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The Search for an EDM: Why
Physicists Should Care

.
J

» Theorists think it’s interesting -~

» It's something we can do —
S

» [t addresses fundamental Q’s 0



EDM’s & Fundamental Questions

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

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

J 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 EDMs 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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BSM Implications
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What is an EDM ?

oo

VEDM —




What is an EDM ?

—_
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T-odd , CP-odd T-odd , CP-odd T-odd , CP-odd
by CPT by CPT by CPT
theorem theorem theorem



What is an EDM ? J=1/2, relativistic

particles
1/ --------- K
| |
/ 7 / F ul F v I F
W18 1) = 0 [ P+ o iromnsa + 12— dans) U
i i
F,: Dirac (charge) form factor P. T Conserving
F,: Pauli (magnetic) ff P. T Conserving
Fj: Electric Dipole ff P, T Violating
Fj: Anapole ff P Violating
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What is an EDM ?

Nuclear Moments
pT T PX #7
Coulomb
~— C,|E ®» % O
Magnetic ——> ™, O % % E
8 O E &

TE,
Transverse/

electric

Non-relativistic
diamagnetic systems



What is an EDM ? Non-relativistic

Nuclear Moments
pT 1 PY F7
Coulomb
\ c,|e x x[o
Magnetic —> TV, O % % |E
® |0 E &

TE,
Transverse/

electric

diamagnetic systems

EDM, Schiff...
MQM....

Anapole...



What is an EDM ? Non-relativistic

diamagnetic systems

Nuclear Moments
pT 1 PY #7
Coulomb
\CJ E % %]||O EDM, Schiff...
Magnetic —— 1™, O % % ||E MQM....
X |O |[E % Anapole...

TE,
Transverse/7

electric

Sources of diamagnetic
atom EDMS (19°Hg...)




. 2 Non-relativistic
Wha t IS an ED M - diamagnetic systems
Nuclear Moments

pT FT PY #7

Coulomb \ , Nuclear
CJ E & ® |O EDM, Schiff... B AT

Magnetic —— ™, O % % |E MQM....
E

TE X |10
Transverse / J

electric

x Anapole...




EDMs & SM Physics

d,~(10"ecm) x Oycp + d, M
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EDMs & SM Physics

d,~ (10" ecm) x Oqocp +

CKM
d,

d M =(1-6) x 103 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d~(10"ecm) x (v/A)? x sing xy,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 ?
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EDMs & BSM Physics

d~(10"ecm) x |(v/A)?|x sing xy,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?

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

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

Need information from at least three “frontiers”

« Baryon asymmetry Cosmic Frontier
* High energy collisions Energy Frontier
« EDMs Intensity Frontier

21






EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-33 10-2°
ThO 1.1 x 10-29** 10-38* 10-28

n 1.8 x 10-26 10-31 10-26

*95% CL  ** e"equivalent * e"equivalent from Cgq
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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 1.1 x 10-29** 10-38* 10-28

n 1.8 x 10-26 10-31 10-26

*95% CL  ** e"equivalent * e"equivalent from Cgq

Mass Scale Sensitivity

singcp ~1 — M > 5000 GeV

M <500 GeV — singp < 10-2
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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
ThO 1.1 x 10-29** 10-38* 10-28
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e"equivalent * e"equivalent from Cgq
% neutron
proton
& nuclei
*  atoms
~ 100 x better
Not shown:

muon

sensitivity
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Why Multiple Systems ?

Muiltiple sources & multiple scales

27






EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV

[~

BSM CPV

SUSY, GUTs, Extra Dim...

4

'd

Collider Searches

of .
Particle spectrum; also
scalars for baryon asym

d,, 9nns -

QCD Matrix Elements

——

Energy Scale

l

Expt

' Schiff
T-odd
CPV

Nuclear & atomic MEs

moment, other P- &
moments, e-nucleus
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Effective Operators: The Elevator

f
Lcpv = Lokm + L + Lygu

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

Collider Searches

Baryon Asymmetry

Early universe CPV T

BSM CPV

SUSY, GUTs, Extra Dim...

of .
V1 Particle spectrum; also
scalars for baryon asym

——

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

QCD Matrix Elements

d,, 9nns -

A

Energy Scale

Expt

LNuclear & atomic MEs

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

Collider Searches

Baryon Asymmetry

Early universe CPV T

BSM CPV

SUSY, GUTs, Extra Dim...

of .
V1 Particle spectrum; also
scalars for baryon asym

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

e e s s s e

QCD Matrix Elements

d., g.nNs -

Energy Scale

Expt

LNuclear & atomic MEs

' Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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Effective Field Theory

BSM CPV

]
&
© BSM Scale ;,':
®
Q o
% 1
> i e
5
Lﬁ Weak Scale ¥

e e S
- - - - _ » - -
T T T -
E ] »
- -
.

