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Goals for this talk

Set a context for the workshop

lllustrate the broader implications of present &
prospective EDM searches

Introduce some terminology & notation
lllustrate present theoretical landscape

Pose challenges for hadronic & nuclear structure
theory



Outline

.  The BSM context
Il. Electric dipole moments
Ill. EDM complementarity

IV. Challenges for hadronic & nuclear structure
theory

V. Outlook






The Origin of Matter

Cosmic Energy Budget

Dark Matter

Baryons

68 %

Dark Energy

Explaining the origin, identity, and relative fractions of
the cosmic energy budget is one of the most compelling
motivations for physics beyond the Standard Model
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis)Afflek-
Dine,-asymmetric DM, cold

baryogenesis, post-
Sphaleron baryogenesis...

Testable
Standard Model BSM

* B violation (sphalerons)

v
« C & CP violation 9% EDM @

* Out-of-equilibrium or % v
CPT violation



Symmetries & Cosmic History
EW Symmetry

Breaking: Higgs
BSM Physics? Standard Model Universe
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Astro: stars,
| galaxies,..
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Symmetries & Cosmic History

Dark Matte

W Symmetry
reaking. Higgs Baryogenesis: When?
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nfiation \ cz) 8 EW Baryogenesis:
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look for ingred’s e colliders
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BSM Physics: Where Does it Live ?

B SM 2 SUSY, LNV, extended
" | Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darkU(1)...

Coupling



Low-Enerqgy / High-Energy Interplay

Discovery “Diagnostic”
A A

Low energy High energy
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-33 10-29
ThO 8.7 x 1029 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent




EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-33 1020
ThO 8.7 x 10-29 ** 10-38 10-28

n 3.3 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

singcp ~1 — M > 5000 GeV

M <500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-33 10-2°
ThO 8.7 x 1029 ** 10-38 10-28

n 3.3 x10-26 10-31 10-26

*95% CL  ** e"equivalent

* neutron

proton
& nuclei

*  atoms

~ 100 x better

Not shown: sensitivity

muon
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Why Multiple Systems ?

Multiple sources & multiple scales

19



EDM Interpretation & Multiple Scales

Collider Searches
~ BSM CPV ‘// Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym

Baryon Asymmetry

Early universe CPV

4

——
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©
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%)
? S
2
L
QCD Matrix Elements Nuclear & atomic MEs
d., g\ - s Schiff moment, other P- &
T-odd moments, e-nucleus
Expt CPV
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Effective Operators: The Bridge

Lopv = Loxum + Lg + L%

1
eff L (n) ~(6)
Lpgm = A2 Z a; " O; +...
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EDM Interpretation & Multiple Scales

Collider Searches
~ BSM CPV ‘// Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym

Baryon Asymmetry

Early universe CPV

4

——

\ 4

()
d= 6 Effective Operators: “CPV Sources” S
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion ‘Q,
a %
0
QCD Matrix Elements Nuclear & atomic MEs

d,, 9N - . Schiff moment, other P- &
T-odd moments, e-nucleus

Expt CPV
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Wilson Coefficients: Summary

quqd

lequ, ledq

C

oud

fermion EDM (3)
quark CEDM (2)
3 gluon (1)
non-leptonic (2)
semi-leptonic (3)
induced 4f (1)

12 total + 6

light flavors only (e,u,d)
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Wilson Coefficients: Summary

O fermion EDM (3)
5, quark CEDM (2)
C3s 3 gluon (1)
Cougd non-leptonic (2)
Clequ, ledq semi-leptonic (3)
Coud induced 4f (1)
12 total + O light flavors only (e,u,d)

Complementary searches needed
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BSM Origins

EDM: vff 3 . )
CEDM: gff

LRSM
Weinberg ggg:
Four fermion f f @

dL>wvy:'< Up
udHH Ny

@ 25



lll. EDM Complementarity
 CPVin an extended scalar sector
(2HDM): “Higgs portal CPV”
» Weak scale baryogenesis (MSSM)

« Model-independent
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The Higgs Portal
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Portals & Early Universe

[ Standard Model ]<

> [ Hidden Sector

J

New CPV ?
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Inoue, R-M, Zhang:

Higgs Portal CPV 1403.4257

CPV & 2HDM: Type | & Il Ag 7 = 0 for simplicity

A A 1
Vo= SH(@8161)° + 5 (6302) + Xa(6161) (0]62) + Ma(0]62)(8h61) + 5 | As(@]62)” + hc.

