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Outline	


p  EDM and CP violation 

p  What’s new ? 

p  RG improvement 

p  Numerical evaluation 

Purpose: Proper treatment of EDM by RGE 
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What is the EDM? 
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p  Electric dipole moment (EDM) 

Classical picture: 

a measure of the separation of positive and negative 
electrical charges in a system of charges 

 

 

 

 

 

 

 

 

For point-like particle: 

Spin is only the vector quantity for spin ½ particle 
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p  A neutral non-relativistic particle w/ spin S in EM fields 

p  µ is Magnetic dipole moment (MDM) 

p  d is Electric dipole moment (EDM) 

à d breaks P and T reflections. 	
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EDM is a CPV (via CPT theo.) observable!!	
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Why CP violation? 
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New source of CP violation?	


Baryon asymmetry 
 

 

  

7	




津村浩二 (名古屋大学) 素粒子物理学の進展 2012	
 

New source of CP violation?	


Baryon asymmetry 
 

 

 Sakharov conditions: 

 - B# violation 

 - C and CP violation 

 - Interactions out of thermal equilibrium 
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p  KM (Kobayashi-Maskawa) phase has been established!! 

A unique source of CP violation in the SM 

 

 

 

 

 

 

Consistent with most of flavor data,  

however… 
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12 12. CP violation in meson decays

masses, i.e., (u1, u2, u3) → (u, c, t) and (d1, d2, d3) → (d, s, b), the elements of VCKM are
written as follows:

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



 . (12.49)

While a general 3 × 3 unitary matrix depends on three real angles and six phases, the
freedom to redefine the phases of the quark mass eigenstates can be used to remove five
of the phases, leaving a single physical phase, the Kobayashi-Maskawa phase, that is
responsible for all CP violation in meson decays in the Standard Model.

The fact that one can parametrize VCKM by three real and only one imaginary
physical parameters can be made manifest by choosing an explicit parametrization. The
Wolfenstein parametrization [30,31] is particularly useful:

VCKM =





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(12.50)

Here λ ≈ 0.23 (not to be confused with λf ), the sine of the Cabibbo angle, plays the role

of an expansion parameter, and η represents the CP -violating phase. Terms of O(λ6)
were neglected.

The unitarity of the CKM matrix, (V V †)ij = (V †V )ij = δij , leads to twelve distinct
complex relations among the matrix elements. The six relations with i $= j can be
represented geometrically as triangles in the complex plane. Two of these,

VudV ∗
ub + VcdV ∗

cb + VtdV ∗
tb = 0

VtdV
∗
ud + VtsV

∗
us + VtbV

∗
ub = 0 ,

have terms of equal order, O(Aλ3), and so have corresponding triangles whose interior
angles are all O(1) physical quantities that can be independently measured. The angles
of the first triangle (see Fig. 12.1) are given by

α ≡ ϕ2 ≡ arg

(

−
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∗
tb
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)

' arg
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' arg

(

1
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,

γ ≡ ϕ3 ≡ arg

(

−
VudV ∗

ub

VcdV ∗
cb

)

' arg (ρ + iη) . (12.51)

The angles of the second triangle are equal to (α, β, γ) up to corrections of O(λ2). The
notations (α, β, γ) and (ϕ1, ϕ2, ϕ3) are both in common usage but, for convenience, we
only use the first convention in the following.
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Figure 12.1: Graphical representation of the unitarity constraint V
udV ∗

ub +V
cdV ∗

cb +

V
tdV ∗

tb = 0 as a triangle in the complex plane.

Another relation that can be represented as a triangle,
VusV ∗

ub + VcsV ∗
cb + VtsV ∗

tb = 0 ,

(12.52)

and, in particular, its small angle, of O(λ2),

βs ≡ arg
(

− V
tsV ∗

tbVcsV ∗
cb

)

,

(12.53)

is convenient for analyzing CP violation in the Bs sector.

All unitarity triangles have the same area, commonly denoted by J/2 [32]. If CP is

violated, J is different from zero and can be taken as the single CP -violating parameter.

In the Wolfenstein parametrization of Eq. (12.50), J # λ6A2η.

12.4. K DecaysCP violation was discovered in K → ππ decays in 1964 [1]. The same mode provided

the first evidence for direct CP violation [4–6].

The decay amplitudes actually measured in neutral K decays refer to the mass

eigenstates KL and KS , rather than to the K and K states referred to in Eq. (12.15).

The final π+π−
and π 0π 0

states are CP -even. In the CP limit, KS (KL) would

be CP -even (odd), and therefore would (would not) decay to two pions. We define

CP -violating amplitude ratios for two-pion final states,
η00 ≡ 〈π 0π 0|H|KL〉〈π0π0|H|KS 〉 , η+− ≡ 〈π+π−|H|KL〉〈π+π−|H|KS 〉 .

