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EDM and CP violation

‘Interaction between spin and electro magnetic field: Electric and
Magnetic dipole moments:

*Electric dipole moment: do - E
-Magnetic dipole moment: wo - B
‘Under CP,T:
g — o — —0 — 0
r — —-F — +FE — +FE
*A non zero edm violates CP.




*The most general form of the interaction of leptons with a vector
boson (electromagnetic field):

E(Prz) " (Pl , Pz) 'H-(Pl)
= U(p2) {{Fl( + G () vs } o + { Fald®) + Galg f}a}

*The G, term is related to the EDM:

it qy

-l-{Fa(fI )+ Galq ']5}@“}

Galg®) . L, Go(q®) (. =

2m s i" q“%ﬁ 2mi (J. )
-Comparing with: dd-E
*The EDM is L Gal0)

*The form factors can be written as:
tia(pa) ¥ (py. p2) ui(py)

= 1a(p2) |:{(F1 — B) + Gyt + {Fa+ Gas ) s ;ﬂfz)ﬁ

+ {F3 4+ Gavs} ¢ | wi(pr)

-So what we need is to pick the terms proportional to: 7s(P+r2)"

‘Pick the imaginary part.




Neutrino mixing - EDM?

One Loop- Dirac case:

» one loop>U* U= real, no EDM.




Two Loops-
Dirac case:

x (UgUsi) (UasU;)
*The diagrams is symmetric under interchange of the
masses.
-Sum over i,j and j,i (UsiUsi)(UasUs;) + (Us;Usi ) (UaiU ;)

- (U;--ztUSi)(Ua'j U;';) + ((Ua*-iU@i)(U&jU;j))*
= 2Re(U3Usi)(Ua;Ug;)

*The amplitude is real, no cp violation




Two Loops- Majorana case:

W=

X (Uctngl) (Ua'j Uﬁj)

-Diagrams are anti symmetric in i,j.

‘Leads to non zero EDM. Depends on Masses and couplings.




Seesaw mechanism: One generation:

*If we consider a regular one

. 0 m 1%
generation seesaw, we only have [ Voo ]
two parameters to start with:

the Dirac mass m and the Heavy
neutrinos Majorana Mass M.

m2 0 n
-After diagonalization we have [ n N ] M
three quantities:

the mass of the light

heutrinos v tcos(@)n + sin(0) N
- the mass of the heavy | x | | —zsin(0)n + cos(0) N
neutrinos

*The mixing angle:.

9 — % . = 100GeV ; M — 1018GeV 10 — 1014




Two generation, special case:

0 0 m —m 2

0 0 m —m Vo

m m M 0 X1
-m —m 0 =M || x

|1 2 X1 X2 |

0 0 m —m | (0 0 0 0 -
m m M 0 1 0 0 m/sin(8)cos(d) 0
| —-m —m 0 M | 00 0 —m /sin(f)cos(f) |
-The mass of the light neutrinos is Mighe = 0
always zero> we can adjust the Mheavy = i\gﬂ-f +4m? =~ +M
masses and the mixings 2 — M
independently. M2




Okamura texture

0 0 0 am Bm ym | [ v
0 0 0 am Bm ym )
| 1 U3 XL X2 X3 000 am Pm ym o s
am am am oM 0 0 X1
om PBm gm0 pM 0 Y9
a+fB+y=0 Lymymym 0 0 M | | x3_

*The generalization to 3 generations

can be given by the Okamura texture '
[hep-ph/0304004]. Also Glashow _
[hep-ph/0306100]
*large mixing (6=0.055) ?

*Interesting phenomenology!
[hep-ph/0403306] .




Estimates?

X (Ucti Ug-i)(U&'j Uﬁj)

d. ~ em.GrdM6O*
de = em . GpdM —

* large mixing> large EDM




The Calculation
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*In the Feynman-1'Hoof gauge we have 20 diagrams.




The Calculation
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+10 diagrams will be suppressed.
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Integrate over loop momenta—> Passarino Veltman Functions
APt + A2 ps

B dik, d*ks K=
(2m)* J (2m)* (p1 — K)2(p2 — K)2(kT — My, ) (k3 — My)[(p1 — k1) — M{][(p2 — ka)? — M3]
B [ dik d ks K*
o @2a)r) (2r)t (K2 —2p, - K)(K2 —2po- K)(k§ — M2, ) (k3 — M2 [(kf — ME) — 2p1 - k4]
1
* o
[(k3 — M3) — 2p3 - ko]
(A1 —Az)

= (A1 —As)
1 dy dtks 1 K -k Kk
o2 ) @2mr ) (2m)t (K2)2(k] — M3 ) (k3 — M3 (ki — M)(k3 — M3) \ki — M} kI— M3

*After many many many of them->Lots of logs and dilogs.




Okamura- Model:

’ b
g % ] 5
] L] i ]
] i L] i
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Diagram 1B Diagram 2B Diagram 3B

-The coupling in the diagrams-> (AazhazAfl, )

*In the Okamura texture the
coupling is independent from the
mixing—> largest contribution.




dig = +2emy MM, (z'ji;i;igijiﬁj;i&j) {(Al _A) — (B - By)

0.0 (Mg, M)
.I ik Fx X R [(C) — Cy) — (Dyy — D- D — D.
dogp = _e.m_z M; M, ('f'i"\zi ﬂgiﬂﬁﬁ"iai) (¢ 2) — (Dn 92) + (D2 21)]
N 2 g . g .
1.3, - (Mi,Mj)
.« = \[(Cy—=C3) — (D — Do Do D
dsp = +€mzﬂﬂ&ﬂi’j (-iﬁ;ﬂ:giﬂ,ﬁjﬂ&j) (€ 2) — (D . 22) + (D2 21)]
i,7,3 L (Mg, Mj)

