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Introduction

Electric dipole moment: D = [ p(r)7d®r (p is the electric charge density).

For a fundamental particle f: D = d fS (S spin of the particle)
Interaction with electric field E: H;: = D - E. It violates P and T.

CT P conservation implies H;,; violates C'P.
Quantum field theory: Hin = dsfo,ysfF*.

Experimental bounds

d, <8.7 x10%° ecm, d, <2.9x10?6ecm
(ACME, arXiv:1310.7534) (PDG)

Standard model predictions
d, ~ 10731 ecm (McKellar, Chodhury, He and Pakvasa, 1987)
d, ~ 107** ecm (Kriplovic and Pospelove, 1991)

EDM 1s a powertul probe of new physics beyond SM



d, directly calculate from a given particle physics
model.

But so far measurements of d, are from molecules
or atoms, such as the measurement by ACME
using polar molecule thortum monoxide.

Not only de but also other CP violating interaction
contribute, such as C,in€ y; e

ACME data implies: C, < 5.0 x10° (if de = 0)



For neutron EDM d,. as a composite of quarks and gluons,

more complicated as many CP violating operators may contribute.
Valence quark model:

Quark EDM d, contribution d,, = 1, (3da — 3d.,)

Quark CDM f, contribution d, = n.(5fa+ 2 fu)e

1y QCD running corrections.

Other CPV complicated operators. What to do?
Hadron loop contribution:
Example the Weinberg (1989) operator:

OI«V = —nw bfachappG G 061“//\0

n \crrj o nw QCD running corrections. G** = Servesgas,
x \? ;
bl 2y Naive dimensional analysis C,0: d,, ~ é(%)z N \D N,
K S :
n n D - dimension of the operator, N - number of fields,

Ay =27 f; = 1.2 GeV - hadron scale.

Ow contribution: d,, = g =N\, Cw.



Minimal Flavor Violation

There are many ways beyond SM may go.

SM: FCNC and CP violation result from mis-
match between weak and mass basis.

MEFYV provides a model independent way of
organizing new contributions beyond SM.

Basic 1dea: FCNC and CP violation still reside in
the tree level defined Yukawa couplings.

How to realize this 1dea?



The renormalizable Lagrangian for flavor violation and CP violation in the SM

L, = QivD,Qr+ Ury*D,Ug + Dpy*D,Dg + L1y D,Ly, + vry*D,vr + Ery*D,Dg ,

L = —QzL(Y )zJU]Rﬁ Q_zL(Yd)iij,RH_Ei, (Y)

m Rﬁ_zi,L (Ye)z'jE
- _VzR(M )zy 7R + H.c.,

4] .7,

In the basis where Y, iand Y, are already diagonalized,

. vi ). U. .
Y, = ﬁMd,QiL _ (( Gran) 5 J’L),Yu _ QVCTKMMM
v ’ Dz.’L )]

For Dirac neutrinos

. Us., U 2
Y, = ?Me ’Lz',L - (( Phgs-):%,[/)’yu - %UpMNsmu’



If neutrinos are Majorana fermions, neutrino mass matrix

0 M,
M‘(M&M)’

Mp = vY,/v/2 and M, = diag(M,, My, M3).
With M, > Mp, the light neutrinos’ mass matrix m,, is

m, = —MpM, 1-]wD = _EYM IYT = Upuns

This allows one to choose Y, to be

Y, = %—UPMNS m20MY2 00T =

A T
m, UPMNS '



Implementation of MFV

The MFV framework for quarks

Ly and L,, are formally invariant under a global group
UB)oxUB)y xUB)p =G, xU(1)gxU)y xU(Q1)p.
with G, = SU(3)g x SU(3)y x SU(3)p.

Qi.r, Uir, and D; g as fundamental representations of SU(3)¢.v.p-
The Yukawa couplings (Y,q4);; as spurions which transform as
Qp > Vo, Ug — VyUp, Dy — VpDp,

Y, = VLY, Vi, Y, = VY,VE, Voup € SUB).



