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Outline

o EDM and CP violation

o What's new ?
o RG improvement

o Numerical evaluation

Purpose: Proper treatment of EDM by RGE

s
7
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What is the EDM?
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o Electric dipole moment (EDM)

Classical picture:

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

- - Te © -
d=-¢e/ \ ¢
_ ©

For point-like particle:

Spin is only the vector quantity for spin 'z particle
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o A nevutral non-relativistic particle w/ spin S in EM fields

H=—-1uB-s—dE-s
o uis Magnetic dipole moment (MDM)

o d is Electric dipole moment (EDM)

- d breaks P and T reflections.
P(B-s)=B"s, P(E-
T(B-s)=B":s, T(E-s)=—-E-s

\
CP(E-s)=—-E-s

EDM is a CPV (via CPT theo.) observablel!

s)=—E-s
):
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Why CP violation?
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New source of CP violation?
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New source of CP violation?

Baryon asymmetry

Sakharov conditions:
- B# violation
- C and CP violation

- Interactions out of thermal equilibrium

FHTPEFOERE 2012 EWFEZ (REEXE)



v, Vi 1—p—1
azgogzarg<f tdvtf)zarg(f 2 77)7
ud " ub P
cdvc*b ~ arg 1
vE) 1—p—in)’
Ut

v
— — _ Tud’ub
'Y*‘PS*arg( v

O KM (ebayashi-maskawa) Phase has been established!!

s

<

ﬂzmzargc

<

)ﬁarg(pﬂ‘n)-

A unique source of CP violation in the SM

Vekum =
1— %AQ - éx’: A AN (p —in)

_A+%A2A5[1_2(p+m)] 1- %AQ— %)\4(1+4A2) AN?

AN[1— (1 — %V)(H in)] —AN2 + %A)\‘*[l —optin)] 1- %A2A4

Consistent with most of flavor dataq,

however...
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New source of CP violation?

Baryon asymmetry

Measure of CPV:

J = (mi —m2)(m; —mg)(m; —mg)(mi —mZ)(my —mz)(m? —m3)A
A = 2 x (Unitarity triangle)
Too small CP violation in the SM

i ~ 10720

T12
C
KM phase is not sufficient to explain BAU!!
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Need new source of CPV

FHTPEFOERE 2012 EWFEZ (REEXE)
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o How do we measure EDMs?

Larmor precession &’ .
%:—/LBXE’—CZEX{?

l

A
E |B E |B|/-

\4

( i

i 1

i 1

 42uB+2dE _ 42uB - 2dE | d = i

T h Yo h I I
\

Measure the difference of angular frequency!!
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o SM prediction
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. —26
o Current experimental bounds |dy] < 2.9 x 10" e cm
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Next Generations

o Future prospects -n target;

nEDM(SNS & PSI), CryoEDM
Electro- ~10-28

magnetic
-atom[Fr, Xe, Yb, ...]J(= de,dn);

n current
e current LIS Q w o
N | - £g
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i3 7]
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o CPV operators
o Strong CP (D=4)

3gs 0 Ga Ga’ >can induce d (neglect the following discussions)
w2

o It can be controlled by adopting PQ sym.
o EDM and ChromoEDM (D=5)

_%;df ?’750"uyf F,UJ/ — df7[+z (JOE O'OE) B (UOB JOB)]f

7 ~
-3 > dy 70" T*q GY, > Induce neutron EDM
q

H=—-—nB-s—dE-s
FATFYEFOLR 2012 EHES (ZHEXY) 16



o CPV operators

o Weinberg’s three gluon (D=6)

1 aocC rya C
+awfG, GG

vp~ pu
o 4 Fermi (D=46)

+C7 () (Wis) 4+ CF (00 (Yivs o))

FHTPEFOERE 2012 EWFEZ (REEXE)
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o Evaluation of neutron EDM d
There are some methods to evaluate nEDM 3

w/ relatively large uncertainties

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

dn — 1(4dd _ du) Manohar, Georgi, NPB234 (1984) 189
3
0 Cher” ’rechniques Crewther, Vecchia, Veneziano, Witten PLB88 (1979) 123
d, = ¢ g g(O) In A
n 47T2mn TNNYNN m.,

O QCD sum rules Pospelov, Ritz, PRL83 (1999) 2526

dp = 2.9 x 107170 4 0.32d4 — 0.08d,, + e(—0.12d,, + 0.12d4 — 0.006d;)

. . . T~ T summe Hisano, Lee, Nagata, Shimizu, PRD85 (2012) 114044
O Lattice estimation Ch. Tech.

