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- Violates lepton number, AL=2

Schechter, Valle, 82;
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- Violates lepton number, AL=2

- Stringently constrained experimentally
 To be improved by 1-2 orders

1/2(76Ge) T1/2(130Te) T1/2(136X6)
Gerda Cuore KamLAND-zen

Schechter, Valle, 82;

>9.10Pyr | >32-10"yr | >23-10%yr

Future reach: -
(LEGEND, nEXO, Ty > 10%%yr
CUPID)
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OviBB
-
o
LNV = BSM physics
N
e
- Violates lepton number, AL=2 TY("Ge) | TY(7Te) | T7/5(0Xe)
Gerda Cuore KamLAND-zen
- Stringently constrained experimentally
- To be improved by 1-2 orders >9.108yr | >3.2-10Pyr | >23-10%yr
« Would imply
- Neutrino’s are Majorana particles Future reach: ”
» Physics beyond the SM (LEGEND, nEXO, Ty, > 10%yr
 Connections to LHC, leptogenesis? CUPID)

Schechter, Valle, 82; Graesser et al '22; G. Li et al, ’21,’22; Peng et al '15; Harz et al ’22; Deppisch et al. ’15, ’17;
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Well-known Majorana mass mechanism
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« Implications for the mass hierarchy
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Well-known Majorana mass mechanism

« Implications for the mass hierarchy
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Heavy BSM mechanisms

Many possible scenarios
o Left-right model,
| . R-

parity violating SUSY

e Leptoquarks...




I n t ro d u Cti O n W. Dekens, NOW, Sept 10

OvBB
e " Light Majoranamass? | i  Leftright model? !
— oW i w i
LNV _ i Ve e VR ¢ 1427
B E ® E : ® :
_ 5 el e R e
L Wi, E Wgr E
e ! > > > >
Well-known Majorana mass mechanism Heavy BSM mechanisms
[§Ca YZr N} . .
i l ok « Many possible scenarios
15_ ? GeMoTe .
i : 1*[ e Left-right model,
e l | e R-parity violating SUSY
I i I
102 e Leptoquarks...
: NH :
10°F
S « How to describe all LNV sources
« Implications for the mass hierarchy systematically?
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Violating physics

OUtIine Lepton-number
A 4

‘3 Intégrate out

29 TeV ’ | BSM fields
SM EFT o |
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV | oormmmmmmm———m—— —_— "  — 9 0 0 G s g g heavy SM fields
SM EFT’
SU(3)xU(1)em invariant
Non-perturbative QCD : . —
1 GeV i u_athce QCD input
Chiral Effective Theory
............................................................................................................................................................. Construct two-nucleon
100 Mev v j Ovfp operators
Many Body Methods |
............................................................................................................................................................. - NUCIear Matrlx
1 MeV B - ﬁ elements




Effective Field Theory

From heavy AL = 2 physics
(5) A7) )

_ C A G A9
,Ceff = A A3 O + —— A O + .




Effective Field Theory

From heavy AL = 2 physics
(9)
C.

1507+

Leps = Lsm§

Dimension-five

Kobach '16; ngnberg '79; Lehman ’14; Prezeau and Ramsey—MusoIf;O3; Graesser ’16; Liao and Ma '20; Li et al '20;



Effective Field Theory

From heavy AL = 2 physics

O

A5

0,

(9)

()

+ ...

Dimension-five

Dimension-seven

e 12 AL=2 operators

1: ¥2H* + h.c.
Orn | €jémn(L)CL™)H/H™(H'H)
3: ¢2H3D + h.c.
OLHDe | €ij€mn (L'Cy.e) HHH™DFH™
5: 9%*D + h.c.
O | eij(dv,u)(LICDHLY)
Og[),au b | €ii(dyu)(L*Cot” D, L)
(1) T
9 _
OdddeD (evud)(dCDHd)
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Kobach '16; ngnberg '79; Lehman ’14; Prezeau and Ramsey—MusoIf;O3; Graesser ’16; Liao and Ma '20; Li et al '20;



Effective Field Theory

From heavy AL = 2 physics

Dimension-five
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Dimension-seven

Dimension-nine

e 12 AL=2 operators

1: ¥2H* + h.c.
OLH EUGmn(LzCLm)HJHn(HTH)
3:¢Y2H3D + h.c.
OLupe | €ij€mn (L'Cyue) HHH™DFH™
5: 9%*D + h.c.
O | eij(dv,u)(LICDHLY)
OE',ZI),Eu b | €ii(dyu)(L*Cot” D, L)
(1) T
9 _
0 up | TnQ)(dCDrd)
OdddeD (evud)(dCDHd)

|

e Consider subset of operators

LM1 = io (Q@u1" Qo) @ryudr) (GLS)
LM2 = i03) (Q,7" Qo) @Ry A dg) (€£S)
LM3 = (TrQa)(@rQs) (Lalf)
LM4 = (@pAQq) (@rNQs) (La£5)
LM5 = ioDio® (Q,dr) (Q.dr) (0,(5)
LM6 = io2ioc® (@, \dr) QN dr) (@69
LM7 = (Ggy*dg)(UrYudr)(€re%)
LM8 = (@ry"dr)ioy (Qudr) Guef)
LM9 = (@ry*Mdg)ioty QM dr) Cyue?)
LMI10 = (Tpy*dR)(TrQa) LayueS)
LM11 = (@ry* A dR)(@rA Qu) Cavue)

e Recently complete basis

| Liao and Ma '20; Li et al '20;

Kobach '16; ngnberg '79; Lehman ’14; Prezeau and Ramsey—MusoIf;03; Graesser ’16; Liao and Ma '20; Li et al '20;



Effective Field Theory

From heavy AL = 2 physics
(5) (7) (9)

— (7) (9)
Leff — A AS O + —— A5 O + .

