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Well-known Majorana mass mechanism
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‘Heavy BSM mechanisms
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e Implications for the mass hierarchy

e Many possible scenarios
o Left-right model,
e R-parity violating SUSY
e Leptoquarks...
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Well-known Majorana mass mechanism

Heavy BSM mechanisms
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« Implications for the mass hierarchy systematically?




Wouter Dekens, INT, 7/11/18

OUtIine Lepton-number violation:

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

Electroweak symmetry breaking

100 GeV

Non-perturbative QCD
1 GeV
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OUtIine Lepton-number violation:

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

A
N  Integrate out
27 TeV | BSM fields
SM EFT v & -
SU(3)xSU(2)xU(1) invariant
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100 GeV , heavy SM fields
SM EFT
SU(3)xU(1)em invariant
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OUtIine Lepton-number violation:
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‘? Assumptions

* No new light degrees of freedom

e BSM physics appears above the electroweak scale, mew<<masm

e SM gauge group SU(3)xSU(2)xU(1) is linearly realized

(elementary scalar SU(2) doublet)

BSM particle

‘Fundamental’ theory
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Effective Field Theory

AL=2 operators only appear at odd dimensions, 5, 7, 9...

Dimension-five

 Just one operator

Induces Majorana mass

L5 = %(LTcﬁ)(ﬁTL)

Kobach ’16; Weinberg '79; Lehman '14
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Effective Field Theory

AL=2 operators only appear at odd dimensions, 5, 7, 9...

Dimension-five Dimension-seven

- All operators have been derived

- Just one operator « 12 AL=2 operators

. 1: ¥?2H* + h.c.
* Induces Majorana mass v x b
Org | €jémn(L'CL™)HIH"(H'H)
3: ¢¥2H3D + h.c.
Cs ~ ~ O e | €i€mn (L'Cy,e) HHH™DFH™
Ly = S(LTCH) (AT L) varpe | gt (07
A
5: ¢*D + h.c.
(’)Sgau b €ij(dy,u)(L'CDHLY)
O(ngau o | i (dyuu)(LiCo*” D, L7)
Ofpup | TnQ)(dCDHd)
OdddeD (evud)(dCD*d)

Kobach ’16; Weinberg '79; Lehman '14
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Dimension-five

Dimension-seven

Dimension-nine

 Just one operator

* Induces Majorana mass

S(LTOHYHATL)

£5:A

- All operators have been derived
« 12 AL=2 operators

1: ¢?H* + h.c.
Org | €jémn(L'CL™)HIH"(H'H)
3: ¢2H3D + h.c.
Orupe | €ijeémn (L'Cyu.e) HH™DFH™
5: ¢*D + h.c.
Oilgt—lu b €ij(dy,u)(L'CDHLY)
O(ngEuD €ij(dy,u)(L*Cot** D, L7)
(1) T
A _
Ofpup | TnQ)(dCDHd)
Odddé D (é’y p,d) (dC D# d)

- Subset of operators
constructed

LM1 = i03 (Quv"Qe) (Wryudr) (€:S)

LM2 = io (@7 MQe) (@R, A dr) (£,£5)
LM3 = (@rQ.)(TrQs)(Caly)

LM4 = (A Qu)WrA Qb) (€at5)

LM5 = w( )wcd (Q.dr)(Q.dr)(45tT)
LM6 = io 2 io®) (@M dr) (@M dR) (@:5)
LM7 = (Gry"dR)(@rYudR)(Ere%)

LMS = (apy"dg)io’y (Q dr) (Tsyueh)
LM9 = (@py"AdR)ioss) (QuA*dr) (Cyyuef)
LM10 = (uR’y“dR)(uRQa)(fa’YueR)

LM11 = (Gry*" \dRr)(@rN Qo) (Cav.e$)

- But no complete basis

Kobach ’16; Weinberg '79; Lehman "14; Prezeau and Ramsey-Musolf '03; Graesser ‘16
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

“ <1 So why keep dimension 7 & 97?

m, ~ csv> /A implies two possible extremes:

o c5 = 0O(1), A = 10" GeV dimension-7, -9 irrelevant in this case (no signal at colliders)

o < O(1), A =0O(1—-100)TeV dimension-7, -9 relevant whe /e ;1

e This happens in well-known BSM models
* For example the Left right model gives

co=0(1), ¢r=0), =0y
Yo = Me /v ~ 107°

* The dimension-5, -7 and -9 operators can all be relevant for A = O(1 — 100)TeV
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OUtIine Lepton-number violation:
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OUtIine Lepton-number violation:

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

A
Al | g
2?2 TeV | BSM fields
SM EFT v L ~
SU(3)xSU(2)xU(1) invariant
100 GeV Electroweak symmetry breaking Integrate out

SM EFT’ heavy SM fields

SU(3)xU(1)em invariant
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Matching at the electroweak scale

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

R ) A7) 9

(5) (7) (9)
L= AO+AJ)+MO
M EW Electroweak symmetry breaking
100 GeV SM EFT’
SU(3)xU(1) invariant
3 ~\6) A7) %)
_ (6) (7) (9)
£= 50+ 350" + 5507 + 550

e Mismatch in dimensions due to insertions of the Higgs vacuum expectation value
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Matching at the electroweak scale

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

A (5) (7)
(7) 4 S
L= 23 Y A5
M EW Electroweak symmetry breaking
100 GeV SM EFT’
SU(3)xU(1) invariant
3 ~\6) A7) %)
_ (3) (6) (7) (9)
£=="-07 + 220" + =50 + 20|

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

e Complete basis unknown

e Take into account the known dimension-9 terms
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Low-energy operators
Dimension-3

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

h h

Uy, Uy, ——
-~ Integrate out

' heavy SM fields

SM EFT’ vl
SU(3)xU(1) invariant

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

mgg ~ v° /A
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Low-energy operators
Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ //u
7
A ‘ ~ C,g )
V/ \\e

M E - Integrate out
4 %g heavy SM fields

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

d\\ ﬁ p-decay operators with the "wrong’ neutrino:
[
y / \\e

6 2GFr | 6) - _ _ 6) _ _
Lt = o {C\(fL)m apydy epivu C7L ; + CUp i Ry dR éri v CFL

