 2 A C
Tip("Ge)  MAX)PG(AX) F . . :
P 0 76|Ge lese 100*M0 116‘Cd 130|-reBB I 136txe
(R _(Rm,)/RmV sotope
—-80% —60% —40% -20% 0O 20%
—— T —T—/ Isotope Confidence Number of Isotopes
82Ge A * | Ik W R Ordering Level 2 3| 4]5]6
100 I Atomic Number 90% <2% | 8% [16%|23%|24%
Mo * O A HEE S 68% | <2% |19% |36%|45%|48%
P ' Spread 90% 6% |18%|27%|27% |24%
128 .y A pLR-M prea 0 0 0 0 o] 0
Te 4 a5l * 68% | 13% |20%|41% |42%|47%
130T A LT A R Experimental 90% 3% [11%24%|24% (24%
Readiness 68% T% [18%|46%|47%|47%
1365, B A 13396k * REE(10GeVT) Alternative 90% 3% [11%|17%]15% [24%
) Ordering 63% % [18%|34%|32% |47%
150N A Cam 300%% Experimental 90% < 2% 6% [14%|16%
1 L\ Readiness 68% < 2%(12%|22%(24%
(All 7 models, no 11¢Cd)

Deppisch, Pas (2006)

Gehman, Elliott (2007)

 observation of OvBf via O, and O,, will imply observation of LNV at LHC
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Probing Leptogenesis at the LHC

Washout processes could be observable at the LHC

a M
logyg — > 6.9+ 0.6 (ﬁ _ 1) logyp T4

Observation of any washout process
at LHC would Falsify high scale
baryogenesis!

My [TeV]

(scale of asymmetry generation above M, )
Deppisch, JH, Hirsch, Phys. Rev. Lett. (2014)
Deppisch, JH, Hirsch, Pas, Int. J. Mod. Phys. A (2015)
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Combining LHC & Ov3f3

LD goQSdg + gr L(i7*)S*F + Ags(STH)? + h.c.

mep = 1 TeV, mg/mp = 0.99
100 ] 0\ -

1"..preliminary 33 ur er  erf UL
:\\ -
I ‘ ’
' 9Q y-----d—t - Q
A
\ S9drL Fgr s
10-14 \ %
] \‘ kK, dR dR
Vo . ovBp
9Q N
P
1 ol = o N _
B ~1 1+ washouttoo bigto “G, q 290 1
074 3 S generate n%bs 2 grs- .
' oz N F
] gL s
XX . gor----- ¢
I s=++ LHC (14TeV, 100 b~ 1) gt
ll —— LHC (14TeV, 3ab™1) et
1 —— FCC (100 TeV, 30ab™ ") q -
103 . —— collider
1073 102 101 10°

gr

Comprehensive analysis confirms EFT results and shows interesting interplay
between collider and Ovf3f reach. . ,
JH, Ramsey-Musolf, Shen, Urrutia, in preparation
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~Summary

Ovp( has huge potential to probe LNV and a Majorana nature of the neutrino

Combination with neutrino oscillations powerful to constrain specific models
Many non-standard contributions possible, many topologies and UV completions

OvBp and LHC compete against better sensitivity
QCD running is important and can affect conclusions - “master formula”

OvpB( can shed light on baryogenesis -

Many ideas to disentangle different contributions

Open questions & uncertainties in nuclear physics ,
neutrinoless B ©

Julia Harz
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Thank you for your attention!
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A new leading contribution to Ovf3f3

Hinyv = QG%Vfd mgaga éLCér‘E V.

V(@) = C +Va(a), Vila)=— i
0((]) + W(Q) ﬂ'(q) 4F7? q2 _|_m?r
1/u (fm)
0,063 e — AR H(Rs)|
TN — AaL=2(Rs)||
S T - AR |
> L TN — Aar=2() |’
= N |
o 0.04r A ]
e e :
< ==~
NN _(1)+.(2)+ =
Vior = =20 r0+7 @
0001 0005 0010 0050 0100 0500
Rs (fm)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck (2018)
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Constraining LNV interactions with rare kaon decays

o - O
u

L ey

M

T

hOI

X--K o

1%

O = LYLPHPH ¢, e 5,

Og) — LO‘LﬁdeCH"eapeB(7

* GIM suppressed * No GIM suppression

Not explicit LNV! ,
* Includes first and second

generation

How are higher dimensional operators constraint by rare kaon decays?
Deppisch, Fridell, JH (2020)
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Constraining power at E949

