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Introduction




EDMs: Why should one care?

Energy resolutions in modern EDM experiment:

AE ~ 107%Hz ~ 107 %'eV

Translates to limits on EDMs

AFE
FElectric Field

Comparing to theoretically inferred scaling

d| < ~ 107%%e x cm

1
d~ -—— = Acp ~ 1TeV
A
CP
Compares with the scale being probed at

TeV scale background-free physics from sub-eV budget

BB oB

LHC
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Where to look for CPV new physics ?

B Decays

Though it is like hunting for needle in a haystack, there is no escape. B
decays are our best bet to discover CPV in flavor changing sector.

Electric Dipole Moment

® the only place to hunt for flavor diagonal menifestation of CPV
B table top experiments (Compare this with B factories ! )

® provide essentially background free probe

B proposed EDM exp. to probe CPV to unprecedented sensitivity

® |deal playground to study interplay of leptons, quarks, hadrons,
nuclei, atoms and molecules.
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An Elementary Slide

Classical EDM:d = ¢7 Classical MDM: i = I A

= Its a polar vector = Its an axial vector

= Pd=-d Td=d = Pi=g Ti=—ii

A Quantum EDM A Quantum MDM:

— Coefficient of dim 5 = Coefficient of dim 5
operator operator

= dx§ Anaxial vector!! = [iox§

= Pd=d Td=-d = Pi=j Ti=—[i

= ltviolats Pand T — ltconserves Pand T
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Current EDM searches

Three main categories

= EDMs of paramagnetic atoms and molecules ( 8° Rb,'?? Cs, 2°T1)
most sensitive to leptonic sources of P — T violation
Best bound so far: |d;| < 6.9+ 7.4 x 10728 e cm

® EDMs of diamagnetic atoms ( 1*?Xe and "9 Hg
most sensitive to hadronic sources of P — T violation
Best bound so far: |dy,| < 3.1 x 1072 e cm (95% C.L.)

B EDMs of hadrons and nucleons
Best bound so far: d,, < 2.9 x 1072 e cm (90 % C.L.)
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Shiff’'s Theorem and its Violation

Shiff showed that EDM interaction of a non-relativistic

atom vanishes irrrespective of whether its constituents
have EDMSs or not
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Shiff’'s Theorem and its Violation

It is based on two assumptions

B Atoms consist of non-relativistic particles which interact only
electrostatically

B The EDM distribution of each atomic constituent is identical to its
charge distribution

EDM vanishes due to screening of applied electric field
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Shiff’'s Theorem and its Violation

It is based on two assumptions

B Atoms consist of non-relativistic particles which interact only
electrostatically

B The EDM distribution of each atomic constituent is identical to its
charge distribution

EDM vanishes due to screening of applied electric field

Parmagnetic and diamagnetic EDMSs result due to rela-
tivistic and finite size effects and such effects are max-

imized in heavy atoms
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EDM: Hierarchy of Scales

Energy

fundamental CP—odd phasgs

TeV —4—

QCD —— [ 0 dqdg w ]

[ CoerC g ]

7
/

nuclear—— N
CspT AR ; neutron EDM

Y | NG A

EDMs of EDMs of
atomic—{— paramagnetic diamagnetic
atoms (TI) atoms (Hg)

Figure source: M. Pospelov and A. Ritz Annals of Physics 318 (2005) 119-169.
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Neutron EDM

Three fundamental sources of contributions

® QCD 6¢-term 337%2 0Ga,GHe

N quark EDMs dz&Z(FO')’)/g,wZ & CEDMs dZC?ZZgS(GO')’yg)@DZ

Three different techniques

® Non-relativistic SU(6) quark model
® Chiral Lagrangian technique

® QCD sum rules
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Non-relativistic SU(6) (Naive) quark model

Associate a non-relativistic wavefunction to the neutron consisting of
three constituent quarks with two spin states each.

d, = Aqd,

where (N|qv,759|N) = AC]N’WWE)N and q = u, d.
Naive quark model = Au = —1/3 and Ad = 4/3 (C.G. coefficients).

However, Naive quark model may not be sufficient as the contribution
to nucleon spin from the strange quark (As) is non-vanishing.

dq = nPdf +n°=dS

n? = .61 n“ = 3.4 are QCD running factors.
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Chiral Technigues

First calculation

dn,

e
w2 M,

-0 A
gTrNNgTrNNlnm—ﬂ.