V2

6) _ T 6) - _ T 6) _ T
—i—C'éPz’ij urdrer; Cvy ; + CéL),z-j urdr er; Cvy, ; + Cr%,zj urot’dreriouw C'I/L,J}
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Low-energy operators
Dimension-6

SU(3)xSU(2)xU(1) invariant EFT
d\\ /
7
1 / \\ ~ ¢

M 15 ‘; Integrate out
44 l heavy SM flelds
V

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

d\\ ﬁ p-decay operators with the "wrong’ neutrino:
o e 2 scalar interactions
y / \\e

6 2GF 6
£, = \/i{cx(fﬁ,m ur*dy erivu CFL; + OV 4 Ury*dr eriu OFL

N\ - _T 6 - - _T
i prdrer; Cuy ;i + Cr%,zj urot’dreriouw C'I/L,J}
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Low-energy operators
Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ //u
7
A ‘ ~ C,g )
V/ \\e

M E - Integrate out
m %g heavy SM fields

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

p-decay operators with the "wrong’ neutrino:

e 2 scalar interactions
e 2 vector interactions
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Low-energy operators
Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ //u
7
A ‘ ~ C,g )
V/ \\e

M E - Integrate out
m %g heavy SM fields

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

p-decay operators with the "wrong’ neutrino:

e 2 scalar interactions
e 2 vector interactions
e one tensor interaction
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Low-energy operators
Dimension-6

U SU(3)xSU(2)xU(1) invariant EFT
d\\ //u
7
A ‘ ~ C,g )
V/ \\e

M E - Integrate out
m %g heavy SM fields

100 GeV SU(3)xU(1) invariant EFT
d\\ ﬁ p-decay operators with the "wrong’ neutrino:
[ e 2 scalar interactions
y/ \\e » 2 vector interactions
e one tensor interaction

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

0(6) -~ ,US/AS
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Low-energy operators
Dimension-7

SU(3)xSU(2)xU(1) invariant EFT
UN\ //u
7
V/ \\6

M E . Integrate out
4 %g heavy SM fields

100 GeV SU(3)xU(1) invariant EFT
d\\ ﬁ p-decay operators with the "wrong’ neutrino
and a derivative

V/ \‘\8 e Two vector-like operators

2G = _ _ A
Lg}/:2 - ZIF {C\(/7I),,ij ﬂL’)'”dL €L, Ci0 qu,j - C\(/7P){,ij ’U,R’)'”dR €L, Ci 0 Ml/%:,j} + h.c.

V2v
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Low-energy operators

Dimension-7

N
o 2

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

~ 0(7)

1

SU(3)xU(1) invariant EFT

p-decay operators with the "wrong’ neutrino
and a derivative

e Two vector-like operators

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

c" ~ v? /A7

-~ Integrate out

| | heavy SM fields
V,v -
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Low-energy operators

Dimension-9
d (7 SU(3)xSU(2)xU(1) invariant EFT d 7
®
€ (7) € (9)
A 2 e ~~J Ci () . ~ Ci
d U d (! B |
M EW | Integrate Qut
100 GeV y SU(3)xU(1) invariant EFT %gheavy SM fields
U
€
O 24 4quark-2lepton operators
€
d U

1
9
E(Azzz 5 E :

(09 erCeh + O e1CeF) O+ CPermsCe 0f],
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Low-energy operators

Dimension-9
d (7 SU(3)xSU(2)xU(1) invariant EFT d 7
@
€ (7) € (9)
A 2 e ~~J Ci () . ~ Ci
d U d U - |
M EW | Integrate Qut
100 GeV SU(3)xU(1) invariant EFT %éheavy SM fields
d U
€
O 24 4quark-2lepton operators
€ 16 scalar operators
d U

(Ci( r erCeh + Cjy e érf@—* C;YeyuysCe’ OF|,
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Low-energy operators

Dimension-9
d (7 SU(3)xSU(2)xU(1) invariant EFT d 7
O
€ (7) € (9)
d U d (Y L |
M EW | Integrate Qut
100 GeV SU(3)xU(1) invariant EFT %éheavy SM fields
d U
e
O 24 4quark-2lepton operators
€ 16 scalar operators
d U e 8 vector operators

(Cz’( % érCeq, + Cyy) épCe] i




Low-energy operators

Dimension-9
d (7 SU(3)xSU(2)xU(1) invariant EFT d
@
€ (7)
d U d
Mgew
100 GeV SU(3)xU(1) invariant EFT
d U
e
O 24 4quark-2lepton operators
€ 16 scalar operators
d U e 8 vector operators

|

e 3 can be induced by dimension-7 operators C,L-(g) ~ v3/A3

| * 19 can be induced by dimension-9 operators C’Z.(g) ~ 1}5//\5
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- Integrate out
%g heavy SM fields




Low-energy operators

Summary
SU(3)xSU(2)xU(1) invariant EFT
h h
A ® ~ Cx
vy, Uy,
Mew ‘/
100 GeV
O
vy, vy,
Dim-3

SU(3)xU(1) invariant EFT
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Low-energy operators

Summary

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

d\\% D
e T

d U
d\\/% )
0,® [

M//\\ 6
vy (&
d U

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

Wouter Dekens, INT, 7/11/18



Low-energy operators

Summary

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

d\\% D
e T

d
9,® @
VL//\\e
d

Dim-7 Dim-9 scalar

SU(3)xU(1) invariant EFT
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d u
Dim-9 vector



Wouter Dekens, INT, 7/11/18

OUtIine Lepton-number violation:

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

A
Al | g
2?2 TeV | BSM fields
SM EFT v L ~
SU(3)xSU(2)xU(1) invariant
100 GeV Electroweak symmetry breaking Integrate out

SM EFT’ heavy SM fields

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 ! u_attice QCD input
Chiral Effective Theory
- Construct two-nucleon
100 MeV ﬂ Ovpp operators

1 MeV



Matching to Chiral EFT

A SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L(u, d, g, VU, 6)

Mgcep
1 GeV Chiral Effective Theory

In terms of nucleons, pions, leptons ﬁXpT(N, T, UV, 6)

Form of operators determined by chiral symmetry
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Matching to Chiral EFT

Mocp
1 GeV

SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L(u, d, g, VU, 6)

Chiral Effective Theory

In terms of nucleons, pions, leptons ﬁXpT(N, T, UV, 6)