EDM physicists
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Effective Field Theory

BSM CPV

BSM Scale

eff .
D m— ‘CBSM = Ao

Energy Scale

Weak Scale

EDM physicists
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Operator Classification

Pure Gauge Gauge-Higgs Gauge-Higgs-Fermion
Qe | FAECGAGEGSH || Qe | YleGAGY || Que | (Qo*TAu)GA,
L = | KW e 1:1.--';\"; Qv | PleWLWI || Qug | (Qo*TAd)p G4,
Q.5 | ¢leBuB™ | Qmw | (Forf)rlaw],

Quvp | €T WL, B* || Qs | (Fo f)® By,

Weinberg 3 gluon

” g ‘\Lb
§< t,.b %




Operator Classification

Pure Gauge Gauge-Higgs Gauge-Higgs-Fermion

Qz | FAECGMGEGoH | Qe | ¢lpGAch ||[Que | Qo TAuwpaA,)
w | EEWEWIewEe | Q o | el W] Wik Quc (Qo*TAd)y G;‘}UJ
Q.5 | ¢leBuB™ | Quw | (Forf)r'law],

Quvp | €T WL, B* || Qs | (Fo f)® By,

Quark chromo-EDM




Operator Classification

Pure Gauge Gauge-Higgs Gauge-Higgs-Fermion

fAECGGEGSH | Qe | ¢leGRG™ || Que | (QuT*w)F Gy,
KW WlewEe || Q | ploWLWI || Qug | (Qo*TAd)p G4,
W (For f)rl @ ‘-"I"”{V
(Fo" f)® By,

x° I:)J;m)’
a7 Fermion EDM




Operator Classification

(ER)(RL) and (I,R)(ER)
Qledq (Lie)(dQ?)
QW | (Qu)en(QHd)
QY . | (QITAu)en(Q*T4d)
Qlemm (D‘e>eﬂ<cz )
Q"

3 -— .
Ql(ec;u (Ljapue)ejk

“u)




Operator Classification

(LR)(RL) and (LR)(LR)
(Quag | (Le)(dQ9) ]
Qi)qd (Qu)eji(Q )

Q¥ | (QITu)e;n(QFTAd)

quqd
Qlegs (De>eﬂ<Q )
Qz(i;u (L ouwe)en(Q (Q 0" u)

Semileptonic: atomic & {» +
molecular EDMs METe




Operator Classification

(LR)(RL) and (LR)(LR)
Qledq (Lie)(dQ?)

[Q;t’qd (Gu)esn(@Hd) ]
QY) | | (QT4u)e;(QTd)

Qi (De>eﬂ<cz )
(Q*

3 -— .
Ql(ec;u (LJO'#VG)GJL

“u)

Nonleptonic: hadronic
EDMs & Schiff moment



Wilson Coefficients: Summary

C

quqd

Cquu, ledqg

C

oud

fermion EDM
quark CEDM
3 gluon
non-leptonic
semi-leptonic
induced 4f

(3)
(2)
(1)
(2)
(3)
(1)

12 total + 6

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

Oy fermion EDM (3)
5, quark CEDM (2)
C3s 3 gluon (1)
Cougd non-leptonic (2)
Clequ, ledg 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
- A
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

A

Energy Scale

QCD Matrix Elements LNuclear & atomic MEs
' Schiff moment, other P- &

d.; 9NN oo
T-odd moments, e-nucleus
------------------------- CPV

SO
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Energy Scale

Effective Field Theory

BSM Scale

Weak Scale

Running & mixing:

d = 6 opertors

Hadronic Scale

EDM physicists

BSM CPV

45



Energy Scale

Effective Field Theory

3

-

BSM Scale

- - -

S S SN
SR L S L

N — g

B Rt

Weak Scale

...
- el
- -

W eE9- "S- "HNee @

}:
|
|
|
|

Hadronic Scale

Now consider this

energy regime

-

BSM CPV
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TVPV Hadronic & Nuclear Interactions

