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Dirac vs Majorana

» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with ™/,  ~107'2 left-handed neutrino
couplings to Higgs — Lepton Number Violation
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Three Active Neutrinos
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Three Active Neutrinos
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Three Active Neutrinos

CESKA REPUBLIKA -

» Effective 0vBB Mass FL :,, =, 2T
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New Physics and OvgBp
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New Physics and OvgBp
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dy £ vy > uy
» Examples in Left-Right Symmetry :'?tj; —
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New Physics and OvBp
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Short-Range Mechanisms

» Evaluation of limits on

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

> General parton level operators
(Paes et al. ‘01)
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Short-Range Mechanisms

» Evaluation of limits on

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

> General parton level operators
(Paes et al. ‘01)

> Nucleon currents
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Short-Range Mechanisms

» Evaluation of limits on

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

> General parton level operators
(Paes et al. ‘01)

> Nucleon currents
> Nucleon form factors

2\ _ gs

s(q”) = T /iy gs = 1.0 [42],
ps(g?) = T 25;772%)2 T qlz/m%. gps = 349 [42],
Fo(q?) = ; +q%;m%,)2’ gv = 1.0,
Fw(¢®) = = q(/;i/,72€)2 gw = 3.7,
Fa(q®) = i+ (192[;""?4 X ga =127 [43],
Fel(@) = (1+ (;];771:2{)2 L - (11'2/771%' gp =494 Zg <1 a %) = 231 [,
Fr(f?) = — 95 gr.,, = 1.0, -3.3,1.34 [40].
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Short-Range Mechanisms
n P
» Evaluation of limits on e

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

> General parton level operators

(Paes et al. ‘01)
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| G Phys.Rev.Lett. 78 (1997)
Fw(¢®) = o ('2//”’12 7 gw = 3.7, 183)
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s 3= EYRCRVE ga = 1.27 [43], operators from
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Short-Range Mechanisms

» Evaluation of limits on

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

(e]

General parton level operators
(Paes et al. ‘01)

Nucleon currents
Nucleon form factors
Evaluation of additional NMEs

Numerical determination of e~
wavefunctions (nuclear
Coulomb potential and e~
cloud screening Type equation
here. energy and angular
distribution
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Nuclear Matrix Elements

» Nuclear Matrix Element

2
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Nuclear Matrix Elements

» Nuclear Matrix Element

2
9y

M = g= (MGT — ?MF + MT>
A
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J. Engel, Talk at ECT* Workshop
“Progress and Challenges in 0vBp”
indico.ectstar.eu/event/33/timetable/#20190715

> Many-body problem

o Factor 2 - 3 uncertainty
between nuclear models

- Additional suppression of
axial nucleon coupling g,?

» Strong theoretical and
experimental effort to

reduce uncertainty 4

;‘ Lattice QCD Data
Effective Field | I

Theory
Similarity
» Renormalization

‘L— Group

Ab-Initio Many-Body Methods

No-Core Quantum
Shell Model Monte Carlo
Light Nuclei

(benchmarking)

Harmonic
Oscillator Basis
Effective Theory

)

DFT-Inspired ]
Coupled Multi-reference In-Medium SRG
Clusters In-Medium SRG for Shell Model

] )

Heavy Nuclei

DFT

(for EDMs) Statistical Model Averaging

Shell Model
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Short-Range Mechanisms
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» Evaluation of limits on

short—range operators

(Graf, FFD, lachello, Kotila, PRD 98, 095023)

- Improved limits on effective
interactions and NP scales

Long Mediator (U(1)em, SU(3).)
# Decomposition Range? SorV, ) S or V) 2
17 (ad)(e)(e)(ud) (a) LR (0,1) (—11) 1 _ Gr .
Ap  2my "
(+1,8)  (0,8)  (-1,8) including QCD RGE effects
T ) E+1,1§ E+5?3'3§ EH’l; (Mahajan, PRL 112, 031804, Gonzalez
+1,8 +5/3,3 491 _ ’ ’ ’ ’
T A AL F (41 1) (+4/33) (492 1) Hirsch, Kovalenko, PRD 93, 013017)
Bonnet, Hirsch, Ota, Winter, : : . Y )
JHEP 1303 (2013) 055 Ji JwnlT Jul ) ]“]lj(] ]F‘f
f \ - A \—F \ - \
Tr5 [l R 1= B e e B 1= I 1o 2 I e B 1 e N e e B Pt
©Ge 53x10®[71]| 062 036 8 160 260 580 400 25 12
130Te 2.8 x10% [72]| 1.4 083 200 350 580 1300 880 59 28 x 10710
136Xe 1.1 x10% [73]| 024 0.14 32 72 130 250 190 9.6 4.7
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Short-Range Mechanisms