Form of operators determined by chiral symmetry

Unknown constants (LECs) require non-perturbative input
e Lattice calculations / Experiment
e Naive dimensional analysis
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Matching to Chiral EFT

Mocp
1 GeV

SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L(u, d, g, VU, 6)

Chiral Effective Theory

In terms of nucleons, pions, leptons ﬁXpT(N, T, UV, 6)

Form of operators determined by chiral symmetry

Unknown constants (LECs) require non-perturbative input
e Lattice calculations / Experiment
e Naive dimensional analysis
e Arguments based on renormalization
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Matching to Chiral EFT

Mocp
1 GeV

SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L(u, d, g, VU, 6)

Chiral Effective Theory

In terms of nucleons, pions, leptons ﬁXpT(N, T, UV, 6)

Form of operators determined by chiral symmetry

Unknown constants (LECs) require non-perturbative input
e | attice calculations / Experiment

. Naive dimensional analysis
e Arguments based on renormalization

-
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Matching to Chiral EFT

Majorana mass (dimension-3)

A SM EFT’
SU(3)xU(1)em invariant

il=is

% I %
L L
Mocp

1 GeV Chiral Effective Theory

alicie

®
VL vp

Wouter Dekens, INT, 7/11/18

j Warning: Based on NDA
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Matching to Chiral EFT | o sesonor

Dimension-6 and -7

N SM EFT’ dim-6 dim-7
d ﬁ CN ﬁ
O O
/ \ / \ Ou
143 e VL &
Mgcp
1GeV Chiral Effective Theory VL e
% € ®
L 7T:|:
O



Matching to Chiral EFT

Dimension-6 and -7

A SM EFT’ dim-6
i
»
V/ \&
Mgcep
1GeV Chiral Effective Theory
VL e
O
n p

Wouter Dekens, INT, 7/11/18

J Warning: Based on NDA

vy, e

n p

* Needed low-energy constants are the (scalar, vector, tensor) nucleon charges

* Ov,0A,Js, gm, g1, 9T




Wouter Dekens, INT, 7/11/18

Matching to Chiral EFT | o sesonor

Dimension-6 and -7

N SM EFT’ dim-6 dim-7
d ﬁ CN ﬁ
[ ) [ )
/ \ / \ O
143 e VL &
Magep
1GeV Chiral Effective Theory VL e
1% e ®
L 7'(‘:|:
@
n D n p
» Needed low-energy constants are the (scalar, vector, tensor) nucleon charges

° :. ga, gS, gwm, g,T

*  Known from experiment and/or Lattice QCD
'* Only estimates available, O(1) by NDA
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Matching to Chiral EFT | o sesonor

Dimension-9
1 _
(0a= 5 3 | (cRe
A SM EFT’
d U
e
[
(&
d u
Mgcep
1GeV Chiral Effective Theory _
’ €
o



Wouter Dekens, INT, 7/11/18

Matching to Chiral EFT | o sesonor

Dimension-9
1 P = B )
E(AQ)L=2 R Z [ (Ci(%) erCel + Cz.(%) éLCé{) > Cz-( )67u75CeT O; ],
4 SM EFT’ Scalar dim-9
d U
e
o
(&
d U
Maocp
L GeV Chiral Effective Theory
e
®
€

- Most scalar operators only induce zx interactions
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Matching to Chiral EFT | o sesonor

Dimension-9
1 ~ ~ _ . = .,‘: ~ .
LN = o5 Z [ (Cz'(%) erCeq + Cyy) GL(J@{) i 5 CPeyuvsCel O ] )
N SM EFT’ Scalar dim-9
d U
e
[
(&
d u
Mgcp
1GeV Chiral Effective Theory
T 7r:l: e n p
€ €
O € O
(& ® €
o n p
n p

- Most scalar operators only induce zx interactions
e One hadronic structure for which zN & NN terms are important
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Matching to Chiral EFT | o sesonor

Dimension-9
1
) = =% [ (C(ig erCel + e cel (0: ) ¢
A SM EFT Scalar dim-9 Vector dim-9
d U d U
< e
© ©
€ €
d U d U
Mgcp
1 GeV Chiral Effective Theory
T 7r:l: e n p
€ e
O = O
(& ® (&
T n p
n p

- Most scalar operators only induce zx interactions
e One hadronic structure for which zN & NN terms are important

« Vector operators induce zN & NN interactions
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Matching to Chiral EFT

| Warning: Based on NDA

Dimension-9
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« The LECs for the zx terms are known

« Direct lattice calculation
* K-Kbar mixing + SU(3) chiral symmetry

Nicholson et al.’18, Cirigliano et al. ‘17
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Matching to Chiral EFT

| Warning: Based on NDA
Dimension-9 " —
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« The LECs for the =z terms are known 14

« Direct lattice calculation
* K-Kbar mixing + SU(3) chiral symmetry

_-—

« The low-energy constants for the zN and NN interactions are unknown

—_—

— = — == = = = E——— ————

Nicholson et al.’18, Cirigliano et al. ‘17



Chiral EFT
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Chiral EFT

Summary
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Chiral EFT

Summary
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Chiral EFT

Summary
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Chiral EFT

Summary
Dim 3 Dim6 & 7 Dim 9
A
| = Based on NDA / Weinberg counting
* Not consistent in the 1So channel
Mocp - Does it hold for OvVBR?
1 GeV
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Kaplan, Savage, Wise, ’96; Beane, Bedaque, Savage, van Kolck, ’03, Nogga, Timmermans, van Kolck, '05, Long, Yang, '12;
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential

2 2
~ ga M
Volq) =C —

« Renormalize using Dim. reg. (MS-bar)
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential

2 2
~ ga M
Volq) =C —

« Renormalize using Dim. reg. (MS-bar)

Check if LO A(nn — ppee) is finite

Dress the AL=2 potential with strong interactions: {
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential

2 2
~ gA ma

Vi =C

« Renormalize using Dim. reg. (MS-bar)

Check if LO A(nn — ppee) is finite

Dress the AL=2 potential with strong interactions: {

| v/ finite
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential
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Volq) = C —

« Renormalize using Dim. reg. (MS-bar)
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Dress the AL=2 potential with strong interactions: I
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential
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« Renormalize using Dim. reg. (MS-bar)
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential

