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Outline 

  Time-Reversal Violation 

  Nucleon Electric Dipole Form Factor 

  Light-Nuclear T-Violating Form Factors 
  Outlook & Conclusion 
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insufficient for electroweak baryogenesis !? 

, , (1)A ρ η =0.22λ ≅

Wolfenstein ’83 

Jarlskog ’85 
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Weak interactions: 

Experiment: 

( ) 13

15

0.2 1.5(stat) 0.7(syst) 10 fm

10 fm  (UCN, proposed)
nd e

e

−

−

= ± ± ⋅



127.9 10 fmpd e−< ⋅

163.1 10 fm  (95% c.l.)Hgd e−< ⋅

 Baker et al  ’06 (ILL) 

Bodek et al  (PSI) 
Budker et al  (SNS) 
… 

Griffith et al  ’09 (UW) 
Nuclear Schiff moment from RPA, … 

 Dmitriev + Sen’kov ’03 

e.g. Donoghue, Golowich + Holstein ‘92 

Radius of corresponding FF: Schiff moment (SM) S ′
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The new kid on the block: 

1610 fm  (storage ring, proposed)dd e−


 Orlov et al  (Fermilab? COSY?) 

Proton and helion as well? How about triton? 

Magnetic quadrupole moment (MQM)       ? 

charged particle in storage ring 

dS S
dt

= ×Ω


 

( )2

1 2q aB a v E d E v B
m v
  Ω = + − × + + ×    

    

 

Bargmann, Michel  
+ Telegdi ‘59 

anomalous MDM charge 

choose radius and combination of E&M fields: 

e.g.  610 fmd eµ
−<



 Bennett et al  (BNL g-2)  ‘09 

0.5 TB 
10 mR 

17 MV/mE 

precession sensitive to EDM 

e.g.  

d

( )0v B v E⋅ = = ⋅
 

 
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Issue: 
once a hadronic/nuclear EDM is observed, 

how many/which observables do we need to  
identify the source(s) of T violation? 

Strategy: 
use Effective Field Theory 

to study various hadronic T-violating effects 

Fact: 
T violated in SM by a dim-4 operator, 

so it should be violated also by other operators 

No retreat, baby, no surrender 
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EFT Game Plan 

QCD 

Pionful EFT 

match with 
lattice, … 

Q

Pionless EFT 

(cPT) 

?TM / 
unknown physics 

, ,
100 GeV

EW Z WM m mυ


Standard Model 
(incl higher dim ops) 

run RG 

hadronic + nuclear 
observables 

atomic 
observables 

~
3 keV

at eM mα


QED 

~
30 MeV

1/ NNaℵ



4, , ,

1GeV
QCD NM m m fρ ππ 



, , ,
10 MeV

1
0

nuc NNM f r mπ π 


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small… 

G Gρσ
µν µνρσε≡

 quark EDM (eff dim=6) 

 quark color-EDM 
(eff dim=6) 

 gluon color-EDM (dim=6) 
 four-quark 

contact (dim=6) 

Jarlskog ’85 

‘t Hooft ‘76 

8 
 LR four-quark 
contact (dim=6) 

Buchmüller + Wyler ’86 
Weinberg ’89 

de Rujula et al. ’91 
 … 

Ng + Tulin ‘11 
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Each breaks chiral symmetry in a particular way, 
and produces different hadronic interactions. 

Mereghetti, 
Hockings 
+ v.K. ’10 

De Vries et al, 
in preparation 

Where are the differences? 

PV, TV 
pion-nucleon coupling 

short-range EDM 
contribution 

PV, TV 
two-nucleon contact  

terms related by 
chiral symmetry 
+ higher orders 

six LO couplings 
for EDMs 

cf. Barton ’61 
and nuclear followers 

three-pion 
coupling 

{ }1 8, ,w wσ σ →chiral invariants (CI}: cannot be separated at low energies, 
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For example, 

different orders; 
two-derivative interactions 

important at higher order 

pion physics 
suppressed 

comparable to 
two-derivative 

interactions 

N.B.  2 3 3g N Nπ τ at higher orders for all sources up to dim 6 

( )0 2
3  MeV

n p qm
mg mθ

ε
θ

−

≈



1) 

2) for q, link to CSB, e.g. 

  using lattice QCD  
  (Beane et al ’06) 

Mereghetti, 
Hockings 
+ v.K. ’10 



11/8/2012 12 

Crewther et al  ’79 
Thomas ‘95 

… 
Hockings + v.K. ‘05 

Narison ‘08 
Ottnad et al  ’10 

De Vries et al  ’10’11 

Nucleon EDFF (to NLO) 