0.02|-

-0.041-

d,(6)/a for Neutron

w4} Shinfani et.al. PRD75 (2007) 034507

FATFYEFOLR 2012 EHES (ZHEXY) 18



o QCD sum rules

o Calculate neutron correlation function by 2 method
o OPE:

Expand neutron interpolating field by parton

mn(2) = j1(x) + Bj2(z) ’\
1 = 2€abe(dg Cysup)de ,  J2 = 2€ane(dg Cup)ysde \/ ~ m:neutron
N

o phenomenological model

Expand around neutron pole mass

_ * * *
H(phen)(q) _ %f(qZ){FU,;I}—F"' N N R ;N N N
A2 d,my, A(q2) 9 g g g
fl@*) = 5" + + B(q°)
(¢ — m%)z q* — m% Double pole Single pole No pole

dy, = 2.9 x 107170 + 0.32d4 — 0.08d,, + e(—0.12d,, + 0.12d; — 0.006d,)
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o QCD sum rules

PLEASE ASK sk HS A

For our numerical evaluation we use; Hisano, Lee, Nagata, Shimizu, PRD85 (2012) 114044

dy, = 2.9 x 107170 + 0.32d4 — 0.08d,, + e(—0.12d,, + 0.12d; — 0.006d,)
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What's new?

FHTPEFOERE 2012 EWFEZ (REEXE)
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o Over view

Energy
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o Over view

Energy
A fundamental CP-odd phases
TeV ——
4/[ New route }w > ----- ~
| l ~ '
oEp \ rrc“g““ i 6 dadaw |t
N ’ Y

nuclear —— N
3 neutron EDM

EDMs of EDMs of
atomic —— paramagnetic diamagnetic
atoms (T1) atoms (Hg)
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o Barr-Zee diagram (an example)

f=bt

An important 2-loop contribution to EDM.

Y. 2" b= B0 HO. A0 | 5
q Cq AZoP o ims L ms
i VR V. 2 1-loop > I —5-
g -loop
A dmimg | miy
The effect can be as large as 1-loop.
foj_’?‘o-\H\O_Ao Nﬂ\‘\w -“2-loop” is enhanced by large Yukawa and
P RN heavy mass.
7 N cf. mp — mptan
/ \
qt_R ,’ Apie! @L -“T-loop” is suppressed by multi-mq insertions.
X X =



o QCD corrections

Running effect is potentially large
o Running Ols

0.5

July 2009
o (Q) -
s a Deep Inelastic Scattering
04|\ oe e'c Annihilation ]
o8 Heavy Quarkonia
03}
0.2
. dog
0.1} N J—
=QCD a,(My)=0.1184 +0.0007 d ln ,LL2
1 10 100
Q [GeV]
R FYEFZDER 2012
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O Previous calculations:

0

> 1TeV Lsv + Lnp

CPV Higgs —2

Integrate NP particles

v f Lav + 0Lsv 4 LDim>5

Myp

' H dz . dz (mNP)
RGE * Infroduce Running Ols, Operators mixing
(\S\S\) and then, evaluate
~1GeV ® df,;, dZ(N 1 GGV)
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However...

o Ouvur calculations:

0

> 1TeV Lsv + Lnp

CPV Higgs —2

Integrate NP particles

‘l'h\‘ﬁ Loy + 0Lsy + £D1m25

Q% YN d@',C/ivq;,Cij(mNP)

RGE * Infroduce Running Ols, Operators mixing
(\S\S\) and then, evaluate
~1GeV ® df,;, dZ(N 1 GGV)
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o CPV effect is described by
2

327T
o EDM and CEDM:

? — i —
£5 — _5 Z diwiUuV/YE)wF,uv — 5 EZ: dﬂbiguv/yE)wGuu

o Theta term: £4

HG"’ Gl

o Weinberg’s and 4-Fermi:

1
Lo =z f*°G}, GG + Z (34i) (W ivs5)

Z w O-,uuwz (¢ 2’750-,u1/¢j)
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o Eff. Hamiltonian in the previous studies
Hepv = + Z C1 (1) Ogpm (1) + Z C3 (11)Odgpm (1) + C3(1) Ofyeinperg (1)

N
o Renormalization Group dC('u) — é(u)r
C_;:(Ci],cgqaCB)T \_ dhl,u J
N o [18CF 0 0
s s 0 _9IN N +2n¢ 4 By
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o Eff. Hamiltonian in the previous studies
Hepv = + Z C1 (1) Ogpm (1) + Z C3 (11)Odgpm (1) + C3(1) Ofyeinperg (1)