2 2
~ gA mor
Volq) = C —

« Renormalize using Dim. reg. (MS-bar)

Check if LO A(nn — ppee) is finite

Dress the AL=2 potential with strong interactions: I

B m
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Checking the Weinberg counting

Majorana mass (dim 3)

e Use LO strong potential

2 2
~ gA mor
Volq) = C —

« Renormalize using Dim. reg. (MS-bar)

Check if LO A(nn — ppee) is finite

Dress the AL=2 potential with strong interactions: {
' = + i + i

n

| X Divergent
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Checking the Weinberg counting

Majorana mass (dim 3)
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Checking the Weinberg counting

Majorana mass (dim 3)

e p
z: : @ . :Z — I
P Regulator dependent
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Checking the Weinberg counting

Majorana mass (dim 3)

n € p
o)
- —(—= — ~ — + 1
( Arr ) (1+294)5 | lo8 —(|pl + |p’|)? + 0%

Regulator dependence can be absorbed by a counterterm
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Checking the Weinberg counting

Majorana mass (dim 3)

n e p
2
ma 2 oy 1 (lo M )
= — - a ) _|_ 1
() (20805 (o8 (e o
+finite o o
n € p Regulator dependent

Regulator dependence can be absorbed by a counterterm

H.g = QG%VZd mgaga éLCég V,

Vior = —2g0N 7+




Checking the Weinberg counting
Majorana mass (dim 3)

Similar for r-space regulator:

C 53 (r) — (%};33 exp (—L> = C(Rs) 63 (r)




Checking the Weinberg counting
Majorana mass (dim 3)

Similar for r-space regulator:

C 53 (r) — (%};‘33 exp (—L) = C(Rs) 03 (r)

AV / e s, (1) Vio(x) U5 () ~ C(Rs)? [In(Rs) +..]

| Regulator dependent |
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Checking the Weinberg counting

Majorana mass (dim 3)

Similar for r-space regulator:
C(Rs)
(VTRs)?

C 6B (r) -

AL, o == [@r 0 6)" Viole) ¥ (1) ~ C(Rs)? () + ..
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Checking the Weinberg counting

Majorana mass (dim 3)

- Amplitudes obtained using 0.065 S 1/ (fm)
- MSbar _

- Coordinate-space cut-off

_ Ry scheme|
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Checking the Weinberg counting

Majorana mass (dim 3)

- Amplitudes obtained using S 1/ (fm)
- MSbar

- Coordinate-space cut-off

_ Ry scheme|

~
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S
S
S
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s
s
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s
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(=] (=] (=]
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9] (=] wn
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=
(=)
B —

0.001 0.005 0.010 0.050 0.100 0.500
RS (fm)

NN
v

- Need a LO contact interaction to cancel this dependence, ¢

At present unknown, unable to reliably estimate the impact
« Could be determined from lattice calculation of nn->ppee
- Estimate from relation to EM suggests a 25-60% contribution (backup slides)

- Assumptions with uncontrolled error
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Checking the Weinberg counting

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

n € p
1 1 1

~ My / d>qd’k

n € p

- In the Majorana-mass case, the divergence is due to the LNV potential at large g (small r)

- Behaves like Var—o ~ 1/§°
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Checking the Weinberg countlng

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

n € p

~ My / d>qd’k

n € p

- In the Majorana-mass case, the divergence is due to the LNV potential at large g (small r)

- Behaves like Var—o ~ 1/§°




Wouter Dekens, INT, 7/11/18

Checking the Weinberg counting

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

n - p
mnyE — ¢ myE" — k?
n = p

Dimension-6,7,9

- Several potentials have the same behavior
(C©)

- The case for the vector operators Var=2 ~1/ q°
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Checking the Weinberg counting

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

n p
wmy NS mNE_CjQ myE — k?
n | p

Dimension-6,7,9

- Several potentials have the same behavior

 The dimension-nine terms
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Checking the Weinberg counting

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

n p
m myE — ¢ myE — k2
n | p

Dimension-6,7,9

- Several potentials have the same behavior

6
- The case for the vector operators C‘(/ %,V r: Varp=a~ 1/ CIQ

 The dimension-nine terms

* Need to include contact interactions at LO in these cases

- Often disagrees with the Weinberg / NDA counting
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Chiral EFT

NDA / Weinberg

Dim 3 Dim 6 & 7
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Chiral EFT

Beyond NDA / Weinberg

Dim 3

Dim 6 & 7
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Chiral EFT

Power counting

Contributions to the amplitude scale as

6 §) 6 6 7 9 9 9 9 9
=3 Cisn Cr' Oy Cvn Cvive Gk O O OGL Cidtio
meA | Mmgg Ay Axei Axei Axei %Ei %Ei %Ei % % %Ei

A, =1GeV,

€x = M /Ay
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Chiral EFT

Power counting

Contributions to the amplitude scale as

6 §) 6 6 7 9 9 9 9 9
=3 Cysn Cr' Cvi O Qv RO R 65D Cidn
meA | Mmgg Ay Axei Axei Axei %ei %Ei %Ei % % %Ei

Ay =1GeV, €y, = Ma /Ay

- The dimension-seven and -nine operators are suppressed by Ax / v
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Chiral EFT

Power counting

Contributions to the amplitude scale as

6 6 6 6 7 9 9 9 9 9
= O Op o of Gl CRO©) Com G €9

vector
S P P A2 PR A2 L AQ' o, A2 A2 A2 sy
2 2 3 2 2 2 x Sx xf -2
meA | mgg Ay A(ex) A<€x ) Aiex ) @ @ @ v v v A

Ay =1GeV, €y, = Ma /Ay

- The dimension-seven and -nine operators are suppressed by Ax / v

- Most operators are suppressed by two or three powers of ¢, = m,/A,
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Chiral EFT

Power counting

Contributions to the amplitude scale as

6 6 6 6 7 9 9 9 9 9
=3 Cisn Cr'  Cvi Oy Qi @R 0" % Gr5) Cidin
meA | mes Ay M) M ) M) Aﬁ@ Aﬁ@ Aﬁ@ > e

