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Effective operator structures and 
prioritization of LQCD calculations 

that can have the most impact on the 
nuclear double-beta decay program

Detailed instructions: 



• Introduction: 0νββ and Lepton Number Violation (LNV)

• LNV in the “Standard Model EFT”

• 0νββ from dim-5 operator (“light neutrino exchange”)

• 0νββ from dim-7 and dim-9 operators 
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Outline

** Many thanks to Emanuele Mereghetti for sharing his slides from INT talk on Jun 27

Emphasis on matching to chiral EFT & related LQCD input
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TeV

g-1

M

MGUT

eV

?

• Ton-scale 0νββ searches (T1/2 >1027-28 yr) sensitive to LNV from 
a variety of mechanisms

0νββ and Lepton Number Violation
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TeV

g-1

M

MGUT

eV

“Standard 
Mechanism”                    

(high scale see-saw)

Clear interpretation framework and 
sensitivity goals (“inverted hierarchy”).

Requires difficult nuclear matrix elements.

But only limited class of models!

LNV dynamics at M >> TeV:
leaves as the only low-energy footprint 

light  Majorana neutrino (dim 5 op.)

• Ton-scale 0νββ searches (T1/2 >1027-28 yr) sensitive to LNV from 
a variety of mechanisms

0νββ and Lepton Number Violation



6

TeV

g-1

M

MGUT

eV

LNV dynamics at MR ~ eV → GeV: 
additional light Majorana states

• Ton-scale 0νββ searches (T1/2 >1027-28 yr) sensitive to LNV from 
a variety of mechanisms

0νββ and Lepton Number Violation

Light sterile ν’s 

“Standard 
Mechanism”                    

(high scale see-saw)
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TeV

g-1

M

MGUT

eV

“Standard 
Mechanism”                    

(high scale see-saw)

Left-Right SM
RPV SUSY

...

Light sterile ν’s 

LNV dynamics at M ~ 1-100 TeV          
(dim 7 & 9 operators relevant):

1) new contribution to 0νββ not 
directly related to light neutrino mass;      
2)  pp → eejj  at the LHC (or FCC)

Left-Right 
SM

• Ton-scale 0νββ searches (T1/2 >1027-28 yr) sensitive to LNV from 
a variety of mechanisms

0νββ and Lepton Number Violation

Discovery potential and interpretation 
of null results depend on a 

different set of (equally difficult) 
hadronic and nuclear matrix elements 

See for example 
 Deppisch et al: 1208.0727  
(and references therein)



• To go beyond the “standard picture” in 
a systematic and general way use EFT
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EFT approach to LNV and 0νββIntroduction

GERDA

CUORE

NEMO

KamLAND-Zen coll., ‘16

• neutrino have masses physics beyond the SM!

• 0⌫�� experiments will determine the nature of m⌫

• EFT techniques allow one to 

• parameterize sources of LNV at high energy with 
SU(3)⨉SU(2)⨉U(1) invariant operators (assumption: no light νR)

• connect high-scale new physics to hadronic and nuclear scales

• organize contributions to hadronic and nuclear matrix elements 
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The big picture
Strategy

new physics ⇤ � v

SUL(2) inv. operator
at EW scale

LHC pheno

�L = 2 at 1 GeV
m⌫ , C(6)

i , C(9)
j , . . .

Lattice QCD

Chiral Effective TheoryNN potentials
& currents

Many body

T0⌫
1/2(0

+ ! 0+)

Courtesy of E. Mereghetti



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”

Connection to models

n
R

n
R

n
R

W
R

W
R

W
R

d

u

e
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n

e
-

e
-

• specific models will match onto one or several operators
• e.g. LR symmetric model

dim. 5, 7 & 9 (with different Yukawas)

can match any model to EFT

Simple
model 

realization
(Left-Right SM)

Systematic 
“unpacking” 

Babu-Leung 
hep-ph/
0106054

Bonnet et al 
1212.3045

Helo et al
1602.03362



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”

Weinberg 1979



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”

