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The Search for an EDM: Why

Physicists Should Care
. Theorists think it's interesting -
 [t's something we can do —
—
[t addresses fundamental Q’s &%



EDM’s & Fundamental Questions

« Do the fundamental laws of nature violate CP
beyond the known CKM CPV ?

Why does the Universe contain more matter
than anti-matter ?

. What is the mass scale associated with
Beyond the Standard Model Physics ?

 |s BSM physics perturbative or strongly
coupled ?



Themes for This Talk

EDMs provide powerful “tabletop” probe of high
energy and/or early universe fundamental physics

Searches with multiple, complementary systems are
essential

The theoretical interpretation of EDMSs entails a rich
and challenging interplay of physics at multiple scales

Significant discoveries are possible, while limits yield
tremendous insight

This is an area of exciting opportunities and
challenges for both experiment and theory
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What is an EDM ?

VEDM —




What is an EDM ?

v = —
EDM
h

T-odd , CP-odd
by CPT
theorem

o = d(-S)- E
h
T-odd , CP-odd

by CPT
theorem

E B o
\‘ §d=d

dS-(-E)
h

Vepy =~

T-odd , CP-odd
by CPT
theorem



What is an EDM

. J=1/2, relativistic
- particles

\
l
/ 7 / F l/l F v | F
BT ) = UW) | Fvv + 500w H 522056 + 75 (6 — da.)s | U)
| |
F,: Dirac (charge) form factor P, T Conserving
Fs: Pauli (magnetic) ff P. T Conserving
Fjy: Electric Dipole ff P, T Violating
Fa: Anapole ff P Violating
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Whatis an EDM ? Non-relativistic

diamagnetic systems

Nuclear Moments

Coulomb pT #1 PI #7
\CJ E X X O

Magnetc ——— T, O X X E

TE,| X O E X
Transverse /

electric
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Whatis an EDM ? Non-relativistic

diamagnetic systems

Nuclear Moments

Coulomb PpT T P¥ #7
o e x x|[o] eom soni..

Magnetc —— ™, O X X || E MQM....

TE. |l X |O| E X Anapole...
Transverse / J 2
electric

Sources of diamagnetic
atom EDMS ('%°Hg...)




Whatis an EDM ? Non-relativistic

diamagnetic systems

Nuclear Moments
pT T PX #7
Coulomb \ , Nuclear
CJ E X X @) EDM, Schiff... Enhancements

Magnetc —— ™, O X X |E MQM....

TE,| X |O | E X Anapole...
Transverse /
electric




EDMs & SM Physics

dn =~ (10-16 e Cm) X QQCD + dnCKM
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EDMs & SM Physics

d,~(10"%ecm) x Oqcp +

CKM
dy

d.CKM = (1 - 6) x 10-32 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d~(10"ecm) x (v/A)? x sing x y; F
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EDMs & BSM Physics

d~(10"ecm) x (v/A)? x |sing |x y; F

CPV Phase: large enough for baryogenesis ?

18



EDMs & BSM Physics

d~(10"ecm) x|(v/ A)?|x sing x y;F

BSM mass scale: TeV ? Much higher ?

v=246 GeV  Higgs vacuum expectation value
A>246 GeV  Mass scale of BSM physics
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EDMs & BSM Physics

d~(10"ecm) x (v/A)? x sing x|y:F

BSM dynamics: perturbative? Strongly coupled?

yr  Fermion f Yukawa coupling
F Function of the dynamics
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EDMs & BSM Physics

d~(10°e cm) x|(v/ A)?|x |sing|x|y:F

Need information from at least three “frontiers”

 Baryon asymmetry Cosmic Frontier
* High energy collisions  Enerqgy Frontier
« EDMs Intensity Frontier
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Il. Experimental Situation
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-33 10-2°
HfF* 4.1 x 10-30 ** 10-38 * 10-28
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent * e equivalent from Cg
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-29
n 1.8 x 10-26 10-31 10-26
* (1) L o
95 /o C i B ) ) X —»lle—
\ ‘ S
dS-(-E)
Veouy =~ n
T—odd CP-odd o
y CPT d,; x<0.25mm
C-Y Liu theorem

