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- Violates lepton number, AL=2

- Stringently constrained experimentally

 To be improved by 1-2 orders

* Would imply that
‘Neutrino’s are Majorana particles
‘Physics beyond the SM
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Well-known Majorana mass mechanism
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Well-known Majorana mass mechanism

« Implications for the mass hierarchy
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Many possible scenarios
o Left-right model,
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parity violating SUSY

e Leptoquarks...
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OUtline Lepton-number violation:

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

A
A | Integrate out |
I TRV I ————— ' BSMfields |
SM EFT v o |
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV , heavy SM fields
SM EFT
SU(3)xU(1)em invariant
1 GeV Non-perturbative QCD l | Lattice QCD input
Chiral Effective Theory
’ Construct two-nucleon
100 IVIeV .................................................................................................................................................... v l! Ovﬂﬂ Operators
Many Body Methods
LY 2 [ l !;Nuclear Matrix elements
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...
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A lIntegrate out
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SU(3)xSU(2)xU(1) invariant
100 GeV

1 GeV
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Effective Field Theory
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Effective Field Theor

(9)
7 C, 9
,Ceff: O'L()+FO§>+

Dimension-five

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



Dimension-five
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Dimension-seven

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)
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Dimension-five

Dimension-seven

Dimension-nine

e 12 AL=2 operators

1: ¥2H* + h.c.
OLH EUGmn(LzCLm)HJHn(HTH)
3:¢Y2H3D + h.c.
OLHDe | €ij€mn (L'Cy.e) HHH™DFH™
5: 9%*D + h.c.
O | eij(dv,u)(LICDHLY)
O(ngau b | €ii(dyu)(L*Cot” D, L)
(1) 7
9 _
0 up | TnQ)(dCDrd)
OdddeD (evud)(dCDHd)

|

e Consider subset of operators

LM1 = 02 (@7 Qc) (@rudr) (GLS)
LM2 = i03 (Qu7* A Qe) (@R A dr) (GS)
LM3 = (2rQa)(@rQs) (L.£5)
LM4 = (TpA2Qa) (@rA Q) (2a15)
LM5 = w(b)wcd (Qudr)(Q.dr) (€3
LM6 = io\2io'2 (Q dr) (@M dRr) (1:(5)
LM7 = (um*‘dR)(umudR)(eReﬁ)
LM8 = (Try"dr)ioc 2 (Q,dr) (Tsy.cS)
LM9 = (Zpy* N dR)ioly QA dr) Eyyuef)
LM10 = (GrY"dR)(TrQa) Layue$)
LM11 = (uR'y“)\AdR)(UR)\ Qo)X a’YueR)

| | e Recently complete basis

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

Kobach '16; ngnberg '79; Lehman ’14; Prezeau and Ramsey—MusoIf;O3; Graesser '16;
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators
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e v/A K1 Sowhykeep dimension7 & 9?
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

Aovps ~

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
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...
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SU(3)xSU(2)xU(1) invariant
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OUtIine Lepton-number violation:

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

A
A Integrate out |
?? TeV ..................................................................................................................................................... | )! BSM ﬁelds
SM EFT v —
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV heavy SM fields

SM EFT’
SU(3)xU(1)em invariant

1 GeV

100 MeV

1 MeV
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Running/matching at the weak scale

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

%) 7 9

(5) (7) (9)
L==-0P + 20" + 20

Electroweak symmetry breakin
MEew ymmetry 9

® Mismatch in dimensions due to insertions of the Higgs vacuum expectation value




Low-energy operators

Dimension-3

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

- h h .
N s
N s
N s

N ~ Cg
< . >
Vr Vr
SM EFT’
SU(3)xU(1) invariant
@) mﬁg

Induced by dimension-5 SU(2)-invariant operator

mgg ~ v° /A

W. Dekens, Vienna, 13/04/21

‘ 7Integrate out
H heavy SM fields

v;l; L
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Low-energy operators

Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ ﬁ
7
A . i C,g )
V/ \\6

M ‘  Integrate out
EW “ heavy SM fields

100 GeV SU(3)xU(1) invariant EFT v

p-decay operators with the 'wrong’ neutrino:

® 2 scalar interactions
® 2 vector interactions
® one tensor interaction
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Low-energy operators

Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ ﬂ
7
A ‘ i C,g )
V/ \\6

M ‘ | Integrate out
EW ; H heavy SM fields

100 GeV SU(3)xU(1) invariant EFT v

d\\ A p-decay operators with the 'wrong’ neutrino:
() ® 2 scalar interactions
y/ \\e ® 2 vector interactions
® one tensor interaction

Induced by dimension-7 SU(2)-invariant operators

c'® ~ 0% A3
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Low-energy operators

Dimension-7

SU(3)xSU(2)xU(1) invariant EFT
d\\ ﬁ
(7)
u® ~ G

M i | 7Integrate ouf
i | H heavy SM fields
100 GeV SU(3)xU(1) invariant EFT vV - )
d\»\ ﬁ p-decay operators with the 'wrong’ neutrino
and a derivative
0,8 @

V/ \\6 ® Two vector-like operators

2G R _ _ 7
E(A7},=2 - ZF {C\(/?,ij ’&L’y“d[, €L Ci0 qu,j -+ C\(,%,z«j uR’)/p'dR €L, Ci 0 MVg,j} + h.c.

V2v
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Low-energy operators

Dimension-7

SU(3)xSU(2)xU(1) invariant EFT
d\\ ﬂ
(7)
u® ~ G

M ‘ | Integrate out
EW H heavy SM fields

100 GeV SU(3)xU(1) invariant EFT v

d\»\ A p-decay operators with the "wrong’ neutrino
and a derivative
V/ \\6 ® Two vector-like operators

Induced by dimension-7 SU(2)-invariant operators

c ~ v? /A3




Low-energy operators

Dimension-9

d U SU(3)xSU(2)xU(1) invariant EFT d
o
€ (7)
A 2 e G
d U d
M ew
100 GeV SU(3)xU(1) invariant EFT
d U
(&
® 24 4quark-2lepton operators
€ ® 16 scalar operators
d U ® 8 vector operators

1 P
Lalms = o5 > [ (Ci(?{) erCef + Cyy epCey O;

W. Dekens, Vienna, 13/04/21

‘ ‘3 7I'ntregrate ouf
H heavy SM fields

v L




Low-energy operators

Dimension-9

d U SU(3)xSU(2)xU(1) invariant EFT d
o
€ (7)
A 2 e G
d U d
M ew
100 GeV SU(3)xU(1) invariant EFT
d U
(&
® 24 4quark-2lepton operators
€ ® 16 scalar operators
d U ® 8 vector operators

W. Dekens, Vienna, 13/04/21

‘ ‘3 7Integrate out
“ heavy SM fields

s 3 can be induced by dimension-7 operators

® 19 can be induced by dimension-9 operators

0(9) ~ UB/AS
c® ~ v° /A°



Low-energy operators

Summary
SU(3)xSU(2)xU(1) invariant EFT
h h
A P ~ Cx
Vi, Vi,
M pw v/
100 GeV
O
vy, vy,
Dim-3

SU(3)xU(1) invariant EFT

W. Dekens, Vienna, 13/04/21



Low-energy operators

Summary

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

vl d\\% D
T e T

I N B N I
e A T

Dim-3 Dim-6 Dim-7 Dim-9 scalar
SU(3)xU(1) invariant EFT

W. Dekens, Vienn

a, 13/04/21
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Low-energy operators

Summary

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

d
L d\%NCm e )
o S W e SN Ci

B N R N A
e MU e

Dim-3 Dim-6 Dim-7 Dim-9 scalar Dim-9 vector
SU(3)xU(1) invariant EFT
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OUtIine Lepton-number violation:

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

A
A Integrate out |
?? TeV ..................................................................................................................................................... | )! BSM ﬁelds
SM EFT v —
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV heavy SM fields

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

W. Dekens, Vienna, 13/04/21

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
mpag o
O V/ \\6
MQOD vy v
1 GeV
Chiral Effective Theory
vy, €
vy € ®
@ T
v, Vr, O
n p n p
mgﬁ GF GF

e At LO in Weinberg counting, only need the nucleon one-body currents

e Needed low-energy constants are known from experiment / Lattice QCD




Chiral EFT

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

W. Dekens, Vienna, 13/04/21
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Chiral EFT

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

Matching similar for higher-dimensional operators:

e Additional Zzz, zN, NN interactions
e New Low-energy constants
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Chiral EFT