Lehman  1410.4193

• Twelve operators relevant to 0νββ
• W couplings & semileptonic 4-fermi 

with wrong-helicity neutrino

• WWee couplings 

Dimension 7 operators

e
-

e
-

e
-

n

"ij"mn LT
i C(DµL)j Hm(DµH)n

"ij"mn LT
i C�µe HjHm(DµH)n

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓

v3

⇤3

◆

• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings

Dimension 7 operators
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e
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◆
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Dimension 7 operators

e
-

e
-

e
-

n

d

u

"ij d̄�µu LT
i C(DµL)j

"ij"mnd̄Li QT
j CLm Hn

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓

v3

⇤3

◆

• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings

Dimension 7 operators

"ij d̄�µu LT
i C(DµL)j

"ij"mnd̄Li QT
j CLm Hn

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓
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• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings

Dimension 7 operators

"ij d̄�µu LT
i C(DµL)j

"ij"mnd̄Li QT
j CLm Hn

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓

v3

⇤3

◆
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Dimension 7 operators
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• 12 dim. 7 �L = 2 operators L. Lehman ‘14
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✓

v3
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◆

• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”

Graesser 1606.04549

• Eleven 6-fermion structures

• 7 Lorentz scalar 4-quark

• 4 Lorentz vector 4-quark

Connection to models

e
-

e
-

• specific models will match onto one or several operators
• e.g. LR symmetric model

dim. 5, 7 & 9 (with different Yukawas)

can match any model to EFT

d

d

u

u



• High scale ΔL=2 operators appear at dim = 5, 7, 9, … 
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LNV in the “Standard Model EFT”

Strategy

new physics ⇤ � v

SUL(2) inv. operator
at EW scale

LHC pheno

�L = 2 at 1 GeV
m⌫ , C(6)

i , C(9)
j , . . .

Lattice QCD

Chiral Effective TheoryNN potentials
& currents

Many body

T0⌫
1/2(0

+ ! 0+)

• Next, discuss low-energy 
manifestations of LNV from 

1. Dim 5 operator

2. Dim 7 & Dim 9 operators 



LNV from dimension-5 
operator  

Based on ongoing collaboration / discussions with:

 W. Dekens,  E. Mereghetti,  A. Walker-Loud
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GeV-scale effective Lagrangian
• ΔL=2 operators appear at dim 3 & 9   

• mββ + CC weak interaction → 
usual “neutrino potential”

ν ν

x x
W Wν

• Seems negligible: (kF /MW)2 relative suppression

• In a Wilsonian scheme MW → Λχ ~ GeV: there’s 
some “short distance” physics even in the light-
neutrino mechanism 

• It shows up as a LEC in a mass-indep. scheme
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Chiral effective field theory

• At E ~ Λχ ~ GeV  

In the process, low-energy 
effective couplings appear,  

to be fixed through data or 
LQCD calculations

Chiral EFT

J

O(1) O
⇣

Q2

⇤2
�

⌘

• current and potentials: perturbative expansion in Q/⇤�

• iterate potentials to find bound states (non perturbative)

Goals

1. write down O�
� , Q�

�0

2. estimate the couplings
3. write down 0⌫�� currents

n

n p

p

e

e
 VΔI=2 

• Map onto pion and nucleon operators; expand in Q/Λχ  (Q ~ kF ~ mπ)

• Identify “0νββ potential” VΔI=2 mediating nn→pp to a given order in    
Q/Λχ (generated by ν’s and π’s with 3-momenta ~ Q)
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Chiral effective field theory

• At E ~ Λχ ~ GeV  

In the process, low-energy 
effective couplings appear,  

to be fixed through data or 
LQCD calculations

Chiral EFT

J

O(1) O
⇣

Q2

⇤2
�

⌘

• current and potentials: perturbative expansion in Q/⇤�

• iterate potentials to find bound states (non perturbative)

Goals

1. write down O�
� , Q�

�0

2. estimate the couplings
3. write down 0⌫�� currents

n

n p

p

e

e
 VΔI=2 

Use VΔI=2 (or some further 
evolved/massaged version)          

in nuclear many-body calculations, 
as a perturbation to Hstrong 

Note:  “ultra-soft” neutrinos (νUS) 
are still present in the low-energy 

nuclear effective Hamiltonian

• Map onto pion and nucleon operators; expand in Q/Λχ  (Q ~ kF ~ mπ)