24



EDMs

: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 10-33 10-2°
HfF* 4.1 x 10-30 ** 10-38 * 10-28
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent * e equivalent from Cg
%  neutron
proton
& nuclei
atoms
~ 100 x better
Not shown: sensitivity
muon
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 10-33 10-2°
HfF* 4.1 x 10-30 ** 10-38 * 10-28
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent * e equivalent from Cg

Mass Scale Sensitivity

P singcp~1 — M > 5000 GeV
P /\\N'\MV
P M < 500 GeV — sindcp < 10-2
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EDMs: New CPV?
System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-2°
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
Mass Scale Sensitivity
ge -[Q \EQ)J‘N' C singcp~1 — M > 5000 GeV
challlE= &) hasny
c) 2 M < 500 GeV — sindcp < 10-2
e
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 10-33 10-29
HfF* 4.1 x 10-30 ** 10-38 10-28
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

G
e fQ‘ Eq,wa * « EDMs arise at > 1 loop

cha.ll?u‘g W | k¥ . CPVis flavor non-diagonal

e « CPV is “partially secluded”




Why Multiple Systems ?
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Why Multiple Systems ?

Multiple sources & multiple scales
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Il. Theoretical Interpretation
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EDM Interpretation & Multiple Scales

Baryon Asymmetry

Collider Searches

~

Early universe CPV

BSM CPV

SUSY, GUTs, Extra Dim...

A

of -
V1 Particle spectrum; also
scalars for baryon asym

QCD Matrix Elements

d., GNNs -

Energy Scale '

Expt

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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Effective Operators: The Elevator

ff
Ecp\f = ﬁCKM + Lé + LESI\"I

1
eff L (n) ~(6)
Lpgm = A2 Z a; O +...

1
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EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV 1 BSM CPV

SUSY, GUTs, Extra Dim...

‘/ ol

Collider Searches

Particle spectrum; also
scalars for baryon asym

—

d= 6 Effective Operators: “CPV Sources”
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion

A

Energy Scale

QCD Matrix Elements

d., GNNs -

CPV

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus
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EDM Interpretation & Multiple Scales

Baryon Asymmetry
Early universe CPV 1 BSM CPV

SUSY, GUTs, Extra Dim...

Collider Searches

Particle spectrum; also
scalars for baryon asym

S
\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
M
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
Y
—

] )

i d= 6 Effective Operators: “CPV Sources” | %

i fermion EDM, quark chromo EDM, 3 gluon, 4 fermion i %

k~____________________________ﬁ __________________________ '; §
L

QCD Matrix Elements

d., NNy -

CPV

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus
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Energy Scale

Effective Field Theory

BSM Scale

Weak Scale
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Effective Field Theory

A
M.
™ “'
® BSM Scale g .
Q |
S iy
> g Jme
% '>:"."ai '. 1
T Weak Scale 5.
. i | " N
iR
IRl e
P M
v | o =
EDM physicists

BSM CPV
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Energy Scale

Effective Field Theory

BSM CPV

BSM Scale

1 :
eff _ (n) ~(6)
<€ Lpsm = A2 Z a; " O; o

Weak Scale

EDM physicists
38



Operator Classification

Pure Gauge ’ Gauge-Higgs Gauge-Higgs-Fermion
-[Qc fABCGAvGEe GG J Qe | PloGAGH™ || Que | (Qu* T u)FGa,
v | EEWEWIWER | Q o | oo WLW || Que | (QomTAd)p G2,
Q.5 | ¢leBuB* | Qmw | (Forf)rl@W],

Qs | T eWLB™ || Qsp | (Fo™ f)®B,,

S a \\Lb
99( t.b %.

