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Dimension-five

Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16



Dimension-five

Dimension-seven

|+ 12 AL=2 operators

1: ¥2H* + h.c.
€ij€mn(L*CL™)H/H™"(H'H)

OLu

3:¢Y2H3D + h.c.
€ij€mn (L'Cy,e) HHH™DFH™

OLHDe

5: 9%*D + h.c.

o | eydyu)LicDrL)
o?_ €ij(dy,u)(LiCo** D, L)
0%, (QCyud)(LD*d)
%, (L7.Q)(dCD*d)
OdddeD (€7.d)(dCD*d)
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Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16



Effective Field Theory
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Dimension-five

Dimension-seven

Dimension-nine

« 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)
OE',ZI),Eu b | €ii(dyu)(L*Cot” D, L)
(1)
OdedD (QC'-YMd)( D“d)
2
0 up | TnQ)(dCDrd)
OdddeD (evud)(dCDHd)

- Subset of operators
constructed

LM1 = 02 (@7 Qc) (@rudr) (GLS)
LM2 = i03 (Qu7* A Qe) (@R A dr) (GS)
LM3 = (7rQa)(@rQs) (La£§)

LM4 = (GrAQu) @rAQy) (£atf)

LM5 = w( )wcd (Qudr)(Q.dr) (€3

il LM6 = w(b)wgd) (Qa)\AdR)(QCAAdR)(KbEdC)
| LM7 = (UR’)’udR)(UR’YudR)(ERG%)

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)\ Qa)(éa’?’ue%)

||« But no complete basis

Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16




Wouter Dekens, Fermilab 10/05

.
SR

Effective Field Theory Th,sta.

(5)

O (9 )

Dimension-nine

' Dimension-seven

* 12 AL=2 operators | ||+ Subset of operators
| constructed
1: ¥2H* + h.c. | H
O €ij€mm (LzCLm)Han(HTH) | LM1 = Z'U((;)) (@aVuQc) (HR'YMdR)(ZbES) |

LM2 = i0 2 Q"M Q) (@ry A dr) (6£C)
LM3 = (2rQa)(@rQs) (L.£5)

3: ¥?H°D + h.c. LM4 = (@pAQ0) (@rAAQy) (ZutS) |

OLHDe | €ij€mn (L'Cy.e) HHH™DFH™ | LM5 = ioc2ic® (@Q,dr)(@.dr) (€,(9)
Ly — i0@io? (@ A dR) (@M dr) (@,05)
5 0AD & he. { LM7 = (ury* dR)(UR')’udR)(ERG%)
LMS8 = (uRfy“dR)w (Q dR)(&,fy#eR)
Opraup | €(@1u)(LiCD L) | LMY = (@ry*Adg)iols (QuAAdR) (Cryue$)
O aup | (@) (L' Cot* D, L) LMI0 = (27 dp)(5rQa) Carpe§)
o%dw (QC~,d)(LD*d) LM11 = (Gpy*AdR)(@rA Qo) (layues)
Oruap | TQ)(dCDd)
OdddeD (ev,d)(dCDHd)

||« But no complete basis

Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16
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Running/matching at the weak scale

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

A %) A7) )

(5) (7) (9)
£=="-00 + 20" + 20|

M EW Electroweak symmetry breaking

100 GeV SM EFT’
SU(3)xU(1) invariant

a0 N B
. 150" + 550" + =50,

e Mismatch in dimensions due to insertions of the Higgs vacuum expectation value
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Low-energy operators
Dimension-6

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

M EW ‘; Integrate out

t
100 Gev | | v heavy SM fleldS
SU(3)xU(1) invariant EFT
d\‘\ / p-decay operators with the "wrong’ neutrino:
2G
LY} 5 = 7; {CSSL),U Ury*dr er,ivu CVL ; + C\(/St)t,z'j ury dR er; Y CVL

6) _ _ _T 6) _ _ _T 6) _ _ _T
+C§P€,Z’j urdrer; Cvy; + CéL),ij urdr e, Cvp; + Cf(r,gj uro™dR eriou CVL,J}
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Low-energy operators
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Low-energy operators
Dimension-6
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Low-energy operators
Dimension-6