• Identify “0νββ potential” VΔI=2 mediating nn→pp to a given order in    
Q/Λχ (generated by ν’s and π’s with 3-momenta ~ Q)
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Chiral effective field theory

• At E ~ Λχ ~ GeV  

+  VΔI=2 

 νUS contribution down by (En - Ei)/kF 

 ⇒ “Closure” approximation is OK at LO
Figure adapted from Primakoff-Rosen 1969

• Map onto pion and nucleon operators; expand in Q/Λχ  (Q ~ kF ~ mπ)

• Identify “0νββ potential” VΔI=2 mediating nn→pp to a given order in    
Q/Λχ (generated by ν’s and π’s with 3-momenta ~ Q)
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“0νββ potential” from L ΔL=2 
(5)

Standard mechanism

n p

n p

e
-

e
-

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

SM weak charged current

ν

Standard mechanism

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

• Leading Order 

π
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“0νββ potential” from L ΔL=2 
(5)

Standard mechanism

n p

n p

e
-

e
-
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JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

SM weak charged current

ν

Standard mechanism

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

• Leading Order 

π

VΔI=2 

Standard mechanism

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

The neutrino potential

VSM = A
m��

q

2

⇢
1 ⇥ 1 � g2

A�
(1) · �(2)

✓
1 �

2
3

q

2

q

2 + m2
⇡

+
1
3

(q2)2

(q2 + m2
⇡)

2

◆

�
g2

A
3

S12
✓
�

2q

2

q

2 + m2
⇡

+
(q2)2

(q2 + m2
⇡)

2

◆)
.
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“0νββ potential” from L ΔL=2 
(5)

Standard mechanism

n p

n p

e
-

e
-

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

SM weak charged current

π

1.  Corrections to 1-body currents (radii, magnetic moment,…)

2.  2-body V & A currents  

3.  Short range effects 

Standard mechanism

At LO
JµV = (gV , 0) gV = 1

JµA = �gA

✓
0,� �

q

q

2 + m2
⇡

� · q

◆
gA = 1.27

• N2LO:  O(Q/Λχ)2

Standard mechanism. Higher orders

At N2LO O(q2/⇤2
�)

JµV =

✓
gV(q

2),
P

2mN
�

i(1 + 1)

2mN
� ⇥ q

◆
1 = 3.7

JµA = �gA(q
2)

✓
� · P

2mN
,� �

q

q

2 + m2
⇡

� · q

◆

1. correction to the one-body currents (magnetic moment, radii, . . . )

gA(q
2) = gA

✓
1 � r2

A
q

2

6
+ . . .

◆
rA = 0.47(7)fm

R. Gupta, et al ‘17

2. two-body corrections to V and A currents

Standard mechanism. Higher orders

At N2LO O(q2/⇤2
�)

JµV =

✓
gV(q

2),
P

2mN
�

i(1 + 1)

2mN
� ⇥ q

◆
1 = 3.7

JµA = �gA(q
2)

✓
� · P

2mN
,� �

q

q

2 + m2
⇡

� · q

◆

1. correction to the one-body currents (magnetic moment, radii, . . . )

gA(q
2) = gA

✓
1 � r2

A
q

2

6
+ . . .

◆
rA = 0.47(7)fm

R. Gupta, et al ‘17

2. two-body corrections to V and A currents
LQCD can help with all,  but unique input for # 3 (in my opinion) 

ν
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Short range effects from L ΔL=2 
(5)

Loop corrections to the standard mechanism

3. short range effects
e.g. from the VV component of current

VN2LO = Am��
g2

A
3
(�(1) · �(2) � S12)

1
(4⇡F⇡)2

⇢
L⇡

✓
q

2

q

2 + m2
⇡

� 3
(q2)2

(q2 + m2
⇡)

2

◆
+ f

✓
q

2

m2
⇡

◆�

V. Cirigliano, W. Dekens, EM, S. Pastore, A. Walker-Loud, preliminary

• UV divergence L⇡ = log µ2

m2
⇡
+ ci,

need local counterterms, encode physics at ⇠ 1 GeV

see potentials in S. Pastore’s talk

π

Representative diagrams

ν
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Loop corrections to the standard mechanism

3. short range effects
e.g. from the VV component of current
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V. Cirigliano, W. Dekens, EM, S. Pastore, A. Walker-Loud, preliminary

