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Goals for This Talk 
•  Standard Model physics: outline two open 

problems to interpretation of low-energy 
fundamental symmetry tests:  

•  BSM physics: illustrate complementarity of low-
energy symmetry tests & energy frontier probes 

•  Tie together workshop topics, show preliminary 
results & invite discussion 

•  EFT in nuclei 
•  EW boxes w/ nuclei 

•  Origin of mν 
•  Leptoquark interactions 
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Four Components 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EW boxes: 

Interpretation of precision 
tests w/ nuclei 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, origin of 
matter, origin of mν 

PV electron scattering & β 
decay    

Indirect BSM probes & 
LHC complementarity 

Hadronic Parity Violation 

Effective field theory: 
applicable in nuclei ?  



4 

Four Components 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EW boxes: 

Interpretation of precision 
tests w/ nuclei 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, origin of 
matter, origin of mν 

PV electron scattering & β 
decay    

Indirect BSM probes & 
LHC complementarity 

Hadronic Parity Violation 

Effective field theory: 
applicable in nuclei ?  

EF
T 

in
 n

uc
le

i ?
 



5 

Four Components 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EW boxes: 

Interpretation of precision 
tests w/ nuclei 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, origin of 
matter, origin of mν 

PV electron scattering & β 
decay    

Indirect BSM probes & 
LHC complementarity 

Hadronic Parity Violation 

Effective field theory: 
applicable in nuclei ?  

EW
 boxes in nuclei 



6 

Four Components 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EW boxes: 

Interpretation of precision 
tests w/ nuclei 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, origin of 
matter, origin of mν 

PV electron scattering & β 
decay    

Indirect BSM probes & 
LHC complementarity 

Hadronic Parity Violation 

Effective field theory: 
applicable in nuclei ?  

PVES & mν 



7 

Four Components 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EW boxes: 

Interpretation of precision 
tests w/ nuclei 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, origin of 
matter, origin of mν 
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Indirect BSM probes & 
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Outline 

I.  Hadronic PV & 0νββ decay: EFT in nuclei  

II.  EW boxes 

III.  PVES & mν 

IV.  Leptoquarks 

V.  Outlook 
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I. SM Interpretation: HWI in Nuclei 

T. Peng, G. Prezeau, MRM, 
P. Vogel, P. Winslow 
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Hadronic PV 
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Hadronic PV 
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Hadronic PV 

•  B. Holstein, this workshop 

•  Gardner, Haxton, Holstein ‘17 
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Hadronic PV 
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Hadronic PV: Few vs. Many-Body  
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Hadronic PV 
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EFT in Nuclei: HPV 

4 quark 
operator 

L ( π , N )  

Few body 
systems 

Nuclei 
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EFT in Nuclei: HPV & 0νββ Decay 

4 quark 
operator 

L ( π , N )  

Few body 
systems 

Nuclei 

EFT ??? 

EFT: 0νββ 
Decay ? 
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0νββ-Decay: LNV? Mass Term?  
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A(Z+2, N-2)A(Z, N)
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•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 

A(Z+2, N-2)A(Z, N)
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•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 

What’s 
inside ? 

A(Z+2, N-2)A(Z, N)
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BSM Physics: Where Does it Live ? 
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BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  
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BSM Physics: Where Does it Live ? 
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 Coupling 

 MW 

BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  

Is the mass scale associated with mν  far 
above MW ?  Near MW ? Well below MW ? 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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0νββ-Decay: LNV? Mass Term?  
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•  Light Majorana mass generated 
at the conventional see-saw 
scale: Λ ~ 1012 – 1015 GeV 

 
•  3 light Majorana neutrinos 

mediate decay process 
A(Z+2, N-2)A(Z, N)
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  

Two parameters: Effective coupling & effective heavy particle mass 
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0νββ-Decay: LNV? Mass Term?  
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F

B B

•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 

A(Z+2, N-2)A(Z, N)
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0νββ-Decay: TeV Scale LNV  
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FIG. 2: Integrating out S
+

and F
0

to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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FIG. 2: Integrating out S
+

and F
0

to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].

2

Match onto Oeff  at  ΛBSM  



0νββ-Decay: TeV Scale LNV  

Low energy: 

Dirac Majorana 

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
H̃H̃

T
L + h.c. (31)

3

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R !
¯̀H⇤) (32)

m⌫ =
m

2
D

MR

(33)

3

Matching 

38 

d

d

u

u

e�

e�

F 0

S+

S+
d

d

u

e�

e�

u
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and F
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to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].