* SM, lepton number conserving vector current Deppisch, JH, Fridell (2020)
20r
| signalregion1 S
K—nmvo __ — ., 7
£SM o A2 (VZ/-)/ VZ) (d’y'us) — SM: K* » ii*vv
SM T 15
[0)
o,
;E LNV: K" > m*vv .
* BSM, lepton number violating scalar current o ol
K—nmvv __ v 7 E
CEST = o (vvy) (ds) :
BSM 5L L o
— different phase space distribution / 1 \\ - B
% 20/ 40 e 80 N\100 120
- different acceptance: . Han Y
N b \vector 10 theoretical after
BR(K™ = 77vD)ggsg < 3.35 x 10777 at 90% CL distribution experimental
BR(KT — ntwp)icalar 91 510710 at 90% CL acceptance

Deppisch, Fridell, JH (2020)
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Constraining power at NA62

100 . ————————————————————— or e e
: Deppisch, JH, Fridell (2020) Summary of sensitivity to scalar
SR1 | SR2 current (based on kinematics only):
|
107" | SM: K 5 VT (10) Experiment | SM (vector) LNV (scalar)
‘g NA62 SR 1 6% 0.3%
[N A Ao
g et R iy NA62 SR 2 17% 15%
8 10| il £949 mu7(1) 20% 2%
= | E949 707 (2) 45% 38%
s 0 i~ - = KOTO 64% 30%
107°

Experiments are generally more
sensitive to vector currents

0.00 0.02 0.04 0.06 0.08 0.10 0.12
s [GeV?]

s=(Ex — E;)*

Possibility to disentangle a possible signal by
improving on experimental sensitivity and strategy?

Deppisch, Fridell, JH (2020)
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Non-standard Majoron Emission

d u d u

\\@Fﬁ ey, € €R

G costc " E%L 2 E%R » T
P g

V2 p

Gr CL Gr €L
Isotope Tis2 [y] |€%L| |€¢§R| d U d u

82Ge 3.7 x 1022 [[4] 4.1x10% 4.6 x 1072

136Xe 2.6 x 1024 [13] 1.1x 1074 1.1 x 1072 S 2v538
b "‘.,-' ‘-.\“'
82Ge 1.0 x 10%* 80x107° 8.8x 1073
136X o 1.0 x 10% 57x107° 5.8 x 1073

Afl\‘ff)’RL ~ 1.3TeV
AR pr ~ 270GeV

New type of interaction 00k o . .. T~

distinguishable from background 1. R (]3(1.4— 1) /O(';’ﬁﬁ = Fu

Cepedello, Deppisch, Gonzalez, Hati, Hirsch, Pas (2019)
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Light Sterile Neutrinos - Interplay Ovf33 & KATRIN

Assumption: 3 active + 2 sterile neutrinos

1t sterile neutrino in KATRIN reach, 2" variable

104 Py e e 10% prrrrees
&
!r_ Excluded by KAMIAND - ZEN B R h
1 2 3 1 4
r i :
S q s
r E 1
2 10 1 2 10 .
—_ r B _ 1
Eg r n Eg B!
r 1 1
— 108 i — 10 1
r 1 B |
r 0 B B |
F o . o g 1
10712 my|Ueq[*~3%1075KeV . 10712 my|Ues[*~3x%10"°KeV 9
r o B |
L ! I J J ! ! ! ! 3 PR PRI PR SR RPN RO RPWPTO PR PO
10 10° 10° 107 10° 10 10° 10° 107 10°
ms (KeV) ms (KeV)
' IV T i) T T T : | T T
r y
I oA ' »2;. L LN ‘;%5
r aF. i,
1 1F -
r o
S --------------------------------- = — [--==========-= e
= r 2|
& 10 k 2 10y 7
— 1 — r 1
58 k| EB r L
1 r 3
- 10_8 1 - 10_8F 3 B!
. r i |
" 1 r 1
10128 ' My |Uoy 2 =5 L 128 2 -5 1
i 4|Ueq|"=4x107"KeV 1 10712 my|Ugy[*~4X10"°KeV 1
L r k|
[ PEPPPPIY REPRTPITY EPEPEETIV SRR TP BRI B TTTT BT BT S ._! £ | | L | 1 L A | 3
10 10° 10° 107 10° 10 10° 10° 107 10°
ms (KeV) ms (KeV)