To derive nontrivial FCNC and C P-violating interactions,

one assembles an arbitrary number of the Yukawa coupling matrices to devise
Ay~ (14+8,1,1), Ayg~(1,14+8,1), Ags~ (1,1,1+38),

Ay~ (3,3,1), and Ay~ (3,1,3)

representations under G,

combines them with two quark fields to arrive at the G,-invariant terms
QrA,Qr, UpAuUr, DrAgDr, UrA,Qr, and DrAQr,

attaches appropriate numbers of the Higgs field H and SM gauge fields to form

singlets under the SM gauge group, and also contracts all Lorentz indices.

It is simple to see that A =Y,Y,! and B =Y,Y, transform as (8,1,1).
Formally A, consists of an infinite number of terms, A, =>7¢,., . ABIAE. ...
The MFV hypothesis requires that all the coefficients &, = be real

complex & introduce new C'P-violation sources beyond that in the Y, 4.

ijk...
Looks like there are inifinite number of terms in A,. But...



Using the Cayley-Hamilton identity for an arbitrary 3 x3 matrix,
X?— X*TrX + X[(TrX)? — TrX?] /2 — 1DetX =0
one can resum the infinite series into a finite number of terms
Ag =61+ A+ 6B +E A +§B* + EAB + £, BA + §;ABA
+6BA® 4 £,0BAB+ £, AB” + £, ABA® + £,3A’B? + ¢, B?A”
+€,5B*AB + £, AB°A + €, B*A’B
1 is a 3X3 unit matrix.
The imaginary part of Tr(A2BAB?) is actually equal to (i/2)Det[A, B]
Implies the coefficients &; are in general complex and will contribute to d..
However, if all §;;;. . are of order O(1), the imaginary part in &; is of order (i/2)Det[A, B].
This is suppressed by m2m? /v* compared with the dominant contribution from ABA? term.

Other terms for imaginary part of &; are from higher order terms and are further suppressed.

For A.s and Agg, the basic building blocks are Y,|Y, and Yded, respectively.
These are all diagonal no new flavor- and C P-violating interactions.

Not relevant for EDM.

Our focus here being EDMs, the pertinent contributions involve A, and A,.
A, =Y]A, and A; = Ydeq, with their respective coefficients £, being real .



MFYV for the lepton sector

the global group is U(3);, x U3), x UB)g =G, xU(1), xU(1), x U(1)g
with G, = SU(3)r x SU(3), x SU(3)Eg.

L; 1, v; g, and E; p as fundamental representations of SU(3)r,, 5.
Replacing Vok\ with UQ:MNS

employing the leptonic building blocks A=Y,Y and B=Y,Y)

to form the corresponding Ay, A,, and A,

transforming under Gy as (8,1,1), (3,3,1), and (3,1, 3), respectively.

For Dirac neutrinos: Y, = ? Upins T,

me *OM?,

O offers a potentially important new source of C'P violation.

: e AV
For Majorana neutrinos: Y, = *2= U,



EDMs and MFV

At lowest order, the operators contributing directly to EDMs of fermions

Ot = JURYIA 0, H'Q B* 0% = gURY. Ao O'WI:ITTGQLW;‘” ,
0% = §dERY A0, H L B 0 — gE Y/ Amo HTT L, W“"

W and B denote the usual SU(2). x U(1)y
One can express the effective Lagrangian containing these operators as

1

Lo = F(O(ul) +0%) oW L 0@ | oleh) O(ez)) + He. |

A is the MFV scale. Different operators in L. have different coefficients

represented by &, in their respective A’s.



The contributions to EDMs proportional to

Im (Y, Agui Vi) s I (Y] Agai) s and Im (Y Ag) s

Y, . are diagonal, and the corresponding A’s and B’s Hermitian,

not all of the terms will yield nonzero contributions to fermion EDMs.
Example, (YJA),, = v2mp,Axx/v

for A=Y Y is a real number and thus does not contribute to dp,.
Only two terms, proportional to B2AB and B?A?B,

are pertinent to the up-type quarks’ EDMs

Only two terms, proportional to the ABA? and AB%A2,

are pertinent to the EDM’s of down-type quarks and charged leptons.