~\

o Renormalization Group dC('u) — C(M)F
é:(Cf,Cg,Cg)T . dlﬂ,u

J

Induced by operator mixing

C’g(mb) — (—|—87716/23 — 87714/23)02q (m¢) ~ —0.2803(77”%)
 Clmy) = /B0 my) ~ 0700 (my)

N Corrected 30% by QCD

., 04
N 13
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

FATFYEFOLR 2012 EFES (BEEXE) 30



O Previous calculations:

o

> 1TeV Lsm + Lnp
CPV Higgs — 2.,

V

mMyp £ 30% correction to CEDM
@

Integrate NP particles

RGE * Introduce Running Ols, Operators mixing

A\g\) and then, evaluate
~1GeV ® df,;, dz(N 1 GQV)

FATFYEFOLR 2012 EFES (BEEXE) 31




However...

o Ouvur calculations:

>1TeV O% Lsv + Lnp
CPV Higgs >/

Integrate NP particles

¢ ‘\rﬁ < 30% correction to CEDM

myp Q% é HOW BIG e (same QCD order)

Infroduce Running Ols, Operators mixing

%S\S\) and then, evaluate

~1GeV ® di, dz(fv 1 GQV)

FATFYEFOLR 2012 EHES (ATBRXAY) 32




o A full set of operators
o EDM, CEDM, Weinverg

o +same flavor 4-Fermi ops.

Of = 70493475493
Og — q_ozo-,uVQOz%ifY'f)O-MVqﬁ

o +diff. flavor 4-Fermi ops.

O * = 4,9,517595
= NG T
dC(,u) . O3 " = 44939897590

= C(p)I

diff. in color structure

03! = ¢,,0 40 T31Y50 143

dinp

J/

01" = %Uuuqlﬁ%i”ﬁ)guuq@

— / / / / / /
_ q q q q q q q q qq qq q q q g\T
C_(Clvc2703704705701 702 701 702 7C3 704 )
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What's new?

o RGE up to D=6

Known part for (C)EDM & Weinberg’s

,'::%:/Yf:“ ,"Q““Q- ~
= [@zYsfii s 0
b o 0 s A/
\ (47")27516 ) ! 47T/yf/|
New paris!!
AF=>EDM 4F(=»4F

1 gluon exchange

RS %%

— / / / / / /
_ q q q q q q q q qq qq q q q g\T
C_(017027037047C5701 702 701 702 703 704 )
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What's new?

o RGE up to D=6

Known part for (C)EDM & Weinberg’s

,'::%:Vf:“ ,"Q"“Q- ~
D= @i 0
b o 0 s A/
\ (477)2/}/516 ) ! 47T/yf/|
New paris!!
AF=>EDM 4F(=»4F

1 gluon exchange

0% Q %%

0 gluon exchange
/ / / / / /
_ q qq qq aq aq qq q g\T
C_(Cl,02,03,04,05,01 ,Co 1, C7 537,037, CL )
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o Over view

Energy
A fundamental CP-odd phases
TeV ——
4/[ New route }w > ----- ~
| l ~ '
oEp \ rrc“g““ i 6 dadaw |t
N ’ Y

nuclear —— N
3 neutron EDM

EDMs of EDMs of
atomic —— paramagnetic diamagnetic
atoms (T1) atoms (Hg)
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O Numerical evaluation

o Consider: a real scalar with CPV Yukawa

Lo =2Y1G L mgqa(f& 4 [575)qad

o Induce 4-Fermi int. (infegrating ¢ field out) H
Boundary cond. @ m¢ JT‘ ,
/ ) %
C(my) = V2 2Gr— my fsfp Q,% L,
.y , Diagramic approach
Ct(my) = V2Gr m;:;q fsfp > 7 °P
¢ N
mgMy 4-Fermi

" rq’ rq
5 fs [p

C{Y (my) = V2GF

CEDM
, 21—, o~
C3(CEDM) — 22(2) Mg (n2)"|Ce 4 Cg|
83 m, Mg
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° ° ( \
o Numerical evaluation A2-loop a m%
~

- 1-loop
\A 47 mg My

o Induce 4-Fermiint. (integrating ¢ field out) Aﬁ
Boundary cond. @ m¢ ‘J\g“ / @é
Ci(my) = V2G qufp Q@b%
iy , Diagramic approach
CT%my) = V2GF mqnjq fere - d :Sp\gq