Interactions involving light vp

« Can be described in the same framework (VSMEFT):

- 1 .
[:VR — ZVRJVR — §VRMRVR — LHYDI/R -+ L:’(/?'t) -+ ‘C’I(/Q

WD et 7a|, '20; Elenl;\ow ef al, ’10;7Barea et al, 7157; Giunti et al, ’15; Bolton et al, '19;



Effective Field Theory

From heavy AL = 2 physics
(5) (7) (9)

_ (7) (9)
ﬁeff — A A3 O + —— A5 O + .

Interactions involving light vp

« Can be described in the same framework (VSMEFT):

L, =ivrdvr — \ LHYpvp + E,Si) + ﬁz(/Q

' » Majorana mass
(L violating)

WD et 7a|, '20; Elenl;\ow ef aI,r ’10;7Barea et al, 7157; Giunti et al, ’15; Bolton et al, '19;



Effective Field Theory

From heavy AL = 2 physics
(5) A7) 0 ) (9)
LeffZLSM A A3O -+ A5O + .

Interactions involving light vp

« Can be described in the same framework (VSMEFT):

Ly, =iUrPvr — §
' » Majorana mass | Dirac mass
(L violating) (L conserving)

WD etial, ’ZO;EIennow et al, ’10;7Barea et al, '15; Giunti et al, '15; Bolton et al, ’19;



Effective Field Theory

From heavy AL = 2 physics

(5) A7) - 9 (9)
LeffZLSM A A3O -+ A5O + .
Interactions involving light vp
. Can be described in the same framework (SMEFT): Liao & Ma, '17
L, =iUrdvr — I
' Majorana mass e Dirac mass * Dimension-6 (L-conserving)
(L violating) (L conserving) |+ Dimension-7 operators (L-violating)

* Induced by heavy BSM physics

WD etial, ’ZO;EIennow et al, ’10;7Barea et al, '15; Giunti et al, '15; Bolton et al, ’19;
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A ‘Integrate out
?? TeV ..................................................................................................................................................... | ’! BSM ﬁelds ]
(v)SM EFT M -
SU(3)xSU(2)xU(1) invariant
100 GeV

1 GeV

100 MeV

1 MeV
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A 4Integrate out
09 Tayy | | # 8SM fields |
(L)SM EFT v —
SU(3)xSU(2)xU(1) invariant
100 GeV Electroweak symmetry breaking thatff;a“;eﬁQeL:; S

SM EFT’
SU(3)xU(1)em invariant

1 GeV

100 MeV

1 MeV
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Low-energy operators
At/below the weak scale™

SU(3)xSU(2)xU(1) invariant EFT

h h
A P ~ Cx
Vi, Vi,
M gw v/
100 GeV
o
vy, vy,
Dim-3

SU(3)xU(1) invariant EFT

* very similar for operators involving vy |




Low-energy operators
At/below the weak scale™

h h
A P ~ Cx
vy, vy,
M pw j
100 GeV
L D
2
Dim-3 Dim-6

very 5|m|Iar for operators mvolvmg I/R |

SU(3)xSU(2)xU(1) invariant EFT

d\\% D
A

A
N

Dim-7 Dim-9 scalar
SU(3)xU(1) invariant EFT

W. Dekens, NOW, Sept 10



Low-energy operators
At/below the weak scale™

h h
A P ~ Cx
128 vy,
M pgw j
100 GeV
L D
N
Dim-3 Dim-6

very 5|m|Iar for operators mvolvmg I/R |

SU(3)xSU(2)xU(1) invariant EFT

d\'\% A7) d

/ \\ Ci
VL €
d U

d U
d\\ / e
O
/ \\ €
d U
Dim-7 Dim-9 scalar

SU(3)xU(1) invariant EFT
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U
€ (9)
e Ci
d U
e
o
e
d U

Dim-9 vector
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A 4Integrate out
09 Tayy | | # 8SM fields |
(L)SM EFT v —
SU(3)xSU(2)xU(1) invariant
100 GeV Electroweak symmetry breaking thatff;a“;eﬁQeL:; S

SM EFT’
SU(3)xU(1)em invariant

1 GeV

100 MeV

1 MeV
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! | Lattice QCD input
Chiral Effective Theory
Construct two-nucleon
100 MeV ﬂ Ovfp operators

1 MeV



Matching to Chiral EFT
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A SM EFT’
SU(3)xU(1)em invariant
In terms of quarks, gluons, leptons E(u7 d7 g, v, e)
Mocp
1 GeV Chiral Effective Theory
In terms of nucleons, pions, leptons »CXPT (]\f7 T, U, 6)