2

Match onto Oeff  at  ΛBSM  

4 quark operator 
(like HWI) 

Match onto Ohad  at  Λhad 

L ( π , N )  



0νββ-Decay: TeV Scale LNV  

Low energy: 

Dirac Majorana 

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
H̃H̃

T
L + h.c. (31)

3

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R !
¯̀H⇤) (32)

m⌫ =
m

2
D

MR

(33)

3

Nuclear Matrix Elements: Long Range Effects 

Exploit Chiral Symmetry & EFT ideas 
39 



0ν ββ - decay in effective field theory 
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Tractable nuclear operators 

Systematic operator classification 
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0ν ββ - decay in effective field theory 
Operator classification 
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µ = MWEAK

L(q,e) =
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GF
2

Λββ

C j (µ) ˆ O j
++ e Γ je

c + h.c.
j=1

14

∑

€ 

ˆ O 1+
ab = q Lγ

µτ aqL q Rγµτ
bqR

Example (not 
our case): 

0ν ββ - decay: a = b = + 
42 
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0ν ββ - decay in effective field theory 
Operator classification 

€ 

µ = MWEAK

€ 

ˆ O 1+
ab = q Lγ

µτ aqL q Rγµτ
bqR

€ 

qL → LqL
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qR → RqR   
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L
R

= exp i
! 
θ L
R
⋅
! 
τ 
2
PL
R

% 

& 
' 

( 

) 
* 

Chiral transformations: SU(2)L  x  SU(2)R 

€ 

ˆ O 1+
ab ∈ (3L , 3R )

Parity transformations: qL $  qR  

0ν ββ - decay: a = b = + 

€ 

ˆ O 1+
++ ↔ ˆ O 1+

++
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0ν ββ - decay in effective field theory 
Hadronic basis 
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a = ξ τ a ξ +
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XL
a = ξ + τ a ξ   
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ξ = exp i! τ ⋅ ! π 2( ), , 

Chiral transformations 
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ˆ O 1+
++ ~ Tr XR

+ XL
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Fπ
2 π

− π− +!

No derivatives Kππ ~ O (p0) 

44 



0ν ββ - decay in effective field theory 
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0νββ-Decay: TeV Scale LNV  
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An Open Question 
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EFT in Nuclei: HPV & 0νββ Decay 

4 quark 
operator 

L ( π , N )  

Few body 
systems 

Nuclei 

EFT ??? 
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II. SM Interpretation: EW Box 

Discussions: T.W. Donnelly, J. 
Engel,  J. Hardy, C. Horowitz... 
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Two EW Boson Exchange 

V V V γ γ

V = Z0, W, γ  

Thanks: C. Horowitz 
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Two EW Boson Exchange 

V V V γ γ

V = Z0, W, γ  

•  QED ( γγ ) in semileptonic interactions is still a puzzle ! 

•  No direct probes of EW boxes ( γZ, γW ) available, but 
reliable SM computations needed. Can we trust the 
quoted theoretical uncertainties ? Can we reduce them 
further ? 



Dispersion Corrections 
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Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 

V V V γ γ

V = Z0, W, γ  
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Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 

V V V γ γ

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 



Dispersion Corrections 
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V V V γ γ

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

Abrahamyan et al, PRL 
109 (2012) 192501 

•  J Lab Hall A 
•  Future: Mainz, J Lab  

Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 
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Two EW Boson Exchange 

V V V γ γ

V = Z0, W, γ  

 γγ 

 γZ 

 γW 

✔     ✔      ✔     ✖        ✖          ✖       ✔  

 dσ   An   APV   ft1/2   a,A…  δ(E)   dA 

✖     ✖      ✔      ✖        ✖          ✖       ✖  

✖     ✖      ✖      ✔        ✔          ✔      ✖  
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Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry provides, Olympus… provide tests 

V V V γ γ

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

V = Z0, W Nucleus-dependent QED & 
EW corrections 

Important for O (0.1%) 
probes of PV 12C(e,e’) & 
superallowed β-decay   
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Proposal: (1) carry out a consistent set of computations for 
An , PV asymmetry, & δNS using different methods (2) develop 
a program of An measurements to test computations 