Dim 3 Dim 6 & 7 Dim 9
Vector Scalar
A mggs d U d U
d\\ / N e N e
u: ¢ Ij .< .<6
L L //\\ d//\\u e d//\\u
Mocnp | | _— ? F
1GeV | v \ 4 v

Matching similar for higher-dimensional operators:

e Additional Zzz, zN, NN interactions
e New Low-energy constants
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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

=

/N
Ly = C(NTPigN) NTPg N - A ¥r. NroN N
2F7T N 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, Vienna, 13/04/21

=

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

oo
; B ®
Ly= C(NTPgN)' NTPgN - ZAvr.NroN |

2F7T N N N N

=

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

‘ In MS-bar: !

n e p

: 2;_:

my 2 2 1 (10 / )
_ (N — — +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

® Need a new contact interaction at leading order to get physical amplitudes:

Cor = 2G2V2mgs 9NN pnpnerCer

n p T
° p
e
Var=—2 =V, +Voecr= v e gVN e )
o
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Need for a counter term

® Need a new contact interaction at leading order to get physical amplitudes:

Cor = 2G2V2mgs 9NN pnpnerCer

n p mn
° p
e
Var=—2 =V, +Voecr= v e gVN e )
o
n p n D

. NN . . L
- Finite part of 9,  is currently unknown, hard to estimate its impact

- Could be determined from a lattice calculation of A(nn — ppe™ e )

- Area of active research ‘Davoudi and Kadam, '20; Feng et al, 20 |

- Estimate from relation to EM (back-up slides)
+ ~10-30% contribution in A(nn — ppe e )
» ~60% in light nuclei, 12Be—12Ce-¢
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Determination of the counterterm

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

dk g 4 ke T T T
Ao [ G [ da e @ (@0 )

.- Compute the Ovff amplitude by constraining the correlator Cirigliano et al, '20, 21

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

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

Ao [ et | #r e TGO )

.- Compute the Ovff amplitude by constraining the correlator Cirigliano et al, 20, 21

(pp | T{j5,(x)jy(0)} | nn) ~ . k < A, region determined by yPT
- k > GeV region determined by OPE

- Model intermediate region using:
- Form factors

. Off-shell effects from NN intermediate states

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

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

oo [ gyt [ 2 TGO

.- Compute the Ovff amplitude by constraining the correlator Cirigliano et al, 20, 21
(pp | T{j}, () (0) } | nn) ~ . k < A, region determined by yPT
27\ ’ . k > GeV region determined by OPE

- Model intermediate region using:
- Form factors

. Off-shell effects from NN intermediate states

. Gives gijN(,u — mﬂ) — 13(6) in MS Consistent with large-Nc
| Richardson et al, 21

- Estimated 30% uncertainty

. Validated with isospin-breaking contact terms, jx/;/ — j]’é‘M (see backup)

. A, can then be used to fit gQVN In ab-initio many-body calculations

W. Cottingham ’'63; H. Harari, ‘66
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

* In the Majorana-mass case, the LNV potential leads to a divergence

- Can perform the same checks for the higher-dimensional terms
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

 In the Majorana-mass case, the LNV potential leads to a divergence

 Can perform the same checks for the higher-dimensional terms

- Leads to divergences in several cases

: . 6 .
Dim-6: Cj) . Dim-9: C*),
n n D
7T_; /'/e
77_?\\6
n n | D
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

* In the Majorana-mass case, the LNV potential leads to a divergence
- Can perform the same checks for the higher-dimensional terms

- Leads to divergences in several cases

Dim-6: Cy) . Dim-9: C*),

n e p n P
>< Ve >< 7T_. €
=" _ I Z j z
n ¢ p n p

* Need to include contact interactions at LO in these cases

- Often disagrees with the Weinberg / NDA counting
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Chiral EFT

Beyond NDA / Weinberg

Dim 3 Dim 6 & 7 \ Dim 9
Vector Scalar
% ™m d u d U
NG| ] |4
vy, vy, Ve . e .
v N N A
Mqcp /
1 GeV |
| e ‘ 1+2+4 additional '
| contact interactions
n /j_p n /jp n\\} P S
} . L e N
VarL=2= v o ve o .// e
! e e _TNe
' \\ ’ " ‘\\= i n/ \> no .I/:; n_ ' "
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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




