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Electric dipole moments of light 
nuclei from dimension-six operators 
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Outline of  this talk 

  Part	  I:	  	  	  Different	  sources	  of	  Time-‐Reversal	  Viola9on	  

  Part	  II:	  	  	  Chiral	  perturba0on	  theory	  with	  T-‐viola0on	  

  Part	  III:	  	  Observables	  
  IIIa:	  	  Nucleon	  Form	  Factors	  
  IIIb:	  	  Deuteron	  Form	  Factors	  
  IIIc:	  	  Trinucleon	  Form	  Factors	  
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Measurement	  of	  a	  
hadronic	  EDM	  	  

?	  

Standard	  Model:	  
	  θ-‐term	  

New	  sources	  of	  
CP-‐viola9on	  

Current	  Situa0on	  
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Finding	  the	  Source	  
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Can	  we	  pinpoint	  the	  microscopic	  source	  of	  P+T-‐
viola0on	  from	  light-‐nuclear	  EDM	  measurements?	  

Finding	  the	  Source	  
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Standard Model as an EFT 

1	  TeV	  ?	   SUSY?	  

100	  GeV	  	   Standard	  	  
Model	  

Energy	  

Effec9vely	  	  
becomes	  
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Effective Field Theories 

€ 

MT

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +

•  Start	  the	  analysis	  right	  below:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >>	  100	  GeV	  

•  Degrees	  of	  freedom:	  	  	  	  	  Full	  SM	  field	  content	  

•  Symmetries:	  Lorentz,	  SU(3)xSU(2)xU(1)	  gauge	  symmetries	  
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Effective Field Theories 

€ 

MT•  Start	  the	  analysis	  right	  below:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >>	  100	  GeV	  

•  Degrees	  of	  freedom:	  	  	  	  	  Full	  SM	  field	  content	  

•  Symmetries:	  Lorentz,	  SU(3)xSU(2)xU(1)	  gauge	  symmetries	  

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +
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Running through the scales 

Energy	   New	  Physics	  
SUSY?	  

Integrate	  out	  heavy	  
New	  Physics	  

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +

100	  GeV	  	  

1	  GeV	  	  

?	  TeV	  

Dekens	  &	  JdV,	  JHEP,	  ‘13	  
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Running through the scales 

Energy	   New	  Physics	  
SUSY?	  

Integrate	  out	  heavy	  
New	  Physics	  

Integrate	  out	  
heavy	  SM	  fields	  

QCD	  running	  

100	  GeV	  	  

1	  GeV	  	  

?	  TeV	  

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +
Dekens	  &	  JdV,	  JHEP,	  ‘13	  
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Running through the scales 

Energy	   New	  Physics	  
SUSY?	  

Hadronic/nuclear	  
EDMs	  

Integrate	  out	  heavy	  
New	  Physics	  

Integrate	  out	  
heavy	  SM	  fields	  

QCD	  running	  

QCD	  running	  

Non-‐perturba0ve	  QCD	  

Dekens	  &	  JdV,	  JHEP,	  ‘13	  

100	  GeV	  	  

1	  GeV	  	  

?	  TeV	  

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +

La^ce	  or	  Chiral	  Perturba0on	  Theory	  
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Dimension-six sources 

Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

H	   H	  

B	  

+ 	  
+ 	  

Buchmuller	  &	  Wyler	  NPB	  ‘86	  
Gradzkowski	  et	  al	  JHEP	  ’10	  

€ 

∝1/MT
2

H	  

W	  
100	  GeV	  	  

Few	  GeV	  	  
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Dimension-six sources 

Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

H	  

B	  

+ 	  
+ 	  

Buchmuller	  &	  Wyler	  NPB	  ‘86	  
Gradzkowski	  et	  al	  JHEP	  ’10	  

€ 

∝1/MT
2

H	  

W	  

γ	  

Quark	  EDM	  Quark	  
chromo-‐EDM	  

+ 	  

€ 

O
mq

mH

, αw

4π
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ + 	  

H	  

100	  GeV	  	  

Few	  GeV	  	  
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Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

€ 

∝1/MT
2

Weinberg	  PRL	  ‘89	  

€ 

dw f abcε µναβ Gαβ
a Gµλ

b Gν
c λ

Dimension-six sources 

€ 

dw ∝
1
MT

2

100	  GeV	  	  

Few	  GeV	  	  
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Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

€ 

∝1/MT
2

Weinberg	  PRL	  ‘89	  

Gluon	  
chromo-‐EDM	  

€ 

dw f abcε µναβ Gαβ
a Gµλ

b Gν
c λ

+ 	   Quark	  (C)EDM	  

mixing	  

Braaten	  et	  al	  PRL	  ‘90	  

Dimension-six sources 

€ 

dw ∝
1
MT

2

100	  GeV	  	  

Few	  GeV	  	  
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16 

•  Dipole	  interac-ons	  

Quark	  EDM	   Quark	  chromo-‐	  
EDM	  

Gluon	  chromo-‐	  EDM	  

16	  

Braaten	  et	  al	  PRL	  ’90	  
Degrassi	  et	  al	  JHEP	  ’05	  
Dekens	  et	  al	  JHEP	  ‘13	  
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Four-quark operators 

Energy	  
q q 

q q 

€ 

Σ1 u LuR d R dL − d LuR u R dL( ) + h.c.

€ 

Σ8 u Lλ
auR d Rλ

adL − d Lλ
auR u Rλ

adL( ) + h.c.
€ 

Σ1, 8 ∝
1
MT

2
Only	  two	  gauge-‐invariant	  four-‐quark	  interac0ons	  (u,	  d	  quarks	  

only)	  

Ramsey-‐Musolf	  &	  Su	  Phys.	  Rep.	  	  ‘08	  
Maekawa	  et	  al	  NPA	  ’11	  

Don’t	  insist	  on	  SU(2)	  gauge	  symmetry	  	  -‐>	  you	  find	  10	  
interac9ons!	  
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Four-quark operators 

Energy	  

€ 

Σ1 u LuR d R dL − d LuR u R dL( ) + h.c.

€ 

Σ8 u Lλ
auR d Rλ

adL − d Lλ
auR u Rλ

adL( ) + h.c.
€ 

Σ1, 8 ∝
1
MT

2
Only	  two	  gauge-‐invariant	  four-‐quark	  interac0ons	  (u,	  d	  quarks	  

only)	  

Quite	  strong	  QCD	  enhancement:	  	  	  

€ 

Σ1 1GeV( ) ≅ 7 Σ1 1TeV( )

Hisano	  et	  al	  ’12	  
Dekens,	  JdV	  ‘13	  

Ramsey-‐Musolf	  &	  Su	  Phys.	  Rep.	  	  ‘08	  
Maekawa	  et	  al	  NPA	  ’11	  

q q 

q q 

q q 

q q 
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Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

€ 

∝1/MT
2

€ 

Ξ1 u Rγ
µdR( ) ˜ ϕ ∗T iDµϕ + h.c.

One	  quark-‐Higgs-‐Higgs	  interac0on	  

Ng	  &	  Tulin	  PRD	  	  ’12	  
Finally:	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+ + h.c.

Dimension-six sources 

€ 

Ξ1 ∝
1
MT

2

€ 

Wµ
+

€ 

uR

€ 

dR

100	  GeV	  	  

Few	  GeV	  	  
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100	  GeV	  	  

Energy	  

•  Add	  to	  the	  SM	  all	  possible	  T+P-‐odd	  contact	  interac0ons	  
•  They	  start	  at	  dimension	  six	  

€ 

∝1/MT
2

€ 

Ξ1 u Rγ
µdR( ) ˜ ϕ ∗T iDµϕ + h.c.