Weinberg 3 gluon




Operator Classification

Pure Gauge Gauge-Higgs Gauge-Higgs-Fermion
Qa | FAPCGHIGEGSH | Qe | ¢eGRnG*™ |||Que | (Qe*TAu)p Gy,
&7 elJK ”;{ viyJe Ifif",f"" S oW JVH Inv N Qac | (Qo*TAd)p G ;‘u

Qnw | o )T o W]

pv

QfB (FO””’f)(I) B#,,

Quark chromo-EDM




Operator Classification

Pure Gauge Gauge-Higgs Gauge-Higgs-Fermion
fABCGHGEeGS || Qe | PloGhGM™ | Que | (Qu™ T u)3 Gy,
VKW WIewEe || Q i | pleWILWI || Que | (Qo**TAd)e Gl
Q.5 | ¢'eBuB" w | (For fyrl o wl,
Quvp | ¢T'oW,,B" (Fo* f)® By,

‘Ol:}j;wm)’
L Fermion EDM




Operator Classification




Operator Classification

(LR)(RL) and (LR)(LR)
[Qzedq (Lie)(dQ?)
Qunid|  (Qu)e(Qa)
Qo | (QITu)e;(QFTAd)
(QF
(Q*

Qo | (De)es )
Qi | (Houe)ein(@ o u)

Semileptonic: atomic & {» {
molecular EDMs Mo de




Operator Classification

Nonleptonic: hadronic
EDMs & Schiff moment



Wilson Coefficients: Summary

o fermion EDM (3)
5 quark CEDM (2)
Czs 3 gluon (1)
Cowrs non-leptonic (2)
Oz (s semi-leptonic (3)
Coud induced 4f (1)

12 total + O light flavors only (e,u,d)



Wilson Coefficients: Summary

o fermion EDM (3)
5 quark CEDM (2)
Czs 3 gluon (1)
Cowrs non-leptonic (2)
Oz (s semi-leptonic (3)
Coud induced 4f (1)
12 total + O light flavors only (e,u,d)

Complementary searches needed



EDM Interpretation & Multiple Scales

Baryon Asymmetry Collider Searches
- of .
Early universe CPV —t BSM CPV 41 Particle spectrum; also

SUSY, GUTs, Extra Dim... scalars for baryon asym

—

d= 6 Effective Operators: “CPV Sources”
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion

Energy Scale

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus
CPV

QCD Matrix Elements

d., NNy -

o —
Ny mm e e e e -

—————————————————————————
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Energy Scale

Effective Field Theory

BSM Scale

Weak Scale

Running & mixing:

d = 6 opertors

Hadronic Scale

EDM physicists

BSM CPV
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Energy Scale

Effective Field Theory

BSM Scale

Weak Scale

Hadronic Scale

Now consider this

energy regime

BSM CPV



TVPV Hadronic & Nuclear Interactions

Ly = —2N (do + di73) SuN v, F*
+ N [g(_o)‘r 7w+ gM7n% + g2 (37m3m” — 7 - w)]\

+GNN 8, (NS*N) + CoNTN - 8, (NS*7N) +

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

EP\ v - {2]\7 ((70 — (7173) Sy N ‘U,,F#u]

+\[ .+ gWn® + g2 (3737’ — 7 -m)|N

+C.NN 8, (NS*N) + CoNN -8, (NS*rN) +

Nucleon EDMs

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

CP\T\ — —9N ((ZO 4+ (717-3) Sl“.\." v, FHY 120 1. 2

[’([ ) . 71'-1—97(r 7 -{—g7r (373”1'0—7' ﬂ')]\}

+C.NN 8, (NS*N) + CoNN -8, (NS*rN) +

0
I
)

PVTV =N NI
interaction g PL )ww Y + . ‘ +o-

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

CP\T\ = —2N ((ZO — (7173) SuN v, F*

—l—\[ ) . 71'-1-97(r 0 +g,, (373”1'0—7' 71')]\

{(71 NN 8, (NS*N) + CoNTN -9, (NS*TN) +} ..