Form of operators determined by chiral symmetry

The operators come with unknown constants (LECs)

Need a power-counting scheme
e Start by assuming Naive dimensional analysis (NDA)
e Will come back to whether it breaks down

'Manohar, Georgi, 84; Weinberg, 90, 91
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Matching to Chiral EFT

| Warning: Based on NDA
Dimension-3 | -

SM EFT’
A
s
1 > 14
Mocp L L
1 GeV
Chiral Effective Theory
o
VL VL
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Matching to Chiral EFT

.J Warning: Based on NDA
Dimension-3 | ~

SM EFT’ Gr
A CN\ //u
mpp ®
e V/ \\6
Mocp L L
1 GeV
Chiral Effective Theory
VL e
v e ®
o m
VL VL O
n p n p
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Matching to Chiral EFT

.J Warning: Based on NDA
Dimension-3 | ~

SM EFT’ Gr
A CN\ //u
mgg o
V O ; V/ \\6
Mocp L L
1 GeV
Chiral Effective Theory
VL (&
VL & ®
® 7t
VL VL O
n p n p
mgﬁ GF GF

e At LO: only need the nucleon one-body currents
e All low-energy constants are known
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Matching to Chiral EFT -

j Warning: Based on NDA

Dimension-3

SM EFT’ Gr
A CN\ //u
mgg o
V O ; V/ \\6
Mocp L L
1 GeV
Chiral Effective Theory
VL (&
VL & ®
® 7t
VL VL O
n p n p
mgﬁ GF GF

e At LO: only need the nucleon one-body currents
e All low-energy constants are known

e At N2LO

e Contributions from loops, counterterms, ultrasoft v’s [see backup]

Cirigliano, (WD) et al, ’18; Pastore, (WD) et al, ’18;



Chiral EFT

Dim 3
t 1 mgg
< () >
vy, vy,
Maco | |
1GeV |

W. Dekens, NOW, Sept 10



W. Dekens, NOW, Sept 10

Chiral EFT

Dim 3 Dimé6 &7
[| e N
Mgcep | ﬁ
S
VaL=2 = = é ve
— \\= . — Q\> .

e Additional N-currents NN, N, nx interactions and LECs

e LECs for the N-currents and 77 interactions are partially known

Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, '22; Nicholson et al.’18
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Chiral EFT

Dim 3 Dim 6 &7 Dim 9
Vector Scalar
P N NN B AN
V) ¢ v ¢ .<e .<6
L L VL// \.\6 d// \\u e d// \\u
Macp | | — | F
1GeV |v v vV vV

VapL=2= v o ve
i SR I SRa

e Additional N-currents NN, N, nx interactions and LECs

e LECs for the N-currents and 77 interactions are partially known

Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, '22; Nicholson et al.’18
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Chiral EFT

e Based on NDA / Weinberg counting

e Not consistent in the 1Sq channel

Kaplan, Savage, Wise, ’96; Beane, Bedaque, Savage, van Kolck, 03, Nogga, Timmermans, van Kolck, '05, Long, Yang, '12;
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Dimension-3

Check that A(nn — ppee) is finite
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Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

=

Ly = C(NTPigN) NTPig N — JAVr.NroN

/y
25 N \} N N




Checking the power counting

Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction \N\ /y
; B o
Ly= C(NTPgN)' NTPgN - ZAvr.NroN |
0 0 2F N N

U

W. Dekens, NOW, Sept 10

=

Dress the AL=2 potential with (renormalized) strong interactions:

| | V finite !
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Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

NS

Ly= C(NTPgN)' NTPgN - ZAvr.NroN |
2F7T N N N N

=

Dress the AL=2 potential with (renormalized) strong interactions:

[ DA O

V finite
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Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

NS

Ly= C(NTPgN)' NTPgN - ZAvr.NroN |
2F7T N N N N

=

Dress the AL=2 potential with (renormalized) strong interactions:

n o {T }

| X Divergent
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Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

N

®
'NTPg,N - ZAvr NroN | N
2F7T N N N N

=

Ly,= C(N"Pg,N)

Dress the AL=2 potential with (renormalized) strong interactions:

‘ In MS-bar: !

n e p

~

my 2 2 1 (10 / )
(TN — — + 1
(Gr) (1+26); ® —(Ipl + P> +i0*

n o D +finite Regulator dependent |
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Numerical results

1/p (fm)
= _ Rg scheme|
0.060 - S . MS [

0.065

0.055F

,| (MeV~2)
S S
[ &
5 &

1A%
S
)
P

0.035+

0.001 0.005 0.010 0.050 0.100 0.500
Rg (fm)

* Amplitudes obtained using
e MS-bar
e Coordinate-space cut-off

C 6@ (r) — (%};‘Z))?, exp (—}2—%)

J  Clear y or Rs dependence
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Need for a counter term

New interaction needed at leading order to get physical amplitudes:

[ )
VAL:2 — Ve @ + gy
o

Lor = 2G4V,2mgg g, N pnpnerCey,




Need for a counter term

New interaction needed at leading order to get physical amplitudes:

