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Baryon asymmetry 

One open question in our Universe: 
The Baryon Asymmetry of the Universe (BAU) 
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One necessary condition to create the BAU :  CP violation (CPV)  



4	Electric Dipole Moments 

Electric Dipole Moment is CPV quantity : 	
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Violation of  Time-reversal symmetry	

CP violation under CPT theorem 
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5	Electric Dipole Moments 
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Ex) Electron EDM in the SM (4 loop)

d
CKM
e ⇠ O(10�44) e cm

E. P. Shabalin, Sov. J. Nucl. Phys. 28, 75 (1978)
M. Pospelov, I.B. Khriplovich, SJNP53(1991)638, Yad. Fiz. 53(1991)1030
D. Ng, J. Ng, Mod. MPLA11(1996)211, W. Bernreuther, M. Suzuki, RMP63(1991)313
M. Pospelov and A. Ritz, PRD89(2014)056006
Y. Yamaguchi and N. Yamanaka, PRL125(2020)241802
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Electric Dipole Moment is CPV quantity : 	

Violation of  Time-reversal symmetry	

CP violation under CPT theorem 



6	Electric Dipole Moments 

*Lower loop level in BSM Physics

Large enough for BAU
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CP violation in underlying physics	Energy

Electric Dipole Moments See more details in Pospelov and Ritz: 0504231	
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QCD Thetae.g.,	 EDM Chromo EDM
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CP violation in underlying physics	Energy

Atomic	

QCD	

Nuclear	
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See more details in Pospelov and Ritz: 0504231	
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CP violation in underlying physics	Energy
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Searches for EDMs 10	

Various searches for EDMs are ongoing and planned. 
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*Example	
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See more info: EDMs world wide
https://www.psi.ch/en/nedm/edms-world-wide  	
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12	Electron EDM 

Electron EDM	 e-N interaction	
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Polar molecule systems are sensitive to leptonic CPV:	
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Electron EDM	 e-N interaction	
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✔︎ CKM contribution to CS at EW3 order	

Y. Ema, T. Gao, M. Pospelov, PRL129(2022) 23, 231801	
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*Dominant SM contribution to paramagnetic EDMs 	

Polar molecule systems are sensitive to leptonic CPV:	
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Polar molecule systems are sensitive to leptonic CPV:	
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Ex) Scalar Leptoquark Model	

KF, M. Ramsey-Musolf, T. Shen, PLB788(2019)52 
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Implication for BSM 
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17	Implication for Baryogenesis  

KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402 

Electroweak Baryogenesis in General Two Higgs Doublet Model	
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Electroweak Baryogenesis in General Two Higgs Doublet Model	
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19	Implication for Baryogenesis  

KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402 

Electroweak Baryogenesis in General Two Higgs Doublet Model	
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Various lattice-QCD groups have been making progress.	
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Lattice QCD 
R. Gupta, B. Yoon, T. Bhattacharya, V. Cirigliano, Y.-C.

Jang, and H.-W. Lin, PRD98(2018)091501.	
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Lattice QCD 
R. Gupta, B. Yoon, T. Bhattacharya, V. Cirigliano, Y.-C.

Jang, and H.-W. Lin, PRD98(2018)091501.	

<latexit sha1_base64="5mgCrq5wwKU5V9jlGuwVhqMVSps="></latexit>

dn(✓, dq, d̃q, · · · )
<latexit sha1_base64="8v91Kex3xuAuA51Q3Co0Qsoe+Ao="></latexit>

= guT du + gdT dd

Quark EDM and cEDM : 	

<latexit sha1_base64="W9fjiPM+PwQBYyyMy8wDO597gqQ="></latexit>

L � � i

2
dq q̄�

µ⌫�5qFµ⌫ � i

2
d̃qgsq̄�

µ⌫�5T
AqGµ⌫

<latexit sha1_base64="NyjWUkrUfb8nAtMWmQqpX2UUHV4="></latexit>�

<latexit sha1_base64="tx25ZYNwfJF0g34kuXugyV4fMBA="></latexit>

�BSM

<latexit sha1_base64="7vDfXUtwhjM3T4dIz+RR9RBvJ6c="></latexit>g

<latexit sha1_base64="ZSCMbr77ukf+84UR3N/ovPE7iXk="></latexit>

XBSM

*No lattice results available for chromo EDMs	

QCD Sum  Rule
PRD63(2001)073015
PRD85(2012)114044	

<latexit sha1_base64="1KuI3v1YnRIaOhmWpWY1QgOhoT0="></latexit>

+ (1± 0.5)⇥
h
1.1e

⇣
d̃d + 0.5d̃u

⌘i
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PRL116(2016)161601
PRC94(2016) 025501
PRL123(2019)14, 143003	