Gt (my) = V2Cr fg’ £ 4-Ferm?
¢

@
CEDM

C4(CEDM) = m¢‘ ¢ Cq GLL }

RUFMEFOER 2012 RIS (BHEAS) 38



I g
o Numerical evaluation s i Y, ,’O;Q ----0. "
. U=l 0
' ! ;
‘(47r)2,y<;f ,I: O Zé_ﬁfy}l

o Induce 4-Fermi int. (infegrating ¢ field out)

0

Boundary cond. @ m¢

2
m

Ci(my) = V2Gr—4 fLf}
Mg,

MgMy

0

v L

Wi

Mg
CI (my) = V26 M 1 gy 4-Fermi

¢

Cancel light-g Yukawa

N

new RGE (approx.)‘

CEDM

2

Q My m ~ ~ad

C4(CEDM) = Vg’ [, ¢) [Cf q+0§"}
81 My My

FHFNELOEE 2012 BHES (BEEAS) Factor come froms y 39



O Numerical evaluation

o Consider: a real scalar with CPV Yukawa

Lo =2Y1G L mgqa(f& 4 [575)qad

o Induce 4-Fermi int. (infegrating ¢ field out) AA\‘
Boundary cond. @ m¢ ‘J\T‘ ,
. ¥ . %
Ci(mg) = \/§Gpm—§5f§f1% O{Y% —
Cf'(my) = V2G LRl fo fY =

C1 (my) = V20 =3 [ 1} 4-Fermi

2 new RGE (approx.)‘

RGE result is consistent with Diagramic onel! CEDM
as(me) Mg Mo\ ~d'q . ~ad
C4(CEDM) = s(mg) mq (ln cb) [qu—l—qu}
83 m, Mg



O Numerical evaluation

o Consider: a real scalar with CPV Yukawa

Lo =2Y1G L mgqa(f& 4 [575)qad

o Induce 4-Fermi int. (infegrating ¢ field out) AA\‘
Boundary cond. @ m¢ ‘J\T‘ ,
. ¥ . %
Ci(mg) = \/§Gpm—§5f§f1% O{Y% —
Cf'(my) = V2G LRl fo fY =

5§q'(m¢) _ /3 Gszlmq/ fg' 1 4-Fermi

z new RGE (FULL) o

CEDM

Numerically evaluation of CJ(m;,) = Jd/md via full RGE.



o Numerical evaluation (running effect on the CEDM)

2.6 e ———
2.4
| ~ 1+ § log(m¢) ‘
1.8
1.6
1.4
1.2

1
0.8

0.6 e
1 10 100 1000

m,, [GeV]

dd(mb)running / dg(m¢) constant

~




o Numerical evaluation (running effect on the CEDM)

FRTFYEFEOERE 2012

2.6 -
= 24
3 22! . -
5 >50% corrections
= 2 to the value predicted in the NP scale
£ 18
1T
< 1.6
(@)
£ 14
2 1.2
0
E 1
©
' 08 |
0'6 N P | sl e
1 10 100 1000
m, [GeV]
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o Conclusion

o EDM is CPV observable, and experiments are ongoing.

dC -
o RGEs including 4-Fermi up to D=6 are derived. [ dh(f;) = C(M)F]

o Using new RGE, the contribution especially , 0 0
g .
from Barr-Zee diagram is properly evaluated. I= <<4w>”sf ar 1/ )

(47r)2"}’5f 0 Zé_;"yf
The QCD corr. can be >50% effect!!

o <*

—

2.6 T ‘
2.4
22

1.8
1.6,
14
12 f

~

dd(mb)running ! dg(me)constant

I~

S\

\
g

0.8
0.6

Y

1 10 100 1000
m, [GeV]
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New source of CP violation?

Y

AV, = (—0.787 + 0.172(stat) % 0. 093(Syst)) %

® Anomalous Dimuon - 0.02
deviation from SM expéctations ,
® Split the data (blue band, grey '1@/@,
band): 0 )
ot = (—0.12 £ 0.52)%,
ad = (—1.81+1.06)%.
-0.02
® Need to investigate in as many
different ways as possible. 68% and 95% C.L. regions
0.04 are obtained from
. -0. h ith
SM Prediction P sctentiona
agﬁ = (—4.1£0.6) x 1074, 20.04 20.02 0

a’f = (1.9£0.3) x 107°.