[Crewther, Veneziano, Witten PLB’79]

e
- ~
- ~
-
~
N
\
N\

@——’/z
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Chiral Technigues

First calculation ) ﬁ
Crewther, Veneziano, Witten PLB'79] W* >

— e —~0 A
d?’l, - 7-(-2Mn ngNngNlnm—w

@—”/z

® For #-term contribution, PCAC reduction of pion works well

0qmm s

G2 (6,) = 2 (plarqlp) (1 - %iF )
One can determine
(N|qr3q|N) from Lattice calculations or using global SU(3).
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Chiral Technigues

First calculation ) ﬁ
[Crewther, Veneziano, Witten PLB’79] P

_ e —0 A
dn — 7T2M,, gTrNNngNlnm—ﬂ_

B Imposing U(1) pg 6-term contribution vanishes
However, the presence of CP-odd operators (CEDM) can shift the
position of axion expectation value, leading to additional
contributions d,, (6inq) [Bigi, Uraltsev JETP'91]

= CEDM contribution is not calculable in Chiral Lagrangian
method(?) Nevertheless, we have [Hisano and Shmizu
PRD’2004]

dp = —(1.6 x d& + 1.3 x d5 =26 x d$) e cm
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QCD Sum Rule

Pros -

® The only method that allows for systematic treatment of all CP
violating sources

® Reduced uncertainly due to cancellation of light quark mass
dependence

Cons -

B Sea quark and gluon dynamics difficult to incorporate

B Treatment of CPV operators upto dim=5

dE9(dE,d%) = (1+0.5 (22‘52‘{_4‘1&/)3 )[1.1e(dS + 0.5dS) + 1.4(d% — 25dE)]

QCD sum rule reproduces ratio of quark EDM contribution
expected from non-relativistic SU(6) quark model !
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Mercury and Deuteron EDM

Mercury EDM — Finite size nucleus gives rise to CPV N — N
interaction inducing Schiff moment S(d“, W, §) which generates
CP-odd electrostatic potential V¢ = 47S(I - V)é(7) for electron and
hence giving rise to atomic EDM. The QCD sum rule approach gives

diy = —(d§ —d$ —0.012d%) x 3.2 - 10 2e.

The Chiral Lagrangian approach gives —

dig = —8.7x 1073 x e(d§ — d5 — 0.0051d%).

For Deuteron EDM dp = d,, +d, + d¥"

dp = —e(df —d§)573

BB oB
R. Vaidya @PCPV-2013 - p.13/33



Neutron EDM Iin SM

KM phase contribution starts only at 3-loop

\

d5M 10754
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Supersymmetry w/o R-parity:  Higgs identity crises

(ii, Fld> carry identical gauge quantum numbers

— gauge int. respect an SU(4) symmetry in (Ei,ﬁd> space
= Yukawa int. break SU(4) symmetry

—> several choices before you write Superpotential W:
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Supersymmetry w/o R-parity:  Higgs identity crises

(ii, P[d> carry identical gauge quantum numbers

— gauge int. respect an SU(4) symmetry in (Ei,ﬁd> space
= Yukawa int. break SU(4) symmetry

—> several choices before you write Superpotential W:

Choice A: Impose L and B conservation = MSSM
Wassm = poHuHa + bYQiHLUS + hiH QD¢ + h¢H L, Ef
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Supersymmetry w/o R-parity:  Higgs identity crises

(ii, P[d> carry identical gauge quantum numbers

— gauge int. respect an SU(4) symmetry in (Ei,ﬁd> space
= Yukawa int. break SU(4) symmetry

—> several choices before you write Superpotential W:

Toward Choice B: Since L is accidental — forsake L conservation

Wnssm = ,UOI:Iu Hy + h%QzﬁuUJC + hgi H, Qzﬁf + h$ H, IA/,LEA,LC
—~— —~— —~—
L, L, L,
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Supersymmetry w/o R-parity:  Higgs identity crises

(ﬁi, F[d) carry identical gauge quantum numbers

— gauge int. respect an SU(4) symmetry in (ﬁi,ﬁd) space
= Yukawa int. break SU(4) symmetry
—> several choices before you write Superpotential W:
Choice B: L violation = H,; — L, = ( L, ,f)z)

b

Hg

hi — . (Aoii k) he = Aapr = (Aoiis Aijk)

ajk —

X! h¢

i (2
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Supersymmetry w/o R-parity:  Higgs identity crises

(ﬁi, F[d) carry identical gauge quantum numbers

— gauge int. respect an SU(4) symmetry in (ﬁi,ﬁd) space
= Yukawa int. break SU(4) symmetry

—> several choices before you write Superpotential W:

Choice B: L violation = fAId — lAla = ( zo j/z)
—~—

Hg
d v/ —
hi = Auik = (Aoiss> Aljr) hi = Aapk = (Aoii, Aijk)
hd Z
Wussm+rv = ,uaI:quJa + hngzI:-’uU]g + XajkianBlf; + %Aaﬁkf’aiﬁEli
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Supersymmetry w/o R-parity:  Higgs identity crises