1
—> {mh(lo1) + [ma(6162) + he.| +my(9162) }
01 = Arg [Ag(m%2)2] : EWSB . 1_— A%)%sz )
2~ 1
(52 — Arg [)\g(mIQ)’Ul'Uz] ) 1_2 )\51)—%121)2
.
HO/H+
W+ N HF
r f B
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Future Reach: Higgs Portal CPV

CPV & 2HDM: Type Il illustration A7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1
Theoretically inaccessible Theoretically inaccessible
Hg
0.1+ 0.1
g g 001}/ g 0.01

/ s
0.0017 0.0017

1074

1074

Present Future: Future:
d,x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
; drnx 0.1 d-n X 0.1
sin a,, : CPV 1o 1o
scalar mixing du(Ra) [10%7 e cm] da(Ra)
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Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

All Constraints

|sin a;p|

Present
sin oy, : CPV
scalar mixing

|sin a;p|

0.1

0.01 1

0.001F

1074

Ag 7 = 0 for simplicity

All Constraints

Theoretically inaccessible

B-a=n]2

05F
Excl. by
1,3 WW/Z2 Theory Inaccessible

L Excl. by

hy 1—Zh, ->1lbb

|sin a |

eEDM Excl.

LHC Current
0.001 =. 2 . . \__io
05 1 2 5 10 20 50
Dawson et al: 1503.01114 g M,, = 400 GeV

Future:

d,x0.1

d,(Hg) x 0.1

drpo x 0.1

d,(Ra) [10%” e cm]

Future:

d, x 0.01
d,(Hg) x 0.1
d7no X 0.1
da(Ra)
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Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

All Constraints

|sin a;p|

Present
sin oy, : CPV
scalar mixing

|sin a;p|

0.1

0.01 1

0.001F

1074

Ag 7 = 0 for simplicity

All Constraints

Theoretically inaccessible

B-a=n]2

05F
Excl. by
1,3 WW/Z2 Theory Inaccessible

L Excl. by

hy 1—Zh, ->1lbb

|sin a |

eEDM Excl.

LHC Future ?
0.001 =. 2 . . N1
05 1 2 5 10 20 50
Dawson et al: 1503.01114 g M,, = 400 GeV

Future:

d,x 0.1

d,(Hg) x 0.1

dro x 0.1

d,(Ra) [10%" e cm]

Future:

d, x 0.01
d,(Hg) x 0.1
d7no X 0.1
da(Ra)
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Low-Enerqgy / High-Energy Interplay

Higgs Portal CPV
Discovery “Diagnostic”
A A

Low energy High energy
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Was the baryon asymmetry produced during
electroweak symmetry-breaking ?

 EDMs provide most powerful probe of CPV

* Phase transition — Separate talk
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EDMs & EW Baryogenesis: MSSM

Neutron EDM

Compatible withf B
observed BAU

a 27 @ cm
E‘-O.l
=
c Compressed
@ spectrum
(stealthy SUSY)

—» —— d,=102%ecm

Next generation d, ) S E S S———

M, [GeV]

Li, Profumo, RM ‘09-' 10
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EDMs & EW Baryogenesis: MSSM

Electron EDM
Compatible withk iy A ____— ThOLimit
observed BAU*:I\\\\A ‘ de=1p-28ecm
5: — ] Compressed
=t E — spectrum
£ 3 (stealthy SUSY)
‘® } d, =102 e cm

00 150 200 250 300

Next generation d_ ?