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

M ‘; Integrate out
EW l heavy SM flelds
V

SU(3)xU(1) invariant EFT

d\\ / p-decay operators with the "wrong’ neutrino:

e 2 scalar interactions
/ \ » 2 vector interactions
e one tensor interaction

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

0(6) N UB/AB
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Low-energy operators
Dimension-7

d\»\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A
/ \\6

M | Integrate out
EW t heavy SM f|elds
100 GeV wi

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

p® @
V/ \‘\6 e Two vector-like operators

2G R _ _ T
£(A7},=2 = \/,—2}; {C\(/?,z‘j ’U,L’y“dL €L Ci0 qu,j - C\(/7P){,z'j UR’YudR €L, Ci 0 qu,j} + h.c.
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Low-energy operators
Dimension-7

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A
V/ \\e

M ; Integrate out
EW l heavy SM flelds
100 GeV wi

SU(3)xU(1) invariant EFT
d\\ / f-decay operators with the "wrong’ neutrino
and a derivative

/ \ e Two vector-like operators

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

0(7) -~ US/AB
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
€ (7) € 9
A 2 e ~ Cr[/ o eN CZ
d U d U o |
MEW . Integrate out
' | heavy SM fields
100 GeV p . SU(@)xU(1) invariant EFT vl :
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e
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) € 9
A 2 e ~ Cr[/ o eN CZ
d U d U L |
MEW . Integrate out
' | heavy SM fields
100 GeV p . SU(@)xU(1) invariant EFT vl :
e
O 24 4quark-2lepton operators
€ » 16 scalar operators
d U

1 N
Lat—2= 52, [ (o er0eh + O L0 O+ CevnsCe” OF |,

V0 &
7
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) € 9
d U d U L |
MEW - Integrate out
' | heavy SM fields
100 GeV p . SU(@)xU(1) invariant EFT vl :
e
O 24 4quark-2lepton operators
€ » 16 scalar operators
d U e 8 vector operators

1
Lat—s =52 [ (Ci(?{) erCep, + Cyy) erCer | O

VP
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) €
A 2 e G ® o C;
d U d (! L
MEW Integrate out
' | heavy SM fields
100 GeV p . SU(3)xU(1) invariant EFT vl :
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’i(g) ~ v3/A3

| » 19 can be induced by dimension-9 operators Ci(g) ~ ’05//\5




Low-energy operators

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

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

Summary

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

vl d\\% D
T A

B N R N
e A

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

Summary

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

N
A

NI
NN,

Dim-7 Dim-9 scalar

SU(3)xU(1) invariant EFT

Wouter Dekens, ECT*, 7/18/19
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

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

1 MeV



Matching to Chiral EFT
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% SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L (u, d, g, v, €)

Mocp

1 GeV Chiral Effective Theory

In terms of nucleons, pions, leptons EXPT(N, T, U, 6)

Form of operators determined by chiral symmetry

The operators come with unknown constants (LECS)

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

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

Dimension-6 and -7: vector & scalar

A SM EFT’ dim-6 dim-7
NN
[ )
// \ // ‘\\ Oy
VL (& vy, e
Mgep
1 GeV _ _
Chiral Effective Theory VL €
O
VL € =
O
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-6 and -7: vector & scalar

4+ SMEFT d\im'ﬁ/ &W/
u u

[ )
// \ // ‘\\ Oy
VL (& vy, e
Mgep
1 GeV _ _
Chiral Effective Theory VL €
O
VL € =
O
n p n p

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

e gV, dA, gS, gM
e Known from experiment and/or Lattice QCD




Matching to Chiral EFT

Dimension-6: tensor, left-handed vector

4 SMEFT )
N
O
Mgcp
1 GeV _ _
Chiral Effective Theory
VL (&
O
n p

» Generate beta-decay like operators

Wouter Dekens, ECT*, 7/18/19

j Warning: Based on NDA
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-6: tensor, left-handed vector

¢ SMEFT d\im-fi/
U

[
y / \&
Mgcep
1 GeV _ :
Chiral Effective Theory 2t . oM p
VL & ) € € O -
e ® <
" O i T " b n p