* The sum will pick the imaginray antisymmetric part:

dip + dap + dyp = +em > MM, (iA Ay A g A, ) Ra(Mi, M)
2,7,3
= +2emy Y M:M;3 (ﬂmﬁ,ﬁﬂgf&; j.) Rs(M;, M) .
A 13




1
12(4m) Mg, (M7 — 1)3(MZ — 1)

M2 — 1)(M2 — 1)(M2 — ng{—g L 4(M2 4 Mg)}

+M2(M2 — 1) {1? — (15M2 + 19M2) + (8M2 + M2 M2 + smg)} log M?
_MZ(MZ—1) {1? — (15M2 + 19M3) + (8M2 + M2M? + SM;‘}} log M2
+{5 — (3M3 + 12M3) + (10M; M3 + 5M3) — Eufﬂrﬁf} Liz(1 — M7)
—{5 — (3M2 + 12M2) + (L0M2M2 + 5M3) — 5M: M“} Lis(1— M2

7))}

2
—Mg{a — (14M2 + M2) + (19M2 — 4AM2M2) — (8MS — 3MAM2) } { Li, ( r) Lis (1 = %) H
2

‘:.—-

= ka

)
2 2 2 4 2 2 4
M {5-(1@-{1 + M2) + (19M2 — AM2M2) — (8ME — 3M; Mr, {Ll ( -
{ 1

Mm

-Since the function is antisymmetric in the masses we can expand in
terms of their difference (and sum):

! 688 208a° d M = M+ M,
(4m)IM3, \ 3 9 ) M5 d = M, — M

R: = +







*The total gener'al result:

- +Z mz S MMy S (Vs VeV Vg ) Ru(Ms, M)

g ixj

+2emy S MM, S (1m13 i ._,U) Ry(M;, M;)

g ixj

g 75 Mw Z Z MiM;'S (AaiVaiVi Vi, ) Ra(M;, M;)

+E szszﬁ(i RaiViAs, ) Ra(Mi, M) .

*Details: etd-05242007-151447. Paper coming out soon!
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G(Am ) ME, (M2 — 1) (M2 —1)3

(M2 — 1)(M2 — 1)(M2 — Mg}{—1?+ 11(M2 + M;*]}

+MZ(M3Z — 1:{24 — (1LMF + 10M3) + (11M7 — 25M7 M5 + 11M§}} log M?
—M2(MZ - 1:{24 — (11M3 + 10M7{) + (11M3 — 25M7 M5 + 11M;*}} log M3
+{ 12 — (17TME + 28M2) + (42M7 M3 + 3M,) — AM; M5 — ﬂM;Mg} Lis(1 — M7{)
—{12 — (17TM2 + 28M32) + (42M2M3 + 3M}) — 3M2 M — !]MéM;‘} Lis(1 — M3)

T2
+M? {3 + M3 + (21Mf — A8M7M3) — (11ME — 1TM{M3 — gM{*Mj}} {Li2 (1 - %) 1§, (1 _ Ezﬂ )}
fL 1 A i

12
—_.ug{a +OM? + (21ME — 48MZM?) — (11M5 — 1TMEM? — QM;M;*]} {L12 (1 - %) = ;3 (1 = ﬂ)}
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1
2(Am)AMZ, (M2 — 1)3(MZ —1)°

(M2 —1)(MZ 1) {1 — (2M2 +3M32) + (3M2M2 + Mg‘;}

FM2(M2E - 1)3{1 + (M2 - 25-,1';]} log M2

+M3{MZ — 1}{3 +3(M; — M3) — (BMZMZ — Qf-,f;}} log M3
(M2 — 1}{1 — (3M2 +2M3) + 411{5;115} Lig(1 — M?)
+H(MZ — 1}{(Mf —1)— aM (M2 - 1}} Lis(1 — M2)

FMEMZ — 1){ -2+ 5M7 — (M} +2MFMZ) }{ Lia (1 - 1Y gy (1228
ﬁ'fl f'rff

1 M2
+MZ(M3 - 1){ -2 — (2M7 - 3M3) — (20 — 3MFM3) } {Liz (1 - _M?) — Lis (1 - —M;) H
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8(4m) M3, (MZ — 1)3(MZ — 1)°

(M2 — 1)(M2 — 1}{1 — (M2 + 5M2) + (5M2ZM2 + zMg)}
+2ME(MZF — 1)* (M — 2M3 ) log M7
+IME(M?Z — 1){2 + (M7 —2M2) — (QMEM3 — M3) } log MZ
(M2 — 1}{—(M'f + M2+ zﬂffﬂfgﬂ} Lio(1 — M2)
+2(M2 - 1}{(Mf 1) — MAME - 1}} Lis(1 — M2)

—oME(ME - 1}{2 —AM2 4 (MP + MEMZE]} {LiE (1 = #) —Tis (1 =
¥ 1

: 1 .
_IME(M2 - 1){2 — M2+ (ME — Mgmfj} {ng (1 = Ez) —1is (1 -

M2
M2
M2
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Apply to the Okamura texture:

‘Limits from experiment:

dy = (6.94+74) x10*e.cm
d, = (3.7£34)x107"e.cm

‘Regular seesaw will give a contribution = O(10 -43)e.cm
*Okamura texture (TeV Majorana, large mixing)> O(10 -3!)e.cm
*Quarks—>0(10 -3% )e.cm




Conclusion

The majorana nature of neutrinos result in new CP violating 2-loop
diagrams contributing to the lepton edm.

*A detailed calculation is presented in terms of general parameters.

*The results are within few orders of magnitude from the current
limit