EDMs for u and d quarks

V2ew
d, = A2 Im(Y, A

qulVCIKM + YJ AunVCIKM) 11
32em 2(m? 4+ m?
- el + 20 o g

(m2 — ) (m3 — m3) (m2 — m3)(m —m?) _
X

v8 g
V2ew
di = — 5~ m(Y]Au — Y{Au),
B 32emd[ a_piz 2(m§+m§)( a d2)]
T A2 12 12 ,02 16 16

(2 — ) (2 — ) (2 — ) (3 — )

18 q’

J, =1Im (V VEVE Vcb) is the Jarlskog parameter for the CKM matrix V.

us " ub '’ cs



For the electron, we get

\/_ev

d, = Im(YA, — YIA),,
. \/56’0 /1 {2 I YTABA2 /1 £2 I YfABQA2
- T[( 12 — &13) Im (Y, )11+ (€16 — &16) Tm (Yo )11]7

A=Y,Y}! and B=Y.Y].

For Dirac neutrinos,

32 2(m?2 +m?
- Zemle e MR - )
= m2) (it = ) (i — ) G — )
/)

U8

J, = Im (U, U%U*,U..) is the Jarlskog parameter for the PMNS matrix Upys.



For Majorana neutrinos with O real and degenerate vg, mass, M, = diag(M M, M )

2(mi + m,2r) ( 0 ez)
2 16 16

M?3(m, —my) (my — my) (Mg — m,)

32em, | .p

de — A2 12

0
12 T

X

’08 JZ )
M3 dependence makes it possible to have a large electron EDM.
In the above cases, the Majorana phases in Upjsns do not contribute.
If M, is non-degenerate, even with O real,

a non-zero Majorana phase will lead to a non-zero d,.

With a complex O, there additional contribution to d. from phase in O.

In this case even M, is degenerate, the Majorana phases can contribute to d..



Neutron EDM

Input values

m,, = 0.0013 £ 0.0004, m, = 0.0027 £ 0.0005, m, = 0.055 £ 0.017, m_ = 0.61 £ 0.04,
m, = 2.7+0.2, and m, = 163 £ 1, all in GeV, at a renormalization scale p ~ m,

J = (3.025015) x 107

7.8 x 1073 ecm 7.3 x 107 ecm

— u cu — d d
dy = i 7Gev? (655 +0.888}) ,dy = ——; IGeV? (&8, +0.00024 £55)
—1.5x107%®ecm ,_, A\ eu_ pul | pu2 pd _ pdl  pd2

4, = —R7GeV? (&, +0.00024 &) & =€ 4+ 62, €7 =€ - €

dn = TI(PZdu‘*‘Pidd‘*‘Pids),

n = 0.4 accounts for corrections due to the QCD evolution down to the hadronic scale
puds depend on the model for the neutron matrix elements of go*“~.q.

—0.78 < p* < —0.17, 0.7 < p? < 2.1, and —0.35 < p% < —0.01.

(Quark model: p* = —1/3, pt =4/3, pt = 0.)

49x10%ecm
A2/GeV?2 St

max __
d,* =

Not yet strong constraints.
Other contributions, such as CEDM, similar.



Electron EDM

The lepton mixing matrix Up,ws can be parameterized as [5]

C12C13

UPM.\IS -

i6
812893 — C19C93813€

P=1 c; =cosb,,

is
—812C93 — C12893813€

and s;; = sing,;.

812C13 S13€
is
C19Co3 — 819893813€ 893 C13 P,

i6
—Cyp893 — 819C93813€ Co3Cq3

—id

If neutrinos are Majorana particles, P = diag(e’®/2, ei*2/2 1)

nput values

2 _ .92 2
Ams; = m5 — m3

Am? = |m — (m? +m3) /2|

Observable NH IH
sin? 6, 0.308 4 0.017 0.308 & 0.017
sin? 0,5 0.4250:929 0.437+3:959
sin® 6, 5 0.0234+0-0022 0.0239 4 0.0021
8/ 1.3910:33 1.3570-22

(7.5470:2%) x 1075 eV?
(2.4475:08) x 1073 eV?