W. Dekens, Vienna, 13/04/21

The Ovfp half-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (ZT:)IS eiq-r V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics
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The Ovfp half-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;iﬂ_()lg 673q-fr‘ V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
» Several unknown
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The Ovfp half-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;iﬂ_()lg 673q-fr‘ V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
» Several unknown

* Phase space factors coming from the leptonic parts
* Accurately calculated
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nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
» Several unknown

* Phase space factors coming from the leptonic parts
* Accurately calculated

* Nuclear matrix elements
» Evaluation requires many-body methods
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The Ovfp half-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (ZT:)IS eiq-r V(q2) |O-|—>

nucleons

* Nuclear matrix elements
» Evaluation requires many-body methods




Nuclear matrix elements

» All NMEs can be obtained from those of light/heavy neutrino exchange

* 9 long-distance & 6 short-distance
« Have been determined in literature

* Follow ChiPT expectations fairly well
« E.g. all O(1) and

1 1
PP _ AP PP PP _ AP PP
Mgrsa = —5MGr,sa — Mear , Mt g = —§MT,sd - Mzr™,
2 2 m?2
MAE _  _ZpAA AR MMM _ IM™Mr 1 rAA
Grsd = ~3MGTs GT > G = oo 2 Mar s,
AMmy

W. Dekens, Vienna, 13/04/21

NMEs 6Ge

[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 -0.25 -0.94 NMEs ©Ge
MEE 0.66 0.33 030 Mg |[-3.46 -1.55 -1.46 -1.1
MEM || 051 025 022 Mg, | 111 4.03 487 3.62
M#A - = = Mgf,|-535 -237 -226  -1.37
M#? |1-035 001 -0.01 | MEE |l 199 085 0.82 0.42
Mz® |l 010 000 000 MAD, |-085 001 -005  -0.97
MM 11-0.04 0.00 000 AEP |l 032 0.00 002 038

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, ‘18




Nuclear matrix elements

» All NMEs can be obtained from those of light/heavy neutrino exchange

* 9 long-distance & 6 short-distance

W. Dekens, Vienna, 13/04/21

* Have been determined in literature NMEs "Ge
74) 31 [81] [82,83]
My  |[-1.74 -0.67 -0.59  -0.68
Mg 548 3.50 3.15 5.06
76
: . . MAE  ||-2.02 -0.25 -0.94 NMEs Ge
[ J
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
/PP 1. ap 1/ PP 1 PP lMAP /PP MpA - - = MgE.,|-535 -237 -226  -1.37
GIisd — — 9""GTsd GT » Tysd = 9" Tysd r - M#AP |-035 001 -001 | MEE || 199 085 082 042
MAP 2. 44 MAP MMM _ gaMma - aa MFP | 010 000 000 MAP, |-085 001 -0.05  -0.97
e T = pg2m3, T4 My ||-004 000 000 MEf, | 0.32 000 002 038
As
 Hyvirinen et al. [74]
Horoi et al. [31]
9 %o Menéndez et al. [81]
Barea et al. [82,83] ¢
: 15
» The NMEs differ by a factor 2-3 between methods
O
]_ A A A A A A A A A A A A A A A A A A A A
H O O
* For Majorana-mass term & other LNV sources ‘oo ® e
® ' e © ® o nm v
050 =% 5% 5 8.5 ®& ¢
- y N v -
R(M,) |R(Mps)| R(Mrs) R(Msq,1) R(Msq,2)

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, ‘18
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Current limits

Dim 7 d\'\//“ Dim9<\o/u
LK A
— T — ~ ~

10° —— '
- 340

: 340
- 200
10° | 39 54 22
| s -1k
10 \ | —— .

‘- Couplings with C; ~ v3/A3 '

A (TeV)

6 6 6 6 6 7 9 9 9
136y, Coy C5) o ) oy o) ypet? o




Current limits
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d U
: d
Dim6&7 \'\’//“ Dim 9 \0/</:i
/ \\e / N
d U
* P -~
. Couplings with C; ~ v3/43 ’
10 - | | |
%\ ;
g 107
< E lo I l
101
(6) (6) (6) 6 6 7 9 9 9
136X q )l el )
- Couplings with G ~ v5/A5 I | | | |
—~ 1|
% 10° ¢
e i 3.1 2.7
’ l | . 0
10°
C§9) (9) (9) (9) Cé9) C’égg ng
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Current limits

|+ O(1) uncertainties:
* Unknown LECs
* Nuclear Matrix elements




Current limits

Two-coupling analysis

‘A=6OO TeV |

—40

-0.4 -0.2 0.0 0.2

mﬁﬁ/eV

VL VL

A
Y

10

-10—

W. Dekens, Vienna, 13/04/21

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

Based on arXiv:2002.07182

G. Zhou, K. Fuyuto, J. de Vries, E. Mereghetti, WD
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Sterile neutrinos