V V V γ γ

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

V = Z0, W Nucleus-dependent QED & 
EW corrections 

Important for O (0.1%) 
probes of PV 12C(e,e’) & 
superallowed β-decay   
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 Beam Normal Asymmetry 

C. Horowitz 
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 Beam Normal Asymmetry 

C. Horowitz 



Weak Decays: BSM Implications 
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Present 

MSSM 

Bauman et al ‘12 
C

K
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rit
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Future 

Lightest chargino mass 

Decay Correlations: Scalar 
& Tensor Currents 

SUSY Corrections to 
CKM Unitarity 

Neutron & Nuclear  β-decay: 0+ ! 0+ ,  Nab, 6He…    

Bhattacharya et al ‘12 
LHC Run II 

Weak 
decays 

Goal:  ε ~ O (10-4) 



Weak decays 
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n→ p e− ν e
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

J. Engel 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

Towner 1992; T&H compilations  

J. Engel 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

Towner 1992; T&H compilations  

Needed: state of 
art calc’s & tests 
w/ An  

J. Engel 
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 

•  Re-compute with state-of-the-art many-body methods 
•  Test w/ An predictions & expt for 10B, 14N, 26Mg, 34S, 38Ar, 42Ca, 46Ti, 50Cr, 54Fe 
•  Investigate strategy for obtaining reduced error bars 
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III. PVES & mν 

B. Dev, MRM, Y. Zhang in 
prog 
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Neutrino Masses 

Partners 

Partners 
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Neutrino Masses 

Partners 

Partners 

Higgs Mechanism Something else ? 
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PV Moller: Type I, II See-Saw 
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PV Moller: Type I, II See-Saw 

Left-Right Symmetric Model 
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e−

 hee

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

3

ratio is found to be nonzero with significantly larger
magnitude, then one would also expect to see a sizable
effect in the channel ! ! 3‘ (where ‘ denotes a charged
lepton).

Finally, we observe that, while the logarithmic en-
hancement of BA

"!e is a generic feature of any model
that yields effective " ! 3e operators at tree-level, pre-
cise relationships between the various LFV observables
depend on details of the model. In this respect, our
perspective differs somewhat from the view in Ref. [25].
Indeed, the presence of a common factor of jg lfvj2 in
B"!e# and BA

"!e–but not B"!3e –and its relation to the
heavy neutrino spectrum follows from the pattern of
symmetry-breaking in this scenario and the correspond-
ing hierarchy of scales that enters the couplings of the
right-handed gauge sector to matter. In order to imple-
ment this hierarchy in a self-consistent way, we adopt a
power counting in $=vR, where vR and $ are the scales,
respectively, at which SU!2"R and electroweak symmetry
are broken. In contrast to previous studies [17,18], we
compute all LFV contributions through leading, nontri-
vial order in $=vR and show that they decouple in the
vR ! 1 limit as one would expect on general grounds
[26]. In addition, we point out the prospective implica-
tions of other precision measurements and future collider
studies for LFV in this scenario and vice-versa. The
identification of such implications necessarily requires
the adoption of a specific model, as the corresponding
symmetries of the model dictate relationships between
the coefficients of effective operators that would appear
in an effective field theory framework. Thus, it is useful to
have in hand a comprehensive treatment within various
model frameworks in order to use experiment to dis-
criminate among them. In R-parity-violating SUSY, for
example, the LFV couplings that generate " ! e, etc.,
also appear, in general, in the mass matrices for light
neutrino flavors [27], whereas in the LRSM LFV for
charged leptons and light neutrinos are effectively
independent.

Our discussion of the calculation is organized in the
remainder of the paper as follows. In Section II we review
the main features of the LRSM and define the relevant
quantities. In Section III the effective vertices are calcu-
lated and the effective Lagrangians for the LFV processes
are determined. Some of the detailed formulas are col-
lected in the Appendices. Section IV gives an analysis of
the results, along with a discussion of the rates as well as
their ratios. We conclude in Section V.

II. THE MODEL

The gauge group of the theory is
SU!2"L# SU!2"R# U!1"B$ L with the gauge couplings
gL % gR % g for the two SU!2"s and g0 for the U!1". In
this paper we follow the notation developed in Ref. [28]
where the LRSM, its quantization, and its Feynman rules

are discussed in detail. Below, we give a very brief
introduction to the model, and explicitly define the quan-
tities used in subsequent analysis.

The matter fields of the model include leptons (LL;R)
and quarks (QL;R), which are placed in the following
multiplets of the gauge group:

LiL %
 

%0
i
l0i

!