(7.5470:35) x 1075 eV?
(2.40 £ 0.07) x 1073 eV?




For Dirac neutrinos, maximize d> for the NH or IH case is
dD = 1.3 x 1079 (&%, + 1.0 x 107%¢%;) (GeV?/A?) ecm.

This is negligible compared to the most recent experimental upper bound.

If neutrinos are Majorana fermions d. can be sizable.

The simplest possibility that v; p are degenerate, M, = M1, and the O is real.

d>', we obtain for m; =0 (ms = 0) in the NH (IH) case

d\! 03 M 37 GeV?
£ oY (VY.

A = A/|€5|1/? and the value of M is specified below.
Then |d®®| < 8.7 x 107 ecm [4] implies

) M 3/2
74 (0.2 ) .
A > 0.74 (0.24) TeV (1015GeV)



d, proportional to M3, d, can constrain A to a very high level with a very large M.
However, there are restrictions on M.

Convergence of the series in arbitrarily high powers of A and B.

If the biggest eigenvalue of A exceeds 1,

the coefficients ¢, might not converge to finite numbers. Problematic!

However, the expansion quantities may not necessarily be A and B,

depending on the origin of MFV.

It may be that it emerges from calculations of SM loops,

naturally A/(167%) and B/(167?), the eigenvalues of A to be below 1672

The perturbativity condition for the Yukawa couplings, (Y,);; < V4,

implying a cap on the eigenvalues of A at 4.

Benchmark values: M = 6.2 x 10 and 7.7 x 10'° GeV.
A > 360 (120) GeV and 16 (5) TeV, respectively.

These M and A numbers would decrease if my3) > 0.



For M,, = M1 and O being complex,
A = (2/v?) M U,y s i 200 02U s
In general we can write OOT = e%R with a real antisymmetric matrix
0 rn mry
—T9 —T3 0

OO1 is not diagonal, the Majorana phases in Upys also enter A if a2 # 0.
We focus first on the C'P-violating effect of O by setting a5 = 0.

Pick r123 = p, employ the experimental central values, we have
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FIG. 1: Dependence of dgd times A2 = A? /{fQ on p in the absence of Majorana phases, aj9 = 0, for
(a) degenerate v; g and complex O and (b) nondegenerate Vi R and real O, as explained in the text. In all

figures, the label N (I) refers to the NH (IH) case with m(3) = 0.



Effect of Majorana Phase
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FIG. 2: Dependence of dMA2 on o, for oy =0 and p = 0.5 with (a) degenerate v; p and complex O and

b) nondegenerate v. , and real O, as explained in the text.
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Constraint on C'P-violating electron-neutron interaction L., = —i (CS Gyr/ \/ﬁ) eyse nin.
The lowest-order MFV operators contributing to Cs are given by
1 - . , 1 - -
Ly = A2 E Y AL, URYJAqu QL + A2 Ep YA, Ly QLAI,de Dy + Hec.
To determine Cs, we need to know the matrix elements (n|m gq|n) = g} @,u,v.
For M, = M1 and O being real
16‘/5 Jf meM3 9

A2G 1" (my, — mz) (my — m,) (my — myg) (mg —m,)

CS=

x | (93 + 97+ o) €5 — (97 +207) €83 -
The experimental bound |Cs| < 5.9 x 10~° reported by ACME then implies,
if M ~6x 10'“GeV and the maximal values of g} from Ref. [19]
A > 0.24 (0.077) GeV

in the NH (IH) case with my3) = 0.

This is far less stringent than the restriction from d. directly.



* In MFV d, crucially depends on whether neutrinos
are Dirac or Majorana particles. d, can reach the
experimental bound for Majorana neutrinos and
the scale of minimal flavor violation is a few
hundred GeV or higher.

* There are new CP violating effects on d, in the
Yukawa couplings of the right-handed neutrinos.
These new sources can have dramatic effects for d..