\/ » Evaluation of limits on
- short-range operators
AR S A . (Graf, FFD, lachello, Kotila, PRD 98, 095023)
0 Improved limits on effective
Long Mediator (U(1)em, SU(3).) S and NP Scales
# Decomposition Range? SorV, P S’ or V/; Models/Refs./Comments
1-i (ud)(e)(e)(ud) (a) (+1,1) (0,1) (=1,1)  Mass mechan., RPV [58-60], GF
LR-symmetric models [39], 2 5 €i
Mass mechanism with vg [61], mp
TeV scale seesaw, e.g., [62,63]
(+1,8)  (0,8)  (-1,8) [64] NDCD RGE effects
e e o e Bonnet, Hirsch, [112, 031804; Gonzalez,
1ii-b  (ad)(d)(a)(ee) (+11) ($4/33) (421) Ota, Winter, JHEPnko, PRD 93, 013017)
(41,8) (+4/3,3) (421) 1303 (2013) 055 ]”]]ﬂ
2-i-a  (ud)(d)(e)(ue) (+1,1)  (+4/3,3) (+1/3,3)
(+1,8)  (+4/3,3) (+1/3,3) —A—
2-i-b  (ad)(e)(d)(ue) (b) (+1,1) (0,1)  (+1/3,3) RPV [58-60], LQ [65,66] ] -
(+1,8) (0,8) (+1/3,3) :?X 15’%L LR|
2-ii-a  (ud)(u)(e)(de) (+1,1) (+5/3,3) (+2/3,3)
(+1,8)  (+5/3,3) (+2/3,3) o 19
2-ii-b  (ad)(e)(u)(de) (b) (+1,1) (0,1) (+2/3,3) RPV [58-60], LQ [65,66]
, 1) (+1/3,3) RPV [58-60] 59 28 X 10
; ,8)  (+1/3,3) RPV [58-60]
3,3) (+1/3,3) 0.6 4.7
(+1/3,3)
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Heavy Sterile Neutrinos

» with masses larger than = 100 MeV
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Bolton, FFD, Dev, work in progress M
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Interference with Mgp

Same lepton current | [mlz
m 2| e.g. heavy neutrino Different T1/2 Y |M| Gy + |€| |M| Ge
1 _ BB exchange currents I
T1/2 =Gy m, My, + eMe Mitra, Pascoli, Wong, Phys. +2Re [M e*]\/[v]\/[:} Gye
Rev. D 90 (2014) 093005 Me
To constrain an exotic e| 60F |
. TXe, > 1026
contribution, mgp has to be 1/2 y =
inferred independently, 50'_ _4____
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Interference with Mgp

Same lepton current _ . Imggl?
" 2| e.g. heavy neutrino Different Tl/é = m2 |Mv|ZGv + |€|2|Me|2Ge
1 _ BB exchange currents I
T1/2 =Gy m, My, + eMe Mitra, Pascoli, Wong, Phys. +2Re [% e*]\/[v]\/[:} Gye

Rev. D 90 (2014) 093005

FFD, Graf, lachello, Kotila

/ 40: work in progress |
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Interference with Mgp

Same lepton current _ . Imggl? i
2| e.g. heavy neutrino Different T1/2 - m2 |Mv|va + |€]°| M| Ge
m e
1 _ BB exchange currents
T1/2 =Gy m, My, + eMe Mitra, Pascoli, Wong, Phys. +2Re [M E*MVM:} Gye
Rev. D 90 (2014) 093005 Me
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Majorons and MLPs

» Emission of one or more neutral bosons
> Majoron model of neutrino mass generation
> “Majoron-like” boson J with coupling to v,