(12.54)

Another important observable is the asymmetry of time-integrated semileptonic decay

rates:

δL ≡ Γ(KL → &+ν!π−) − Γ(KL → &−ν!π+)

Γ(KL → &+ν!π−) + Γ(KL → &−ν!π+) .

(12.55)
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New source of CP violation?	


Baryon asymmetry 
 

Measure of CPV: 

 

 

Too small CP violation in the SM 

  

 

  KM phase is not sufficient to explain BAU!!    
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Need new source of CPV 
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p  How do we measure EDMs? 

Larmor precession 

12	


Measure the difference of angular frequency!!	
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p  SM prediction 

Electrow
eak 

B
aryogenises 

G
U

T SU
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n	
  

e	
  
Very clean environment  
to probe new CP violation	
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p  Current experimental bounds 
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p  Future prospects 

Electrow
eak 

B
aryogenises 

G
U

T SU
SY 

n	
  

e	
  

Next Generations 
-n target;  
nEDM(SNS & PSI), CryoEDM  

  ~10-28 
-atom[Fr, Xe, Yb, …](à de,dn);  
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p  CPV operators  

p  Strong CP (D=4) 

 

p  It can be controlled by adopting PQ sym. 

p  EDM and ChromoEDM (D=5) 
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àcan induce d (neglect the following discussions)	


à Induce neutron EDM	
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p  CPV operators  

p  Weinberg’s three gluon (D=6) 

p  4 Fermi (D=6) 
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p  Evaluation of neutron EDM 

There are some methods to evaluate nEDM 

w/ relatively large uncertainties 

p  SU(6) quark model (w/o QCD corr.) 

p  Chiral techniques 

p  QCD sum rules 
 

 

 

p  Lattice estimation 

18	


nn
q  
dq 

Hisano, Lee, Nagata, Shimizu, PRD85 (2012) 114044 	


Manohar, Georgi, NPB234 (1984) 189	


Pospelov, Ritz, PRL83 (1999) 2526	


Crewther, Vecchia, Veneziano, Witten PLB88 (1979) 123	


2012/06/12 Seminar @ Osaka univ. 34

Lattice estimationLattice estimation
E. Shintani, S. Aoki, N. Ishizuka, K. Kanaya, Y. Kikukawa,
 Y. Kuramashi, M. Okawa and A. Ukawa et al.,
 Phys. Rev. D 75, 034507 (2007);

Sum rule
Chiral tech.

Lattice

We are waiting for improved calculation.

Sum rule 
Ch. Tech.	


Shintani et.al. PRD75 (2007) 034507 	
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　　　　　　　　　　　　　　　　　　　      永田くん→	


p  QCD sum rules 

p  Calculate neutron correlation function by 2 method 

p OPE: 

Expand neutron interpolating field by parton 

 

 

p phenomenological model 

Expand around neutron pole mass 
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OPE計算 

NLOまで計算を行った。 

ηn(0) ηn(x)

Fµν , θ, dq, d̃q

ηn(0) ηn(x)

Fµν, θ, dq, d̃q

dq

ηn(0) ηn(x)

Fµν, θ, dq, d̃q

d̃q

η:neutron	


u	


d	

d	


現象論的計算 

N N N N ＊ N ＊ N ＊ 

Double pole Single pole No pole 

以下では，A：定数，B～０を仮定して計算する 
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　　　　　　　　　　　　　　　　　　　      永田くん→	


p  QCD sum rules 

PLEASE ASK 永田くん 
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Hisano, Lee, Nagata, Shimizu, PRD85 (2012) 114044 	
For our numerical evaluation we use;	
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What’s new? 
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p  Over view	
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Known route	
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p  Over view	
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New route	
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p  Barr-Zee diagram (an example)	


24	


An important 2-loop contribution to EDM.  
 
 
 
 
 
 
The effect can be as large as 1-loop. 
 
 
-“2-loop” is enhanced by large Yukawa and  
heavy mass. 
 
 
-“1-loop” is suppressed by multi-mq insertions.	


× 

× 
× 

× × × 
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p  QCD corrections 

p  Running αs	


25	


Running effect is potentially large	
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p  Previous calculations:	


26	


mNP 

～1GeV 

＞1TeV 

RGE 

Integrate NP particles	


Introduce Running αs, Operators mixing 
 
and then, evaluate	


CPV Higgs	
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p  Our calculations:	


mNP 

～1GeV 

＞1TeV 

RGE 

Integrate NP particles	


Introduce Running αs, Operators mixing 
 
and then, evaluate	


However…	
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CPV Higgs	
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p  CPV effect is described by 

p  Theta term: 

p  EDM                                                 and CEDM: 

p  Weinberg’s                                     and 4-Fermi: 

28	




津村浩二 (名古屋大学) 素粒子物理学の進展 2012	
 

p  Eff. Hamiltonian in the previous studies 

p  Renormalization Group	
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p  Eff. Hamiltonian in the previous studies 

p  Renormalization Group 

 

Ex. 	