• UV divergence L⇡ = log µ2

m2
⇡
+ ci,

need local counterterms, encode physics at ⇠ 1 GeV

see potentials in S. Pastore’s talk

• Example:  VV insertions

VΔI=2 = 

• UV divergence: need LECs that encode physics at E ≳ GeV
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Short range effects from L ΔL=2 
(5)
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Representative diagrams

• Example:  VV insertions

• UV divergence: need LECs that encode physics at E ≳ GeV

• LQCD input: matrix elements of non-local effective action 

<π+|SNL|π−>        <pπ+|SNL|n>        <pp|SNL|nn>

Loop corrections to the standard mechanism

3. short range effects
e.g. from the VV component of current
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π ν



LNV from operators of 
dimension 7 & 9  

Based on ongoing collaborations / discussions with:

 W. Dekens,  J. de Vries,  M. Graesser,  E. Mereghetti
S. Pastore, J. Carlson, R. Wiringa

and on  VC-Dekens-deVries-Mereghetti 1701.01443 



• ΔL=2 operators appear at dim = 6, 7 & 9  
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GeV-scale effective Lagrangian
�L = 2 Lagrangian at 1 GeV

e

n

e

n

e

n

e

n

• L�e=1
�L=2 starts at dim. 6

� decay with the “wrong” neutrino, & all possible Lorentz structures
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@ µeL

)

• β decay with “wrong” neutrino (five Lorentz structures) + two dim-7 

�L = 2 Lagrangian at 1 GeV

• L�e=1
�L=2 starts at dim. 6

� decay with the “wrong” neutrino, & all possible Lorentz structures
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W

dim-7 EW ops. 
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�L = 2 Lagrangian at 1 GeV
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• L�e=2
�L=2 starts at dim. 9

L(9)
�L=2 =

2G2
F

v

"
X

i=scalar

⇣
C(9)

i eT
L C eL + C(9)0

i eT
RC eR

⌘
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#

Scalar operators
1. 1 LL LL four-quark: O1 = ūL�

µdL ūL �µdL

2. 2 LR LR four-quark: O2 = ūLdR ūL dR, O3 = ū↵
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R ū�
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R

3. 2 LL RR four-quark: O4 = ūL�
µdL ūR �µdR, O5 = ū↵
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L ū�
R �µd↵

R

W

W
W

• ΔL=2 operators appear at dim = 6, 7 & 9  

dim-7 EW ops. dim-9 EW ops. 

GeV-scale effective Lagrangian
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• ΔL=2 operators appear at dim = 6, 7 & 9  

dim-7 EW ops. dim-9 EW ops. 

GeV-scale effective Lagrangian

8  scalar 4-quark 
operators

8 vector 4-quark
operators (from dim 9 EW ops.)

 M. Graesser,  1606.04549

�L = 2 Lagrangian at 1 GeV

dim. 7 ops. dim. 9 ops.

• L�e=2
�L=2 starts at dim. 9
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Prezeau, Ramsey-Musolf, Vogel 
hep-ph/0303205 

Pas,  Hirsch,  Klapdor-
Kleingrothaus, Kovalenko 1999  
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�L = 2 Lagrangian at 1 GeV
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GeV-scale effective Lagrangian�L = 2 Lagrangian at 1 GeV
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�L = 2 Lagrangian at 1 GeV
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• O1 and O4,5 receive contributions from dim. 7 operators

C(9)
1 ,C(9)

4,5 ⇠ O
✓
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⇤3

◆

• C(9)0
1 , C(9)

i receive contributions from dim. 9 operators see M. Graesser’s talk

C(9)0
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GeV-scale effective Lagrangian
�L = 2 Lagrangian at 1 GeV
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8  leading scalar 
structures

�L = 2 Lagrangian at 1 GeV
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L + C(9)0
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dim-7 EW ops. dim-9 EW ops. 
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�L = 2 Lagrangian at 1 GeV
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µdL ūL �µdL