» Generate beta-decay like operators

« Also induce zz, zN, and NN interactions
e Come with unknown LECs
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Matching to Chiral EFT | o sesonor

Dimension-9
£0)0 =5 3| (cR enceh + €2 ex0ef @) CPennsce 0f|
N SM EFT’ Scalar dim-9
d U
(&
o
(&
d u
Mgcep
1 GeV _ :
Chiral Effective Theory
(&
o
(&
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Matching to Chiral EFT | o sesonor

Dimension-9
Lat2= 52 [ (CR erCeh +CY e.Cef (01 ) CPerursCeT 0;‘] ,
N SM EFT’ Scalar dim-9
d u
(&
o
(&
d u
Mgcep
1 GeV _ :
Chiral Effective Theory
(&
o
(&

« Most scalar operators only induce =z interactions
*  Known from Lattice QCD / SU(3) chiral symmetry

Nicholson et al.’18; Cirigliano et al. ‘17
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-9
£© 1 R SN ) B L Pt
AL=2 Y Z iR ¢RVUER + iL €LY€er §
N SM EFT’ Scalar dim-9
d U d U
(& e
O O
€ e
d U d U
Mocp
1 GeV _ :
Chiral Effective Theory 2t . oM p
(& (&
O € ()
e ® €
o n p
n p

« Most scalar operators only induce =z interactions
*  Known from Lattice QCD / SU(3) chiral symmetry

* One scalar structure + vector operators induce 7N & NN terms
- The low-energy constants for the zN and NN interactions are unknown

Nicholson et al.’18; Cirigliano et al. ‘17
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Chiral EFT

Summary
Dim 3 Dim 6 & 7 Dim 9
) Scalar Vector
A U d U
mgpg
e d\'\'ﬁ \\./</:Z \\./</:e
e e |
d (7 d U
Mocp
1 GeV
v
e
;




Chiral EFT

Dim 6 & 7

N
e

Summary
Dim 3
T mgg
T
i
Mocp
1 GeV
v
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Dim 9

Scalar

S
N

u

Vector
N
N

u
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Chiral EFT

Summary
Dim 3 Dim 6 & 7 Dim 9
) Scalar Vector
A U d U
e I\ Nl | e
1/2 ° ;L ° .<6 .<
i S P B e
Mgep .
1 GeV

o
n p
n /p n >
. N .
i e \./v/e
T ’\\e
—@ /
n \\p n \\p >
n p
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Chiral EFT

Summary

Dim 3 Dim 6 & 7

e N

< o >
VL vy VL// \'\6

Mocp
1 GeV
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Chiral EFT

Summary

Dim 3 Dim 6 & 7 ~ Dim9

Scalar Vector
i N NNAME
AN IS

~
~
~

Mocp
1 GeV

H 2 structures A

Y
Y
y

S




Chiral EFT

Summary

Mocp
1 GeV

Dim 3

Dim 6 & 7

N
e
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~ Dim9

Scalar
S
S

Vector
U

N
P f\:

~
~
~

H 2 structures A
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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
Mgep - Does it hold for OVBB?
1 GeV

Y
Y
:]I
7

€

|
© Y ) e T A
- €
/s

> —@ > / . |/

n \\ p n p — @
B n p n P

(& e

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

n /ep n /ep - S n_ P p
N
e
n p

\ 4
y

Y
Y



Wouter Dekens, ECT*, 7/18/19

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

| See Jordy’s talk

* Due to the potential at large momenta Var—2 ~ 1/52

n € p
1 1 1

~ m3y / d>qd’k
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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

| See Jordy’s talk

* Due to the potential at large momenta Var—2 ~ 1/672

n € p

~ m3y / d>qd’k
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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

| See Jordy’s talk

* Due to the potential at large momenta Var—2 ~ 1/52

n 6_ p
1 1 1
2 3 13
Ve ~ m d”qd’ k — —
o— _
n ¢ p

Dimension-6,7,9

Var—a ~ 1/¢
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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

| See Jordy’s talk

* Due to the potential at large momenta Var—2 ~ 1/52

n p
T 1 1 1
¢ 2 3 13
O ~m d”qd’ k - —
n | p

Dimension-6,7,9

- Several potentials have the same behavior
- The case for the vector operators
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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

