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I. B ≠ 0 as an initial condition. Difficulty: washed out by inflation 

II. B = 0 as initial condition but B ≠ 0 from “baryogenesis” (after inflation)        

       Requirements?  Sakharov ’67 

 B violation:  
    ∆B ≠ 0 processes 
 
 deviation from thermal (and chemical) equilibrium:  
    ∆B > 0 and ∆B < 0 processes not to occur at the same rate 
 
 C and CP violation: 
    B = 0 (B ≠ 0) state (not) invariant under C and CP 
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In Standard Model, all conditions fulfilled but not sufficient: 
 B violation: 
    violated by non-perturbative quantum effects  
    from non-Abelian electroweak gauge group  
    --- sphaleron processes,  efficient only at 
    temperatures above MEW ~ 100 GeV. 

http://www-cdf.lbl.gov/~jm
uelm

en/www/ 
M

icrophysical_m
echanism

s.htm
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 C and CP violation:  
    both violated by weak interaction, but CP too small. 

 deviation from thermal (and chemical) equilibrium: 
    provided by expansion of the universe, 
    but much too slow above MEW ~ 100 GeV. 
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  e.g. Canetti, Drewes + Shaposhnikov ‘12 

“Every disadvantage has its advantage.” 
J. Cruijff (b. 1947), Dutch soccer player  philosopher 

new  
physics 
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Issue: 
once a signal is observed, 

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

Strategy: 
use Effective Field Theory 

to study various T, B effects 

Opportunity: 
any new signal of T, B 

is likely to represent new physics 
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violate S  and transform in  
specific ways under χ symmetry 

Main Idea 
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BSM models 

low-energy symmetry (violation) 

source of 
S violation 

chiral symmetry 

Chiral Nuclear Filter 



T VIOLATION 

for much  
more … 

following 
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Weak interactions: 

Experiment: 

( ) 13

15
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= ± ± ⋅



127.9 10 fmpd e−< ⋅

163.1 10 fm  (95% c.l.)Hgd e−< ⋅

1610 fm  (storage ring, proposed)dd e−


 Baker et al  ’06 (ILL) 

Bodek et al (ILL+PSI) 
Budker et al (SNS) 

Griffith et al  ’09 (UW) 

Nuclear Schiff moment from RPA, … 
 Dmitriev + Sen’kov ’03 

 Orlov et al  (BNL? COSY?) 

e.g. Donoghue, Golowich + Holstein ‘92 

Proton and 3He as well? How about 3H? 
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 CKM matrix (dim=4) 

q term (dim=4) 

53 10CPJ −⋅
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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 

 LR four-quark 
contact (dim=6) 

Buchmüller + Wyler ’86 
Weinberg ’89 

de Rujula et al. ’91 
 … 

Ng + Tulin ‘11 
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Key to disentangle TV sources: 
each breaks chiral symmetry in a particular way, 

and thus produces different hadronic interactions 

Mereghetti, Hockings + v.K. ’10 
De Vries et al, ‘13 
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a chiral pseudo-vector: same as quark mass difference 

a chiral vector 

a rank-2 chiral tensor 

another rank-2 chiral tensor 

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

link to P,T-conserving charge symmetry breaking 
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For example, 

different orders; 
two-derivative interactions 

important at higher order 

pion physics 
suppressed 

comparable to 
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1) 

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

  using lattice QCD  
  (Beane et al ’06) 

Mereghetti, 
Hockings + v.K. ’10 
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Nuclear EDMs, MQMs, … 
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[135] De Vries et al ‘11 [147] Khriplovich + Korkin ‘00 [87] Bsaisou et al ‘15 
[131] Liu + Timmermans ‘04 [136] De Vries et al ‘11 [137] Bsaisou et al ‘13 
[138] Yamanaka + Hiyama ‘15 [132] Stetcu et al ‘08 [134] Song et al ‘13 

all agree to 10% or better 

Mereghetti + vK ‘15 

d n pd d d+   for q term, qEDM, gCEDM, CIC 
for q term and qEDM ( )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− −   

some separation of 
sources possible 



B VIOLATION 

in progress,  
with 

Bingwei Long (Sichuan) 
and 

Jan Bakker (Groningen), 
Rob Timmermans (Groningen), 

Jordy de Vries (NIKHEF) 



dim=6 

Weinberg ’79 
Wiczek + Zee ’79 
Abbott + Wise ’82 
… 

Chang + Chang ’80 
Kuo + Love ’80 
Rao + Shrock ’82 
… 

Abbott + Wise ’82 
… 

Özer ’82 
Caswell, Milutinović + Senjanović ’83 
… 
Buchoff + Wagman ‘15 

( ) [ ]2 5
| |

( ) ( )
| |

1 |

|

|

2

2

1 |,
i i
B B T T T

B i i
Bi iB

q G
c c

qqql q Cq q C q C
M

q q
M ∆ = ∆

∆ = ∆

=

=  = + + + + ∑ ∑  

interesting only if  

| | 2 | | 1B BM M∆ = ∆ =

B L− not exact (why would it be?) 

(true in some models) 

| | 1,B L B∆ = ∆ = ∆ | | 2, 0B L∆ = ∆ =
dim=9 

RG 



Conclusion 

Stronger conclusions possible with 
  lattice QCD calculations for various  B, T sources 
  heavy nuclear EFT formulation. 

Chiral symmetry provides a handle to (partially)  
distinguish B, T sources at low energies 

Baryon asymmetry in the universe suggests that 
new sources of B, T might be important, but they 
must exist anyway because B, T broken already in SM 

Light-nuclear EDM measurements could provide 
the needed data to isolate T sources 

EFT provides a model-independent framework for 
B, T in the SM and beyond 

B in progress 
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