€.9. 9ijviysvj/ =
n e
Vv
_____________ (p
N
_____________ (p
Vv
GERDA, Eur. Phys. J. C75 (2015) 9, 416 . .
Model n Mode Goldstone L Tf/vzx MOvx GOvx (9)
boson [1023y1] [yr=1] p
B 1 X no 0 > 4.2 (2.30 — 5.82) 5.86- 1017 <(34-8.7)-10°
IC 1 X yes 0 > 4.2 (2.30 — 5.82) 5.86-10717 < (3.4-87)-107°
D 3 XX no 0 > 0.8 10-3+1 6.32-1019 <21t13
IE 3 XX yes 0 > 0.8 10—-3+1 6.32-10 19 <218
IF 2 X bulk field 0 > 1.8 - —~ -
1B 1 X no -2 > 4.2 (2.30 — 5.82) 5.86 - 10~ 17 < (3.4—8.7)-1075
IIC 3 X yes -2 > 0.8 0.16 2.07-10—1° <4.7-1072
11D 3 XX no -1 > 0.8 10—3+! 6.32-10~19 <2113
IIE 7 XX yes -1 > 0.3 10— 3+1 1.21-10-18 < 22719
IIF 3 X gauge boson -2 > 0.8 0.16 2.07-10-1® <4.7-1072

Bamert, Burgess, Mohapatra ‘95 p
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Majorons and MLPs

» Emission of one or more neutral bosons
> Majoron model of neutrino mass generation
> “Majoron-like” boson J with coupling to v, |
€.9. 9ijViYsv;/ -
ovpp —— Ovppx’ (n=1) n e
— 2vBB (n=5) == OVBBy’ (n=2) v
el O ) | N A E— ¢
- -=== OvBBy X" (n=7) N ,
GERDA, Eur. Phy 5 N . ' c
S \ ¥
Model  n  Medq g -,‘. \ {9) .
B 1 x |2 \\ 84 8.7)-10 ° P
IC 1 x | < BN 8.4 —8.7)- 105 —/
D 3 x |~ * \ <21t43 n
IE 3 XX oo\ <21t1s we - °
IF 2 X : ‘-.‘ \ _ > 7
11B 1 x NN 8.4 —8.7)- 103 o, ¢
e 3 x : N\ < 4.7.102 E— <
11D 3 XX ; ‘:‘1:, | 1 | ‘ | I H""W*---- ' >~ ‘l:;s}h_ ) < 21_—‘_13 x I €
IE 7 2.2719 e
ITF 3 ix 0 1 _ 2 3<<4.7-_10?2 W§ g
Visible Energy (MeV) "
Bamert, Burgess, Mohapatra ‘95 p
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Majorons and MLPs

» Emission of one or more neutral bosons
> Majoron model of neutrino mass generation
“Majoron-like” boson J with coupling to v,

e.g. gijViysv;/ ' p’l
> Light scalar associated with Weinberg-like operator |, .
(Blum, Nir, Shavit, Phys. Lett. B785 (2018) 354) v
_____________ 0
ya[i’ N
Lizs = — =5 6(HLo)(HLg) | —

Bamert, Burgess, Mohapatra ‘95
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Majorons and RH Currents m

» Effective RH lepton currents with massless scalar ¢
(R. Cepedello, FFD, L. Gonzalez, C. Hati, M. Hirsch, Phys. Rev. Lett. 122 (2019) 181801)

G)

CRR - [

GF COS 9(‘ E
Sl -/ - L Rl, - L 7 [

Lipngs = grdy, + —=jpd; &+
PP \/§ LY Lu m, RY Lpu m,

» Giving rise to long-range contribution to 0vBB¢ decay

; CF COS 9( / 3 3 / (/ q ") d U
M=¢ Prdy )eialx=y)
X \/_7)21) Z 2m%w w < °R
TN al

X { ]2\()( y)“ (E]X E?)’) Jﬁf’L(X*Y)“pU(Elx E)y) — | By ¢ By } e ¢
1%

ud‘f‘,UA\ — -_'(E| Eg —E(g,)_w—f—,llj\' — '_-(El E2+EC))
> No suppression with v mass S
. F €L
» Calculation follows long-range n d//ck:u
and 1 modes
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Majorons and RH Currents m

» Effective RH lepton currents with massless scalar ¢
(R. Cepedello, FFD, L. Gonzalez, C. Hati, M. Hirsch, Phys. Rev. Lett. 122 (2019) 181801)