| See Jordy’s talk

* Due to the potential at large momenta Var—2 ~ 1/52

n p
T 1 1 1
; 2 3 13
O ~m d”qd’ k - —
MM N/ mNE—CjQ(q_’—k)QmNE’—k2
n | p

Dimension-6,7,9

- Several potentials have the same behavior
- The case for the vector operators

* Need to include contact interactions at LO in these cases

- Often disagrees with the Weinberg / NDA counting




Chiral EFT

NDA / Weinberg

Wouter Dekens, ECT*, 7/18/19

Dim 3 Dim 6 & 7 ~ Dim9
Vector
A d U
i o
| S B
Mocp | N
1 GeV RN
n . //j_p n
VaL=—2 =~ :

Scalar
d U
\ / .
.<
/ \\ ‘
d . (]
=
no D
-\
8 \./v/e
7T_// \\6
n > > »
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Chiral EFT

Beyond NDA / Weinberg

Dim 3 Dim6 & 7 Dim 9
Vector Scalar
4 d u d U
el I e e
vy, vy, Ve . e .
v \ N N
Mgcp | /
1 GeV |
| S {1+2+4 additional | l
| contact interactions
SV S n\/p P S SN
} . | . N
VAL=2 = v e Ve e _ ‘e
| TN
' \\ ’ " ‘\\; ! n/ \> 6 no .I%; 6 n_ ' "



Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= (07| Z/ dw(;zaeiq'rv(qQ)'Oﬂ

(2

m.n

V(a®) = Vs(a®) + Vs(a®) +

Wouter Dekens, ECT*, 7/18/19

7(a%) + Vo(q®)

The contributions scale as

6 6 6 6 7 9
d=3 CéL),SR Cé) C@ﬁ C\(/g{ C\(/I),,VR C CSR)S%R

QIO

2L—5L vector

9)(/
CfZL)( )

me.A mpag AX Axei AXG?<

2 2
ﬂ ﬂ62
v v X

Ay, =1GeV,

Ex = My /Ay




Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= (0% / dw?ae”“V<q2>|o+> V(a) = Vs(@') + Vs(a") +

(2

m.n

Wouter Dekens, ECT*, 7/18/19

7(a%) + Vo(q®)

The contributions scale as

6 6 6 6 7 9) (7 9)(/ 9)(/ 9)(/ 9
o e 0 (e CIO G0 O O OO,
meA | mgag Ay Axef< Axe?< AX6§< t—xei /:)—Xei % 2 % %Gi

Ay, =1GeV,

Ex = My /Ay

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

The potential

Can finally derive the potential and amplitude

3
A= 071Y [ ey (@) V(a?) = Vala?) + V(a?) + Vi(a?) + Va(a?)

m.n

The contributions scale as

6 6 9)(/
d=3 CéL{ SR C . CéL)Q—(gL
meA | mgs Ay <9 =

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

- Several operators are suppressed by two or three powers of €, = m. /A,
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Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= (07 Z/ (g;;geiq"'\/(qQ)mﬂ V(a®) = Va(a®) + Vs(a®) + Vz(a*) + Va(q)

m.n

The contributions scale as

6 6 9
d=3 CéL{ SR C _ C§L>2—(,5)L
meA | mgs Ay <9 =

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

- Several operators are suppressed by two or three powers of €, = m. /A,

- Scaling of Wilson coefficients needed to see which are important
- To be determined in explicit models of new physics
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

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

1 MeV



OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A

A
?7? TeV

100 GeV

1 GeV

100 MeV
Many Body Methods
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l ;i Nuclear Matrix elements
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The Ovgp halt-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 Ovgp halt-life

2

= ZGi,jMiMjgigj

2V

0" 500~ 07 X [ gL viah o)