L

:!1=2:0: $ 1";

LiR %
 

%0
i
l0i

!

R

:!0:1=2: $ 1";

QiL %
 

u 0i
d0i

!

R

:!1=2:0:1=3";

QiR %
 

u 0i
d0i

!

R

:!0:1=2:1=3":

(9)

Here, i % 1; 2; 3 stands for generation number, and
!IL; IR; Y & B $ L" labels representation of the gauge
group for each multiplet. The representation determines
interactions of the multiplet with gauge fields. Before
spontaneous symmetry-breaking (SSB) the latter include
Wa;"

L , Wa;"
R (a % 1; 2; 3), and B" for SU!2"L, SU!2"R, and

U!1"B$ L gauge group factors, respectively.
The SSB is achieved via the Higgs mechanism. The

Higgs sector of the theory is not unique. However, the
main results of this paper are largely independent of the
details of the Higgs sector provided the LRSM has triplet
Higgses and therefore heavy right-handed neutrinos. In
our study we choose [22,23] a Higgs sector that consists
of the bi-doublet &:!1=2; 1=2; 0" and two triplets
!L:!1; 0; 2" and !R:!0; 1; 2":

& %
 

&0
1 &'

2

&$
1 &0

2

!

;

!L;R %
 

''
L;R=

!!!

2
p

'''
L;R

'0
L;R $ ''

L;R=
!!!

2
p

!

;

(10)

h&i %
 

$1=
!!!

2
p

0
0 $2=

!!!

2
p

!

; h!L;Ri %
 

0 0
vL;R 0

!

;

(11)

where the vacuum expectation values (VEVs) are shown
in the second line. The most general Higgs potential with
this field content has been analyzed in Ref. [19]. If one
requires the scale vR in the multi-TeV range (but not
significantly larger), the only choice which avoids exces-
sive fine-tuning and leads to acceptable phenomenology is
to set to zero certain couplings in the Higgs potential as
well as vL [19]. Moreover, we assume no explicit or
spontaneous CP violation in the Higgs sector [29]. In
summary, two distinct mass scales appear in the model:
the electroweak symmetry-breaking scale $ ( $1 (

LEPTON FLAVOR VIOLATION WITHOUT SUPERSYMMETRY PHYSICAL REVIEW D 70 075007

075007-3

F!B"
R # 8

X

n#heavy

!Ky
R"en !KR"n!S4!xn "; (42)

and the LFV form factors, the couplings gLV;RV!q" are

gLV!q" # $ "
4#

F!$"
L v!$"

q ; (43)

gRV!q" #
"

8#s2W

!

$ 2sin2%WF
!$"
R v!$"

q % 1

2
F!1"
R v!1"

q

%
M2

W1

M2
W2

F!2"
R v!2"

q

4c4W
$

M2
W1

M2
W2

F!B"
R v!B"

q

"

: (44)

The expressions for gLA;RA!q" are obtained by replacing
v!i"
q with a!i"q in gLV;RV!q". We remark that all the contri-

butions to gRV!q" in Eq. (44) enter at leading order &=vR,
contrary to what appears in earlier calculations [17,18]. In
Ref. [17] only F!2"

R and F!B"
R were included, while the

authors of Ref. [18] considered only F!1"
L;R. Both of these

previous studies omitted the dominant, logarithmically-
enhanced contributions from F!$"

L;R. Finally, we note that
upon taking matrix elements of L!!e in nuclei, the
following combinations of gLV;RV!q" become relevant:

~g !p"
LV;RV # 2gLV;RV!u " % gLV;RV!d"; (45)

~g !n "
LV;RV # gLV;RV!u " % 2gLV;RV!d": (46)

D. Effective Lagrangian for ! ! 3e

The process ! ! 3e can occur in the LRSM through
(i) tree-level exchange of doubly-charged Higgses (via the
interaction of Eq. (22)); (ii) one-loop effective ! ! e
vertex, with an electron line attached to the gauge boson;
(iii) box diagrams. Barring the unnatural possibility that
M'&&

L;R
' MW2

, the loop amplitudes (ii) and (iii) are sup-
pressed by the standard "=# factor, and therefore in our
analysis we disregard them.