2. 2 LR LR four-quark: O2 = ūLdR ūL dR, O3 = ū↵
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Hadronic matrix elements for �L = 2

n p

n p

e
-

e
-

2. L(6,7)
�L=2

• still long distance
• at LO: nucleon axial, vector, scalar, pseudoscalar and tensor form

factors

M. Doi, T. Kotani, E. Takasugi, ‘85,
H. Pas, M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, ‘99.

well determined hadronic input

SM weak 
charged current

• Long range neutrino exchange (but no mass insertion) 

• Hadronic input:  isovector nucleon V, A, S, P, T form factors  

Non-standard 
vertex

“0νββ potential” from L ΔL=2 
(6,7)

Doi, Kotani, Takasugi 1985

Pas,  Hirsch,  Klapdor-
Kleingrothaus, Kovalenko 1999  ν
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• Missing input from LQCD:  gT(1) (now taken from quark model)

ν
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“0νββ potential” from L ΔL=2 
(9)

p ~ Q/Λχ

New pion-range effects New short-range effects
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• Relative importance depends on Oi’s chiral properties:                        
in Weinberg’s counting, 2-pion exchange dominates only if nππ=0

• Needed input from LQCD:  <π+|Oi|π−>,  <pπ+|Oi|n>,  <pp|Oi|nn>

“0νββ potential” from L ΔL=2 
(9)

p ~ Q/Λχ

New pion-range effects New short-range effects
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Scalar operators in L ΔL=2 
(9)

SU(3)LxSU(3)R  IRREP LEADING CHIRAL 
REALIZATION

OPERATOR

⇡⇡ matrix elements

• chiral symmetry relates ⇡� ! ⇡+ to K0 ! K̄0 M. Savage ‘99

1. LL LL O1 = ūL�
µdL ūL �µdL (27

L

, 1

R

) 5
3 g27⇥1F4

0Lµ12Lµ
12

2. LR LR O2,3 = ūLdR ūL dR (¯

6

L

, 6

R

) g6⇥6̄
F4

0
4 Tr(taU tbU)

3. LL RR O4,5 = ūL�
µdL ūR �µdR (8

L

, 8

R

) g8⇥8
F4

0
4 Tr(taU tbU†)

U = exp
⇣p

2i⇡
F0

⌘
, Lµ = iU†@µU.

⇡⇡ matrix elements
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⌘
, Lµ = iU†@µU.

⇡⇡ matrix elements
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Scalar operators in L ΔL=2 
(9)

SU(3)LxSU(3)R  IRREP LEADING CHIRAL 
REALIZATION

OPERATOR

• Note:   to determine VΔI=2[O1] at LO,  need all three 
<π+|O1|π−>,  <pπ+|O1|n>,  <pp|O1|nn>

• For all <π+|Oi|π−>
• Direct  LQCD  calculation (CalLat)

• Indirect LQCD calculation:  K-K + chiral SU(3) 

⇡⇡ matrix elements

• chiral symmetry relates ⇡� ! ⇡+ to K0 ! K̄0 M. Savage ‘99

1. LL LL O1 = ūL�
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⌘
, Lµ = iU†@µU.

⇡⇡ matrix elements

• chiral symmetry relates ⇡� ! ⇡+ to K0 ! K̄0 M. Savage ‘99
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⇡⇡ matrix elements

• chiral symmetry relates ⇡� ! ⇡+ to K0 ! K̄0 M. Savage ‘99
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L

, 1

R

) 5
3 g27⇥1F4

0Lµ12Lµ
12

2. LR LR O2,3 = ūLdR ūL dR (¯
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⌘
, Lµ = iU†@µU.

Nicholson et al., 1608.04793

VC-Dekens-Graesser-Mereghetti 1701.01443 

_ 



⟨π+|Oi|π−⟩ from Kaon physics

π− π+
d

u
_

d

u

_

_
u Γ d u Γ d

_

K0 K0
d

s
_

d

s

_

_
s Γ d s Γ d

_

_

• Chiral SU(3) relates <π+|Oi|π−> to <K0|Oi(χ)|K0>  (equal at LO!)