PVTV 4N X
interaction

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMSs)



Hadronic Matrix Element Challenge

T AAS (k) '
dy = ayn 0+ (K> ZJN (Illl Ck)

k
, _ v 2 X

\

Hadronic d=6 operator
matrix elements coefficients

How well can we compute the 8, y, 4, ... ?



Hadronic Matrix Elements

“— --------- -\‘v
Param Coeff Best value? | Range ‘.
- | 1
6 o, 0.002 I (0.0005-0.004) ]
) 0.002 1 (0.0005-0.004) I
Im Cyg ue 4x10* I a—-10)x107* | H :
adronic
- 8 x 1074 | (2—18) x 10~4 ! _
- N ] i Uncertainty
d, ep! —0.35 I —(0.09—0.9) I
epd —0.7 | —(02-1.8) l
- ~ | ||
8q ecy 8.2 x 107° I (2—-20) x 1072 !
ecd 16.3 x 107° I (4—40)x107° 1
Progress. Im Cyy uy 0.4 x 1073 | (02-06)x 1073 |
LANL LQCD, _____________ B 2161073 4 (08224 _><_1_0:3_L_
4 i t N
dq Ph ~0.35 | (~0.17)-0.52 N
i P 1.4 | 07-2.1 |
: dq & 8.2 x 107° I @4-12)x10° | -
1 d _ -9 _ _ -9 1
: a 33 x 10 | —(16—50) x 107° | :
C | |
V] G " 2 x 1077 I (02-40)x 107 1 |}
D gy ———————— e —————————————— —
Im Cpug viid™ 3 x 108 Ta=-1y x 10 |
| |
ImClyY M 40 x 1077 ! (10-80)x 107 !
(-) ©0) - !
Im Ceq g 12.7 I 11-145 !
| |
Engel, R-M [ I
’ / (+) (1) _ i
van Kolck: Im Cf_q _ Es i 09, \\‘0.6 1.2 J 55




EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV

~

BSM CPV

SUSY, GUTs, Extra Dim...

‘/ ol

Collider Searches

Particle spectrum; also
scalars for baryon asym

—

d= 6 Effective Operators: “CPV Sources”
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion

d., NNy -

QCD Matrix Elements

————————

—————————————————

Energy Scale

CPV

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus

~———————————’

————————
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Effective Field Theory

Energy Scale

BSM Scale

Weak Scale

Hadronic Scale

Nucl & Atomic
Scales

Now consider this
energy regime

BSM CPV




Schiff Theorem
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The Theorem

Schiff Screening

Classical picture: non-
acceleration of neutral

non-rel system

The EDM of a neutral system
will vanish If:

« Constituents are non-
relativistic

« Constituents are point-like

 [nteractions are electrostatic



Schiff Screening: Corrections

Schiff Screening

Classical picture: non-
acceleration of neutral

non-rel system

The EDM of a neutral system
will vanish If:

« Constituents are non-
relativistic

« Constituents are point-like

 [nteractions are electrostatic

Paramagnetic systems w/ large Z: e~ are highly relativistic




Schiff Screening: Corrections

Schiff Screening The EDM of a neutral system

N will vanish if:

L » Constituents are non-
" relativistic

Classical picture: non-
acceleration of neutral
non-rel system

« Constituents are point-like

 [nteractions are electrostatic

Diamagnetic atoms w/ large A: nuclei are large r ~ (1 fm) x A3




Schiff Screening: Corrections

Schiff Screening

Classical picture: non-
acceleration of neutral

non-rel system

The EDM of a neutral system
will vanish If:

« Constituents are non-
relativistic

« Constituents are point-like

 [nteractions are electrostatic

St’d Model magnetic interactions, BSM e-q interactions, ...