Ng	  &	  Tulin	  PRD	  	  ’12	  
Finally:	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+ + h.c.

€ 

uR

€ 

dR

€ 

Wµ
+

€ 

uR

€ 

dR
€ 

uL

€ 

dL

€ 

Wµ
+

€ 

dL

€ 

uL

€ 

uR

€ 

dR

€ 

∝ ImΞ1
v 2

MW
2 ≈ ImΞ1

An	  addi9onal	  
unsuppressed	  

4q	  term	  

Dimension-six sources 

€ 

Ξ1 ∝
1
MT

2

Few	  GeV	  	  

One	  quark-‐Higgs-‐Higgs	  interac0on	  
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Energy	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+ + h.c.

€ 

dR

€ 

uR

€ 

Wµ
+

€ 

dR

€ 

uR
€ 

dL

€ 

uL

€ 

Wµ
+

€ 

dL

€ 

uL

€ 

dR

€ 

uR

Short Intermezzo 

€ 

Ξ1 ∝
1
MT

2

100	  GeV	  	  

Few	  GeV	  	  

Plus	  a	  color-‐partner	  

€ 

ΞLR1 (ΛQCD ) = −1.1Vud Ξ1(MT )

€ 

ΞLR 8 (ΛQCD ) = −1.4 Vud Ξ1(MT )

Dekens,	  JdV	  JHEP	  ‘13	  

Ng	  &	  Tulin	  PRD	  	  ’12	  
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Energy	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+ + h.c.

€ 

dR

€ 

uR

€ 

Wµ
+

€ 

dR

€ 

uR
€ 

dL

€ 

uL

€ 

Wµ
+

€ 

dL

€ 

uL

€ 

dR

€ 

uR

Short Intermezzo 

€ 

Ξ1 ∝
1
MT

2

€ 

dR

€ 

uR
€ 

eL

€ 

v L

€ 

Wµ
+

€ 

eL

€ 

v L

€ 

uR

€ 

dR

100	  GeV	  	  

Few	  GeV	  	  

Ng	  &	  Tulin	  PRD	  	  ’12	  
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Ng	  &	  Tulin	  PRD	  	  ’12	  

€ 

dL

€ 

uL

€ 

dR

€ 

uR

Short Intermezzo 

€ 

eL

€ 

v L

€ 

uR

€ 

dR

Same	  origin	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+ + h.c.

EDMs	  put	  strong	  bound	  on	  D	  coefficient	  (100x	  current	  limit)	  
However,	  dubious	  chiPT	  calcula0on…...	  

Role	  of	  color-‐partner	  not	  inves0gated	  	  	  

Contributes	  to:	  

	  	  	  	  	  	  	  	  EDMs	  

Contributes	  to:	  

	  T-‐viola9on	  in	  
beta-‐decay	  

Linked	  
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H	  

Operators with heavy fields 

Energy	  

€ 

W +

€ 

W −

γ	  

Anomalous	  triple	  gauge	  
boson	  ver9ces	  

Manohar	  et	  al	  ’13	  
Fan	  et	  al	  ’13	  
Dekens	  et	  al	  ‘	  13	  

γ	  

q	   q	  
H	  

g	  

g	  

γ	  

CP-‐odd	  quark-‐Higgs	  
ver9ces	  
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Energy	  

Few	  GeV	  	  

γ	  

+ 	  + 	  + 	  QCD	  	  	  	  	  	  	  
(θ-‐term)	  

Quark	  EDM	   Quark	  
chromo-‐EDM	  

Gluon	  
chromo-‐EDM	  

q q 

q q 

+ 	  

3*4quark	  	  	  	  	  	  	  	  	  
operators	  

Dimension-four and -six sources 

Different	  beyond-‐the-‐SM	  models	  predict	  
different	  dominant	  operator(s)	  
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Energy	  

Few	  GeV	  	  

γ	  

+ 	  + 	  + 	  QCD	  	  	  	  	  	  	  
(θ-‐term)	  

Quark	  EDM	   Quark	  
chromo-‐EDM	  

Gluon	  
chromo-‐EDM	  

q q 

q q 

2	  Chiral-‐invariant	  
four-‐q	  terms	  

€ 

dL

four-‐quark	  	  	  	  	  
lea-‐right	  	  term	  
(FQLR	  x2	  )	  

Dimension-four and -six sources 

€ 

uR

€ 

dR
€ 

uL
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Few	  GeV	  	  

γ	  

+ 	  + 	  + 	  QCD	  	  	  	  	  	  	  
(θ-‐term)	  

Quark	  EDM	   Quark	  
chromo-‐EDM	  

Gluon	  
chromo-‐EDM	  

Dimension-four and -six sources 

Energy	  

100	  MeV	  
Chiral	  
Perturba9on	  
Theory	   + 	  …….. 	  

+ 	   …….. 	  
γ	  

π	   π	  

π	  
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Outline of  this talk 

  Part	  I:	  	  	  Different	  sources	  of	  Time-‐Reversal	  Viola0on	  

  Part	  II:	  	  	  Chiral	  perturba9on	  theory	  with	  T-‐viola9on	  

  Part	  III:	  	  Observables	  
  IIIa:	  	  Nucleon	  Form	  Factors	  
  IIIb:	  	  Deuteron	  Form	  Factors	  
  IIIc:	  	  Trinucleon	  Form	  Factors	  
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€ 

LQCD = iq γ µDµq − 1
4

Tr(GµνGµν )

  

€ 

LχPT = Lkinetic +
gA

Fπ

N ( σ ⋅
 
D π a )τ aN +

€ 

gA =O(1)

Chiral Pert. Theory with T violation 

•  Massless	  QCD	  Lagrangian	  has	  a	  global	  	  	  	  SUL(2)xSUR(2)	  ~	  SO(4)	  
symmetry	  spontaneously	  broken	  to	  	  	  	  	  	  	  	  SU(2)	  ~	  SO(3)	  

•  Pions	  are	  massless	  Goldstone	  bosons	  

€ 

q = (u d )
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€ 

LQCD = iq γ µDµq − 1
4

Tr(GµνGµν )

€ 

+ m q q q + δmq q τ 3q( )

€ 

mπ
2 = O(m q MQCD )

  

€ 

LχPT = Lkinetic +
gA

Fπ

N ( σ ⋅
 
D π a )τ aN −

mπ
2

2
π 2 +

€ 

gA =O(1)

•  Massless	  QCD	  Lagrangian	  has	  a	  global	  	  	  	  SUL(2)xSUR(2)	  ~	  SO(4)	  
symmetry	  spontaneously	  broken	  to	  	  	  	  	  	  	  	  SU(2)	  ~	  SO(3)	  

•  Pions	  become	  light	  pseudo-‐Goldstone	  bosons	  

Chiral Pert. Theory with T violation 
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€ 

LQCD = iq γ µDµq − 1
4

Tr(GµνGµν )

€ 

+ m q q q + δmq q τ 3q( )
•  Massless	  QCD	  Lagrangian	  has	  a	  global	  	  	  	  SUL(2)xSUR(2)	  ~	  SO(4)	  

symmetry	  spontaneously	  broken	  to	  	  	  	  	  	  	  	  SU(2)	  ~	  SO(3)	  
•  Pions	  become	  light	  pseudo-‐Goldstone	  bosons	  