(ﬁi, F[d) carry identical gauge quantum numbers
— gauge int. respect an SU(4) symmetry in (ﬁi,ﬁd) space

= Yukawa int. break SU(4) symmetry

—> several choices before you write Superpotential W:

Choice B: L violation = fAId — lAla = ( zo j/z)
—~—

Hy
/ / —
h — )\ozjk ( 077 ijk) hf — )\aﬁk — ()\Oiia)\ijk)
h he
Wrassm+rLv = ,LLaH L —+ h QZH UC -+ AagkL Qﬂljlf: -+ %)\aﬁkﬁaiﬁf‘jg

Choice C: R-parity violaton = W, ssnqrv + 1)\fb’gkUCDch
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Freedom of SU(4) Rotation: use and misuse

RPV Framework: though Yukawa break SU(4), LV implies a freedom of
SU(4) rotation in (ii, Hd)
Two popular choices:

= single y parametrization (SMP): all ; =0for:=1,2,3

— single VEV parametrization (SVP): all 7; =0for:=1,2,3

Which one is the best ?
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Freedom of SU(4) Rotation: use and misuse

RPV Framework: though Yukawa break SU(4), LV implies a freedom of
SU(4) rotation in (ii, ﬁd>
Two popular choices:
= single y parametrization (SMP): all ; =0for:=1,2,3
— single VEV parametrization (SVP): all 7, =0for:=1,2,3
Which one is the best ? Depends on who you ask ? In practise —

— both choices present their own complications
[ principle of conservation of difficulty ]

= It is important to specify a basis choice and work consistently

= we shall work in SVP.
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EDM from R-parity Violation

2-loop contribution [Godbole, Pakvasa, Rindani, Tata PRD’2000]

gv,z

- -~

- ,/ RN -
H A r 0\ H
/ IL A
/ \
/ ’—<\\ \
/ // N \
I ’ N L
I ! ' L
N LS e N | N ! N ! N
q_ ujR ujL dkR mL q?
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1-loop EDMs from R-parity Violation

The interacton Lagrangian defines the coefficients C- % .
L= g,V (u,)®(e;,) |CE,., 252 + CF, 1L U(d;) + h.c.

nmi nmi
éVL* — Yun Vnz* Dl

nmi go CKM 1m >
AR« __ Yd; nt™ 1yl lem’ nk™ 1yl
C“m’i g2 %KMDQW + g2 %KMD(j+2>m )

And similarly for the up-quark EDM.
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quark EDM is given as:

df M/
— = Im(CL  CR* n
(e )_ - e S5 Im@,., "=

m n=1 Em

and for the chromo-electric dipole form factor,

M.,

gsoem f

dC) — I CR* n
( T Jo= "~ 4m sin26y Zm nzl M(Comi ”mZ)MQ

MfQ,
(Q — Q) Fu| -3
Lm
M?2
fn,
Qf’ F3 M~2
Lm,

R. Vaidya @PCPV-2013 —p.19/33



Analytical Expression

Focussing on RPV part of Im(C:_.CF* ):

mi._ nm?i
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Analytical Expression

Focussing on RPV part of Im(C:_.CF* ):

mi._ nm?i

For d-quark EDM,

Im(cﬁmlcls;knl)RPV = Im [(yunVéEMDllﬂ;n) X ()‘;'klv(‘ﬁl(clt/lpéj—fﬂ)m)] :

For the u-quark dipole, we have

i AR * _ kx l 1n I %
|m(Cﬁmlc§m1)RPV = Im [(A;kn‘/c%KMD(J—l—Q)m) X (yUVCKMplm)] .

BB oB
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Analytical Expression

Focussing on RPV part of Im(C:_.CF* ):

mi._ nm?i

For d-quark EDM,

Im(C,,1Cin )RV = IM [(@VCTEMD%) % (A;klvébélt/lpéj+2)m)] '

For the u-quark dipole, we have

= 57« . kx 1yl n Lx
IM(C5,,,1Crin ) RPY = IM {()‘;kn‘/(v:lKMD(j+2)m) X (@VClKMplm ] '

BB oB
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Analytical Expression

Focussing on RPV part of Im(C:_.CF* ):

mi._ nm?i

For d-quark EDM,

Im(C,,1Cin )RV = IM [(@VCTLI%MD?ZL%) % (A;klvébélt/lpéj+2)m)] '

For the u-quark dipole, we have

i AR * _ * n [ %
Im(CE,.,CE* Yrpy = Im {(A;W&M% roym) X (@VéKMDm)] .

m = 1 Goldstone mode, m = 2 — 5 1st order in perturbation, m = 6 — 8

2nd order effects.