Doubly-charged Higgs particles mediate at tree-level
also the decays ( ! lalb !lc, with la;b;c # !; e. In compact
notation, the effective lagrangian for four-lepton pro-

cesses is given by:

L ' # g2

4
hijh(km

"

1

M2
'%%
R

!lciRljR"!lkRlcmR" % !L $ R"
#

:

(47)

IV. ANALYSIS

Based on the results described in the previous section,
we now discuss the phenomenology of lepton flavor vio-
lation in muon decays within the LRSM. There are three
main objectives of our analysis. First, we shall identify
relations between LFV rates that are largely independent
of the model parameters, and therefore can be considered
as signatures of left-right symmetry broken at the multi-
TeV scale. The pattern emerging is remarkably clear, and
could be confronted with experimental findings in the
next decade: the branching fractions for ! ! e conver-
sion and ! ! e$ are expected to be very similar, and two
order-of magnitude smaller than the one for ! ! 3e
(with some caveats). Second, we shall study the con-
straints on heavy neutrino masses and mixings implied
by present experimental limits on LFV processes. And
third, we shall discuss the impact of future experiments,
including collider measurements.

Before describing the details of our analysis let us
shortly recall the existing limits on the model parameters
of interest to us. Direct searches imply that MW2

)
786 GeV, while singly- and doubly-charged Higgs parti-
cles should be heavier than * 100 GeV [31]. Indirect
bounds are stronger and require the Higgs masses to be
on the TeV scale. In summary, the existing phenomenol-
ogy is consistent with the heavy sector masses being
generically at the TeV scale or above. In what follows,
we shall explore the consequences of a heavy mass scale
being in the range 1-10 TeV, which can be tested in the
foreseeable future.

A. Setting the stage

The quantities of primary interest to us are the branch-
ing ratios:

TABLE II. Vector and Axial-Vector couplings of u and d quarks to Z1, Z2, and $. We list for completeness the effectiveVector and
Axial-Vector couplings induced by box diagrams of Fig. 3.

Z1 Z2 $ BOX
v!1"
u # 1 $ 8

3 s
2
W

a!1"u # 1
v!2"
u # 1 $ 8

3 s
2
W

a!2"u # $ 1% 2s2W

v!$"
u # 2

3 v!B"
u # 1

a!B"u # $ 1

v!1"
d # $ 1% 4

3 s
2
W

a!1"d # $ 1
v!2"
d # $ 1% 4

3 s
2
W

a!2"d # 1 $ 2s2W

v!$"
d # $ 1

3 v!B"
d # $ 1

4
a!B"d # 1

4
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PV Moller: Type II See-Saw 

Minimal type II See Saw 
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and the LFV form factors, the couplings gLV;RV!q" are
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q ; (43)
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The expressions for gLA;RA!q" are obtained by replacing
v!i"
q with a!i"q in gLV;RV!q". We remark that all the contri-

butions to gRV!q" in Eq. (44) enter at leading order &=vR,
contrary to what appears in earlier calculations [17,18]. In
Ref. [17] only F!2"

R and F!B"
R were included, while the

authors of Ref. [18] considered only F!1"
L;R. Both of these

previous studies omitted the dominant, logarithmically-
enhanced contributions from F!$"

L;R. Finally, we note that
upon taking matrix elements of L!!e in nuclei, the
following combinations of gLV;RV!q" become relevant:

~g !p"
LV;RV # 2gLV;RV!u " % gLV;RV!d"; (45)

~g !n "
LV;RV # gLV;RV!u " % 2gLV;RV!d": (46)

D. Effective Lagrangian for ! ! 3e

The process ! ! 3e can occur in the LRSM through
(i) tree-level exchange of doubly-charged Higgses (via the
interaction of Eq. (22)); (ii) one-loop effective ! ! e
vertex, with an electron line attached to the gauge boson;
(iii) box diagrams. Barring the unnatural possibility that
M'&&

L;R
' MW2

, the loop amplitudes (ii) and (iii) are sup-
pressed by the standard "=# factor, and therefore in our
analysis we disregard them.