•  Isospin	  breaking	  and	  electromagne0sm	  can	  be	  incorporated	  
similarly	  

€ 

mπ
2 = O(m q MQCD )

  

€ 

LχPT = Lkinetic +
gA

Fπ

N ( σ ⋅
 
D π a )τ aN −

mπ
2

2
π 2 +

€ 

gA =O(1)

Chiral Pert. Theory with T violation 
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Chiral Pert. Theory with T violation 

€ 

LQCD = iq γ µDµq − 1
4

Tr(GµνGµν )

€ 

+ m q q q + δmq q τ 3q( )

  

€ 

LχPT = Lkinetic +
gA

Fπ

N ( σ ⋅
 
D π a )τ aN −

mπ
2

2
π 2 +

  

€ 

+
g 0
Fπ

N 
 
τ ⋅
 
π N

€ 

g 0 ~ θ m ∗( )

Theta	  term	  breaks	  chiral	  symmetry:	   € 

m ∗ = mumd
mu + md

€ 

+ θ m ∗ i q γ 5q( )
Baluni	  PRD	  ’79	  
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Chiral Pert. Theory with T violation 

€ 

LQCD = iq γ µDµq − 1
4

Tr(GµνGµν )

€ 

+ m q q q + δmq q τ 3q( )

  

€ 

LχPT = Lkinetic +
gA

Fπ

N ( σ ⋅
 
D π a )τ aN −

mπ
2

2
π 2 +

€ 

+ θ m ∗ i q γ 5q( )

  

€ 

+
g 0
Fπ

N 
 
τ ⋅
 
π N

€ 

g 0 ~ θ m ∗( )

Quark	  chromo-‐EDM	  also	  isospin:	  

€ 

+ q ( ˜ d 0 + ˜ d 3 τ 3)qσ µυγ 5 q Gµν

€ 

+
g 1
Fπ

N π 3 N

€ 

g 1 ~ ˜ d 3

€ 

m ∗ = mumd
mu + md

Baluni	  PRD	  ’79	  

Theta	  term	  breaks	  chiral	  symmetry:	  
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Hierarchy among the sources 

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

π	  π	   0	  ±,0 	  

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  
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Hierarchy among the sources 

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  because	  	  	  	  	  	  	  	  is	  isospin-‐breaking	  

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  

  θ-‐term	  breaks	  chiral	  symmetry	  but	  conserves	  isospin	  symmetry
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Hierarchy among the sources 

€ 

g 1 =
δmq

Λχ

g 0 ≈0.01 g 0

Here	  NDA,	  for	  QCD	  
sum	  rules:	  Pospelov
+Ritz	  ‘05	  

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  because	  	  	  	  	  	  	  	  is	  isospin-‐breaking	  

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  

  θ-‐term	  breaks	  chiral	  symmetry	  but	  conserves	  isospin	  symmetry



M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t 

Hierarchy among the sources 

Here	  NDA,	  for	  QCD	  
sum	  rules:	  Pospelov
+Ritz	  ‘05	  

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

€ 

g 1 ≈0.1 g 0
New	  es0mate:	  Bsaisou	  
et	  al	  ‘12	  

  θ-‐term	  breaks	  chiral	  symmetry	  but	  conserves	  isospin	  symmetry

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  because	  	  	  	  	  	  	  	  is	  isospin-‐breaking	  

€ 

g 1 =
δmq

Λχ

g 0 ≈0.01 g 0

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  
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Hierarchy among the sources 

•  	  	  	  	  	  	  	  

€ 

g 0 ≈ g 1

Here	  NDA,	  for	  QCD	  
sum	  rules:	  Pospelov
+Ritz	  ‘05	  

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  because	  	  	  	  	  	  	  	  is	  isospin-‐breaking	  

  θ-‐term	  breaks	  chiral	  symmetry	  but	  conserves	  isospin	  symmetry

  Quark	  chromo-‐EDM	  (+	  FQLR)	  breaks	  chiral	  and	  isospin	  symmetry	  
€ 

g 1 =
δmq

Λχ

g 0 ≈0.01 g 0

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  
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Hierarchy among the sources 

  Gluon	  chromo-‐EDM	  +	  4Q	  conserve	  chiral	  and	  isospin	  symmetry

•  Both	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  break	  chiral	  symmetry.	  
•  Suppressed	  by	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  
•  Chiral	  symmetric	  nucleon-‐nucleon	  interac0ons	  become	  

important	  

  

€ 

L = C (N  σ N)⋅
 
∂ (N N)

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  
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Hierarchy among the sources 

•  Both	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  break	  chiral	  symmetry.	  
•  Suppressed	  by	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  

€ 

mq Λχ

€ 

δmq Λχ

  For	  quark	  EDM	  	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  	  -‐interac0ons	  are	  suppressed	  by	  	  

€ 

αem /(4π ) ~ 10
−3

€ 

NN

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  

  Gluon	  chromo-‐EDM	  +	  4Q	  conserve	  chiral	  and	  isospin	  symmetry
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Hierarchy among the sources 

Theta	  	  term	  
Quark	  CEDM	  	  	  

+(FQLR)	  
Quark	  EDM	  

Gluon	  CEDM
+4Q	  

1	  	  	  (	  	  	  	  	  	  	  	  	  	  )	  	  	  	  	  	   1	   1	  

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

Mereghe^,	  Hockings,	  van	  Kolck,	  Ann.	  of.	  Phys.	  (2010),	  	  	  	  JdV	  et	  al,	  Ann.	  of.	  Phys.	  (2013)	  	  

€ 

g 1
g 0

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  

€ 

Λχ

mπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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Hierarchy among the sources 

Theta	  	  term	  
Quark	  CEDM	  	  	  

+(FQLR)	  
Quark	  EDM	  

Gluon	  CEDM
+4Q	  

1	  	  	  (	  	  	  	  	  	  	  	  	  	  )	  	  	  	  	  	   1	   1	  

1	  
€ 

g 1
g 0

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

€ 

g 1
d 0
/Λχ

2

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

€ 

αem

4π
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

  

€ 

L = g 0N (  π ⋅
 
τ )N + g 1N π3N + d 0 N (

 
σ ⋅
 
E )N

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

Mereghe^,	  Hockings,	  van	  Kolck,	  Ann.	  of.	  Phys.	  (2010),	  	  	  	  JdV	  et	  al,	  Ann.	  of.	  Phys.	  (2013)	  	  

	  	  	  	  	  	  	  Each	  source	  transforms	  differently	  under	  chiral	  	  and	  isospin	  symmetry	  

€ 

Λχ

mπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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Six important interactions 

• 	  	  	  	  	  	  EDMs	  of	  light	  nuclei	  at	  LO	  depend	  on	  six	  low-‐energy	  constant	  (LECs)	  

  

€ 

L =
g 0
Fπ

N (  π ⋅
 
τ )N +

g 1
Fπ

N (π3)N

  

€ 

+C 1 (N  σ N)⋅
 
∂ (N N) +C 2 (N  σ τN)⋅

 
∂ (N τN)

  

€ 

+ d 0 N (
 
σ ⋅
 
E )N + d 1N (

 
σ ⋅
 
E )τ 3N

γ	  

π	  

• 	  	  	  	  	  Which	  of	  the	  six	  are	  important	  depends	  on	  the	  PT-‐odd	  source	  	  
	  and	  the	  nucleus	  under	  considera9on!	  