⟨π+|Oi|π−⟩ from Kaon physics

• Chiral SU(3) relates <π+|Oi|π−> to <K0|Oi(χ)|K0> 

• Chiral corrections 

LEC can be determined in principle by studying  
mu,d and ms dependence of  K-K matrix element 

_



⟨π+|Oi|π−⟩ from Kaon physics

• Chiral SU(3) relates <π+|Oi|π−> to <K0|Oi(χ)|K0>  

• Chiral corrections 

In practice set these to zero at μχ= mρ
and take as error the maximum between NDA and 
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Results for ⟨π+|O2,3,4,5|π−⟩ 

• Use conservative range from FLAG 2016 review Aoki et al.,                  
1607.00299

• Input:  K-K matrix elements (MKK∝ Bi) at μ = 3 GeV in MS scheme 
_ _
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Results for ⟨π+|O2,3,4,5|π−⟩ 

First error:          
lattice QCD input

Second error:        
chiral corrections 

• Input:  K-K matrix elements (MKK∝ Bi) at μ = 3 GeV in MS scheme 

• Use conservative range from FLAG 2016 review Aoki et al.,                  
1607.00299

_ _

• First controlled input for phenomenology 

• Benchmark for CalLat calculation



• Chiral corrections to K-K mixing are large,  use K → ππ

38

⟨π+|O1|π−⟩ from K→ππ

• RBC-UKQCD input on                     + chiral corrections
Blum et al, 1502.00263 VC-Ecker-Neufeld-Pich  hep-ph/0310351

    Lattice QCD input Chiral corrections 

15% larger than M. Savage 1998,  who used experimental input on g27x1  

⇡⇡ matrix element for LL LL operators

n

nep

p e

K

p

p

• chiral corrections to MKK̄ are large
• better use K ! ⇡⇡

Savage, ‘99

• using RBC & UKQCD ‘15 for h⇡+⇡�|O27|K+i
h⇡+|O1|⇡�i = (1.0 ± 0.1 ± 0.2)⇥ 10�4 GeV4

• quite small . . . follows chiral counting very well
• at the same order, need ⇡NN and NN NN operators

no info at the moment
hyperon decays?

M Savage                       
nucl/th-9811087

⇡⇡ matrix elements

• chiral symmetry relates ⇡� ! ⇡+ to K0 ! K̄0 M. Savage ‘99
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2. LR LR O2,3 = ūLdR ūL dR (¯

6

L
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R

) g6⇥6̄
F4

0
4 Tr(taU tbU)

3. LL RR O4,5 = ūL�
µdL ūR �µdR (8

L

, 8

R

) g8⇥8
F4

0
4 Tr(taU tbU†)

U = exp
⇣p

2i⇡
F0

⌘
, Lµ = iU†@µU.
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Vector operators in L ΔL=2 
(9)

• For Lμ Oiμ ,  ππ matrix elements proportional to me 

• <pπ+|Oiμ|n>,  <pp|Oiμ|nn> do not suffer from this suppression: 
need these from LQCD

Prezeau, Ramsey-
Musolf, Vogel 

hep-ph/0303205 
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Machinery at work

Standard mechanism. Higher orders

n p

n p

e
-

e
-

At N2LO O(q2/⇤2
�)

JµV =

✓
gV(q

2),
P

2mN
�

i(1 + 1)

2mN
� ⇥ q

◆
1 = 3.7

JµA = �gA(q
2)

✓
� · P

2mN
,� �

q

q

2 + m2
⇡

� · q

◆

1. correction to the one-body currents (magnetic moment, radii, . . . )

gA(q
2) = gA

✓
1 � r2

A
q

2

6
+ . . .

◆
rA = 0.47(7)fm

R. Gupta, et al ‘17

2. two-body corrections to V and A currents

• For generic LNV physics one has 

Wilson coefficient 
(model dependent)

Chiral LEC, determined by 
hadronic matrix element (e.g. ππ)

• Test power counting in light nuclei: relative size of  <Vn>

• Define rescaled potentials (that all behave as Q-3)
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Matrix elements in light nuclei
Pastore, Mereghetti, Wiringa et al:  PRELIMINARY

• Power counting seems to work 
reasonably well in light nuclei 

• Benchmark for other        
many-body methodsCourtesy of Saori Pastore

Double beta-decay m.e.’s in 8He(0+;2) → 8Be(0+;0): A test case II

0 2 4 6
r�[fm]

-1.2� 10
-3

-1.0� 10
-3

-8.0� 10
-4

-6.0� 10
-4

-4.0� 10
-4

-2.0� 10
-4

0.0

2.0� 10
-4

4.0� 10
-4

D
en

si
ty

�[
fm

(-
1
) ]