Ay =1GeV, €y, = Ma /Ay

- The dimension-seven and -nine operators are suppressed by Ax / v

- Most operators are suppressed by two or three powers of ¢, = m,/A,

- Should be combined with the scaling of the Wilson coefficients to see which are important
- To be determined in explicit models of new physics
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OUtIine Lepton-number violation:

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

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

1 MeV



OUtIine Lepton-number violation:

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

A

A
?? TeV

100 GeV

1 GeV

100 MeV
Many Body Methods

Wouter Dekens, INT, 7/11/18

l ﬁ Nuclear Matrix elements
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The Ovgp halt-life

2
= ZGi,jMiMjgz’gj

L]

0t 09~ 07 3 [ e via o

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics
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The Ovgp halt-life
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nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
« Several unknown
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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
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The Ovgp halt-life

2
= ZGz’,jMiMjgz’gj

L]

0t 09~ 07 3 [ e via 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

* Nuclear matrix elements
* Evaluation requires many-body methods
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The Ovgp halt-life

2
= ZGi,jMiMjgz’gj

L]

0t 09~ 07 3 [ e via 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)

Wouter Dekens, INT, 7/11/18

NMEs Ge

74 [31] [81] [82,83]
Mp  |[-1.74 -0.67 059  -0.68
MEA 548 3.50 3.15 5.06
MAE | -2.02 -0.25 -0.94 4 NMEs 6Ge
MER || 066 033 030| Mp,, | -346 -1.55 -146  -1.1
Mg | 051 025 0221 pAd | 111 403 487  3.62
M4 - = = M, |-535 237 226  -137
MfP |-035 001 -001 mEP | 199 085 0.82  0.42
MEP | 010 0.00 000 AP, |l-0.85 001 -0.05  -0.97
Mp™ [1-004 000 000 MEP, |l 032 0.00 0.02 038

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

Wouter Dekens, INT, 7/11/18

. . . 76
« Have been determined in literature NMEs Ge
74 [31] [81] (82,83
My -1.74 -0.67 -0.59  -0.68
MgE# || 548 350 315  5.06
) i i MEE || -2.02 -0.25 -0.94 NMEs Ge
GT : : 30| Mp. |-346 -1.55 -1.46  -1.1
- E.g. all O(1) MM || 051 025 022 pAA [l 111 403 487  3.62
M4 - = = M, |-535 237 226  -137
MfP |-035 001 -001 mEP | 199 085 0.82  0.42
MEP | 010 0.00 000 AP, |l-0.85 001 -0.05  -0.97
Mp™ [1-004 000 000 MEP, |l 032 0.00 0.02 038
4 Hyviérinen et al. [74]
- Horoi et al. [31]
9 — ..Menéndez et al. [81]
Barea et al. [82,83] ¢
: 1.5
* The NMEs differ by a factor 2-3 between methods
1 A A A A A A A A A A A A A A A A A A
* For Majorana-mass term & other LNV sources o . ‘
0.5 o | LI o ® o m [ o m
. O s | | " ] o
|
O Q %) (D) [} ‘ Q <) [} [} Q [ [} [} Q [ (<} Q <} <5 (<} Q
PeEr PPEX DPEX DEx D8 8K
R(M,) |R(Mps)] R(Mrs) R(Msq,1) R(Msa,2)

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

« Assumes Cj = v3/A3

- Uncertainties:

103 J '

136Xe
> :
O 5 82
E'/ 10 H4
101 =
(6)

T

T TTTTTT]

VL,VR

c®  c© oo <6> (7) O c® O
Wy, > 4 — — —

//&

u
: lIilrl]l((:?eoa\ll\r/T\/Il_allfr(iiseIements \'\ / '/</i€
A N

 Dim6&7 ~ Dim9

“\




Wouter Dekens, INT, 7/11/18

Current limits

« Assumes Cj = v5/A5

101 u

6.3

&1
~

4.4

(W
(W
[

DO
~J

A (Tev) B

\ \
9 9 9 9 9 9 9
ci” o o o o’ cr O

) - —
—

- Uncertainties: d U d U
: LIilr::c(:?eoa\:\r/ rI]\/Il_atlfr(iiseIements \\./</:e \./</:e
N N

Dim 9 Dim 9

Scalar Vector
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An example: LR model

In Left-Right models:

» SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_r
- Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)
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An example: LR model

In Left-Right models:

» SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_r
- Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)

* New Fields:

 Right-handed bosons Wgr, Zr
* Right-handed neutrinos VR

» Heavy new scalars 05T
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An example: LR model

In Left-Right models:

» SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_r
* Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)

Violates lepton number

* New Fields:

 Right-handed bosons Wgr, Zr
* Right-handed neutrinos VR

» Heavy new scalars 05T
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An example: LR model

’5‘ ~ Ye :me/’l}
" AL =2

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



An example: LR model

’;‘ ~ Ye = me/’U

® AL=2
e U
H H 7 eV
o, "t 4
o-0-0 ® =
VI, VR U Ur
t \\ \\
> <
mWR

SU(3)xSU(2)xU(1) invariant EFT
H
H H d\\ ﬁ
° o
VL vy, V/ \&

Wouter Dekens, INT, 7/11/18
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An example: LR model

@ ~ Yo =Me/V

" AL = 2

vy, VR vy,

\\6_ 1;/ Wr
.\H N I/R €

g Wr \\ @)
/VL Wgr Z

»
>

u

H H
< o
VL VL

SU(3)xSU(2)xU(1) invariant EFT
i S/
I U e
N

”/ ‘\Y d



An example: LR model

’;‘ ~ Ye = me/’U

® AL=2
e Uu WR§
H H H N\ VR
® Wgr d O
o-0-@ o ¢ YR
vy, VR vy, vy WRé
t \\ \
> <
mWR

SU(3)xSU(2)xU(1) invariant EFT
H
H H d\\ ﬁ
° o
VL vy, V/ \&

Wouter Dekens, INT, 7/11/18

d U
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€
d U
U\ O
Dim-9 ~ (—)
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An example: LR model

,;V‘ ~ Ye = me/’U

® AL=2
\\6_ 1;/ Wk ' ; -
- g e~ Wk .
| | N H / \/‘;/‘ VR . 5R ‘
| | T e R \\ -
—<—‘—<—.—>—‘—>— \./ VR d VR T e WR \\_
vy, VR Vr, /VL Wn i €
< < < ¥