  

€ 

+ 

JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  
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A seventh important LEC ?? 

•  Unique	  chiral	  proper9es	  of	  FQLR	  induce	  a	  PT-‐odd	  three-‐body	  force	  

•  Subleading	  effects	  in	  A<3	  but	  leading	  in	  A	  ≥	  3	  

•  However,	  its	  LEC	  is	  propor0onal	  to	  	  

FQLR	  

Disclaimer:	  no	  quan9ta9ve	  calcula9ons	  in	  three-‐body	  systems	  yet	  

JdV	  et	  al	  AOP	  ’	  13	  

€ 

g 0

€ 

~ g 0
Fπ

mπ
2

δmN
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Sizes of  the LECs 

• 	  	  	  	  In	  principle	  unknown,	  need	  to	  be	  fired	  to	  data….	  

• 	  	  	  	  For	  theta	  term,	  there	  is	  some	  more	  informa0on	  due	  to	  link	  to	  	  
	  strong	  isospin	  breaking.	  	  

€ 

g 0 ≅θ 
δmN

2(md −mu)
≈ θ (2.8 MeV )

Crewther	  et	  al.,	  PLB	  ‘79	  
Mereghe^	  et	  al,	  AOP	  ’10	  
Bsaisou	  et	  al,	  EJPA	  ‘12	  
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Sizes of  the LECs 

• 	  	  	  	  In	  principle	  unknown,	  need	  to	  be	  fired	  to	  data….	  

• 	  	  	  	  For	  theta	  term,	  there	  is	  some	  more	  informa0on	  due	  to	  link	  to	  	  
	  strong	  isospin	  breaking.	  	  

€ 

g 0 ≅θ 
δmN

2(md −mu)
≈ θ (2.8 MeV )

Crewther	  et	  al.,	  PLB	  ‘79	  
Mereghe^	  et	  al,	  AOP	  ’10	  
Bsaisou	  et	  al,	  EJPA	  ‘12	  

• 	  	  	  	  But	  in	  general	  the	  LECs	  are	  not	  known	  very	  well	  (if	  at	  all)	  
• 	  	  	  	  We	  mostly	  use	  NDA	  for	  power	  coun0ng	  (chiPT	  power	  coun9ng)	  
• 	  	  	  	  Comparison	  with	  QCD	  sum	  rules	  is	  reasonable	  (when	  possible)	  

• 	  	  	  	  Size	  of	  LECs:	  main	  source	  of	  uncertainty	  in	  these	  calcula0ons	  
• 	  	  	  	  Calcula0on	  of	  EDMs	  in	  terms	  of	  the	  LECs	  is	  prery	  well	  under	  control	  

Engel	  et	  al,	  PPNP,	  ‘13	  
Pospelov,	  Ritz,	  ‘05	  
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Sizes of  the LECs 

• 	  	  	  	  In	  principle	  unknown,	  need	  to	  be	  fired	  to	  data….	  

• 	  	  	  	  La^ce	  data	  exists	  for	  theta	  

• 	  	  	  Unfortunately:	  	  No	  results	  for	  dimension-‐six	  sources	  yet	  

• 	  	  	  Other	  methods?	  	  Dyson-‐Swinger	  

Talk	  by	  Shintani	  

Shintani	  et	  al.	  PRD	  ’05,	  ‘07	  ‘08	  
Berruto	  et	  al.	  PRD	  ’06	  
Horsley	  et	  al.	  ‘08	  
Guo	  &	  Meiβner	  JHEP	  ‘12	  

Talk	  by	  Pitschmann	  

Pitschmann	  et	  al,	  PRC,	  ‘13	  
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Outline of  this talk 

  Part	  I:	  	  	  Different	  sources	  of	  Time-‐Reversal	  Viola0on	  

  Part	  II:	  	  	  Chiral	  perturba0on	  theory	  with	  T-‐viola0on	  

  Part	  III:	  	  Observables	  
  IIIa:	  	  Nucleon	  Form	  Factors	  
  IIIb:	  	  Deuteron	  Form	  Factors	  
  IIIc:	  	  Trinucleon	  Form	  Factors	  
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Nucleon	  EDM	   +	  

€ 

g 0

€ 

gA€ 

π ±

€ 

γ

€ 

γ

The Nucleon Electric Dipole Moment 
• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  θ-‐term	  	  +	  	  quark	  chromo-‐EDM	  (FQLR)	  
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The Nucleon Electric Dipole Moment 

Nucleon	  EDM	   +	  

€ 

g 0

€ 

gA

€ 

dn = d 0 − d 1 +
egA

(2πFπ )
2 ln

mπ
2

mn
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ g 0

€ 

dp = d 0 + d 1 −
egA

(2πFπ )
2 ln

mπ
2

mn
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ g 0

€ 

γ

€ 

π ±

Crewther	  et	  al.,	  PLB	  ‘79	  
Pich,	  Rafael,	  NPB	  ‘91	  
Hockings,	  van	  Kolck,	  PLB	  ’05	  
Ornad	  et	  al,	  PLB	  ‘10	  

€ 

γ

• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  θ-‐term	  	  +	  	  quark	  chromo-‐EDM	  (FQLR)	  
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NLO:	  	  more	  loop	  diagrams	  

€ 

dn = d 0 − d 1 +
egA

(2πFπ )
2 ln

mπ
2

mn
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ g 0

€ 

dp = d 0 + d 1 −
egA

(2πFπ )
2 ln

mπ
2

mn
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ g 0

€ 

+
egA g 0
(2πFπ )

2
mπ

mN

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 2π +

π
2

g 1
g 0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ € 

≈ d 0 − d 1 − (0.13+ 0.01) g 0
Fπ

e fm
€ 

−
egA g 0
(2πFπ )

2
mπ

mN

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
π
2

Narison	  ‘08	  
Ornad	  et	  al,	  ’10	  
Mereghe^	  et	  al’	  11	  

The Nucleon Electric Dipole Moment 
• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  θ-‐term	  	  +	  	  quark	  chromo-‐EDM	  (FQLR)	  
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Nucleon	  EDM	  

€ 

γ

€ 

dn = d 0 − d 1

€ 

dp = d 0 + d 1

The Nucleon Electric Dipole Moment 
• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  quark	  EDM	  +	  	  gluon	  chromo-‐EDM	  +	  4Q	  	  	  	  	  (loops	  are	  suppressed)	  
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€ 

dn = d 0 − d 1

€ 

dp = d 0 + d 1
€ 

g 0

€ 

gA

€ 

γ

€ 

π ±

• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  quark	  EDM	  +	  	  gluon	  chromo-‐EDM	  +	  4Q	  	  	  	  	  (loops	  are	  suppressed)	  

Nucleon	  EDM	  

€ 

γ

The Nucleon Electric Dipole Moment 
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• 	  	  	  	  Measurement	  of	  neutron	  or	  proton	  EDM	  can	  be	  fired	  by	  any	  source	  

• 	  	  	  	  For	  each	  source	  proton	  EDM	  is	  of	  same	  order	  as	  neutron	  EDM	  

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PLB.	  (2011)	  

The Nucleon Electric Dipole Moment 
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• 	  	  	  	  Current	  limit:	  	  	  	  