Standard�Axial������=�-0.0044
CT�Fermi�(R=0.5)�=��0.0012
CT�Fermi�(R=0.8)�=��0.0018
CT�Axial�(R=0.5)��=�-0.0037
CT�Axial�(R=0.8)��=�-0.0054

m
π

Axial ∝ τ+1 τ+2 σ1 ·σ2
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(π)3/2 R3

* Preliminary *

π ππ CT

WITH

Emanuele Mereghetti & Dekens & Cirigliano & Graesser & Wiringa et al.
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Summary: desirable LQCD input

• LNV from dim 5: matrix elements of non-local effective action

<π+|SNL|π−>        <pπ+|SNL|n>*        <pp|SNL|nn>*, **

• LNV from dim 7,9

• “Long distance” neutrino exchange:  tensor form factors gT(1) 

• “Short distance”: 

• <π+|Oi|π−>,  <pπ+|Oi|n>*,  <pp|Oi|nn>*, **  for five 4-quark scalars

• <pπ+|Oiμ|n>*,  <pp|Oiμ|nn>*, **  for four 4-quark vectors

** Calculation at different mq could give a handle on all needed LECs
* Need to be matched to non-perturbative EFT calculation 
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• Counterterms for matrix the two elements

44

Getting LECs from Kaon mixing

• “a” controls the ratio (“b” drops)

• To extract  “a” need the ms and mq dependence of the matrix element
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Dim-7 operators in the SM-EFT
Lehman  1410.4193

1 :  2H4 + h.c.

OLH ✏ij✏mn(LiCLm)HjHn(H†H)

2 :  2H2D2 + h.c.

O(1)
LHD ✏ij✏mnLiC(DµLj)Hm(DµHn)

O(2)
LHD ✏im✏jnLiC(DµLj)Hm(DµHn)

3 :  2H3D + h.c.

OLHDe ✏ij✏mn

�
LiC�µe

�
HjHmDµHn

4 :  2H2X + h.c.

OLHB ✏ij✏mn

�
LiC�µ⌫Lm

�
HjHnBµ⌫

OLHW ✏ij(⌧ I✏)mn

�
LiC�µ⌫Lm

�
HjHnW Iµ⌫

5 :  4D + h.c.

O(1)

LLduD
✏ij(d�µu)(LiCDµLj)

O(2)

LLduD
✏ij(d�µu)(LiC�µ⌫D⌫Lj)

O(1)

LQddD
(QC�µd)(LDµd)

O(2)

LQddD
(L�µQ)(dCDµd)

OdddeD (e�µd)(dCDµd)

6 :  4H + h.c.

OLLLeH ✏ij✏mn(eLi)(LjCLm)Hn

O(1)

LLQdH
✏ij✏mn(dLi)(QjCLm)Hn

O(2)

LLQdH
✏im✏jn(dLi)(QjCLm)Hn

OLLQuH ✏ij(Qmu)(LmCLi)Hj

OLQQdH ✏ij(Lmd)(QmCQi) eHj

OLdddH (dCd)(Ld)H

OLuddH (Ld)(uCd) eH

OLeudH ✏ij(LiC�µe)(d�µu)Hj

OeQddH ✏ij(eQi)(dCd) eHj

Table 4. The dimension-seven operators. Color and flavor indices are left implicit, and SU(2)W indices
are left implicit when the contractions are obvious. The symbol C represents the Dirac charge conjugation
matrix, as explained in Section 4. The six classes of operators shown group the operators by the degrees of
freedom H,X,D, and  .