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

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

* Nuclear matrix elements
* Evaluation requires many-body methods
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The Ovgp halt-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 NMEs Ge
74 [31] [81] [82,83]
My -1.74 -0.67 -059  -0.68
Mg 548 3.50 3.15 5.06
76
. . . MAE | -2.02 -0.25 -0.94 | NMEs Ge
[ ]
FOE”OW (ﬁhCI)PT expdectatlons falrly well MEE || 066 033 030 Mpe | -346 -155 -1.46  -1.1
[ ]
g.a (1) an MEM || 051 025 022 Mg, | 111 4.03 4.87 3.62
MPP _ _1 AP _MPP MPP _ _lMAP _MPP M4 - - - Méﬁll“),sd -5.35 -2.37 -2.26 -1.37
GT,sd 9 GTsd GT > Tsd 9 Thsd r o MAP |[-035 001 -001 | MEE | 199 085 082 042
MAP 2. 44 MAP MMM gaMma - aa MfP |l 010 000 0.00| MAP, |08 001 -0.05  -0.97
GT,sd = ~3/VGT.sd GT » GT = 6% m2, GT,sd > w004 000 000 wmre, | 032 000 ooz 03

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

» Have been determined in literature NME "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
[ ]
Follow ChiPT expectations fairly well iz | ose o3 00| Mrn |ado ms ide i
[ ]
Eg all 0(1) and MEM || 051 025 022 Mg, | 111 4.03 4.87 3.62
/PP B _l AP arPP 1 PP __EMAP _ AfPP MAA = = — | Mgf .4 ||-5-35 -2.37 -2.26  -1.37
GT)sd 9 GTsd GT » Tysd 9 " Tsd r - MEP 035 001 -001 MEE |l 199 085 082 042
MAP 23044 4P ApMM _ game a4 MEP | 010 000 000 MAP, |-085 0.01 -0.05  -0.97
GT,sd g Ghed  TRGT T = g2 m2,~ CTsd’ My |-0.04 000 000 MEfL, || 032 000 002 0.38
As ..
Hyvérinen 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
]_ A A A A A A A A A A A A A A A A A A A
: O O
* For Majorana-mass term & other LNV sources ‘oo ® .
05 O - n _ @ ° ® , ® o m m o 9
. N ° O N ¢ ; |
R(M,) |R(Mps)| R(Mre) R(Msa,1) R(Msa,2)

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




Phenomenology
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Current limits

« Assumes Cj = v3/A3

- Uncertainties:

136X€ 103E 3;0 |
= -
& 10} B2
< i 15
101 |
c® c® c© O (6) o) R0 o

¥ J
—

d
: LI\Jlrl]l((:?eoa\ll\r/T\/Il_allfr(iiseIements d\'\ // \\'/</:e
N RN

 Dim6&7 ~ Dim9
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Current limits

« Assumes Cj = v5/A5

136Xe
101 u

6.3

A (TeV)
~

[
9 9 9 9 9 9 9
c? o oy o ¥ oy

~— _J
e o — ~
U U

<, S
NN

u u

- Uncertainties:
« Unknown LECs
* Nuclear Matrix elements

Dim 9 Dim 9
Scalar Vector
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Current limits

Two-coupling analysis

‘A=6OO TeV | ‘A=4O TeV
10
- 76Ge
: 130T
L 136Xe
5_
ol
sl
a0l
04 -0z 00 02 04 O T o o0 o2 o4
mﬁﬁ/ev mpg/eV
9 9 VL VL
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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_1
* 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_1
* 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, ZRr
- Right-handed neutrinos VR
- Heavy new scalars N
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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_1
* 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, ZRr
- Right-handed neutrinos VR
- Heavy new scalars N
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An example: LR model

’5‘ ~ Ye :me/v
® AL=2

SU(3)xSU(2)xU(1) invariant EFT
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An example: LR model

’;‘ ~ Ye = me/?]

® AL=2
e U
H H H Ve
®,. "F g
o-0-0 ® =
Vr VR Vr 1%
t \\ \
> <
mWR
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An example: LR model

@ ~ Yo =M/

® AL=2
e u Whr ’ ’ —
; ; / e” WR% )
H | - H H avs VR gt
! ! N A @) - @
I I \ /. WR d
P P ‘o 'R VR Y e~ Wjo \\_
vy, VR vy, /VL WR i €

»
>

€
€




Wouter Dekens, ECT*, 7/18/19

An example: LR model

’;‘ ~ Ye = me/?]