Li, Profumo, RM ‘09-' 10
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EDMs & EW Baryogenesis: MSSM

I .
Compatible with | s
observed BAU ‘_ d,=10%%ecm ACME: ThO
2 5
23, 0.1 2"—0.[ L : =
\E 5 : ]
® % [ d,=10%° e cm
/N d,=10%ecm % T~ Next gen de
Next gen dn 00155 120 Mlz{é}oew 220 300 00] ~ Mlzl('é)cv' L =
Li, Profumo, RM ‘09-"10 Compressed spectrum Next gen
(stealthy SUSY) ” lepton collider
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Two-Step EW Baryogenesis

H, St'd Model Scalar Sector
1) BSM Scalar Sector: at least one
SU(2), non-singlet plus possibly

gauge singlets (“partially
secluded sector”)

—_— Conventional one step EWSB

_— Two step EWSB

BSM CPV in ¢ H interactions: baryogenesis during step 1

Inoue, Ovanesyan, R-M: 15608.056404; Patel & R-M:

1212.5652; Blinov, Kozaczuk, Morrissey: 1504.05195 38



Two-Step EW Baryogenesis

Two cases: (A) 6s=0 (B) 6,=0

Model A: 65=0
1F
08 Present d,
06 d,=8.7+107" ecm
05F
., 04+ Future d,
< d,=29+10 % e cm
£ 03
w
02-——
0.1-- 1 1 1 1 TSN TN TN TN SN NN TN TN TN TN TN N T TN TN T O O 0 O O 0O O b
100 150 200 250 300 350 400
mp,|GeV |

-sin 55

Model B: 6z=0

No EDM constraints

150

my,|GeV|

200 250 300 350 400

Inoue, Ovanesyan, R-M: 1508.05404
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Wilson Coefficients: Model Independent

quqd

lequ, ledq

C

oud

fermion EDM (3)
quark CEDM (2)
3 gluon (1)
non-leptonic (2)
semi-leptonic (3)
induced 4f (1)

12 total + 6

light flavors only (e,u,d)
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Chupp & R-M:

1407.1064

Global Analysis: Input

System | Year/ref Result
Paramagnetic systemss
Cs |[1989 [37]|da = (—1.84+6.9) x 107** ecm
de = (—1.5+5.6) x 107%°  ecm
Tl 2002 [9] dA = (—4.0+4.3) x 107*° ecm
=( 69+74)x107*® ecm
YbF | 2011 [8] |de = (—2.4£5.9) x 107*®*  ecm
ThO |2014 [7] [wV® =2.6+£5.8 mrad /s
de = (—2.1£45)x107%*  ecm
Cs = (—-1.3£3.0) x 107?
Diamagnetic systems
Hg | 2009 [5] |[da = (0.49+1.5) x 10°%  ecm
129Xe (2001 [38]{da = (0.7 £3) x 102 ecm
TIF [2000 [39]|d = (—1.7+2.9) x 107* ecm
neutron| 2006 [4] |d, = (0.2 +£1.7) x 10~*° ecm
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Paramagnetic Systems: Two Sources

-
v\ 2
-~ 10 em ()" 43)
Eloction  gnrvn ¥ d = —(1.13 x 10 efm) (—
-

(Scalar q) ’ c ) ( A
calar q _ — _
xpse) T S &\ )

Tl, YbF, ThO... 42



Paramagnetic Systems: Two Sources

_ -mc, Co7/nY
e 20x10° 0 20
6 | | 1
Chupp & R-M:
Electron 1407.1064 |
EDM
-5
&
0 §:
- -5
N
—-10
(Scalar q) N RENT
x (PS e)

A Z (1.5 TeV) x +/sin ¢cpy

A 2 (1300 TeV) X \/sin qbcpv

Electron EDM (global)

C's (global)

Tl YbF, ThO... LHC accessible?
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Engel, R-M,

van Kolck ‘13

Hadronic Matrix Elements

Param Coeff Best value?® Range
" o, 0.002 (0.0005-0.004)
ap 0.002 (0.0005-0.004)
Im Co6 ue 4x107* (1-10) x 107*
G 8 x 1074 (2—18) x 107*
d, ep —0.35 —(0.09 —0.9)
epd —-0.7 —(0.2—1.8)
8q er! 8.2 x 107° (2 —20) x 107°
ecd 16.3 x 1072 (4 — 40) x 1072
Im Cyy -4 0.4 x 1073 (0.2—-0.6) x 1073
dy —1.6 x 1073 —(0.8 —2.4) x 1073
d, P! —0.35 (—0.17)-0.52
Pl 1.4 0.7-2.1
8q u 8.2 x 107° (4—12) x 1079
¢l —33x 107° —(16 — 50) x 10°
Cz G 2 x 1077 (0.2 — 40) x 1077
Im Cyyq oud 3 x 1078 (1—10) x 1078
Im Clyg uad 40 x 1077 (10 — 80) x 1077
ImCly g 127 11-145
Im CS 2 0.9 0.6-1.2