To 1st order: Dy, , 5y, DYy ~ % x O(1)
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What about p; ?

Term involving p; IS given as:

Tl oy y (A% — po tan B)m; B V2My Sinﬁ(ﬂk)\zjj)
) ™ 3 e T

l
Di+2)(j+5)

(; contribution is suppressed because.

¥ contributes at 2nd order in perturbation expansion
B proportionality to lepton mass

¥ in principle \;;; can also contribute but they have to be present in
addition to x; and A}, making it 4th order in RPV.

So we will concentrate on B; )\’ kind of contributions.
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Numerical Results

Parameter Specifications:

m Keep a pair(a bilinear B; and a trilinear \") of RPV couplings
non-zero at a time

® All sleptons and H,; to be 100 GeV, g = —300 GeV

= up-type Higgs and B, determined from EW symmetry breaking
condition

® tan 8 = 3 (very little sensitivity to tan 3

B CKM phase + relative phase of 7/4 in RPV couplings
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EDM (e cm)

Nemerics: the top loop conribution
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contours of n-EDM (ecm)
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Table of bounds

Parameter values

o ny my,  RPV %
(GeV) (GeV) (GeV) phase I II I11
(@) —100 100 100 /4 [1.5X107* 5.0x 1077 1.5X 107>
b)* —100 100 100 O |[80X 10> 25X1077 20X 107>
(¢ —400 100 100 /4 (55X 107% 26X 107° 5.2 X 1072
(d —800 100 100 /4 [1.7X1077 5.5%X107° 1.5x 107
(e) —100 400 100 #/4 |[63X107* 21X 107° 56X 1072
) —100 800 100 #/4 |19X10™? 64X107% 1.6 X104
(g) —100 100 300 /4 [3.8X107% 1.2X107° 3.6 X107
(h)y —100 100 600 #/4 |1.0X 1073 3.5X107% 92X 107
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Thanks !
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How do | experimentally detect a Permanant neutron EDM ?

® Ultracold neutrons (UCN) trapped in uniform E and B fields.

— —

" H=Hy— u,.B—d,E

® Larmor frequencies are given by
hvys = |2un B + 2d, E| for 5, 1110 B, E
hvy, = |2unB — 2d, E| for §, 11 to Band 1| E

® Now measure any shift in the transition frequency » as an applied
field E alternated between being parallel and then anti-parallel to

—

B

The electric field technigue explains the focus on the
neutral particles for EDM measurement
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‘Permanant’ EDM of Polar Molecules (Ammonia and Water)

® H,0 and N Hj have pair of nearly degenerate states with
opposite parities |+), |[—)
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‘Permanant’ EDM of Polar Molecules (Ammonia and Water)

® In presence of external E
) = ()
V2
_ {(+H)=1=))
1) 7

Eri=3(By + B_)+ | 3(By — E_) + (e(&).E)

N[

¥ Because F/1 are almost degenerate e<f>.ﬁ dominates
E.,=X(E +E_)+eld@).E

® Energy shiftis linear in E and the proportionality constant is called
permanant EDM of this molecule

® |f measurement were carried out infinitesimally weak E at very
low temp. the shift would be quadratic
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‘Permanant’ EDM of Polar Molecules (Ammonia and Water)

® In presence of external E

_ (= +1=))
|T> T \/5

N )
1) = V2

N[

Eri=3(By + B_)+ | 3(By — E_) + (e(&).E)
¥ Because F/1 are almost degenerate e<f>.ﬁ dominates
E.,=X(E +E_)+eld@).E

® Energy shiftis linear in E and the proportionality constant is called
permanant EDM of this molecule

® |f measurement were carried out infinitesimally weak E at very
low temp. the shift would be quadratic

These are induced EDMs and DO NOT violate P, T
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Summary

® A combination of bilinear and trilinear RPV is the only way RPV
parameters can contribute at one loop level. With top mass and
top yukawa it gives large contribution.

B |n our numerical exercise we have obtained robust bounds on the
combinations — 2241l for 1,7 = 1,2, 3 that have not been

(2

(100 GeV)2
reported before.

® These contributions are not much sensitive to tan 5 and even with
slepton mass at TeV scale it predicts EDM for neutron that is order
of magnitude larger than sensitivity of Los Alamos expriment.

® Even if the RPV couplings are real, they could still contribute to
neutron EDM via CKM phase. For some cases CKM phase
Induced contribution is as strong as that due to an explicit
complex phase in the RPV couplings.
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® There also exist contributions involving 7 A} ;. However these are
higher order effects which are further suppressed by
proportionality to charged lepton mass. Since p; are expected to
be very small (of order 102 GeV) for sub-eV neutrino masses,
such contributions are highly suppressed.

BB oB
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Thank you very much !
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