LY = —2N(do+di73) SuN v, F*
+ N [gﬁo)‘r 7+ gWn? + g2 (373m” — T - w)] N

+C\NN 9, (NS*N) + CoNTN -9, (NS*TN) +---

Nonleptonic: hadronic EDMSs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

LRIV {2N (do + dy7s) S, N ’UVF’W]

—I—’\[ ) . 7r+g(1) O—I—g7r (373”1' —T- w)]\

+C1NN 8, (NS*N) + CoNTN -9, (NS*TN) + -

Nucleon EDMs

Nonleptonic: hadronic EDMSs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

LYY = —2N (do+ di73) SuN v, F* 1=0, 1,2

—I—[’\ [gﬁo)‘r 7+ gWn? + g2 (373m” — T - w)]\]

+C\NN 9, (NS*N) + CoNTN -9, (NS*TN) +---

PVTV N NI
interaction | - PLW Y + P | +oe

Nonleptonic: hadronic EDMSs, Schiff moment (atomic EDMSs)



TVPV Hadronic & Nuclear Interactions

LY = —2N(do+di73) SuN v, F*

+ N [gﬁo)‘r 7+ gWn? + g2 (373m” — T - w)]\

+[C71 NN 9, (NS*N) + CoNTN -8, (NS*TN) +]. -

PVTV 4N X
interaction

Nonleptonic: hadronic EDMSs, Schiff moment (atomic EDMSs)



dy = an ( ) Z 8® (Im &)
. _ 9\ 2
gy = \9 ( - ) (Im Ct)
Hadronic d=6 operator
matrix elements coefficients

How well can we compute the g, y, A

Hadronic Matrix Element Challenge

. ?



Hadronic Matrix Elements

B bbbt =S
Param Coeff Best value® [ Range !
— 1 1
7 ay 0.002 | (0.0005-0.004) i
@ 0.002 i (0.0005-0.004) !
Im Cy6 ue 4x10* [ 1—10x107* | .
By¢ 8 x 1074 I 2-18)x107% ! Zadr(:tnlg t
- 1 1 nceriain
d, ep. —0.35 | —(0.09-0.9) I Y
epd —0.7 | —(02—18) I
-~ ~ I |
8q et 8.2x 1077 I (2-20)x107° |
et 16.3 x 107° I (4—40)x 1077 |
Progress. Im Cyy n 0.4 x 1073 | (02-06)x1073 |
LANLLQCD) __________ B 2162107} —08-24)x107
U4 ] i N
[ d, P —0.35 I (—0.17)-0.52 Ey
: Pl 1.4 I 07-2.1 e
I 8 u 8.2 x 10~° I @-12x10° ! |
| d _ -9 _ _ -9 |
i d 33 x 10 | —(16—50) x 10~° | i
= |
e G 2 x 1077 | (02-40)x 107 1 |}
Nl o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e e e e [ —
Im Cou vid™ 3 x 10°8 T a-1wyx10® T
| |
Im Clyog quqd 40 x 1077 l (10—80)x 1077 |
-) © : :
Im C g 12.7 I 11-145 :
| |
Engel, R-M, Imc$” M 0.9 L 0.6-12 ;
van Kolck: Meq & _ . o . 52




EDM Interpretation & Multiple Scales

Baryon Asymmetry Collider Searches
- of .
Early universe CPV T BSM CPV 4| Particle spectrum; also
scalars for baryon asym

SUSY, GUTs, Extra Dim...

——

()

d= 6 Effective Operators: “CPV Sources” S

; _ %
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion =

]

R ~
. ([ _ :
QCD Matrix Elements i Nuclear & atomic MEs| !
— |
d,, 9NNy - A Schiff moment, other P- & | |
i | T-odd moments, e-nucleus | |
i | CPV ]
\ (]

\ U




Effective Field Theory

BSM CPV

Energy Scale

-

BSM Scale ;.;é:z 1 '
L B

Weak Scale f:i: e
i
'R

C=————<

Hadronic Scale

-------- Nucl & Atomic

Now consider this
Scales <

energy regime







The Theorem

Schiff Screening

U S s N

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

T s A

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

Interactions are electrostatic

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




Schiff Screening: Corrections

Schiff Screening The EDM of a neutral system
7N 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 A"3




Schiff Screening: Corrections

Schiff Screening

T s A

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,...