Could play a role in leptogenesis  canetti et al. '135

Provides a dark matter candidate  Boyarski et al. 19|

Appear in Left-Right models / Leptoquark scenarios / Grand Unified Theories

Have been suggested as a solution to neutrino oscillation experiments ~ Boseretal."19




W. Dekens, Vienna, 13/04/21

Sterile neutrinos

Could play a role in leptogenesis  canetti et al. '135

Provides a dark matter candidate  Boyarski et al.’19 |

Appear in Left-Right models / Leptoquark scenarios / Grand Unified Theories

Have been suggested as a solution to neutrino oscillation experiments ~ Boseretal."19 |

- Add sterile effects by including:

1 .
'CI/R — Z.ER@VR — §E%MRVR — LHYDVR —+ ,C,(/E;) —+ ﬁl(/Q

see also Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, '19;
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Sterile neutrinos

Could play a role in leptogenesis  canetti et al. '13%

Provides a dark matter candidate  Boyarski et al.’19 |

Appear in Left-Right models / Leptoquark scenarios / Grand Unified Theories

Have been suggested as a solution to neutrino oscillation experiments ~ Boseretal.”19|

« Add sterile effects by including:

| » Majorana mass
(L violating)

see also Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, '19;
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Sterile neutrinos

Could play a role in leptogenesis  Canetti et al. '13@

Provides a dark matter candidate  Boyarski et al. ’19 |

Appear in Left-Right models / Leptoquark scenarios / Grand Unified Theories

Have been suggested as a solution to neutrino oscillation experiments ~ Boseretal.”19|

- Add sterile effects by including:

Loy =iURIVR — £
' » Majorana mass | Dirac mass
(L violating) (L conserving)

see also Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, '19;



W. Dekens, Vienna, 13/04/21

Sterile neutrinos

Could play a role in leptogenesis  Canetti et al. '13@

Provides a dark matter candidate  Boyarski et al. ’19 |

Appear in Left-Right models / Leptoquark scenarios / Grand Unified Theories

Have been suggested as a solution to neutrino oscillation experiments ~ Boseretal.”19|

- Add sterile effects by including: Liao & Ma, '17
‘CI/R — iDRaVR — I
'« Majorana mass e Dirac mass * Dimension-6 (L-conserving)
(L violating) (L conserving) |+ Dimension-7 operators (L-violating)

* Induced by heavy BSM physics

see also Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, '19;



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, Vienna, 13/04/21

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 vy as explicit degrees of freedom
- LECs and NMEs now depend on m,,

- When/if 1, can be integrated out depends on m,,_
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Sterile neutrinos

Complication: m, dependence

~ Canuse : :
XEFTwithvp  § ;

k Fr ~ kF Ay ~1GeV mw
~ 100 MeV

Chiral EFT involving vp

™\
VL,R\\ /6 \//e
°
—@ -
n p

/\\e
-/

™

Acxmy
R
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Sterile neutrinos

Complication: m, dependence

Can use
EFT W|th I/R

Can integrate out v

dim9 operators

myR
P~k Ay, ~1GeV myy
~ 100 MeV
o Chiral EFT involving vp o Integrate out p
VL,R\\ /6 7T_\\ e VRI/ {\./</:uie
(] ® - P
nr ° 39 7r// \\6 \ ‘ :VRI B B d// \u ‘
— Chiral EFT without v/

A xm, Aoxm]
R VR
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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 xm, Aoxm]
R VR
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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
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Sterile neutrinos

Toymodel

- SM + a sterile neutrino + a leptoquark d\\_//e d\.\ //e

RL 7 - s »s . m_. ~ . LQE ””"""“'p o
L1q = —Yeo draR'€I L, + vy QY R'vRp + hec., y 5//\\“ VR// \\u

- Cannot reproduce neutrino masses/mixings
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Sterile neutrinos