-
n // p n p

I B
VaL=2 = = 9 +
o -

-

Lor = 2G4V,2mgg g, N pnpnerCey,

W. Dekens, NOW, Sept 10

How to determine gl]/VN

. Lattice calculation of A(nn — ppe~e™)

* Controlled errors 7Davoudi & Kadam, 20, 21 7

« Hard, active area of research

'Feng et al, ’19; Detmold & Murphy, 20 |
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Need for a counter term

New interaction needed at leading order to get physical amplitudes:

n //ep n p

»
o

I B
VaL=2 = = 9 +
o -

-

Lor = 2G4V,2mgg g, N pnpnerCey,

How to determine gl]/VN

. Lattice calculation of A(nn — ppe~e™)

* Controlled errors 7Davoudi & Kadam, 20, 21 7

- Hard, active area of research ‘Fengetal, "19; Detmold & Murphy, 20

- Phenomenological (model) estimates: | See backup|

- Comparison with isospin-breaking observables
| Cirigliano, et al, ’19,/20, 21

- Cottingham approach

- Large-Nc Richardson et al, ‘21 |
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Need for a counter term

New interaction needed at leading order to get physical amplitudes:

n/p

»
o

NN ”\.} €

°
VAaL=2 = Ve é +
°

n'\\p

Lor = 2G2V2mgs g Npn pnérCer

How to determine gl]/VN

. Lattice calculation of A(nn — ppe~e™)

* Controlled errors 7Davoudi & Kadam, 20, 21 7

- Hard, active area of research ‘Fengetal, "19; Detmold & Murphy, 20
- Phenomenological (model) estimates: | See backup|
. L . . All give
- Comparison with isospin-breaking observables
: Cirigliano, et al, ’19,20, ‘21 | ~NN
- Cottingham approach -retan O(1) |

- Large-Nc Richardson et al, ‘21 |
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Chiral EFT

Non-Weinberg counting

Dim 3
A
mpap
< o >
vy, vy,
Mocp
1 GeV
n i > > b
> N /
(&
VarL=2 = Ve - >.\\e
> "/
n

Y
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Chiral EFT

Non-Weinberg counting affects higher dimensional interactions as well

Dim 3 . | DIm6&7 ~ Dim9

Mocp
1 GeV
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Chiral EFT

Non-Weinberg counting affects higher dimensional interactions as well

PR R R R R R R R R
Dim 3 .| Dim6&7 ~ Dim9
Vector Scalar
4 m d d U
+fi i / AN / \\./</:e
VL VL E / \\ . d/ \\
MQCD E""""'"""" N T .
1 GeV
In total: ,
1+2+4 new contact terms
€ —»_|_>_€ +”_T;
Var=2 = <e "~ ‘:A.// e w‘//‘\\e
n p —— 00—
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! | Lattice QCD input
Chiral Effective Theory
Construct two-nucleon
100 MeV ﬂ Ovfp operators

1 MeV
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OUtline Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A

A
?? TeV

100 GeV

1 GeV

100 MeV
Many Body Methods

LY 2 [ l !;Nuclear Matrix elements
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Nuclear matrix elements

*More complicated for NME with v

» All NMEs can be obtained from literature*
* 9 long-distance & 6 short-distance

* Have been determined in literature NMEs "Ge

(74 [31] [81] [82,83]

Mp -1.74 -0.67 -0.59  -0.68

Ma2 548 3.50 3.15 5.06

. : : MAE |[-2.02 025 -0.94 NMEs ©Ge

* Follow ChiPT expectations fairly well e | 0ss 033 030| Mnu | ode s g 1
° Eg all 0(1) and MEM || 051 025 022 Mg, | 111 4.03 487 3.62
MER = —~5M{Fa—MEF,  MED =MD~ MEP, e | oo oor 0| wihm )T A
, 2 ’ ’ 2 5 Mz -0.35 001 -0.01  MEL |l 1.99 085 0.82 0.42
Mé‘ljlfs g = _2 éq{} g — nglf M%M: 912\4m3?r éfv‘ . Mz® |l 010 000 000 MAD, |-085 001 -005  -0.97
, 3 S ’ 694 Mm%, 867 MM |/-0.04 000 000 aMEP | 032 000 002  0.38

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22
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Nuclear matrix elements

*More complicated for NME with v

» All NMEs can be obtained from literature*
* 9 long-distance & 6 short-distance

* Have been determined in literature NMEs "Ge
74] [31] [81] [82,83]
Mp | -174 -067 -059  -0.68
Ma2 548 3.50 3.15 5.06
. . : : MAE |[-2.02 025 -0.94 NMEs Ge
Follow ChiPT expectations fairly well iz | os o3 00| Mrn |ado iss ide i
° Eg all 0(1) and MEM || 051 025 022 Mg, | 111 4.03 487 3.62
1 1 M#AA - - = MAE_,|l-535 237 -2.26  -1.37
PP  _  _YarAP _ arPP PP _ _LarAP  ,.PP T G, sd
Marsa = 9 " GT,sd Mer Mr,sa = QMT s~ M7, M£P |[-035 001 -001| MEE | 1.99 085 082 042
MAP 23044 4P ApMM _ game a4 MEP | 010 000 000 MAP, |-085 001 -0.05  -0.97
GTsd — — g7"GTsd — FGT T = g2 m2,~ CTsd’ MM |/-004 000 000 MEP, | 032 000 002 038
- EDF Q‘A
« The NMEs differ by a factor 2-3 between methods rpe L . .
6 Nsv T x . ’ g
rIMSRG * P .
o Spoeed 1-A ok T A o * g
SE‘—% 4 T x N
I T * § T I
Sr 3.5 ¥ = I ° 4
. Ab initio NMEs for A > 48 are starting to appear 2l .
e.g. Belley et al '20; Yao et al '20; Wirth, Yao, Hegert ‘21 1 * z, ; ]
0 - 48(33 76|Ge 82‘8e 100‘Mo 116JCd 130J-|-e 136|Xe 150‘Nd