&s

n
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Engel, R-M,
van Kolck “13

Hadronic Matrix Elements

Param Coeff Best value?® Range
é oy 0.002 (0.0005-0.004)
ap 0.002 (0.0005-0.004)
Im Cyc uG 4x10* (1—10) x 107*
G 8 x 1074 (2—18) x 107*
d, ep —0.35 —(0.09 —0.9)
epd —-0.7 —(0.2—1.8)
5 | (CEDM) et" 8.2 x 107° (2—20) x 107° ]
ecd 16.3 x 1072 (4 — 40) x 1072
Im Cyy -4 0.4 x 1073 (0.2—-0.6) x 1073
dy —1.6 x 1073 —(0.8 —2.4) x 1073
d, P! —0.35 (—0.17)-0.52
Pl 1.4 0.7-2.1
8q u 8.2 x 107° (4—12) x 1079
¢l —33x 107° —(16 — 50) x 10°
Cz G 2 x 1077 (0.2 — 40) x 1077
Im Cyyq oud 3 x 1078 (1—10) x 1078
Im Clyg uad 40 x 1077 (10 — 80) x 1077
ImCly g 127 11-145
Im CS 2 0.9 0.6-1.2

&s

n
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Nuclear Matrix Elements

S=aog3? +a,93" +ay95?

Nucl. Best value
ap ai a

99Hg 0.01 + 0.02 0.02

189%e —0.008 —0.006 —0.009

225Ra —15 6.0 —4.0
Range
dp a az

0.005-0.05 —0.03-(+0.09) 0.01-0.06
—0.005-(—0.05) —0.003-(—0.05) —0.005-(—0.1)
—1-(—6) 4-24 —3-(—15)

Engel, R-M, van Kolck “13




|sin ap|

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration

ACME exclusion

Theoretically inaccessible

0.1f

001}

0.001 -

1074

Present

sin oy, : CPV
scalar mixing

|sin @p|

0.1-

001+

0.001 -

1074

Neutron EDM exclusion/uncertainties

Theoretically inaccessible

|sin |

0.1/
001

0.001 -

1074

Ag 7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

48
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|sin ap|

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration A7 = 0 for simplicity
ACME exclusion Neutron EDM exclusion/uncertainties Hg EDM exclusion/uncertainties
1 1 1
Theoretically inaccessible Theoretically inaccessible Theoretically inaccessible
0.1} 0.1+ 0.1 -",
001/ S 001 S 001
0001} 0.001 - - 0.001 - R
Range of hadronic Range of nuclear N \\
matrix elements \ matrix elements N ‘-‘.
—4 —4 | 1 L e L M -4 L 1 L — L \_.\_\_A:
10 10 1 2 5 10 20 50 10 1 2 5 10 20 50
tanf tanf
Present
sin oy, : CPV
scalar mixing

49
Inoue, R-M, Zhang: 1403.4257



|sin ap|

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration Ag 7 = 0 for simplicity
ACME exclusion Neutron EDM exclusion/uncertainties Hg EDM exclusion/uncertainties
1 1 1
Theoretically inaccessible Theoretically inaccessible Theoretically inaccessible
0.1} 0.1+ 0.1 -",
001f g 0.01+ _f 001+
0001} 0.001 - - 0.001 - R
Range of hadronic Range of nuclear OO
matrix elements \ matrix elements R
—4 —4 | | L e L T —4 | | L —— ] L \_.\_\_A:
10 10 1 2 5 10 20 50 10 1 2 5 10 20 50
tan8 tanf
Present
Challenge for Theory
sin oy, : CPV
scalar mixing
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IV. Outlook

Searches for permanent EDMs of atoms, molecules,
hadrons and nuclei provide powerful probes of BSM
physics at the TeV scale and above and constitute
Important tests of weak scale baryogenesis

Studies on complementary systems is essential for first
finding and then disentangling new CPV

The interpretation of diamagnetic system EDMs
(including the nucleon) is challenged by substantial
hadronic and nuclear many-body uncertainties

The advancing experimental sensitivity challenges
hadronic structure theory to aim for an unprecedented
level of reliability & model building to envision new

pathways for baryogenesis .