Electron EDM Interactions

External fields: 15t order energy shift (2) 1 e
) z
VO = —a Y df(o: - E +ia; - BEY). > VUVY
i=l
Internal (nuclear) fields: 2" order energy shift 2 :3;
Z
EN) _ W) i pA) VU
Vi _—a;deﬁ[o,--l:i +ia; - B+ f—> o
= SNy
© ¢ nue
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Electron EDM: Heavy Atoms

(a) e nuc
— e
dy=pp°d, +...
AVAVAVA
Atom P4
( \ e nuc
205'1"] —573(20) (4 nuc
133Cs 123(4) .
85Rb 25.7(0.8) Paramagnetic aatila
&ZIOFr 903(45) z I’I/T
199Hg 0.01 Diamagnetic ) |

(c) e nue
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Electron EDM: Polar Molecules

E Eexternal
‘ internal <€
@
o
(N
20 -
Electron experiences
enhanced E; ; as due = ¥
fo much smaller E_,; N
O IO T
=
m 5
YbF
O T T |
0 10 20 30
Applied field E (kV/cm)







Schiff Screening: Corrections

Schiff Screening The EDM of a neutral system
7N 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 A"3




PVTV Nuclear Moments

Schiff Screening
4,,4—~¢-->€\_‘¥\ e nuc e nuc
/ Ee \‘.|
\L\; ~~~~~~~ :_,..il d\N\j\ "1‘ + C. C.
Atomic effect from
nucl_ear finite size: p nue (c) e nuc
Schiff moment
Screened EDM Schiff moment, MQM, ...

EDMs of diamagnetic atoms ( "°Hg )



Nuclear Schiff Moment

Schiff Screening
= e Tl -
/_1_/ £ & ‘—i\-"\\ e nuc
/ Ee
“\‘ Eint /J‘J
Atomic effect from

nuclear finite size:
Schiff moment

e nuc

Screened EDM

EDMs of diamagnetic atoms ( "°Hg )

e nuc

AVAVAVA
,{/1- + C. C.

=

(c) e nuc

Nuclear Schiff Moment
S~ / d’x x* % p(%)"Y

(Ry/ R,)? suppression




Nuclear Schiff Moment

Nuclear Enhancements
e nuc N N
b Pr +& G VU s + C. C.
— S
(©) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

mixing of opposite parity
states by HVPV ~ 1/ AE

EDMs of diamagnetic atoms ( "°Hg )



Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N
1 \AVA
i — i ' + C. C.
)= (19 +18)) ¥
SN
Calculated ?*°Ra density Opposite parlty states
mixed by HTVPV N N
Nuclear polarization:

mixing of opposite parity
states by HVPV ~ 1/ AE

EDMs of diamagnetic atoms ( "°Hg )



Nuclear Schiff Moment: Pion Exchange

S=aygq" +a, 93" +ay93?

70



Nuclear Schiff Moment: Pion Exchange

= aoggio) +a; 93" +ayg3%?

/ N

Nuclear many-body _(l.) B (
computations I=* = ) 2};: (Im Cy)

Non-perturbative hadronic
computations
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Nuclear Matrix Elements

Nucl. Best value
aop a az

99Hg 0.01 + 0.02 0.02

12956 —0.008 —0.006 —0.009

25Ra —15 6.0 —40
Range
aop ai az

0.005-0.05 —0.03-(+4-0.09) 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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Specific lllustrations: “Portals”

_________________________

K Higgs boson i This talk

————————————————————————

Back up slides /
question period

D ——

/

————————————————————————

Where is BSM CPV hiding ?
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The Higgs Portal

75



What is the CP Nature of the Higgs Boson ?

* Interesting possibilities if part of an
extended scalar sector

* Two Higgs doublets ?
H—H,, H,

 New parameters:

tan = <H,>/<H,>
sin oy,

76



What is the CP Nature of the Higgs Boson ?