® AL=2
e U Wgr § —
H H N\ v ¢ WR% B
H R Op
|44 @) o
.VR d d VR —
-0 0 O e We -
vy, VR Vr Uy, WR é c
< h “« ¥
mWR

® ® ° e
VL Vr, V/ \%
d U
dims ~ 2(3) | (3)3 | (3)5
Im- Ye A dim-7 ~ Ye A Dim-9 A
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An example: LR model

,;V‘ ~ Ye = me/’U

® AL=2
e U Wgr ’ ’ _
| | / e WR% :
B "y e Vi S
! ! N A @) - @
I I \ /. WR d
@ 0-0-® ‘o 'R VR | e~ Wjo \\_

o \. \ /

< 1 4
R

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

S ONH/ N

N y ®
N Ve

< ‘ > _ / X<::Q ) .
1% 1% |
L L // \ | Framework captures all terms

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

aims ~ 4 (3) dim-7 ~ ye (%)3 Dim-9 ~ (%)5

S~

QV
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An example: LR model

mw, =45TeV,  my, =10TeV,  mg =4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
1 Zz 7z 1 Zz Zz
— Mpp - Mpp
— LRM (&=mp/m;) — LRM (&=mp/my)
107" —~  LRM (¢=0) [ 107" —__—|-- LRM(&=0) ]
> > __—
L L
— 1072 — 1072}
52 =
= =
1073 Mﬁ---—/ 1073+
10—4 I | I I 10—4 I L L L
1074 103 1072 107" 1 10 1074 1073 1072 107" 1 10
m{/ightest (GV) m{/ightest (GV)

- 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

my, = 4.5TeV, my, = 10GeV, Mett = 4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
L > a— 1 p
— mgg — mpp
— LRM (E=myp/my) — LRM (§=mp/m;)
—-  LRM (é=0) [ 1--  LRM (é=0) [
>
2
B
£
1073 10-3 L
-4 -4 I I L
0 10— 10- 10- : 10 1010-4 1073 1072 107" 1 10
m}/lghtest (eV) mLightest (eV)
Subject to u
. NME / LEC
- Large effect in both NH & IH .
uncertainties

* Now dominated by dim-9 terms
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Summary

- EFTs allow one to systematically describe AL=2 sources

- Matching to chiral EFT involves unknown LECs
- Several more required by renormalization
« Can in principle be determined from LQCD

 Needed Nuclear Matrix Elements determined in literature




Wouter Dekens, ECT*, 7/18/19

Summary

- EFTs allow one to systematically describe AL=2 sources

- Matching to chiral EFT involves unknown LECs
- Several more required by renormalization
« Can in principle be determined from LQCD

 Needed Nuclear Matrix Elements determined in literature

- Limits on higher-dimensional operators probe I T
« O(1-10) TeV scales for dim-9 € 17| I I . &2
« O(100) TeV scales for dim-7 < N I ] I I
- Order 1 uncertainties L om e H
. Unknown LECs + NMEs N L))
o o o o & ol oy
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Summary

- EFTs allow one to systematically describe AL=2 sources

- Matching to chiral EFT involves unknown LECs
- Several more required by renormalization
« Can in principle be determined from LQCD

 Needed Nuclear Matrix Elements determined in literature

- Limits on higher-dimensional operators probe _ U0 a0 e
« O(1-10) TeV scales for dim-9 g 10} 2
- O(100) TeV scales for dim-7 - s I
10! =
CSR CgGL) 10t 6.3 °
- Order 1 uncertainties - H = H H TR
Unknown LECs + NMEs ‘nnB 1 B
10
R e TR R e TR
- Explicit example: Left-right model 1 T
L 3 i LRE\AR& Zibé;nt) -
3
* Induces dimension-5, -7, and -9 =
- Captured by the EFT \

1074 1073 1072 107" 1 10

» Higher-dim. Operators can be important T
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LECs

Low energy constants

Dimension 6
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Dimension 7

Cs.sn
dL\\‘ /LR
N

C\(/?J,VR
d\\oﬁ X0,
"

Quark
condenstate

i Nucleon
i charges

: Nucleon
i charges

ETénsor
: charge

| Quark
: condenstate

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

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




LECs

Low energy constants
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Dimension 6 Dimension 7