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22



Sterile neutrinos

Can now go through the same steps as before:

100 GeV

1 GeV

100 MeV

SU(3)xSU(2)xU(1) invariant

SM EFT’
SU(3)xU(1)em invariant

Chiral Effective Theory

Electroweak symmetry breaking

Non-perturbative QCD

—

W. Dekens, NOW, Sept 10

Integrate out
# BSM fields

Integrate out
heavy SM fields

1' Lattice QCD input

L

Construct two-nucleon

B Ovpp operators

'Nuclear Matrix elements
li = -
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Sterile neutrinos

Can now go through the same steps as before:

A
A | Integrate out
?? TeV ................................... S MEFT .............................................................................................. V% g BSM ﬁelds
SU(3)xSU(2)xU(1) invariant I
Electroweak symmetry breaking ntegrate out
100 GeV SM EFT’ heavy SM fields
SU(3)xU(1)em invariant - ,
1 GeV Non-perturbative QCD LLattice QCD input
Chiral Effective Theory v
Construct two-nucleon
100 Mev .................................................................................................................................................... {
Ovpp operators
Many Body Methods v u
I AV = N 2 TS l iiNucIear Matrix ele'ments
1 Ov

- EFT now includes v as explicit degrees of freedom
- When/if v can be integrated out depends on m,,_

- LECs and NMEs now depend on m,,




Phenomenology
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Phenomenology

From heavy new physics ¢
Dim6 &7 d\'\//“ Dim9\o/</:
° / N
* P -~

. Couplings with C;i ~ v3/43 '

103 ‘ 1

200
2
107 39
| . .|
101
(6)

136 Xe (6) 0(6) C\(f[), CX(EI)% C\(/'TI), - 0(9) (9) CE(>9)

A (TeV)

S —— -

« O(1) uncertainties:
* Unknown LECs
* Nuclear Matrix elements
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Phenomenology

From heavy new physics a
Dim 6 &7 d\'\.//“ Dim 9 \0/</:i
d/ N

e

u

u

* P -~
. Couplings with C; ~ v3/43 '
103 ¢
=z
E 10°}
< i lo I
101 |
6 6 6 6 6 7 9 9 9
136Xe () () C() C\(/I), Cx(/z)z C\(/J);VRC() () Cé)
- Couplings with G ~ v5/A5 | | | |
—_ 1
% 10
& 3.1 2
10°
Cfg) o c® o ) 05,93
d U

« O(1) uncertainties:
* Unknown LECs
* Nuclear Matrix elements
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with sterile neutrinos
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Phenomenology

From heavy new physics + light vp

Example with v, | O(100%) uncertainties not shown !

 Toy Model UeaGp - e
;V I > 1030 |
- SM + 1 light vp Lougp ~ VR? - * pure 3+1 scenario
R R
—@ B>
Ue4(?F\ e
— 1027,
= expt. limit
e A
2
f\.& 1024,
?3
1021 i
1018 \ : \ ‘ . ‘ . ‘ ] ‘ ]
1076 1074 0.01 1 100 10*
m,, [GeV]




Phenomenology

From heavy new physics + light vp

Example with v,

- Toy Model

> .//= °
« SM + 1 |ight Up Foyﬁﬁ ~ ZZ# m,
=U€:GF : e
- Add dimension-six interaction
N A
. SM + 1 light g + VR/'\\U A=10TeV
p I/'/=
FOU,B,B ~ Vz? mI/R
> .\\: -

T35 ("*Xe) [yr]

1030 B

1027 B

1024 B

1021 B

1018

W. Dekens, NOW, Sept 10

O(100%) uncertainties not shown W

pure 3+1 scenario

___________ expt. limit /.
d\\ //e
3+1 scenario + o
AN
1076 104 0.01 1 100 10*

m,, [GeV]

- Higher dimensional v terms can have a large impact!
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[] [ >
- EFTs allow one to systematically describe AL=2 sources
A
&
“
>
. . oGy L2} ¢ ¢ | ¢ | ‘L E:zc;:it:]vgleak symmetry
- Standard mechanism (dim-5) "It e e e
E' mpp : v —V° d — uev (d — uev) @ 9y dd — uuee .
e 170 L A=A ¥ 7 I v (LECS in Table 1)
¢ DimenSion-7 & -9 SOurCeS % IV_H/CI In—)peul Iﬂ-_;ey I Inn_;ppeel In_)pﬂ-eEI I i IConstructOuﬂﬂ
~100MeV |- + .................................................................... operators (Eq. 24)
.Tg E OvBp operators L 0vfBp operators
Effects f s* .t = giig = M‘l, - N (Tabe 2
° eC S rom UR E _§. g IMF’ MSQ?P,PP,MMI |MF,sd7 Mé\;\ﬁP,PP7 M#}I;PP'
2 < E; I I Phase space integrals
~ 1MeV = (Table 4)
v Tlo "2 (O+ — O+) :Vézs‘t;;)formula