0
TJ = + + + … 

LO for all sources 
 ensures RG invariance 
 brings in two parameters 

quenched, Shintani et al (CP-PACS) ‘05 0.63
m
mπ

ρ

=

cf. lattice simulations, only for θ  term and situation unclear: 

: signal 10x larger than NDA! 

full, Berruto et al (RBC) ‘05 
, 1u d

s

m m
m

≈ : no signal at same level 

 can provide estimates using 
   reasonable renormalization scale  

order depends on source 

… 
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EDFF 

Bernard et al. ’92 ‘98 

Maekawa + v.K. ’00 
Maekawa, Veiga  

+ v.K. ‘00 
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A few details 
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De Vries et al  ’10’11 Nucleon EDM (to NLO) 
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   measurement much above 
this means new source  

Crewther et al  ’79 
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… 
Hockings + v.K. 05 
Narison ‘08 
Ottnad et al  ’10 
De Vries et al  ’11 LRC 
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De Vries et al  ’10’11 Nucleon EDM (to NLO) 
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to sources 
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Nuclear EDFFs & MQFFs 

TJ

Tψ
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Tψ

Tψ
Tψ Tψ

Tψ

= + + 

… 

… 
… 

… 

… 

… 

… 
… 

… 

… 

0
TJ

… 

… 
= + + … 

Analogous for ,T TJ J
  De Vries, Mereghetti, Liu, 

Timmermans + v.K. ‘12 

De Vries, Mereghetti, 
Higa, Liu, Stetcu, 

Timmermans + v.K.’11 
0
TJ
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0
TJ

… 

… 
= + + … 0

TJ Park, Min + Rho ’95 
… 



 Maekawa, Mereghetti, De Vries + v.K. ’11 
De Vries et al , in preparation 

TV = + + + + + + … 
… 

… 

generic LO,  
but effect vanishes for q when N=Z 

+ 

LO for LRC only  

+ … 

Tψ
… 

from solution of the Schrödinger equation 

eventually, consistent EFT approach 
for now, phenom pots (AV18, Reid93, Idaho: agree +/- 10%) 

introduces dependence on binding energy AB
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Weinberg ’90, ‘91 
Ordónez + v.K. ‘92 

… 
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ν

ν

δ

ε

δ

η

η

ε δ δ

 
= + + − 

 
 + + − 

 
 + − + −   

 
 + − + − 
 − − ⋅ + − 

 + + + − 













v

v

v

v v

v

EDFF 

Kaplan,  
Savage + 
 Wise ’98 

γ
d

d

dJ

'q p p= −

[ ]'1
2 dp pk m= + − v

( )1,0µ =


v

( )0,ij ijkS iµ ε=

rest frame 

p

'p

velocity 

spin 

Savage + 
 Springer ‘01 

MQFF 

(perturbative 
pions) 

A few details 

De Vries, 
Mereghetti, 

 Timmermans 
 + v.K. ’11 

2 2
2 ( ) 1 ( )M q qF K − = + − 
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deuteron EDFF; pert pions 

scale of 
momentum 
variation 

4γ

Example: qCEDM 

( )
( )( )2 21

1 222
2

,
1( ) 4 1

6 1 24
N

N

A
d

N
E

m mq e
M

g gF
m

Fm
f

q
m
π π

π π π

γ γ
π γ

  +
− = − − +  

+    


10.10  fmd
g
f

d e
π

−

10.12  fmd
g
f

d e
π

−

0 1
0 10.83 0.93 0.08 0.14  fmh

g gd d
f f

d e
π π

  
− − +  

   


0 1
0 10.85 0.95 0.08 0.14  fmt

g gd d
f f

d e
π π

  
− + −  

   


deuteron, helion, triton EDMs; non-pert pions 

( ) ( )2 1F x x= +

De Vries et al  ’10 

De Vries et al  ’11 

1 NNM≡

cf.  Khriplovich + Korkin ‘00 

cf.  Liu + Timmermans ‘04 

N dm B≡
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( ) 0
1 0

1

1.6 1 1.4 1 0.4d

d

d g
d g

m κ κ
 
+ + + + 

 




cf.  Khriplovich + Korkin ‘00 
deuteron MQFF; pert pions 

deuteron MQM; non-pert pions 
De Vries et al  ’12 

De Vries et al  ’10 

( )
2

1,0
2, 1

1

2
0

( )
( ) 1 3 1 1E

N

d
M

NN
d

q mF
q

Mm
gF
g

πκ κ
 −   

− = + + + +   
     


( ) 0
1 0

1

2 1 3 1
d

d d g
d g

m κ κ
 
+ + + 

 




cf.  Liu + Timmermans ‘04 
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De Vries et al  ’11 
and in preparation 

Bsaisou et al  ‘12 Deuteron EDM (LO) 

d
dm d

e

q term qEDM qCEDM 

2

2

QCD

m
M

πθ
 
  
 


2

2
T

QCD

M
Mg

f
 
  
 



 2

2

Tf
m
M

g π
 
  
 



 2

2

T

QCDw
M

M 
  
 



CI 

1610 fmdd e−<   

133 10θ −< ⋅


( ) 272 2 2 3 10 G, eV,T T TM M Mg w
f

ξ− − − −
< ⋅





Im
proved reach 

for BSM
 physics! 