€ 

dn < 2⋅ 10−13e fm Baker	  et	  al,	  PRL	  (2006)	  

€ 

θ <10−10,

€ 

˜ δ /MT
2 < (105 GeV )−2

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PLB.	  (2011)	  

The Nucleon Electric Dipole Moment 
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€ 

dn < 2⋅ 10−13e fm Baker	  et	  al,	  PRL	  (2006)	  

€ 

θ <10−10,

• 	  	  	  Certain	  SUSY-‐models	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  if	  natural	  

€ 

δ
~
≈
αs

4π
sin φ

€ 

sin φ ~ 1

€ 

MT >10 TeV
Pospelov,	  Ritz	  (2005)	  	  

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PLB.	  (2011)	  € 

˜ δ /MT
2 < (105 GeV )−2

The Nucleon Electric Dipole Moment 

• 	  	  	  	  Current	  limit:	  	  	  	  
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€ 

dn < 2⋅ 10−13e fm Baker	  et	  al,	  PRL	  (2006)	  

€ 

θ <10−10,

• 	  	  	  Certain	  SUSY-‐models	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  if	  	  
Pospelov,	  Ritz	  (2005)	  	  

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PLB.	  (2011)	  € 

˜ δ /MT
2 < (105 GeV )−2

€ 

sin φ <10−2(−3)

€ 

MT =1TeV

The Nucleon Electric Dipole Moment 

• 	  	  	  	  Current	  limit:	  	  	  	  
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F	  

Q2	  

d 

EDM	   Schiff	  Moment	  

The Nucleon Schiff  Moment 
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The Nucleon Schiff  Moment 
• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  θ-‐term	  	  +	  	  quark	  chromo-‐EDM	  (FQLR)	  

Schiff	  Moment	  
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Sp ≈ −Sn

€ 

γ
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π ±

Thomas,	  PRD	  ‘95	  
Ornad	  et	  al,	  PLB	  ’10	  
Mereghe^	  et	  al,	  PLB	  ‘11	  

Extract	  LECs	  from	  Laece?	  
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The Nucleon Schiff  Moment 
• 	  	  	  	  Calculated	  for	  each	  source	  from	  the	  PT-‐odd	  chiral	  Lagrangian	  

• 	  	  	  	  	  quark	  EDM	  +	  	  gluon	  chromo-‐EDM	  +	  4Q	  	  	  	  	  (loops	  are	  suppressed)	  

Schiff	  Moment	  are	  very	  small	  

€ 

g 0

€ 

gA

€ 

γ

€ 

π ±

JdV	  et	  al,	  PLB	  ’11	  
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Theta	  	  term	   Quark	  CEDM	   Quark	  EDM	   Gluon	  CEDM	  

Proton	  EDM/	  	  	  
Neutron	  EDM	   O(1)	   O(1)	   O(1)	   O(1)	  

O(1)	   O(1)	  
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• 	  	  	  	  Schiff	  Moments	  could	  separate	  (theta	  &	  qCEDM)	  from	  (qEDM	  &	  gCEDM)	  
• 	  	  	  	  Can	  they	  be	  measured? 	   	  Probably	  not….	  

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PLB.	  (2011)	  
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The Nucleon Schiff  Moment 
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Speculative Intermezzo 
• 	  	  	  	  For	  chiral-‐breaking	  sources	  such	  as	  the	  θ-‐term,	  quark	  chromo-‐EDM,	  	  	  	  	  	  

	  and	  	  certain	  FQ	  operators,	  the	  Schiff	  moment	  is	  not	  smaller	  
	  than	  the	  EDM	  (in	  appropriate	  units)	  

• 	  	  	  	  	  EDM	  and	  SM	  appear	  from	  the	  same	  loop	  

€ 

g 0

€ 

gA

€ 

γ

€ 

π ±
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Speculative Intermezzo 
• 	  	  	  	  For	  chiral-‐breaking	  sources	  such	  as	  the	  θ-‐term,	  quark	  chromo-‐EDM,	  	  	  	  	  	  

	  and	  	  certain	  FQ	  operators,	  the	  Schiff	  moment	  is	  not	  smaller	  
	  than	  the	  EDM	  (in	  appropriate	  units)	  

• 	  	  	  	  	  EDM	  and	  SM	  appear	  from	  the	  same	  loop	  

• 	  	  	  	  	  Should	  the	  nucleon	  SM	  be	  taken	  into	  account	  for	  the	  SM’s	  of	  heavy	  	  	  
	  nuclei	  (e.g.	  199Hg)	  ?	  The	  EDM	  is	  taken	  into	  account.	  

• 	  	  	  	  	  Or	  are	  these	  effects	  suppressed?	  € 

g 0

€ 

gA

€ 

γ

€ 

π ±

	  Dmitriev	  +	  Sen’kov	  PRL	  ’03	  
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Outline of  this talk 

  Part	  I:	  	  	  Different	  sources	  of	  Time-‐Reversal	  Viola0on	  

  Part	  II:	  	  	  Chiral	  perturba0on	  theory	  with	  T-‐viola0on	  

  Part	  III:	  	  Observables	  
  IIIa:	  	  Nucleon	  Form	  Factors	  
  IIIb:	  	  Deuteron	  Form	  Factors	  
  IIIc:	  	  Trinucleon	  Form	  Factors	  
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EDMs of  light nuclei 
• 	  	  	  	  	  	  Measurement	  of	  neutron	  and	  proton	  EDM	  	  not	  enough	  for	  	  
	  	  	  	  	  	  	  	  disentangling	  the	  source	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Need	  more	  observables	  

• 	  	  	  	  	  	  Light	  nuclei	  can	  be	  described	  within	  same	  framework	  as	  the	  nucleon	  
	  	  	  	  	  	  	  	  using	  chiral	  effec-ve	  field	  theory	  

Only	  nucleons	  is	  not	  enough!	  
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Storage rings experiments 
Anomalous	  magne0c	  

moment	  

Electric	  dipole	  moment	  
	  Farley	  et	  al	  PRL	  	  ’04	  	  

Proton	  at	  
brookhaven/
Fermilab?	  

All-‐purpose	  ring	  (proton,	  
deuteron,	  helion)	  at	  COSY?	  
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EDM of  a general light nucleus 

  

€ 

dA = <ΨA ||
 
J PT ||ΨA >

  

€ 



  

€ 



• 	  	  	  EDM	  of	  a	  nucleus	  with	  A	  nucleons	  can	  be	  separated	  in	  2	  contribu0ons	  
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EDM of  a general light nucleus 
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+ 2 <ΨA ||
 
J PT || ˜ Ψ A >  

€ 

dA = <ΨA ||
 
J PT ||ΨA >

  

€ 
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˜ Ψ 

PT-‐odd	  admixtured	  wave-‐func9on	  
• 	  	  	  EDM	  of	  a	  nucleus	  with	  A	  nucleons	  can	  be	  separated	  in	  2	  contribu0ons	  
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EDM of  a general light nucleus 

  

€ 

+ 2 <ΨA ||
 
J PT || ˜ Ψ A >  

€ 

dA = <ΨA ||
 
J PT ||ΨA >

PT-‐odd	  admixtured	  wave-‐func9on	  
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P+T	  viola0ng	  
NN	  poten0al	  

€ 

˜ Ψ 

• 	  	  	  EDM	  of	  a	  nucleus	  with	  A	  nucleons	  can	  be	  separated	  in	  2	  contribu0ons	  
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EDM of  a general light nucleus 
• 	  	  	  EDM	  of	  a	  nucleus	  with	  A	  nucleons	  can	  be	  separated	  in	  2	  contribu0ons	  

  

€ 

+ 2 <ΨA ||
 
J PT || ˜ Ψ A >  

€ 

dA = <ΨA ||
 
J PT ||ΨA >

€ 

(E −HPT ) |ΨA > = 0

Phenomenological	  Poten0als	  
Argonne	  18,	  Nijmegen	  II,	  Reid93	  

Should	  be	  replaced	  by	  chiral	  poten-als	  
(see	  talk	  by	  Jan	  Bsaisou)	  
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EDM of  a general light nucleus 

  

€ 

+ 2 <ΨA ||
 
J PT || ˜ Ψ A >  

€ 

dA = <ΨA ||
 
J PT ||ΨA >

€ 

(E −HPT ) | ˜ Ψ A > =VPT |ΨA >

€ 

(E −HPT ) |ΨA > = 0

Different	  for	  every	  source!	  