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

S AN Sl
N P /<

< ‘ > ‘ [
% % - | o
L L V/ \% | Framework captures all terms

|
‘" Naively of similar size for A=1-10 TeV

ms ~2(3)  amren(l) omen(3)
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An example: LR model

mw, = 4.5TeV, m,, = 10TeV, Mgt = 4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
1 Z Z 1 Z Z
— mpp — mpp
— LRM (§=mp/m;) — LRM (&=mp/m;)
10" - LRM (¢=0) [ 107" —_—|-- LRM(£=0) [
3 =
(:_;l 1072
TR
£
/)
‘ 1073 |-
10—4 | I I 10—4 I I I I
1074 1073 1072 107" 1 10 1074 1073 1072 107" 1 10
mLightest (eV) ml}ightest (eV)

- Mild effect on NH (due to dim-9)

* Negligible effect in IH case, dim-5 terms dominate
« Due to chiral suppression of the induced dim-6,7,9 operators
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An example: LR model

" Not excluded by collider searches

15

my, = 4.5TeV, My, = 10GeV, Mgt = 4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
! 77 1 7z 7
— mpp — mpp
— LRM (é=myp/m;) — LRM (E=mp/m;)
--  LRM (¢=0) [ LRM (£=0) [
1073 ﬁ 1073 |
-4 -4 I I L L
%0 1073 10- 10- 10 0 1073 1072 107" 1 10
leghtest (eV) ml}ightest (eV)
| Subject to
- Large effect in both NH & IH NME / LEC uncertainties

* Now dominated by dim-9 terms




Summary

- EFTs allow a model-independent description of AL=2 scenarios

- Renormalization requires counterterms beyond NDA

148 5] (MeV~2)

Wouter Dekens, INT, 7/11/18

1/p (fm)

0.065

0.060 -

e
o>
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N

o e o
> > >
= E R
S n S
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— Rg scheme

0.050 0.100 0.500
Rs (fm)




Summary

EFTs allow a model-independent description of AL=2 scenarios

Renormalization requires counterterms beyond NDA

Wouter Dekens, INT, 7/11/18

1/p (fm)

0.065

0.060 -

1487 22| (MeV2)
s o o
(—} —J [—3
5 2 &

=

=3

=

=
T

— Rg scheme

R
S,

~
S~ *~
~ ~

0.050 0.100
Rg (fm)

Limits on higher-dimensional operators probe
« O(1-10) TeV scales for dim-9
- O(100) TeV scales for dim-7

Order 1 uncertainties
« Unknown LECs + NMEs

A (TeV)

10° ¢

10°

200

82

).

N

54
=
6.3 5
| |

N

C§9) C§9) C?()Q)

9 9 9 9
o o GR o
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Summary

0.065 ‘ ‘ : :
s — Rg scheme

0.060 -

e
o>
R
N

- EFTs allow a model-independent description of AL=2 scenarios

R
S,

1487 22| (MeV2)
s o 9
S
=) W =)

~ ~
S~ *~
~ ~

- Renormalization requires counterterms beyond NDA

0.050 0.100
Rg (fm)

103 ¢

- Limits on higher-dimensional operators probe
« O(1-10) TeV scales for dim-9

82
39 54
-0

A (TeV)
2
-

- O(100) TeV scales for dim-7 1 15
- Order 1 uncertainties N H TR
+ Unknown LECs + NMEs LB H i H i N
o € & I & S &' &
* Explicit example: Left-right model 1 Normal Hierarchy
.
-~ LRM (¢=0) [
- Dimension-5, -7, and -9 induced 3
- Captured by the EFT b

- Higer-dim. Operators can be important
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Relation to electromagnetism

Majorana mass

EM LNV

Wouter Dekens, INT, 7/11/18

e Relation to Coulomb exchange?
e Al=2 piece of EM has similar chiral properties

e Leptonic LNV part combines to a photon propagator
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Relation to electromagnetism

Majorana mass

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : :

O, =NQ,NNQ,N - —2LNZN N7N + (L — R) with spurions
0 _ ot _ :
T — TI‘ QLQR — _ QL = U QLuj QR — UQRU ,

u =exp (7 - 7/2F)
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Relation to electromagnetism

Majorana mass

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : :
O, =NQ,NNQ,N - —2LNZN N7N + (L — R) with spurions
0 _ ot _ :
T — TI‘ QL QR — — QL = U QLu7 QR — UQRU ,
0y = NQLN NQpN — = ~“N7NN7N + (L ¢ R) w = exp (i - 7/2F)

EM

Lem = 62/4 (0101 + 0202)
Qr=Qr=1°/2
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Relation to electromagnetism

Majorana mass

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : :
O, =NQ,NNQ,N - —2LNZN N7N + (L — R) with spurions
0 _ ot _ :
T — TI‘ QL QR — — QL = U QLu7 QR — UQRU ,
0y = NQLN NQpN — = ~“N7NN7N + (L ¢ R) w = exp (i - 7/2F)

EM LNV

Lem = €2/4(C101 + C20-) Lrinv = g0 N GEmpggOy e
C?L:CQRZTS/2 QL:T+7 QR:O
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Relation to electromagnetism

Majorana mass

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : :
O, =NQ,NNQ,N - —2LNZN N7N + (L — R) with spurions
6 : :
X = TIQLQR — _, — QL = u QLua QR = UQRU ,
0y = NQLN NQpN — = ~“N7NN7N + (L ¢ R) w = exp (i - 7/2F)

’ G%mwOl ee’
Qr =

Chiral symmetry
NN
g, — Cl
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Relation to electromagnetism

Majorana mass

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : :
O, =NQ,NNQ,N - —2LNZN N7N + (L — R) with spurions
0 _ ot _ :
- = Tr QLQR — — QL = u QLU/, QR = UQRU ,
0y = NQLN NQpN — = ~“N7NN7N + (L ¢ R) w = exp (i - 7/2F)

QL ZQRZTS/2

e EM induces an extra term

e Equivalent up to 2 pions Chiral symmetry

g, = Cy

e Hard to disentangle
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Relation to electromagnetism

Majorana mass

e Al=2 in NN scattering

e Charge-independence breaking (Gnn + Gpp)/2 — anp /
e From photon exchange & the pion mass difference g 2 —p ® C,+ (s
e (1 + C5 (needed at LO in isospin breaking) \\
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Relation to electromagnetism