(E1 — my,)/ Qgp

Grcosbe [, E%L - , E%R : ,
Lovsps = 72 Jidr, + =i, ¢+ —JjrJr,¢ | +h.c.
2 my my
» Non-standard electron energy distributions
250 . . . . . 3.50 . .
136 82
W N e e g o 5
% . \ P Fg 2 5L i Eﬁ .
: - : 2.0 ,—-#-..MOV/B;B]
=10 P15 N e
= SRR
0.5}
0.5 _
0 ] 0 ; . . . - 0. 0 . . . .' )
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Majorons and RH Currents m

» Sensitivity modification for massive ¢

> Suppression of MoSumenergy specium - Blum, Nir, Shavit, Phys. Lett. B785 (2018) 354
1.0
phase space m,= 0
- Decrease of S/vVB o8/ 2vBp L
M\
0.6} 74 \
L\ 4 \
; b \
04t ¢ /2 m \
|geel Brune, Paes, Phys.Rev. D99 (2019) 096005 F /4 W \\
0.1F 3m, \
- R 15 20 25 3l 2]

ny
MeV
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UV Model: LR Symmetry

» UV Diagram
d u dR(L) UR(L)
€ e
\sz/: R M/R(L)
BN (6€)
$——- €
N
v - Ni ----- P = QS
(H))(—--I;-n e
//@kelx /’)\)\ L
d U d U

» Sensitivity from e,

Tf}‘; _(l4x107* 2( My )4( my )4
10% y JHEYN Yy 25 TeV 100 MeV
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Conclusion

» Neutrinos much lighter than other fermions
> Dirac or Majorana? Lepton Number Violation?
> Natural suppression of charged LFV?

(H) (H)
- Determination of absolute mass scale
» OvBp is crucial probe for BSM physics | <5~ 1/ Ane >
- Standard interpretation: New Physics near
GUT scale breaking lepton number Tlo;’zﬁﬁ Ayp  \°
> Important to look for alternative scenarios |7z8 y ~ 1015 GeV
- Missing energy - lepton number conserved?

- Neutrino mass may be associated with exotic light particles

» Importance of probing LNV around the TeV scale

> Can we rule out mechanisms of neutrino mass generation?

> Impact on baryon asymmetry of the Universe
(FFD, Harz, Hirsch, Phys. Rev. Lett. 112 (2014) 221601;
FFD, Harz, Hirsch, Huang, Pds, Phys. Rev. D 92 (2015) 036005)
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Backup Slides
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Astrophysical Effects

» If massive, Majoron can be Dark Matter

> Singlet Majoron Model
(Berezinsky, Valle, Phys. Lett. B318 (1993) 360; Garcia-Cely, Heeck, JHEP 05 (2017) 102)

» Strong constraints from Supernovae
|Zeel Brune, Paes, Phys. Rev. D99 (2019) 096005
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UV Model: LR Symmetry

» Extended Gauge Symmetry

Gir=SUB)e X SUR), X SUR)g X U(1)y = SUB) s X SUR), x U(1)y

o Minimal LR model: X =B - L Field | SUQ). SU@r B-L ¢ X SU@B)c
- We consider X # B — L broken . 5 | 13 0 1/3 3
but B — L conserved - | 5 /3 0 1/3 3
> Dirac neutrinos (and charged SM o > 1 4 B 4 1
fermions) via Dirac seesaw via P ) 40 a4 1
heavy, vector-like fermions Urr| 1 ) 13 41 4/3 3
(Bolton, FFD, Hati, arXiv:1902.05802) Dy g 1 I 13 1 -2/3 5
)( >= ELR 1 1 a e oF 1
)K<\ L . <7(R)< NiLr 1 1 1 41 @ 1
/ ¥ 2 1 B <41 1 1
NL NR y YR 1 2 0 +1 1 1
K 1) 1 1 2 -2 0 1
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UV Model: Leptoquarks

» Add heavy scalar leptoquarks S,(3,2,1/6), S,(3%,1,1/3)

> Effective operator at tree level
> Lepton number conserved if i Up

L(S1) = L(Sz) = —1, L(¢) = —2 i

Sio S,
____(____.!.____).___

i
L E €R

i

> LNV and Majorana neutrino mass
at two-loop if (¢p) # 0
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