Doubly-charged Higgs particles mediate at tree-level
also the decays ( ! lalb !lc, with la;b;c # !; e. In compact
notation, the effective lagrangian for four-lepton pro-

cesses is given by:

L ' # g2

4
hijh(km

"

1

M2
'%%
R

!lciRljR"!lkRlcmR" % !L $ R"
#

:

(47)

IV. ANALYSIS

Based on the results described in the previous section,
we now discuss the phenomenology of lepton flavor vio-
lation in muon decays within the LRSM. There are three
main objectives of our analysis. First, we shall identify
relations between LFV rates that are largely independent
of the model parameters, and therefore can be considered
as signatures of left-right symmetry broken at the multi-
TeV scale. The pattern emerging is remarkably clear, and
could be confronted with experimental findings in the
next decade: the branching fractions for ! ! e conver-
sion and ! ! e$ are expected to be very similar, and two
order-of magnitude smaller than the one for ! ! 3e
(with some caveats). Second, we shall study the con-
straints on heavy neutrino masses and mixings implied
by present experimental limits on LFV processes. And
third, we shall discuss the impact of future experiments,
including collider measurements.

Before describing the details of our analysis let us
shortly recall the existing limits on the model parameters
of interest to us. Direct searches imply that MW2

)
786 GeV, while singly- and doubly-charged Higgs parti-
cles should be heavier than * 100 GeV [31]. Indirect
bounds are stronger and require the Higgs masses to be
on the TeV scale. In summary, the existing phenomenol-
ogy is consistent with the heavy sector masses being
generically at the TeV scale or above. In what follows,
we shall explore the consequences of a heavy mass scale
being in the range 1-10 TeV, which can be tested in the
foreseeable future.

A. Setting the stage

The quantities of primary interest to us are the branch-
ing ratios:

TABLE II. Vector and Axial-Vector couplings of u and d quarks to Z1, Z2, and $. We list for completeness the effectiveVector and
Axial-Vector couplings induced by box diagrams of Fig. 3.

Z1 Z2 $ BOX
v!1"
u # 1 $ 8

3 s
2
W

a!1"u # 1
v!2"
u # 1 $ 8

3 s
2
W

a!2"u # $ 1% 2s2W

v!$"
u # 2

3 v!B"
u # 1

a!B"u # $ 1

v!1"
d # $ 1% 4

3 s
2
W

a!1"d # $ 1
v!2"
d # $ 1% 4

3 s
2
W

a!2"d # 1 $ 2s2W

v!$"
d # $ 1

3 v!B"
d # $ 1

4
a!B"d # 1
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Ū(p

0
)
⇥
(q

2
�µ � 6qqµ)�5

⇤
U(p) (47)

Qquqd = ✏jkQ̄
j
uRQ̄

k
dR (48)

4

gX << 1 (78)

U↵N ⇠
mD

MN

(79)

U↵N ⇠

r
vL

vR

�
m⌫

MN

(80)

+

⇣
NR, ÑR
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Left-Right Symmetric Model 
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j
⇤
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3

ratio is found to be nonzero with significantly larger
magnitude, then one would also expect to see a sizable
effect in the channel ! ! 3‘ (where ‘ denotes a charged
lepton).

Finally, we observe that, while the logarithmic en-
hancement of BA

"!e is a generic feature of any model
that yields effective " ! 3e operators at tree-level, pre-
cise relationships between the various LFV observables
depend on details of the model. In this respect, our
perspective differs somewhat from the view in Ref. [25].
Indeed, the presence of a common factor of jg lfvj2 in
B"!e# and BA

"!e–but not B"!3e –and its relation to the
heavy neutrino spectrum follows from the pattern of
symmetry-breaking in this scenario and the correspond-
ing hierarchy of scales that enters the couplings of the
right-handed gauge sector to matter. In order to imple-
ment this hierarchy in a self-consistent way, we adopt a
power counting in $=vR, where vR and $ are the scales,
respectively, at which SU!2"R and electroweak symmetry
are broken. In contrast to previous studies [17,18], we
compute all LFV contributions through leading, nontri-
vial order in $=vR and show that they decouple in the
vR ! 1 limit as one would expect on general grounds
[26]. In addition, we point out the prospective implica-
tions of other precision measurements and future collider
studies for LFV in this scenario and vice-versa. The
identification of such implications necessarily requires
the adoption of a specific model, as the corresponding
symmetries of the model dictate relationships between
the coefficients of effective operators that would appear
in an effective field theory framework. Thus, it is useful to
have in hand a comprehensive treatment within various
model frameworks in order to use experiment to dis-
criminate among them. In R-parity-violating SUSY, for
example, the LFV couplings that generate " ! e, etc.,
also appear, in general, in the mass matrices for light
neutrino flavors [27], whereas in the LRSM LFV for
charged leptons and light neutrinos are effectively
independent.