Majorana mass

e Al=2 in NN scattering

e Charge-independence breaking (Gnn + Gpp)/2 — anp /
e From photon exchange & the pion mass difference g 2 —p ® C,+ (s
e (1 + C5 (needed at LO in isospin breaking) \\

e Allows an estimate of g,],VN

e Extract C; + Cy from CIB

_ Gi(p) + Co(p)
2

e Roughly 10% effect for Rs = 0.6 fm

e Assume ¢V (u)

e Uncontrolled error
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Relation to electromagnetism

Majorana mass

e Al=2 in NN scattering

e Charge-independence breaking (Gnn + app)/2 — anp
e From photon exchange & the pion mass difference

o (1 + (5 (needed at LO in isospin breaking)

e Allows an estimate of ¢’V 0'06:—
e Extract C'; + Cy from CIB &t
Cra) + Calad) %o.os_
e Assume ¢NV(u)=—1¥ > 2\ s
e Roughly 10% effect for Rs = 0.6 fm _C':' 0.04r
<
e Uncontrolled error = :
0.03
0000 0005 0010 0050 0100 0500

Rg (fm)
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Estimate of impact
Light nuclel

e Use ab initio wavefunctions ] | Al=0 B e

R. Wiringa, S. Pastore et. al. 3r He »"Be 1
- lovl -
: Ci(R Cy(R - Rs=0.8 fm) |
e Estimate of g, (Rs) = 1(Fs) + Co(Rs) —~ 2 |p?”;ll( S )|
2 | - lox| (Rs=0.8 fm) |;
e Extract C'; + C5 from CIBin NN ‘*i pﬁ‘}’lg) -

=

. . U I/”\ \\‘\
e From Chiral potential 0= N
M. Piarulli et. al. ’16
»j Al=2 2Be - 12C

Use short-distance Al=2 AV18 potential L5r 1 — Py ]
R. Wiringa, Stoks, Schiavilla, ‘95 —- |onN| (Rs=0.8 fm) |]
To10- - | P (Rg=0.8 fm) |
~ 05_ T

= 2R

Q : :' \‘

O.O: \. _ \/

_0.5- NS ]
0 2 4 6 8
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Estimate of impact

Light nuclel
e Use ab initio wavefunctions ] | Al=0 e
R. Wiringa, S. Pastore et. al. 3r HT _>| Be ]
- Py -
— Rs=0.8 fm) (]
e Estimate of ¢V (Rs) = Cu(Rs) + CalRs) —~ 2 lpi\nfl( > ) -
2 | - K| (Rs=0.8 fim) |
e Extract C'; + C5 from CIBin NN ‘*i p(Av18) -
e[ NN
Q ///"‘ \\\
e From Chiral potential 0~ S
M. Piarulli et. al. ’16
- mtli =~ ! . dnawemeney | : : ' : : : ' : : i
»j Al=2 2Be »12C |
Use short-distance Al=2 AV18 potential Lsr — Py ]
R. Wiringa, Stoks, Schiavilla, ‘95 - —- |onN| (Rs=0.8 fm) |]
T, 10 — | PR (Rs=0.8 fim) |
e 10% effect in 6He - ©Be _o0st ]
= y Y
e 25-60% effect in 12Be - 12C = oy
0.0 -
e Due to presence of a node \/

e Feature in realistic OvBB candidates -0.5¢ S S ]
0 2 4 6 8
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Estimate of impact
Light nuclel

e Use ab initio wavefunctions ] | Al=0 ———
R. Wiringa, S. Pastore et. al. 3r HT _>| Be 1
- JoX -
- Rs=0.8 fm) |
e Estimate of ¢)'V(Rs) = Cl(RS);r@(RS) —~ 2 |P2(I;I|( > ) -
- - 1pKRI (Rs=0.8 fim) |;
e Extract C'; + C5 from CIBin NN = pAY1S) ]
e = NN
< ', \\‘\
e From Chiral potential 0= N
M. Piarulli et. al. ’16
- _1 i - L A L I I I | I I I | I I ]
i Al=2 2Be »12C |
Use short-distance Al=2 AV18 potential 50 — Py ]
R. Wiringa, Stoks, Schiavilla, ‘95 - —- |onN| (Rs=0.8 fm) |]
Uncontrolled error : P18
e 10% effect in 6He - ©Be 05" ]
e 25-60% effect in 12Be - 12C < a3
0.0 o
e Due to presence of a node \/
e Feature in realistic OvBB candidates -0.5¢ S ]
0 2 4 6 8




Relation to electromagnetism

For non-standard cases?

EM LNV

Wouter Dekens, INT, 7/11/18

e Relation to Coulomb exchange relies on:
e Al=2 piece of EM having similar chiral properties

e Leptonic LNV part combines to a photon propagator




Relation to electromagnetism

For non-standard cases?

EM LNV
"~
n p
9
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e 1
®
n p
N
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n p

e

C o=l
n p

e Relation to Coulomb exchange relies on:
e Al=2 piece of EM having similar chiral properties

e Leptonic LNV part combines to a photon propagator

» Several operators have the right chiral properties: C\(/GL), Cfg)




Relation to electromagnetism

For non-standard cases?

EM LNV
-
n p
9
2/ 2 (6)
g 2 ~ e”/q et Oy
O
n p
-
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n p

e

C o=l
n p

e Relation to Coulomb exchange relies on:
e Al=2 piece of EM having similar chiral properties

e Leptonic LNV part combines to a photon propagator

» Several operators have the right chiral properties: C\(/GL), Cfg)

* None of these give a photon propagator

-0{9) Contact ~ ]
o '(6)

v, Long distance, but wrong structure ~ q“/q




Relation to electromagnetism

For non-standard cases?

EM

¢

Y

Y

LNV
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e Relation to Coulomb exchange relies on:

e Al=2 piece of EM having similar chiral properties

e Leptonic LNV part combines to a photon propagator

e Several operators have the right chiral properties: (

* None of these give a photon propagator

-0{9) Contact ~ ]

(6)
VL

Long distance, but wrong structure ~ qo‘/q

2

(6)
VL

c




Short-distance
Counterterms
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Chiral EFT

Short-range LECs
Dim 3

———
14 1%

Dim6

Dim 9

Wouter Dekens, INT, 7/11/18

C‘(fz,VR Scalar

Scalar’

................................................................................................................................................................................