Another more complicated example using the same two operators is

✏in✏jm(dQj)(Li
pL

m
q )Hn = �

⇣
O(2)pq

LLQdH
+O(2)qp

LLQdH

⌘
+

⇣
O(1)pq

LLQdH
+O(1)qp

LLQdH

⌘
, (3.3)

where Fierz identities were used along with the Schouten identity mentioned above. As a third
example, Ref. [5] lists two dimension-7 operators with the field content {L,Q,Q, d,H}, which after
passing to the notation used here are

Opq
1 = ✏ij✏mn(Q

i
pCQj

q)(L
m
d) eHn and Opq

2 = ✏jm✏in(Q
i
pCQj

q)(L
m
d) eHn. (3.4)

In terms of the single operator Opq

LQQdH
given in Table 4, these can be written

Opq
2 = Oqp

LQQdH
,

Opq
1 = Opq

LQQdH
�Oqp

LQQdH
,

(3.5)

with the lepton flavor index assignment

Opq

LQQdH
= ✏ij(Q

m
p CQi

q)(Lmd) eHj . (3.6)

All of the dimension-7 operators violate lepton number, and 7 of the 20 operators violate baryon

– 5 –
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Dim-9 operators in the SM-EFT
Graesser 1601.04549

SU(2)L invariant. The 4 quarks must have a total hypercharge of −3/2 to cancel that

of the leptons, a consideration that excludes the possibility of three quark doublets. The

two choices below correspond to having a quark doublet or an anti-quark doublet. The

electroweak contractions are unique.

LM8 = (uRγ
µdR)iσ

(2)
ab (QadR)(ℓbγµe

C
R)

= (uRγ
µdR)

[

(uLdR)(eLγµe
C
R)− (dLdR)(νLγµe

C
R)
]

LM9 = (uRγ
µλAdR)iσ

(2)
ab (Qaλ

AdR)(ℓbγµe
C
R)

LM10 = (uRγ
µdR)(uRQa)(ℓaγµe

C
R)

= (uRγ
µdR)

[

(uRdL)(eLγµe
C
R) + (uRuL)(νLγµe

C
R)
]

LM11 = (uRγ
µλAdR)(uRλ

AQa)(ℓaγµe
C
R)

They each contribute to a same-signed dilepton signal as well as to a lepton + MET signal,

but not to a 2j+ MET signal.

Operators of the form γν⊗σνµ can be eliminated by generalized Fierz transformations;

the reader is referred to Section 8.2 for further details.

3.1.4 Dimension-9 summary

In short, at this dimension we have the following set of 15 electroweak invariant operators:

LM1 = iσ(2)ab (Qaγ
µQc)(uRγµdR)(ℓbℓ

C
c ) (3.1a)

LM2 = iσ(2)ab (Qaγ
µλAQc)(uRγµλ

AdR)(ℓbℓ
C
c ) (3.1b)

LM3 = (uRQa)(uRQb)(ℓaℓ
C
b ) (3.1c)

LM4 = (uRλ
AQa)(uRλ

AQb)(ℓaℓ
C
b ) (3.1d)

LM5 = iσ(2)ab iσ
(2)
cd (QadR)(QcdR)(ℓbℓ

C
d ) (3.1e)

LM6 = iσ(2)ab iσ
(2)
cd (Qaλ

AdR)(Qcλ
AdR)(ℓbℓ

C
d ) (3.1f)

LM7 = (uRγ
µdR)(uRγµdR)(eRe

C
R) (3.1g)

LM8 = (uRγ
µdR)iσ

(2)
ab (QadR)(ℓbγµe

C
R) (3.1h)

LM9 = (uRγ
µλAdR)iσ

(2)
ab (Qaλ

AdR)(ℓbγµe
C
R) (3.1i)

LM10 = (uRγ
µdR)(uRQa)(ℓaγµe

C
R) (3.1j)

LM11 = (uRγ
µλAdR)(uRλ

AQa)(ℓaγµe
C
R) (3.1k)

The 11 operators above correspond to 11 of the 24 operators in Eqn.(2.1). At this leading

order in v/Λ only the following eleven 4-quark operators can appear, out of a possible set

of 16: O1LR, Oλ
1LR, O2RL, Oλ

2RL, O2LR, Oλ
2LR, O3R, Oµ

RRLR, O
λµ
RRLR, O

µ
RRRL, and Oλµ

RRRL.

The results obtained here suggest that lattice QCD efforts to study the matrix elements of

4-quark operators relevant to a neutrinoless double β decay signal should focus on this set of

operators. We note that out of the 8 scalar operators that are allowed by SU(3)c×U(1)em
invariance, 7 of these operators are allowed, by the full electroweak invariance of the theory,

at LO in v/Λ. To LO the only operator that does not appear is O3L. The results of this

Section are summarized in Table 1.

– 9 –