Cé(?,SR Cx(/(% Cx(/61)~‘a CF}G) C‘(/?}J,VR
N N N VL BNV

S N N AN

Quark / : Nucleon / Quark /
condenstate i charges : condenstate

/ : Nucleon / : Tensor
: charges : charge

LQCD expt expt | LQCD; LQCD
: 'NLO :
e A LEBG
x1
x1 x1
x1 X2 x1




LECs

Dimension 6
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Dimension 7

O sr Cyr Cyr

N N
e N N

i

7
C\(/}J VR

NS
N

Low energy constants

[ ) B
n p
A\
\./v/e
/\\6
-/
+
T
| (&
I////e
o——
n b

Quark / ' Nucleon / : Nucleon
condenstate i charges i charges

LQCD expt

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

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

/ Quark /
condenstate

LQCD LQCD

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




LECs
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Dimension 6 Dimension 7
ow ) c) o

N Ny DL NS (N
A N e N AT

[ ) >
n p
(7))
e
C .
{J
s
&
O 7/
> ’
(@)
—
() ™ e
o A
|/'/6
= n © P
@)
—

Quark / ENucIeon / ENucIeon /ETensor /Quark /
condenstate i charges i charges i charge condenstate

LQCD expt | expt | LQCD LQCD

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

X1
X X
X1 X1
X1 X1 x




LECs

Low energy constants

Dimension 9 - scalar

9
L

S

L

pa

SH

L
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Dimension 9 - vector

9
Cors0

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

.......................................................................................................................................................................................
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LECs

Dimension 9 - scalar Dimension 9 - vector
(9) (9) 9
ClL,lR 02,3,4,5 Cé,7),8,9
dr, ur, U U

.
\/’@ X1 LacD | x4 LQCD
/\\6
7r_/
nt e
|/ . X1 X2
|/
n. p

Low energy constants

Nicholson et al.’18
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LECs

Dimension 9 - scalar Dimension 9 - vector
(9) (9) 9
Clrir Cs 345 C((;,7),8,9
dr, ur, U U

P S0 S
& S &

u

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

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

Low energy constants
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LECs

Dimension 9 - scalar Dimension 9 - vector

9
L

9
Cors0

P S0 S
& S &

u

Low energy constants

x4

P E
™\ \/’5 \//
)<1f x1 Laco x4 LQCD
& '
7/
. X X
'/// . X1 | X2
< P
n b E . o
"""""""""""""""""""""""" ‘ Non-NDA l



Disentangling
operators
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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
e

ClLeudn = €'*/A?
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A =40TeV

1/T" dI'/dcos(6)

1.0

0.8+

Imﬁ[gI:0.0S eV, CLeudH =ei“/A3

0.6}

yyyyyyyyyyyyyyyyyyyy
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Disentangling operators

What if a Ovgp signal is measured?

* Picking the allowed values

VL VL

mpagg = 0.05eV

N
e

ClLeudn = €'*/A?

Wouter Dekens, ECT*, 7/18/19

A =40TeV

Imﬁﬁle.OS eV, CLeudH =ei“/A3

1.0 : N —
N 1
—~ 08 >~ =]
A L S -~
N— So -
/)] \\\ ’/”
8 0.6 \\\\ /”’ ¥
"U \\\ ”’
D
’z’ ~
o) (145 ”,f \\\\ . i
& , o a varied
~— L -~ _ d
— 0.2 ,// -~ CrLeuqn=0 [
o -— mgg=0 |
0.0 — e
-1.0 -0.5 0.0 0.5 1.0

Imgs|=0.05 eV, Creyan=e¢'?/A>

05— . ————— ———————————————————
I “TS 7]
4 [N /7
0.4 k// \ / \\A
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Why keep
Dimension 7 and 97
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

S R
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. ’ So why keep dimension 7 & 97?
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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)
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

Aovps ~

“ <<;%*’1*: So why keep dimension 7 & 9?

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)

* 6 <O, A = O(1 - 100)TeV dimension-7, -9 relevant whe
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. F <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)

¢ c5 < O(1), A = O(1—-100)TeV dimension-7, -9 relevant whe

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

co=0(1), =0), =0y
Yo = Me/V ~ 107°

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