Paramagnetic Systems: d,
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Electron EDM Interactions

External fields: 15t order energy shift (@) | e
- Z .
Vid = —a Y dep(oi- EF +ia; - Bf™). > "YUV}
=l
Internal (nuclear) fields: 2" order energy shift 2 23:

Z
N W) N AVVAVA
Vin ):_a;deﬂ[ai'b%)'i‘ld,"lgf" )]+...,—> ot
1=
(€) e nue
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Electron EDM: Heavy Atoms

— e

dA IOA de +. ..
Atom o)

[ 2057 _573(20) |
133Cs 123(4)
85Rb 25.7(0.8)
210Ey 903(45)
199Hg 0.01

Paramagnetic

Diamagnetic

(a) € nuc
AVAVAVA -
e nuc
e nuc
AVAVAVA
PT
SSSSSSSS

(c) e nue
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Electron EDM: Polar Molecules

E Eexternal
] /
' interna <€
=@
o
(Y
20 -
Electron experiences
enhanced E,; as due = 157
to much smaller E,,; §
U IO =
B
m 5
YbF
0 ] |
0 10 20 30
Applied field E (kV/cm)







Schiff Screening: Corrections

Schiff Screening The EDM of a neutral system

N will vanish if:

L » Constituents are non-
" relativistic

Classical picture: non-
acceleration of neutral
non-rel system

« Constituents are point-like

 [nteractions are electrostatic

Diamagnetic atoms w/ large A: nuclei are large r ~ (1 fm) x A3




PVTV Nuclear Moments

Schiff Screening
A:/,I—F"‘-F_.-:P\\_;_.\ e nuc e nuc
/ Eext \‘-I
\l\; _______ __ d\NU\ IJI- + C. C.
Atomic effect from
nuc/gar finite size: - Brcl (c) e nuc
Schiff moment
Screened EDM Schiff moment, MQM, ...

EDMs of diamagnetic atoms ( °Hg )



Nuclear Schiff Moment

Schiff Screening
- iy o
7N e nuc
f Ee
\'\‘ Eint ;"I
- & VUV
Atomic effect from

nuclear finite size:
Schiff moment

e nuc

Screened EDM

EDMs of diamagnetic atoms ( °Hg )

e nuc

AVAVAVA
p’/T + C. C.

ss=f

() e nuc

Nuclear Schiff Moment
S~ / d’x x> X p(x)FY

(Ry / Ry)? suppression




Nuclear Schiff Moment

Nuclear Enhancements
e nuc N N
YW el vee W | +ee
AN
(€) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

mixing of opposite parity
states by H'VPV ~ 1 / AE

EDMs of diamagnetic atoms ( °Hg )



Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N
1 \AVA
(SN — IL A + C. C.
)= =19 +10)) ¥
T
Calculated ??°Ra density OppOSIte pal’lty StateS
mixed by HTVPV N N
Nuclear polarization:

mixing of opposite parity
states by H'VPV ~ 1 / AE

EDMs of diamagnetic atoms ( °Hg )



Nuclear Schiff Moment: Pion Exchange

S=aygq" +a, 93" +aygg?

73



Nuclear Schiff Moment: Pion Exchange

7(0) 1) (2)

—(logg.r +algg +a293.;
Nuclear many-body _(i) B (
computations 9=’ = AG) 0 + A) ; V(i (Im C},)

Non-perturbative hadronic
computations
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Nuclear Matrix Elements

Nucl. Best value
dp a a:

199y 0.01 + 0.02 0.02

189%e —0.008 —0.006 —0.009

225Ra —15 6.0 —4.0
Range
ap a az

0.005-0.05 —0.03-(40.09) 0.01-0.06
—0.005-(—0.05) —0.003-(—0.05) —0.005-(—0.1)
—1-(—6) 4-24 —3-(—15)
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IV. BSM Implications
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