Abada, Hernandez-Cabezudo, Marcano (2019)
Interesting interplay between KATRIN & Ovbb prospects

Isotope dependent cancellation between two different exchange
mechanisms (two different NMEs) Pascoli, Mitra, Wong (2014)
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Short-range contributions to Ovf33

l’a‘| "u ‘I short range contribution
n‘g, d 5] -
?
21 B2 s d e~
L = Go, M| 2 g
U
Og
eff G2 . uv . v . 7 Y I .
L — Tmp [€1JJ]+€2J Juu]—|—€3<] J,LL]—|_€4J J,ul/] —|_65<] Jj,u]

Leptonic and hadronic current with different chirality structure:
J=u(l+75)d, J* =" (1 £ 75)d, J* = usy",v"](1 £+ v5)d
j=e(l+75)e, j =y (1 & y5)e

LLz(RRz LRz(RLz
AX 1| o | eq PP SRR €4 es|
6CGe 3.0-1007 1.7-1079 2.1-10"% 1.3-1008  14-100% 14-10°7
136Xe 24-1077 1.3-107° 1.0-10"8 1.6-10"8 1.1-107% 1.1-10°°7
Deppisch, Hirsch, Pas (2012)
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Leptogenesis via oscillations

Akhmedov-Rubakov-Smirnov (ARS) mechanism Akhmedov et al. (1998)

oroduchiou oscﬁ\:-\-»m sphaleons shut off
M L =0 — SR
) RA A } €= +9qu Bsn
W—= €+ Nep le =6
Nen Lo =©
o~ 107 5107¢ Yrie > Ye
: e v Nag reacn egualibnuws
oo in eguilibaua! | for Tew ]
Ngh < €,

Tew
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Ovp3B and Baryogenesis

106:AAAAAA 2 AA Y A 2AAAAAZARZ IWWWY Yy
C * o .
s34 7-dim
9-dim |
105 3 8 m E
: 5 6 1212 1414 =~ () = () v 11-dim
oo ]
* |

7
111 .
r;! 104 ! 10 13 25 2828282929 123 1
o U
g 24 24 27 27 31 31 HC reaCh‘M
B~ |
363738

103} ' .
C *
158 1718 35 w 1
| B | h
10%F v EW scale |
: 23 :
_BBvy Y vVYYYY _ _v]

Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)

Side remark: Loop enhanced rate of neutrinoless double beta decay via

virtuality of the particle in the loop Rodejohann, Xu (2019)
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TeV scale LNV - A simplified model study

Right-handed neutrino decay as source of a lepton asymmetry at high scale
L£>y,LHN — %NCN +hec.

LNV interaction at TeV-range
LNV

LD goQSdr + grL(it?)S*F 4+ Aps(STH)? + h.c.

Integrating out heavy d.o.f. leads to Contribution to.neutrino mass
dim-9 LNV operator: dependent on size of A
Cl = cqcT (H) (H)
eff _ Y1 A73cAaqgcrTrC < -
Liky = 7 Qd°Qd"LLY +hee  Ausgi(H)’
S Nps S Y A
Cl — g%gé I QLéf \égL I
F F

A= (mimp)t/s

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga, in preparation
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Combining LHC & Ov3f3

LD goQSdg + gr L(i7*)S*F + Ags(STH)? + h.c.

mep = 1 TeV, mg/mp = 0.99
100 ] 0\ -

1"..preliminary 33 ur er  erf UL
:\\ -
I ‘ ’
' 9Q y-----d—t - Q
A
\ S9drL Fgr s
10-14 \ %
] \‘ kK, dR dR
Vo . ovBp
9Q N
P
1 ol = o N _
B ~1 1+ washouttoo bigto “G, q 290 1
074 3 S generate n%bs 2 grs- .
' oz N F
] gL s
XX . gor----- ¢
I s=++ LHC (14TeV, 100 b~ 1) gt
ll —— LHC (14TeV, 3ab™1) et
1 —— FCC (100 TeV, 30ab™ ") q -
103 . —— collider
1073 102 101 10°

gr

Comprehensive analysis confirms EFT results and shows interesting interplay
between collider and Ovf3f reach. . ,
JH, Ramsey-Musolf, Shen, Urrutia, in preparation
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