<latexit sha1_base64="8PxQHs8CkpoZ+cIcwn4SKd323qs="></latexit>

System
<latexit sha1_base64="jg6lCJvoB1bgL3TGkb+nyI3Sjpo="></latexit>

199
Hg

<latexit sha1_base64="5y/oYxpkKN0VlN0SoFONbpSx9ZI="></latexit>

6.2⇥ 10�17 e fm
<latexit sha1_base64="Qjb30ycRzpeegYJ/j68+FygOKaU="></latexit>

1.2⇥ 10�10 e fm
<latexit sha1_base64="jaVDzMxppIO9rZPE/Xz2Gll5SXs="></latexit>

225Ra

<latexit sha1_base64="XltsCbPl6bsyZoHD7fY06mAxcZI="></latexit>

Current
<latexit sha1_base64="knnRoz25VSBZN76GcR/hfRTI3Ag="></latexit>

Expected

<latexit sha1_base64="RThXIvLRTz+FmKPHqn6+QKyjXoA="></latexit>

⇠ 10�15 fm
<latexit sha1_base64="9HHq8Fwfijh4JLmxuL3WCW9cBCg="></latexit>

1.4⇥ 10�14 e fm
<latexit sha1_base64="CW44+MYqvpWXDRPbWj56PvyMd+g="></latexit>

129Xe

<latexit sha1_base64="wMi0TWU/TkONrM9qJf9VMROXREs="></latexit>�

<latexit sha1_base64="RThXIvLRTz+FmKPHqn6+QKyjXoA="></latexit>

⇠ 10�15 fm @LANL
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PRL116(2016)161601
PRC94(2016) 025501
PRL123(2019)14, 143003	

<latexit sha1_base64="8PxQHs8CkpoZ+cIcwn4SKd323qs="></latexit>

System
<latexit sha1_base64="jg6lCJvoB1bgL3TGkb+nyI3Sjpo="></latexit>

199
Hg

<latexit sha1_base64="5y/oYxpkKN0VlN0SoFONbpSx9ZI="></latexit>

6.2⇥ 10�17 e fm
<latexit sha1_base64="Qjb30ycRzpeegYJ/j68+FygOKaU="></latexit>

1.2⇥ 10�10 e fm
<latexit sha1_base64="jaVDzMxppIO9rZPE/Xz2Gll5SXs="></latexit>

225Ra

<latexit sha1_base64="XltsCbPl6bsyZoHD7fY06mAxcZI="></latexit>

Current
<latexit sha1_base64="knnRoz25VSBZN76GcR/hfRTI3Ag="></latexit>

Expected

<latexit sha1_base64="RThXIvLRTz+FmKPHqn6+QKyjXoA="></latexit>

⇠ 10�15 fm
<latexit sha1_base64="9HHq8Fwfijh4JLmxuL3WCW9cBCg="></latexit>

1.4⇥ 10�14 e fm
<latexit sha1_base64="CW44+MYqvpWXDRPbWj56PvyMd+g="></latexit>

129Xe

<latexit sha1_base64="wMi0TWU/TkONrM9qJf9VMROXREs="></latexit>�

<latexit sha1_base64="RThXIvLRTz+FmKPHqn6+QKyjXoA="></latexit>

⇠ 10�15 fm @LANL

<latexit sha1_base64="FjFLTWvrvSDpENpGS7zKcu2aCwU="></latexit>

dRa = (7.7⇥ 10�4)⇥ [(2.5± 7.5)ḡ0 � (65± 40)ḡ1] e fm

Prog.Part. Nucl. Phys. 71, 21 (2013).
PRL121(2018)232501

<latexit sha1_base64="+c274/ySnHCDsw8W2HG4aLSaNYY="></latexit>

Ex)

Pion-Nucleon couplings :	
<latexit sha1_base64="pB6rxSz3/5FUGqwcW8zicw3cAzk="></latexit>

L � ḡ0N̄⌧ · ⇡N + ḡ1N̄⇡3N

<latexit sha1_base64="42+5j7DKoeaL//b4Je8XVMIezkI="></latexit>

ḡi(✓, d̃q, · · · ) J. de Vries, et al, PRC 92, 045201 (2015)
M. Pospelov, PLB530(2002)123
J. de Vries, et al , PLB 766, 254 (2017)
C.-Y. Seng, PRL122, 072001 (2019)	

*No direct LQCD calculations 	



Neutron vs Radium EDM 

 Quark EDMs/cEDMs 

QCD Theta  

Distinctive patters of EDMs J. de Vries, P. Draper, KF, B. Lillard, 
PRD104(2021)055039 
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The prediction of               is different depending on underlying CPV interactions. 
<latexit sha1_base64="58a8mdz/bu5HwFISVq+okk/9Wgc="></latexit>

dRa/dn

Importance of multi-species EDM searches! 
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One Big Mystery :  The Baryon Asymmetry of the Universe

✔︎ New CP violation is necessary :  EDM searches

✔ Multi-species EDM searches and Reduction of Theoretical Uncertainties 

Ø  New CPV source is severely constrained by electron EDM searches.

Ø  Successful parameter space for BAU can be now excluded.	

Ø  Distinctive patterns of EDMs depending on CPV interactions. 	

*Multiple phases and Models without EDMs