Systema9cally	  derived	  within	  chiral	  effec9ve	  field	  theory	  

• 	  	  	  EDM	  of	  a	  nucleus	  with	  A	  nucleons	  can	  be	  separated	  in	  2	  contribu0ons	  
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EDM of  a general light nucleus 
• 	  	  	  The	  most	  important	  ingredients	  are	  the	  PT-‐odd	  Poten9al	  +	  Currents	  
• 	  	  	  They	  are	  derived	  from	  the	  PT-‐odd	  Lagrangian	  (unique	  for	  each	  source)	  

=	  

	  	  theta-‐term	  

=	  

	  	  quark	  colour-‐EDM	  +	  FQLR	  

or	  

=	  

	  	  gluon	  color-‐EDM	  +	  4Q	  

+	  

Maekawa,	  Mereghe^,	  JdV,	  van	  Kolck,	  NPA	  (2011)	  

€ 

C 1,2

PT-‐poten9al	  
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EDM of  a general light nucleus 

=	  

	  	  theta-‐term	  PT-‐poten9al	  

Maekawa,	  Mereghe^,	  JdV,	  van	  Kolck,	  NPA	  (2011)	  

Isospin	  breaking	  and	  	  
rela0vis0c	  correc0ons	  

NNLO	  LO	  

• 	  	  	  The	  most	  important	  ingredients	  are	  the	  PT-‐odd	  Poten9al	  +	  Currents	  
• 	  	  	  They	  are	  derived	  from	  the	  PT-‐odd	  Lagrangian	  (unique	  for	  each	  source)	  
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The deuteron EDM 
• 	  	  	  	  Deuteron	  EDM	  at	  LO	  in	  principle	  	  3	  contribu0ons	  

π	  

	  	  	  One-‐body:	  	  	  

€ 

dD = 2d0 = dn + dp

	  	  	  T-‐viola0ng	  pion-‐exchange	  

	  	  	  T-‐viola0ng	  NN	  interac0ons	  

  

€ 

C 1 (N  σ N)⋅
 
∂ (N N)

+C 2 (N  σ τN)⋅
 
∂ (N τN)
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Must	  be	  
Isovector!	  

The deuteron EDM 
• 	  	  	  	  	  	  Deuteron	  is	  a	  special	  case	  due	  to	  N=Z	  
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• 	  	  	  	  	  	  Deuteron	  is	  a	  special	  case	  due	  to	  N=Z	  
Must	  be	  
Isovector!	  

€ 

C 1,2

The deuteron EDM 
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The deuteron EDM 

•  We	  recycle	  the	  work	  of	  Liu+Timmermans	  PRC	  ‘04	  
•  Obtain	  deuteron	  wave	  func0on	  from	  phenomenological	  poten0als	  

(Argonne	  18,	  Nijmegen	  II,	  Reid93)	  

•  Results	  differ	  within	  5%	  for	  different	  poten0als	   Afnan,	  Gibson	  PRC	  ‘10	  

€ 

(E −HPT ) | ˜ Ψ A > =VPT |ΨA >

€ 

(E −HPT ) |ΨA > = 0

π	  0	  

€ 

2d0
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The deuteron EDM 

•  We	  recycle	  the	  work	  of	  Liu+Timmermans	  PRC	  ‘04	  
•  Obtain	  deuteron	  wave	  func0on	  from	  phenomenological	  poten0als	  

(Argonne	  18,	  Nijmegen	  II,	  Reid93)	  

•  Results	  differ	  within	  5%	  for	  different	  poten0als	   Afnan,	  Gibson	  PRC	  ‘10	  

€ 

(E −HPT ) | ˜ Ψ A > =VPT |ΨA >

€ 

(E −HPT ) |ΨA > = 0

π	  0	  

€ 

dD = dn + dp − 0.19
g 1
Fπ

e fm + 2⋅ 10−4 g 0
Fπ

e fm
	  Khriplovich+Korkin	  NPA	  ’00	  
Liu+Timmermans	  PRC	  ’04	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  JdV	  et	  al	  	  PRC	  ’11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Bsaisou	  et	  al	  ‘12	  

€ 

2d0
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The deuteron EDM 

• 	  	  	  Which	  effect	  dominates	  depends	  on	  the	  ra0o	  of	  the	  LECs	  

€ 

R ∝
g 1
d0

π	  

€ 

2d0
0	  
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The deuteron EDM 

• 	  	  	  Which	  effect	  dominates	  depends	  on	  the	  ra0o	  of	  the	  LECs	  

• 	  	  	  	  	  This	  depends	  on	  the	  fundamental	  source!	  

Theta	  	  term	  
Quark	  CEDM

+FQLR	  
Quark	  EDM	  

Gluon	  CEDM	  
+	  4Q	  

1	  

€ 

g 1
d 0
/Λχ

2

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

€ 

αem

4π
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

€ 

R ∝
g 1
d0

€ 

mπ

Λχ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

π	  

€ 

2d0
0	  
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The deuteron EDM 

Theta	  	  term	  
Quark	  CEDM

+FQLR	  
Quark	  EDM	  

Gluon	  CEDM	  
+	  4Q	  

Deuteron	  EDM/	  	  	  
(neutron+proton	  
EDM)	  

1	   1	   1	  

€ 

dD ≅

€ 

dD = −0.19 g 1
Fπ

e fm

• 	  	  	  For	  most	  sources	  approximately	  

• 	  	  	  	  For	  qCEDM/FQLR	  

€ 

dn + dp

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PRL	  ‘11	  

€ 

Λχ
2

mπ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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The deuteron EDM 

Theta	  	  term	  
Quark	  CEDM

+FQLR	  
Quark	  EDM	  

Gluon	  CEDM	  
+	  4Q	  

Deuteron	  EDM/	  	  	  
(neutron+proton	  
EDM)	  

1	   1	   1	  

€ 

dD = −0.19 g 1
Fπ

e fm

• 	  	  	  For	  most	  sources	  approximately	  

• 	  	  	  	  For	  qCEDM/FQLR	  

• 	  	  	  	  For	  qCEDM/FQLR	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  significantly	  larger	  than	  

€ 

dD

O(20%)	  

€ 

+ dn + dp( )