Summary
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- EFTs allow one to systematically describe AL=2 sources E
A L v v
- . g dim -5 diml -7 diml— 9 - .
- Standard mechanism (dim-5) R A s =
. mpp : v —V° d — uev (d — uev) ® 8, dd — uuee
_ _ ~1Gev§,'§?'7£¢+ v Yt
. DlmenS|On—7 & _9 Sources %Iu—mcl In—)peul |7r—>eu| Inn—;ppeel In—>p7reel ImrTee Igozz{:g?élé%
. Effects from vp e e
oy |22 | — — K
v T, (0T — 0t) Maste formula
« Matching to chiral EFT involves unknown LECs
* Renormalization requires terms beyond Weinberg counting
 Can in principle be determined from LQCD
* Needed Nuclear Matrix Elements determined in literature




Summary
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- EFTs allow one to systematically describe AL=2 sources i 1B
Mo v v
- . g dim — 5 dim[ -7 diml— 9 Elrigmzeak o
- Standard mechanism (dim-5) R = A SR E— 2
$ mgp : V= v° d — uev (d — uev) ® 8, dd — uuee Mateh to ChiPT
o [ PR
PY Dimension_7 & _9 SourCeS %IV—)I/”I In—)peul |7r—>eu| Inn—;llpeel In—)lpnee] Imr?eel ccccccccc ?é/é?‘)
) 88 lemmml L e -
Effects from v 53] BT () |
| v T10u2(0+ N 0+) :Vé:s‘tgg)formula
« Matching to chiral EFT involves unknown LECs
* Renormalization requires terms beyond Weinberg counting
 Can in principle be determined from LQCD
- Needed Nuclear Matrix Elements determined in literature
103 :
= P340 340 960 o
. Ovff3 can probe STt .
- O(1-10) TeV scales for dim-9 < E
- O(100) TeV scales for dim-7 VT 0 oo o oo =
- O(10) TeV scales for v, interactions
. Interplay with other observables (e.g. f decay) A




Thank you for your attention!
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Why dim 7, 97
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

S R

e v/A K1 Sowhykeep dimension7 & 9?
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

A <<w:1: So why keep dimension 7 & 97
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

A <<w:1: So why keep dimension 7 & 97

My, ~ c5v2/A Allows for relative enhancement:

® ¢: < 0O(1), A=0O(1-100)TeV

® Relative enhancement of higher-dimensional terms due to

® Happens, for example, in the left-right model
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

A <<w:1‘: So why keep dimension 7 & 97

My, ~ c5v2/A Allows for relative enhancement:

® ¢: < 0O(1), A=0O(1-100)TeV

® Relative enhancement of higher-dimensional terms due to

® Happens, for example, in the left-right model

® However, if c¢5 = O(1), A =10 GeV
® dimension-7, -9 irrelevant in this case




Sterile neutrinos
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Sterile neutrinos

Complication: m, dependence

Can use
YEFT with v

, Can integrate out ‘
ok :
dim9 operators

P~k A, ~1GeV myy
~ 100 MeV

« Chiral EFT involving vp * Neither EFT works well here | |e Integrate out v/,

» /6 o « Missing operators ~ A%//X% | _ZI/;/._ {\ /u e
, . ).\\6 » LOOp corrections ~ m, I\, VR? —— /.\<\;:e
n p T/ ‘ — s — g U

\\ -
— Chiral EFT without v

A m, Interpolate | A x my_Rl




Disentangling
operators



Phenomenology

From heavy new physics

‘A=6OO TeV |

—40

10

-10
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‘A=4O TeV |
''''''''''''' 76|Gé
13OTe
136Xe
I—(I)4I | I—(I).ZI | IOiOI | I012I | I014I
mﬁﬂ/eV
v, v,




Disentangling operators
What if a Ovpp signal is measured?

e Measurement in a single isotope could be due to any operator

e Could measure the rate in several nuclei, however
e Different isotopes have similar sensitivity to LNV operators
e Made worse by the nuclear uncertainties




W. Dekens, NOW, Sept 10

Disentangling operators

What if a Ovgp signal is measured?