Our discussion of the calculation is organized in the
remainder of the paper as follows. In Section II we review
the main features of the LRSM and define the relevant
quantities. In Section III the effective vertices are calcu-
lated and the effective Lagrangians for the LFV processes
are determined. Some of the detailed formulas are col-
lected in the Appendices. Section IV gives an analysis of
the results, along with a discussion of the rates as well as
their ratios. We conclude in Section V.

II. THE MODEL

The gauge group of the theory is
SU!2"L# SU!2"R# U!1"B$ L with the gauge couplings
gL % gR % g for the two SU!2"s and g0 for the U!1". In
this paper we follow the notation developed in Ref. [28]
where the LRSM, its quantization, and its Feynman rules

are discussed in detail. Below, we give a very brief
introduction to the model, and explicitly define the quan-
tities used in subsequent analysis.

The matter fields of the model include leptons (LL;R)
and quarks (QL;R), which are placed in the following
multiplets of the gauge group:

LiL %
 

%0
i
l0i

!

L

:!1=2:0: $ 1";

LiR %
 

%0
i
l0i

!

R

:!0:1=2: $ 1";

QiL %
 

u 0i
d0i

!

R

:!1=2:0:1=3";

QiR %
 

u 0i
d0i

!

R

:!0:1=2:1=3":

(9)

Here, i % 1; 2; 3 stands for generation number, and
!IL; IR; Y & B $ L" labels representation of the gauge
group for each multiplet. The representation determines
interactions of the multiplet with gauge fields. Before
spontaneous symmetry-breaking (SSB) the latter include
Wa;"

L , Wa;"
R (a % 1; 2; 3), and B" for SU!2"L, SU!2"R, and

U!1"B$ L gauge group factors, respectively.
The SSB is achieved via the Higgs mechanism. The

Higgs sector of the theory is not unique. However, the
main results of this paper are largely independent of the
details of the Higgs sector provided the LRSM has triplet
Higgses and therefore heavy right-handed neutrinos. In
our study we choose [22,23] a Higgs sector that consists
of the bi-doublet &:!1=2; 1=2; 0" and two triplets
!L:!1; 0; 2" and !R:!0; 1; 2":

& %
 

&0
1 &'

2

&$
1 &0

2

!

;

!L;R %
 

''
L;R=

!!!

2
p

'''
L;R

'0
L;R $ ''

L;R=
!!!

2
p

!

;

(10)

h&i %
 

$1=
!!!

2
p

0
0 $2=

!!!

2
p

!

; h!L;Ri %
 

0 0
vL;R 0

!

;

(11)

where the vacuum expectation values (VEVs) are shown
in the second line. The most general Higgs potential with
this field content has been analyzed in Ref. [19]. If one
requires the scale vR in the multi-TeV range (but not
significantly larger), the only choice which avoids exces-
sive fine-tuning and leads to acceptable phenomenology is
to set to zero certain couplings in the Higgs potential as
well as vL [19]. Moreover, we assume no explicit or
spontaneous CP violation in the Higgs sector [29]. In
summary, two distinct mass scales appear in the model:
the electroweak symmetry-breaking scale $ ( $1 (
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of de and CS , as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 The uncertainty for the quark CEDM is substantially larger than for those pertaining to ✓̄ owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [1].

14

de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

The scalar (quark) ⇥ pseudscalar (electron) interaction leading to a non-vanishing CS may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of de and CS , as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 The uncertainty for the quark CEDM is substantially larger than for those pertaining to ✓̄ owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [1].

14

de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

The scalar (quark) ⇥ pseudscalar (electron) interaction leading to a non-vanishing CS may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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Paramagnetic EDMs: Two Sources 
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Illustrative Example: Leptoquark Model 
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Illustrative Example: Leptoquark Model 
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V. Outlook 

•  Studies of parity violation continue to provide unique 
probes of both Standard Model & beyond Standard 
Model physics  

•  Obtaining a more robust description of weak 
interactions in nuclei is a “next frontier” for PV & 
Standard Model physics, with important implications for 
the interpretation of 0νββ decay, CKM unitarity tests, 
nuclear Schiff moments…  

•  Interplay of PV studies with other low-energy symmetry 
tests (CLFV, 0νββ decay, EDMs), neutrino pheno, & 
energy frontier probes will yield important insights into 
key open BSM questions: origin of mν , ΛBSM , … 
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