FRTFYEFEOERE 2012

aj

(arXiv:1102.4274)
A. Lenz & U. Nierste, JHEP06 072 (2007)

p=- 5 by (% EE**)
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New source of CP violation?

May not be anomalous?
LHCb - No new CPV in Bs

® Combine with DO 0367:0-02 550> N R B — 5 N 111
440005460 39 80&
- 1200000000000 . ]
and B-Factory 55 R0 Dimuon {2
1200000000000 288882 . Ogv -
average ads|. D00 0000008 008 08 lysis 639503 M
0000000000000022220¢¢¢¢¢ 0% i
000000000000000000000222? 2 it -
A A R A AR ik
. AE e ggﬁ??;?gﬁ%???;ﬁﬁe?ge o 5
aS _ (_1 02 :|: O 42) (7 SRR NIIN o
sl — . . g A RN
P e e e e O o e e S e S e e oo 0} P S S S
d SRR R R R R .. \é 2\ ANRNRNRNRRRRAN S
ai = (—0.154+0.29) % MDY MR
A A TSN NARRRRNRS
R RN ... NRNRRRRRRE
— _0.40 A T i iy NN
p=—Y. -0.02- \ o —]
\N J . 0
- Preliminary %00

4

4
A A AT AT AT AT
A A A Y Y Y s
A AR,

RSNEY asaly
D Preliminary LHCb a )

T DO B Factory a° ﬁisfﬁf’
[

i

{1t

f

NI
AV AYAYaVa Vo VooV,
NI
A AV VoV,

e
T
T

.V-V.\,vmx—v-vx
A A A A AV AVAVAY
A AVAVAVAVAVAY

A Avavis AvavaY

] ) AP ) 68% C.L.
0.04 —— Ab(p %) 68% C.L.
[ Comblnatlon

® 2a5,is 2.5 standard *  Standard Model o

deviations from zero -0.04 -0.02 0 0.0:

—
T Tevara
o

o
O
|

Y > T
o >
~
o




Anyway,
CPV is a probe of New physics

Go back to EDM

FATFYEFOLR 2012 EHES (ZHEXY) 48



DO - anomalous Dimuon charge asymmeiry

Y pt
BO W EO BO
>—<—
,u+ V\/* X
Ab — Nb—l_—l_ o Nb__
TN N AT
— C’dagl + Csal; where a’zl — A]qu tan ¢,

arxiv.org:1106.6308 PRD 84 052007 (2011)

Cyqs) is the fraction of B4(Bs) events in the data sample.

FATFYEFOLR 2012 EHES (ZHEXY) 49



o EDM in the SM

FATFYEFOLR 2012

ENEZ (AEEXT)
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One more example:

FATFYEFOLR 2012 EFES (BEEXE) 51



Back up

o RGE up to D=6

B 14 14
Tsf = 1 _39N —16 —16
i 0 0
0 0
0 0
7;f = 0 0
mgr Qg
~16N quQ—q 0
| —16 mqq Q_q —16 m"q
R TMEEDER 2012

)

o O O o oo

(47r)2 Vsf  axf

41L7r
aS

(47r)2 ’st 0

&H\

[—12(}F +6
VF =

48
+5 T 24
~12CF 0
—6 +4
| o 0
| o 0
+2 —24
| 12 —24Cp + 3

p=- 5 by (% EE*%)

s~/
w1 f
11
2
+4CF + 6
0 0
0 0
~12CF 0
—6 +
+2 —24
12 —24Cp+ 2

1 .
7y -1
_? _CF + 5N
+4 ~1

1

+4CF 0

+6 —8Cp— L
52



The effect from running coupling

2-6 ' 1I/al.sl(i-hlt)]) L |

z 241  agmyag(my) —— .

"ug) 2.2 | 1/as(m¢) — i
S

< 2} .

£ 18} _

S 46t |
(@)]

£ 14} l
c

2 12+ .
0

E 1} |

o \
S o8} .
0.6 e
1 10 100 1000
m, [GeV] .
/07/
FI&ISY’IL@DUI[I'II’UIIU 53
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Asymptotic behavior of weinberg op.

1.4 ———
5 13}
Z
3
= 1.2 ¢
E
E 1.1
g
=
2 L NLLANlog,u(1+5log,u)—%(l—l—cs’logu) ]
E'Q LLA log p — % ’
s 097 1
p=mg/mp
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NEDM in the Standard Model

Induced by KM phase d*M ~ 107%%¢ cm.

The leading contribution S |

10 -®-7) smaller than present exp. bound

If New physics have CP violation,
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