' e Instead look at angular & energy distributions of the leptons




Disentangling operators

What if a Ovgp signal is measured?

e Picking the allowed values

N

W. Dekens, NOW, Sept 10

VL VL
VL// \\Qi
(Xe" 3
mgg = 0.05eV CLeudnr = €"“/A A =40TeV
Im,35|=0.05 A CLeudH=€ia/A3 |m,3ﬁ|=0.05 eV, CLeudeem/A3
I.Or T T T T T T T T T T T T N OST' T L L s s B S S L R B B B B B S B B S S ]
L ”; : /f‘\\ //—~\ :
6\ 0.8 - ””, - 0.4 ;,/ \\ // \\\j
Z S N el
8 06 . ) ] D 0‘3} \ ,,,f ~\\\ Y/ ]
S SNess o I ’y\ 7\\
= 04 - = 02 \ L~
- _-7 « varied g -7 \ /] « varied |
— o -~ CLeugn=0 | vl \ /== CLewn=0|
— 0.2 eu . 0.1» . / S b
- -~ mg=0 | ; . | mes=0
I ) , I
OO . . 1 . . 1 . . OO PRI T R S S S NS S| PR o T T S S AT S T R S R S
-1.0 -0.5 0.0 0.5 1.0 1.0 1.5 20 25 3.0 35 40 45
cos(6) Ey/m,




Relation to
electromagnetism



Relation to electromagnetism

LNV contact term

o
. S q
> B n p
Ve i ' » gIZ/VN \0/</:6
= SN

f
q \=q

EM contact term

e Hard part of two Weak currents

53 (NN |J7 (2) L (y) [ NN)
X

e Leptonic part combines to boson propagator

a 4

Y 2 » 6172

q q

W. Dekens, NOW, Sept 10

N

e Hard part of two EM currents

The appearance of the photon propagator allows one to relate the two!
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Relation to electromagnetism

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ . .
O, =NO,NNO;N — rQr NTN NTN + (L — R) with spurions

¥ = Tr QLQR — — QL — U’TQLua QR — ’U/QR’U,T,
OQZNQLNNQRN— NTNNTN—I—(LHR) u:exp(iﬁ-T/QFﬁ)
EM LNV

LNV :@G%mmOl ee’
QL — 7_+7 QR =0

Chiral symmetry
NN
g, =0Ch
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Relation to electromagnetism

e Only two Al=2 operators can be induced

B B T 2 B : :
0, =NQ,NNQ,N - — OL N¥N N7N + (L — R) with spurions
Qr = u'Qru, Qr = uQgru'

N < Tr QL QR \ T — \ T — ’ ’
Oy = NO; N NOpN — N7N NN + (L < R) 4 = exp (i - 7/2F)
EM LNV

Lem = 62/4 « 9 1 N J2Y _ ELNV = @G%mm Ol ee
Qu=Qr="1"/2 | Qu=T1". Q=0

e EM induces an extra term

e Equivalent up to 2 pions Chiral symmetry

g, " =C

e Hard to disentangle
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Relation to electromagnetism

e Al=2 in NN scattering

e Charge-independence breaking (pn + app) /2 — Gny

e From photon exchange & the pion mass difference

N
AN

e (1 + (C5 (needed at LO in isospin breaking)

e Allows an estimate of (VN 0.06
o Extract C1 + C2 from CIB S
.« Assume () = S el 2
e Roughly 10% effect for Rs = 0.6 fm _E 0.04r
<
e Uncontrolled error = -
0.03"
0001 0005 0010 0050 0.00 0500

Rg (fm)




Estimate of impact
In light nuclei



Estimate of impact
Light nuclei

M. Piarulli, R. Wiringa, S. Pastore

gV:::(CH-+-C&)/2

e Combine estimate

e With wavefunctions:

 From Chiral potential
M. Piarulli et. al. "16

e Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

e ~10% effectin 6He - ©Be
e ~60% effect in 12Be = 12C
e Due to presence of a node

e Feature in realistic OvBP candidates

C(fm™1)

W. Dekens, NOW, Sept 10

3.5 - ' | H
ool Al=0: 6He — ©Be |
2. 5!
2.0 . .
v ® L
L5 & .V,
1.0} & “es,,
0.5« e
0. 0 cge e 0009880000e0e0eee 29922222204888888¢
0.5
. XEFT  AV18
~1.0} o "
= L L
~1.50 (@ |
. V L S S J
Cr(fm) _ ,
Al=2:12Be - 12C H
2.0/ W | ’
1.5
R 1.
1ol ¢ Vy
0.5/ .0 -~ *
0. 0 !; 1:: ..... Se88568588666080 o
o L YEFT  AV1S8
_0.5 —*‘w .o. v L L 7
@™ SRR
1%
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Nuclear matrix elements

*More complicated for NME with v

» All NMEs can be obtained from literature*
* 9 long-distance & 6 short-distance

* Have been determined in literature NMEs "Ge
74] [31] [81] [82,83]
Mp  ||-1.74 -067 -0.59  -0.68
Ma2 548 3.50 3.15 5.06
. : : MAE |[-2.02 025 -0.94 NMEs Ge
* Follow ChiPT expectations fairly well iz | os o3 00| Mrn |ado iss ide i
° Eg all 0(1) and MEM || 051 025 022 Mg, | 111 4.03 487 3.62
1 1 M#AA - - = M4E., | -535 237 226  -1.37
PP _ AP PP PP _ AP PP T G, sd
Marsa = 9 GT,sa — Mar Mr,sa = _§MT,sd_MT ’ M#P  ||-0.35 0.01 -0.01 ngf{sd 199 085 082 042
MAP 23044 4P ApMM _ game a4 MEP | 010 000 000 MAP, |-085 001 -0.05  -0.97
o L °He-fBe Wirth, Yao, Hegert ’21‘
* The NMEs differ by a factor 2-3 between methods 4 L S amee
0 . LNL(2.0)
8He -®Be g : xztg::i)o)
- Ab initio NMEs for A > 48 are starting to appear o
e.g. Belley et al ’20; Yao et al "20; Wirth, Yao, Hegert ‘21 o LDtz
AT TNGSM_________ S
48Ca -»>®Ti  IM-GcMm
. K EM(1.8/2.0)(emax = 6)
- Can include effect of giVN 0 A
O ‘ EM(1.8/2.0)(emax = 10)
0 ‘ EM(1.8/2.0)(extra.)