30	


Induced by operator mixing	


Corrected 30% by QCD	
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p  Previous calculations:	


31	


mNP 

～1GeV 

＞1TeV 

RGE 

Integrate NP particles	


Introduce Running αs, Operators mixing 
 
and then, evaluate	


CPV Higgs	


ß 30% correction to CEDM	
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p  Our calculations:	


mNP 

～1GeV 

＞1TeV 

RGE 

Integrate NP particles	


Introduce Running αs, Operators mixing 
 
and then, evaluate	


However…	
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CPV Higgs	


ß 30% correction to CEDM	


ß How BIG?(same QCD order)	
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p  A full set of operators 

p  EDM, CEDM, Weinverg 

p  +same flavor 4-Fermi ops. 

p  +diff. flavor 4-Fermi ops. 	
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diff. in color structure	
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What’s new?	


p  RGE up to D=6	


34	


4F⇔4F	
4F⇒EDM	


Known part for (C)EDM & Weinberg’s	


New parts!!	

1 gluon exchange	
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What’s new?	


p  RGE up to D=6	
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4F⇔4F	
4F⇒EDM	


Known part for (C)EDM & Weinberg’s	


New parts!!	

1 gluon exchange	


0 gluon exchange	
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p  Over view	


36	


New route	
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p  Numerical evaluation 
p  Consider: a real scalar with CPV Yukawa 

p  Induce 4-Fermi int. (integrating φ field out) 

Boundary cond. @ mφ	
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Diagramic approach	


CEDM	


4-Fermi	
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p  Numerical evaluation 
p    

p  Induce 4-Fermi int. (integrating φ field out) 

Boundary cond. @ mφ	
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Diagramic approach	


CEDM	


4-Fermi	
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p  Numerical evaluation 
p    

p  Induce 4-Fermi int. (integrating φ field out) 

Boundary cond. @ mφ	
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new RGE (approx.) 	


CEDM	


4-Fermi	


Cancel light-q Yukawa	


Factor come froms γ	
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p  Numerical evaluation 
p  Consider: a real scalar with CPV Yukawa 

p  Induce 4-Fermi int. (integrating φ field out) 

Boundary cond. @ mφ	



40	


new RGE (approx.) 	


CEDM	


4-Fermi	


RGE result is consistent with Diagramic one!!	
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p  Numerical evaluation 
p  Consider: a real scalar with CPV Yukawa 

p  Induce 4-Fermi int. (integrating φ field out) 

Boundary cond. @ mφ	
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new RGE (FULL) 	


CEDM	


4-Fermi	


Numerically evaluation of                                  via full RGE.	
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p  Numerical evaluation (running effect on the CEDM)	


42	


~ 1 + δ log(mφ)	
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p  Numerical evaluation (running effect on the CEDM)	


43	


>50% corrections 
to the value predicted in the NP scale	
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p  Conclusion 

p  EDM is CPV observable, and experiments are ongoing. 

p  RGEs including 4-Fermi up to D=6 are derived. 

p  Using new RGE, the contribution especially  

from Barr-Zee diagram is properly evaluated. 

The QCD corr. can be >50% effect!! 
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    Backup 
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New source of CP violation?	


 

D0 – anomalous µµ charge asymmetry 
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Iain Bertram - ICHEP 7 July 2012

Anomalous like-sign dimuon asymmetry

2
Anthony Ross - Fourth Workshop on Theory, Phenomenology and Experiments in Flavour Physics, Capri 2012

Anomalous like-sign dimuon asymmetry
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Cd(s) is the fraction of Bd(Bs) events in the data sample. 
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New source of CP violation?	


 

LHCb – No new CPV in Bs 
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Iain Bertram - ICHEP 7 July 2012
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Standard Model
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• Combine with D0 

and B-Factory 
average adsl.

19

• p-value(SM) = 1.3%
2.5 standard deviations
χ2 = 4.00/2 dof

• assl is 2.5 standard 
deviations from zero

New 
WA
adsl

D0 Dimuon
Analysis

Preliminary

D0

LHCb

May not be anomalous?	
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Anyway,  

CPV is a probe of New physics 

 

Go back to EDM 
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D0 – anomalous Dimuon charge asymmetry	
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Cd(s) is the fraction of Bd(Bs) events in the data sample. 



津村浩二 (名古屋大学) 素粒子物理学の進展 2012	
 

p  EDM in the SM	
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One more example: 
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Back up	


p  RGE up to D=6	
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The effect from running coupling 
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Asymptotic behavior of weinberg op. 

Approx. is not good 
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NEDM in the Standard Model 

Induced by KM phase 

10 -(6 - 7) smaller than present exp. bound 

The leading contribution 

If New physics have CP violation, 
We can probe that by EDM. 