€ 

dn + dp

€ 

Λχ
2

mπ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PRL	  ‘11	  

€ 

dD ≅

€ 

dn + dp
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The deuteron EDM 

Theta	  	  term	  
Quark	  CEDM

+FQLR	  
Quark	  EDM	  

Gluon	  CEDM	  
+	  4Q	  

Deuteron	  EDM/	  	  	  
(neutron+proton	  
EDM)	  

1	   1	   1	  

• 	  	  	  For	  most	  sources	  approximately	  

• 	  	  	  	  For	  qCEDM/FQLR	  

• 	  	  	  	  For	  qCEDM/FQLR	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  significantly	  larger	  than	  

• 	  	  	  	  Exact	  value	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  can	  be	  used	  to	  iden9fy	  strong	  CP-‐viola9on	  	  

	   	  	  

€ 

Λχ
2

mπ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

€ 

dD = −0.19 g 1
Fπ

e fm

€ 

dD

O(20%)	  

€ 

+ dn + dp( )

€ 

dn + dp

€ 

dD − dn − dp
Bsaisou	  et	  al,	  EJPA	  ‘13	  

JdV,	  Mereghe^,	  Timmermans,	  van	  Kolck,	  PRL	  ‘11	  

€ 

dD ≅

€ 

dn + dp
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The deuteron MQM 
• 	  	  	  A	  spin	  1	  par0cle	  has	  a	  Magne9c	  Quadrupole	  Moment	  

• 	  	  	  	  There	  is	  is	  no	  one-‐body	  contribu0on	  

Sensi0ve	  to	  both	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  exchange	  

nucleon	  magne-c	  moment	  
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The deuteron MQM 
• 	  	  	  A	  spin	  1	  par0cle	  has	  a	  Magne9c	  Quadrupole	  Moment	  

• 	  	  	  	  There	  is	  is	  no	  one-‐body	  contribu0on	  

Sensi0ve	  to	  both	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  exchange	  

nucleon	  magne-c	  moment	  

€ 

Μ d
dd

md =1.6 (µp − µn ) + 2.2 g 0
g 1
(µp + µn )	  	  	  For	  quark	  chromo-‐EDM:	  

	  Khriplovich+Korkin	  NPA	  ’00	  
Liu+Timmermans	  PRC	  ’04	  

Liu	  et	  al	  PLB	  ‘12	  
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The deuteron MQM 

	  	  	  For	  theta:	  

	  	  	  deuteron	  EDM	   	  	  	  deuteron	  MQM	  

€ 

Μ d
dd

md = 0.22(µp + µn )
g 0

Fπd0
e fm ∝ 21(µp + µn )

Liu	  et	  al,	  PLB	  ‘12	  

€ 

M d = −0.044 g 0
Fπ
(µp + µn ) e fm2 ≅ 0.7⋅ 10−3 θ e fm2
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The deuteron EDM and MQM 

Theta	  	  term	  
Quark	  CEDM

+FQLR	  
Quark	  EDM	  

Gluon	  CEDM
+FQ	  

Deuteron	  EDM/	  	  	  
(neutron+proton	  
EDM)	  

1	   1	   1	  

mD*Deuteron	  MQM/	  	  	  
(Deuteron	  EDM)	   1	   1	   1	  

€ 

Λχ
2

mπ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

• 	  	  	  Only	  for	  the	  Standard	  Model	  is	  the	  MQM	  larger	  than	  the	  EDM	  

• 	  	  	  MQM	  experiment?	  Storage	  ring?	  Probably	  not…..	  

€ 

Λχ
2

mπ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Liu	  et	  al,	  PLB	  ‘12	  
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Helion (3He) and Triton (3H) EDMs 

•  We	  recycle	  the	  work	  of	  	  	  Stetcu,	  Liu,	  Friar,	  Hayes,	  Navra-l	  	  PLB	  (2008)	  
•  Obtain	  wave	  func0on	  in	  no-‐core	  shell	  model	  

•  Use	  phenomenological	  PT-‐even	  poten0al	  (Argonne	  18,	  CD-‐Bonn)	  	  

•  Results	  differ	  less	  than	  25%	  for	  different	  poten0als	  (pion	  exchange)	  

Stetcu	  et	  al,	  PLB	  ’08	  
JdV	  et	  al	  PRC	  ’	  11	  
Song	  et	  al	  PRC	  ‘13	  

Bsaisou,	  Wirzba	  et	  al,	  in	  prep	  	  
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Helion (3He) and Triton (3H) EDMs 

•  We	  recycle	  the	  work	  of	  	  	  Stetcu,	  Liu,	  Friar,	  Hayes,	  Navra-l	  	  PLB	  (2008)	  
•  Obtain	  wave	  func0on	  in	  no-‐core	  shell	  model	  

•  Use	  phenomenological	  PT-‐even	  poten0al	  (Argonne	  18,	  CD-‐Bonn)	  	  

•  Results	  differ	  less	  than	  25%	  for	  different	  poten0als	  (pion	  exchange)	  

•  	  Complementary	  to	  deuteron	  EDM	  :	  

•  No	  spin-‐isospin	  filter:	  	  sensi0ve	  to	  g0	  exchange	  
•  However:	  also	  short-‐range	  NN	  interac9ons	  

•  3-‐body	  force?	  
Stetcu	  et	  al,	  PLB	  ’08	  
JdV	  et	  al	  PRC	  ’	  11	  
Song	  et	  al	  PRC	  ‘13	  

Bsaisou,	  Wirzba	  et	  al,	  in	  prep	  	  
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Helion	  and	  Triton	  EDMs	  
Theta-‐term	  

€ 

d3He = −0.15 g 0
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm

€ 

d3H = 0.15 g 0
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm
€ 

+ 0.88( dn − 0.05 dp )

€ 

+ 0.90( dp − 0.05 dn )

PT-‐poten9al	  

=	  

See	  talk	  by	  J.	  Bsaisou	  
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Helion	  and	  Triton	  EDMs	  

PT-‐poten9al	  

=	  

€ 

d3H = 0.15 g 0
Fπ

− 0.29 g 1
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm

or	  

€ 

d3He = −0.15 g 0
Fπ

− 0.28 g 1
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm

quark	  chromo-‐EDM	  	  +	  FQLR	  	  	  

€ 

+ 0.88( dn − 0.05 dp )

€ 

+ 0.90( dp − 0.05 dn )
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Helion	  and	  Triton	  EDMs	  

PT-‐poten9al	  

=	  

€ 

d3H = 0.15 g 0
Fπ

− 0.29 g 1
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm

or	  

€ 

d3He = −0.15 g 0
Fπ

− 0.28 g 1
Fπ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e fm

quark	  chromo-‐EDM	  	  +	  FQLR	  	  	  

€ 

+ 0.88( dn − 0.05 dp )

€ 

+ 0.90( dp − 0.05 dn )
O(20%)	  
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Helion (3He) and Triton (3H) EDMs 

•  Separa0ng	  the	  lew-‐right	  four-‐quark	  operators	  from	  quark	  CEDM	  ?	  