................................................................................................................................................................................
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Chiral EFT

Short-range LECs

Dim 3 Dim6 | Dim 9
C\(/ESI)J,VR Scalar Scalar’ Vector




Ultrasoft contributions
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Ovpp operators

Majorana-neutrino mass: N2LO

* N2LO Potential results from integrating out the ‘soft’ and "potential’

Full ChiPT e
Degrees of freedom:

TR € y
. _ W
Potential v & = qO<Kr, g~KF . Sm v + Ve
ft v& 0 : £
So & g ~q~kF gt e n D nooS~

Ultrasoft v: qQ0~qg<kr e




Wouter Dekens, INT, 7/11/18

Ovpp operators

Majorana-neutrino mass: N2LO

* N2LO Potential results from integrating out the ‘soft’ and "potential’

Full ChiPT )
Degrees of freedom: g e

T s /

. _ W

Potential v & x: qO<Kr, g~KF . le f Ve + Ve
. N / €

Soft v & x: q%~g~kr - e _

Ultrasoft v: qQ0~qg<kr " p e

Low-energy EFT
Degrees of freedom: V
Ultrasoft vi q%~q<kr

= leading-order strong potential




Ovpp operators

Majorana-neutrino mass: N2LO

Vy(z,b) _ @)+ (b)+ (V‘(}"{/b) 4 Vﬁb)

Wouter Dekens, INT, 7/11/18

<a,b)>
CcT

* Piece that depends on the renormalization scale

e Arises from loops with ultrasoft neutrinos
* What cancels this uus dependence?

%

© = leading-order strong potential
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Ovpp operators

Majorana-neutrino mass: N2LO

V@b @+ 0+ (V‘%b) ey

<a,b)>
CcT

* Piece that depends on the renormalization scale
e Arises from loops with ultrasoft neutrinos Ve @
* What cancels this uus dependence?

© = leading-order strong potential

e Still have propagating ultrasoft neutrinos
e Have to add their contributions to the amplitude!
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Ovpp operators

Majorana-neutrino mass: N2LO

V,,(,‘g’b) _ @)+ (b)+ (V‘(}"{/b) 4 Vﬁb)

* Piece that depends on the renormalization scale

%

e Arises from loops with ultrasoft neutrinos Ve
* What cancels this uus dependence?

© = leading-order strong potential

e Still have propagating ultrasoft neutrinos

e Have to add their contributions to the amplitude! M

bound state
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Ovpp operators

Majorana-neutrino mass: N2LO

Vy(g,b) _ @)+ (b)+ (V‘%’) 4 Vg‘fzf)

/ 1 . u;,
usoft — g3 Z(f|J“|n)(n|J“\z) {(Ez + E, — E;) (log 2(Fy +#En " E)) + 1) +(1 < 2) }

n

e Still have propagating ultrasoft neutrinos

e Have to add their contributions to the amplitude! m

* Cancels the uys dependence of the potential bound state
e Sensitive to the intermediate states

* Same matrix elements as in 2vfp




Wouter Dekens, INT, 7/11/18

Ovpp operators

Majorana-neutrino mass: N2LO

e Standard approach

e At leading order
e Use second order perturbation theory

(fIIL(@)n){n|JL(—q)li) -
2 q|(En + |q| + Ee2 — E;)

n

e ‘Closure approximation’: E, — E; < |q|

(f1/"(q)Ju(=q)|7) « — -
ql(lq| + E — (E; + E7)/2)

e.g. Engel and Menendez, ‘16
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Ovpp operators

Majorana-neutrino mass: N2LO

e Standard approach e Chiral EFT
e At leading order e At leading order:
e Use second order perturbation theory e No intermediate-state dependence
e Agrees with standard approach
2 v(__ ; _
v U@ elolh for £ (5 + E1)/2 0

q|(En + |q| + Ee2 — E;)

n

e ‘Closure approximation’: E, — E; < |q|

(f1/"(q)Ju(=q)|7) « — -
ql(lq| + E — (E; + E7)/2)

e.g. Engel and Menendez, ‘16
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Ovpp operators

Majorana-neutrino mass: N2LO

e Standard approach e Chiral EFT
e At leading order e At leading order:
e Use second order perturbation theory e No intermediate-state dependence
e Agrees with standard approach
2 v(__ ; _
v U@ elolh for £ (5 + E1)/2 0

q|(En + |q| + Ee2 — E;)

n

e ‘Closure approximation’: E, — E; < |q|

(f1/"(q)Ju(=q)|7) « — -
ql(lq| + E — (E; + E7)/2)

e At N2LO: e At N2LO:
* Include some effects through form factors Form factors

e.g. Engel and Menendez, ‘16
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Ovpp operators

Majorana-neutrino mass: N2LO

e Standard approach e Chiral EFT
e At leading order e At leading order:
e Use second order perturbation theory e No intermediate-state dependence
e Agrees with standard approach
2 v(__ ; _
v U@ elolh for £ (5 + E1)/2 0

q|(En + |q| + Ee2 — E;)

n

e ‘Closure approximation’: E, — E; < |q|

(f1/"(q)Ju(=q)|7) « — -
ql(lq| + E — (E; + E7)/2)

e At N2LO: e At N2LO:
* Include some effects through form factors e Form factors
e Ultrasoft contribution
e Loops & Counterterms

e.g. Engel and Menendez, ‘16



Disentangling
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Disentangling operators

What if a Ovgp signal is measured?

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

« Could measure the rate in several nuclei, however
- Different isotopes have similar sensitivity to LNV
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Disentangling operators

What if a Ovgp signal is measured?

* Instead look at angular & energy distributions of the




Disentangling operators

What if a Ovgp signal is measured?

* Picking the allowed values

VL VL

mpagg = 0.05eV

N
_—

Q¢ 3
CLeudn = €"*/A
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A =40TeV

1/T" dI'/dcos(6)

1.0

0.8
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Disentangling operators

What if a Ovpgp signal is

* Picking the allowed values

measured?

VL VL

m55 — 0.05eV

N
_—

Q¢ 3
CLeudn = €"*/A
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A =40TeV
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