 Fermilab? COSY? 

 d EDM can be fitted with any one source  

( )2 265 10 GeVT
g
f

M − −
< ⋅





43 10 fmdd eθ−> ⋅


   from long-range contributions to (0)
Nd

LRC 

2

2

T

QCDM
M

ξ
 
  
 





11/8/2012 24 

De Vries et al  ’11 
and in preparation 

Bsaisou et al ‘12 Deuteron EDM (LO) 

d
dm d

e

q term qEDM qCEDM 

2

2

QCD

m
M

πθ
 
  
 


2

2
T

QCD

M
Mg

f
 
  
 



 2

2

Tf
m
M

g π
 
  
 



 2

2

T

QCDw
M

M 
  
 



CI LRC 

2

2

T

QCDM
M

ξ
 
  
 



d

n

d
d ( )1 ( )1 ( )1

2

2
QCDM

mπ

 
  
 



 n and d EDMs could isolate qCEDM and LRC   

d n pd d d+   for q term, qEDM, and CI 

2

2
QCDM

mπ

 
  
 


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De Vries et al  ’11 
and in preparation 

Bsaisou et al ‘12 Deuteron EDM (LO) 

d
dm d

e

q term qEDM qCEDM 

2

2

QCD

m
M

πθ
 
  
 


2

2
T

QCD

M
Mg

f
 
  
 



 2

2

Tf
m
M

g π
 
  
 



 2

2

T

QCDw
M

M 
  
 



CI LRC 

2

2

T

QCDM
M

ξ
 
  
 



d

n

d
d ( )1 ( )1 ( )1

2

2
QCDM

mπ

 
  
 

 2

2
QCDM

mπ

 
  
 



( )1d
d

d

m
d


2

2
QCDM

mπ

 
  
 

 N dm B
mπ

 
  
 

 ( )1

16 N d
d

n

m B S
d
′

( )1 ( )1 ( )1( )1

can be isolated could be isolated if 
MQM measured 

3 22 10 fmd eθ−≅ ⋅
(no short-range assumptions) 

( )1

( )1
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Triton and Helion EDMs (LO) 

h
hm d

e
t

h

d
d

q term qEDM qCEDM 

( )θ
2

2
T

QCD

M
Mg

f
 
  
 




2

2

Tf
m
M

g π
 
  
 





( )1

2

2

T

QCDw
M

M 
  
 



CI 

 t and h EDMs can be fitted with any one source  

De Vries et al  ‘11 

( )1( )1

LRC 

2

2

T

QCDM
M

ξ
 
  
 



( )1( )1
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Triton and Helion EDMs (LO) 

h
hm d

e
t

h

d
d

q term qEDM qCEDM 

( )θ
2

2
T

QCD

M
Mg

f
 
  
 




2

2

Tf
m
M

g π
 
  
 





( )1

2

2

T

QCDw
M

M 
  
 



CI 

De Vries et al  ‘11 

( )1( )1

LRC 

2

2

T

QCDM
M

ξ
 
  
 



( )1( )1

h

n

d
d ( )1 ( )12

2
QCDM

mπ

 
  
 

 2

2
QCDM

mπ

 
  
 



  n, p, d and h EDMs could isolate  q term, qCEDM and LRC, 
     and adding t EDM might isolate qEDM and LRC 

for qEDM and q term ( )0.84h t n pd d d d+ +

3h t dd d d+  for qCEDM 
for qEDM ( )0.94h t n pd d d d− −

   

2

2
QCDM

mπ

 
  
 



1 2 1 2h t n p dd d d d dα α β β+ + + for LRC 
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What’s needed? 

 Triton and helion for LRC 
 
 Deuteron, triton and helion at NLO to test convergence 
 
 EDMs of larger nuclei in terms of same six LECs? 

 
 Calculation of LECs for each source in lattice QCD 

 
 Runnings from SM scale to QCD scale 

 
 Measurements… 
 

( )1,2 1,2, ?α β =

cf. Haxton + Henley ’83 
… 



11/8/2012 29 

Conclusion 

Chiral symmetry properties determine form of 
effective T-violating interactions. 

QCD-based framework exists for calculation of  
nuclear T-violating observables 

Pattern of nucleon, deuteron, helion and triton   
T-violating FFs partially reflects T-violating source 
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