•  Unique	  chiral	  proper9es	  induce	  a	  PT-‐odd	  three-‐body	  force	  at	  LO	  

FQLR	  

Disclaimer:	  no	  quan9ta9ve	  calcula9ons	  yet	  

JdV	  et	  al	  AOP	  ’	  13	  
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Helion	  and	  Triton	  EDMs	  
quark	  EDM	  

€ 

d3H = 0.90 dp − 0.05 dn

€ 

d3He = 0.88 dn − 0.05 dp

€ 

d3He ≈ dn

€ 

d3H ≈ dp

Nucleon	  EDM	  

•  In	  the	  case	  of	  quark	  EDM,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  
•  For	  other	  (light)	  nuclei	  expect	  similar	  behaviour	  
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Helion	  and	  Triton	  EDMs	  

+	  =	  

€ 

d3He = 0.88( dn − 0.05 dp ) + −0.15 g 0
Fπ

− 0.28 g 1
Fπ

− (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

€ 

d3H = 0.90( dp − 0.05 dn ) + 0.15 g 0
Fπ

− 0.28 g 1
Fπ

+ (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

gluon	  chromo-‐EDM	  +	  4Q	  

+	  
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Helion	  and	  Triton	  EDMs	  

€ 

d3He = 0.88( dn − 0.05 dp ) + −0.15 g 0
Fπ

− 0.28 g 1
Fπ

− (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

O(15%)	  

+	  =	  

€ 

d3H = 0.90( dp − 0.05 dn ) + 0.15 g 0
Fπ

− 0.28 g 1
Fπ

+ (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

gluon	  chromo-‐EDM	  +	  4Q	  

+	  
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Helion	  and	  Triton	  EDMs	  

€ 

d3He = 0.88( dn − 0.05 dp ) + −0.15 g 0
Fπ

− 0.28 g 1
Fπ

− (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

Unreliable,	  but	  small	  
€ 

d3H = 0.90( dp − 0.05 dn ) + 0.15 g 0
Fπ

− 0.28 g 1
Fπ

+ (0.01Fπ
3C 1 − 0.02 Fπ

3C 2)
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ e fm

+	  =	  

gluon	  chromo-‐EDM	  +	  4Q	  

+	  
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€ 

m1
2C 1
4π r

e−m1 r → C 1 δ
(3)( r )

Contact	  Interac0ons	  
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Helion	  and	  Triton	  EDMs	  

€ 

d3He ≈ 0.88( dn − 0.05 dp )

€ 

d3H ≈ 0.90( dp − 0.05 dn )

•  Just	  as	  for	  quark	  EDM:	  the	  EDMs	  are	  dominated	  by	  the	  cons0tuent	  
nucleon	  EDMs	  

•  Hard	  to	  disentangle	  quark	  EDM	  from	  gluon	  CEDM	  +	  4Q	  	  	  

gluon	  chromo-‐EDM	  +	  4Q	  
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Helion	  and	  Triton	  EDMs	  

€ 

d3He ≈ 0.88( dn − 0.05 dp )

€ 

d3H ≈ 0.90( dp − 0.05 dn )

•  Just	  as	  for	  quark	  EDM:	  the	  EDMs	  are	  dominated	  by	  the	  cons0tuent	  
nucleon	  EDMs	  

•  Hard	  to	  disentangle	  quark	  EDM	  from	  gluon	  CEDM	  +	  4Q	  	  	  

We	  expect	  differences	  for	  heavier	  nuclei	  

gluon	  chromo-‐EDM	  +	  4Q	  
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Separating the sources 
•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  
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JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  

Separating the sources 
•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  

•  If	  deuteron	  EDM	  is	  approximately	  neutron	  +	  proton	  EDM	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Then	  we	  can	  rule	  out	  quark	  Chromo-‐EDM	  

•  If	  also	  helion	  (triton)	  EDM	  deviate	  significantly	  from	  neutron	  (proton)	  	  	  	  
	   	  EDM	  Point	  towards	  Standard	  Model	  (theta	  term)	  
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Further	  tests	  

€ 

d3He + d3H = 0.84 dn + dp( )

€ 

d3He − d3H = 0.94 dn − dp( ) − 0.30 g 0
Fπ

e fm

•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  

•  If	  deuteron	  EDM	  is	  approximately	  neutron	  +	  proton	  EDM	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Then	  we	  can	  rule	  out	  quark	  Chromo-‐EDM	  

•  If	  also	  helion	  (triton)	  EDM	  deviate	  significantly	  from	  neutron	  (proton)	  	  	  	  
	   	  EDM	  Point	  towards	  Standard	  Model	  (theta	  term)	  

JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  

Separating the sources 
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•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  

•  If	  deuteron	  EDM	  is	  much	  larger	  neutron	  +	  proton	  EDM	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Points	  to	  quark	  Chromo-‐EDM	  

JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  

Separating the sources 
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Further	  tests	  

€ 

≈ 3 dd

€ 

d3He + d3H = −0.57 g 1
Fπ

e fm

JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  

Separating the sources 
•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  

•  If	  deuteron	  EDM	  is	  much	  larger	  neutron	  +	  proton	  EDM	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Points	  to	  quark	  Chromo-‐EDM	  
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Further	  tests	  

€ 

d3He − d3H = −0.3 g 0
Fπ

e fm

Predict	  deuteron	  	  
MQM	  or	  EDMs	  
	  of	  other	  nuclei	  € 

≈ 3 dd

€ 

d3He + d3H = −0.57 g 1
Fπ

e fm

JdV,	  Higa,	  Liu,	  Mereghe^,	  Stetcu,	  Timmermans,	  van	  Kolck,	  PRC	  ‘11	  

Separating the sources 
•  We	  can	  now	  combine	  the	  predic0ons	  for	  different	  sources	  

•  Assume	  one	  source	  is	  dominant	  

•  If	  deuteron	  EDM	  is	  much	  larger	  neutron	  +	  proton	  EDM	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Points	  to	  quark	  Chromo-‐EDM	  
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Running through the scales 

Energy	   New	  Physics	  
SUSY?	  

Hadronic/nuclear	  
EDMs	  

Integrate	  out	  heavy	  
New	  Physics	  

Integrate	  out	  
heavy	  SM	  fields	  

QCD	  running	  

QCD	  running	  

Non-‐perturba0ve	  QCD	  

100	  GeV	  	  

1	  GeV	  	  

?	  TeV	  

  

€ 

Lnew =
1
MT

L5 +
1
MT

2 L6 +

La^ce	  or	  Chiral	  Perturba0on	  Theory	  
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Measurements	  on	  nucleon	  and	  light	  nuclear	  EDMs	  	  	  	  
can	  shed	  light	  on	  the	  mechanism	  of	  T-‐viola8on	  

So! 
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Measurements	  on	  nucleon	  and	  light	  nuclear	  EDMs	  	  	  	  
can	  shed	  light	  on	  the	  mechanism	  of	  T-‐viola8on	  

So! 

Extend	  the	  formalism	  to	  heavier	  systems	  ??	  
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  A	  single	  hadronic	  EDM	  measurement	  can	  be	  fired	  by	  theta	  
(Standard	  Model)	  or	  by	  new	  physics	  	  

  At	  low	  energies	  the	  effects	  of	  new	  physics	  can	  be	  captured	  by	  	  
effec9ve	  interac9ons	  of	  dimension-‐six	  

  Standard	  techniques	  used	  to	  build	  the	  chiral	  T-‐odd	  Lagrangian	  
	  	  	  	  	  Different	  sources	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Different	  chiral	  Lagrangians	  

  We	  have	  built	  a	  consistent	  framework	  for	  quan9ta9ve	  calcula9ons	  of	  	  	  	  	  	  
T-‐odd	  observables	  in	  A=1,2,3,..?	  nuclear	  systems	  

  The	  framework	  allows	  the	  disentanglement	  of	  the	  various	  T-‐odd	  sources	  

Conclusions/Summary 