« ~50% effect in 48Ca, assuming Cottingham estimate giVN o 1 2 3 4 5 6 7 8

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22



Sterile neutrinos



Phenomenology

From heavy new physics + light vp

- Complementarity with neutron & nuclear [ decays

- What can Ovf3f} say if these probes find a signal?

n

7

/—\/\7—

VR

p decay

W. Dekens, NOW, Sept 10

Ovpp




Phenomenology

From heavy new physics + light vp

- Complementarity with neutron & nuclear [ decays

W. Dekens, NOW, Sept 10

n T R
. . . > [ ) >
- What can Ovff say if these probes find a signal? >R\ N e
p decay Ovp
0.10- -
- p-decay fit has preference for BSM interactions
Falkowski, Gonzalez-Alonso, Naviliat-Cuncic, ‘20 | |
_ o o - 0.05}
 Driven by one experiment aSPECT, 19 »
» Unclear if LHC can be satisfied in UV models . k
S 0.00
SN L
005 p decays
N ¢

-0.06-0.04-0.02 0.00 0.02 0.04 0.06

VZCA




Phenomenology

From heavy new physics + light vp

W. Dekens, NOW, Sept 10

- p-decay fit has preference for BSM interactions
Falkowski, Gonzalez-Alonso, Naviliat-Cuncic, ‘20 l

 Driven by one experiment ' aSPECT, 19

|
« Unclear if LHC can be satisfied in UV models

. If a f-decay signal is confirmed:

- Oupp gives upper limit on m,,
- (assuming Majorana vp)

005/
0.00!
-005/

—0.10!

- Complementarity with neutron & nuclear f decays /“3/ - I/ 6
VR . 2
/n/o\/\*p’ ~ Cg =VRZ ; NC@)(%
- What can Ovf3f} say if these probes find a signal? VR N e
p decay OvBp
°o0————r———+——
-m, =30eV

future Ovfp

111111111111111111111111111

0.02 0.04 0.06

-0.06-0.04-0.02 0.00
VZCZ




Estimating the
counterterm
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Determination of the counterterm

Cirigliano, (WD) et al, '20, 21|

- Analogy to the Cottingham approach for pion/nucleon mass differences

d*k v ik . ”
Ao [ g [ da e T ()i 0)Hn)

) L\

A n P ‘» dk (k) J d4k 1 n P
= X a =
Y n . 2m)* k2 + ie

W. Cottingham ’'63; H. Harari, ‘66
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Determination of the counterterm

- Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano, (WD) et al, 20, ‘91 |

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e z\ k
" " e [ d% 1 “ P
= ka(k))=
A . ’ m[@ [(2ﬂ)4 k2 + ie O
: A5
. Estimate the A, by constraining the integrand 100
k < A, region determined by — 10
o | |
— 0.100|
%: 0.010} \
0.001 | ﬁ
005  0.10 | 050 1

k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66
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Determination of the counterterm

- Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano, (WD) et al, 20, ‘91 |

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e z\ k
" " i d*k 1 “ P
= ka(k))=
A . ’ m[@ [(2ﬂ)4 k2 + ie O
; \Z
. Estimate the A, by constraining the integrand 100
k < A, region determined by EE
> 4
- k > GeV region determined by OPE <) | |
= 0.100; OPE
%: 0.010 \
0.001 | ﬁ
005  0.10 | 050 1
k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66
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Determination of the counterterm

- Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano, (WD) et al, 20, ‘91 |

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e %\ k
" ! - d*k 1 “ -
= x | dk a(k))=
a0 [
. \%
. Estimate the A, by constraining the integrand 100!
k < A, region determined by = 1
> |
- k > GeV region determined by OPE CO |
; 0.100 model OPE
%: 0.010 | \
- Model intermediate region using: 0.001 | ;
* Form factors 005 0.0 | 050 1
- Off-shell effects from NN intermediate states K| [GeV]

W. Cottingham ’'63; H. Harari, ‘66
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Determination of the counterterm

Cirigliano, (WD) et al, 20, ‘91 |

- Analogy to the Cottingham approach for pion/nucleon mass differences

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e %\ k
" " - d%k 1 " P
= x | dk a(k))=
A . ’ [ w J (2m)* k2 + ie O
: A\
~ . NAQ 100 .
. Gives g]yVN(,u =m_) = 1.3(6) in MS |
—_ 10}
7 |
- Estimated 30% uncertainty %o.mo model OPE |
. . . . = |
- Validated in isospin-breaking observables T 0.010 \
- Consistent with large-Nc estimate 0.001, |
‘Richardson et al, 21 Il 005 0.0 | 050 1
T | k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