Toymodel

- SM + a sterile neutrino + a leptoquark d\\_//e d\.\ //e

RL 7 - s »s . m_. ~ . LQE ””"""“'p o
L1q = —Yeo draR'€I L, + vy QY R'vRp + hec., y 5//\\“ VR// \\u

- Cannot reproduce neutrino masses/mixings

1030, NO LQ
Interaction
— 27 |
.E 10
) e
X Current limit
(40]
;& 1024,
i\—
1021,
1018 | . | | | | | | | | |
107 104 0.01 1 100 10*

* O(100%) uncertainties not shown m,, [GeV]
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Sterile neutrinos

Toymodel

SM + a sterile neutrino + a leptoquark d\\_//e d\\ //e

RL 7 - s »s . m_. ~ . LQE ””"‘”“'p o
L1.Q = —Yap AraR'€V LY, + ygi ' QL. R'VRy + hec., Vﬁ/\\u VR// \\u

Cannot reproduce neutrino masses/mixings

. . 1030 i NO LQ
Non-standard interactions have a large effect | Interaction

Similar large effects in more realistic models

T1/3("°Xe) [yr]

1018

. o 106 104 001 1 100  1¢°
* O(100%) uncertainties not shown My [GeV]




Sterile neutrinos

Complementarity with other probes

- The dimension-six v, operators also induce:

- Neutron & nuclear f decays
- LHC signatures, pp — ev

- What can Ovff say if these probes find a signal?

N

v e

pdecay, pp — ev

W. Dekens, Vienna, 13/04/21

Ovpp




Sterile neutrinos

Complementarity with other probes

- The dimension-six v, operators also induce:

- Neutron & nuclear f decays
- LHC signatures, pp — ev

- What can Ovff say if these probes find a signal?

N

v e

pdecay, pp — ev

W. Dekens, Vienna, 13/04/21

. [f-decay fit has preference for BSM interactions
- Driven by one experiment aSPECT, ‘19

« Unclear if LHC can be satisfied in UV
completions

Falkowski, Gonzélez-AIonsb, Naviliat-Cuncic, ’20

- If such a signal is confirmed
- Oupp constrains m,, for Majorana neutrinos

Tong, de Vries, WD, 20|

* O(100%) uncertainties not shown
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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 o
A L v v
- . g dim -5 diml -7 diml— 9 El:gmg .
- Standard mechanism (dim-5) R A s =
. mpp : v —V° d — uev (d — uev) ® 8, dd — uuee
_ _ wlc;evf,'i?'?{ww v Yt
. DlmenS|On—7 & _9 Sources %Iu—mcl In—)peul |7r—>eu| Inn—;ppeel In—>p7reel ImrTee Igozz{:g?élé%
. Effects from vp I Ml e M¢ —
oy |22 | — T 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
- Effect of 'new’ LECs up to ~60% in light nuclei
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. [ > ———
- EFTs allow one to systematically describe AL=2 sources =0
A
L v v
L dim — 5 dim — 7 dim — 9
E [ l Elec:(l'pweak symmetry
. " <i0cev oo VLYY . breaking
- Standard mechanism (dim-5) R A L —
E' mpp : v —V° d — uev (d — uev) @ 9y dd — uuee Mateh to ChiPT
LGV 2 , L "‘; I :' v v v v (LECs in Table 1)
* Dimension-7 & -9 sources %IVWI L] [ ] [ e lepml I”.ﬂel CCCCCCCCCCC ”
~100MeV |- & ____________________________________________________________________ operators (Eq. 24)
.T=U E OvBp operators L 0vfBp operators
L= [i] (Long- and pion-range) (short-range)
Effects from v R v Voo e (e
[ J %)
R E z E I Mg, MSQ?P,PP,MM I IMF,sdv Mgﬁ,‘;ZP,PP7 M;"ffp I
E _8 m I I Phase space integrals
~ 1MeV = (Table 4)
v T10V2 (0+ — 0+) :Vé:s‘t;;)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
- Effect of 'new’ LECs up to ~60% in light nuclei
- Ouvpf can probe _ Sl T
- O(1-10) TeV scales for dim-9 & e . 4 B
- O(100) TeV scales for dim-7 < ] 15
- O(10) TeV scales for vy interactions e oo |l L
\ 1.4
AERENN
10° '
« Order 1 LECs + NMEs uncertainties I e e R e e e