* Interesting possibilities if part of an
extended scalar sector

* Two Higgs doublets ?
H—H,, H,

 New parameters:

tan p = <H,>/<H,>
sin oy,

CPV : scalar-pseudoscalar
mixing from V(H,, H,)

a4



Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1 1
Theoretically inaccessible Theoretically inaccessible
Hg __|
0.1, 0.1+ 0.1
g 0017 S 0014 S 0.01
0.001 - 0.001¢ 0.001
10 107 10*47
Present N, Future: Future:
6’1,1, 777
0.-4%/5 d, x0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
. Ao x 0.1 Ao x 0.1
sin a,, : CPV o o
scalar mixing da(Ra) [107 e cm] da(Ra)

78
Inoue, R-M, Zhang: 1403.4257



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

All Constraints

All Constraints

As 7 = 0 for simplicity

LHC 300 fb"

H Theoretically inaccessible
0 o 0.1 _ o LHC 3 ab1
£ 005F % .
_ _ P o H = 7h
g 001f g o001y = oot
- - 0.005
0.001} 0.001 ¢’
0.0015 - : E
104 L4 05 1 2 5 10 20 50
Alignment limit 4, B
Chen, Li, R-M: 1708.00435
Present /Vel,,, Future: Future:
7~
/’Q;qc/wg d x0.1 d, x 0.01
da(Hg) x 0.1 d,(Hg) x 0.1
sin a. - CPV d7p0 X 0.1 d7p0 X 0.1
b "
scalar mixing da(Ra) [107 e cm] da(Ra)

79
Inoue, R-M, Zhang: 1403.4257



EDM Complementarity
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Paramagnetic Systems: Two Sources

Electron +uvw %
EDM

Y
(Scalar q) -
x (PS e) T
N _

Tl, YbF, ThO... 81




Paramagnetic Systems: Two Sources

Electron +N.\M y I
EDM \ \\\ . e N ~

(Scalar q) -
x (PS e) T

Tl, YbF, ThO...

Y

-6x10” | |
~400x10” -200 0
Cs

O, 2,2
-ImC,, "(v/A)

20x10” 0
!

20
|

Chupp & R-M:
1407.1064

) &
§ 0 0 ;»,,
- >

2 - -5

4 —-10

S
s
ThO - -15x10°

AZ (1.5 TeV) X 4/Sin ¢gcpv

AZ (1300 TeV) X 4/sin ¢CPV

Electron EDM (global)

C's (global)

LHC inaccessible
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Paramagnetic Systems: Two Sources

Electron +N.\M %
EDM \z_

(Scalar q) -
x (PS e) T

N e

@ 2,2
ImC,y (v/A)

2 3x10°

Chupp update:
PDG 2020

-1.0

—-0.5

0.0

Cl o=
(ZV/ZA) Q

— 0.5

~ 1.0x10°

Update: slightly stronger

AZ (1.5 TeV) X 4/Sin ¢gcpv

Electron EDM (global)

ThO, Hff+

AZ (1300 TeV) X 4/sin ¢CPV

C's (global)

LHC inaccessible
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lllustrative Example: Leptoquark Model

-
g
Electron ,Y\ §
EDM + e N
\
|
e PR

N e
y e u
(Scalar q) -
x (PS ¢) T _— >_X__<
N e u e
(3, 2, 7/6)

L3> -)2Pa%XTel” — \*®e%XTQ" + h.c. y



lllustrative Example: Leptoquark Model
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lllustrative Example: Leptoquark Model

Orange: |d,| = 10°, 1037, 1032 e cm
- Green: |d, | = 1030, 1037, 103 e cm
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Electron e §
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\dyal =107°,107°,107%% e cm
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x (PS e) /7 > —

N e w

Fuyuto, R-M, Shen 1804.01137

See also: Dekens et al

1809.09114
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Electroweak Baryogenesis

Was Yz generated in conjunction with
electroweak symmetry-breaking?
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Energy Scale (GeV)

Baryogenesis Scenarios

1012
10°

102
107

-
=

Standard thermal lepto

Affleck Dine

Electroweak, resonant lepto,
WIMPY baryo, ARS lepto...

Post-sphaleron, cold...
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Energy Scale (GeV)

Baryogenesis Scenarios

1072 <_‘I'_ Standard thermal lepto
10° # Affleck Dine
|
1
|
1
|
1
"""""""""""""""""" Electroweak, resonant lepto, |
2 & — J s |
10 WIMPY baryo, ARS lepto... J
107 =
v ——  Post-sphaleron, cold...

Era of EWSB: t,., ~ 10 ps
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EWBG: MSSM & Beyond

« Strong first order EWPT: LHC — Excluded for the
MSSM — Possible w/ extensions (e.q., NMSSM)

 CPV: Sources same as in MSSM + possible additional

90



EDMs & EW Baryogenesis: MSSM+

Heavy sfermions: LHC Sub-TeV EW-inos: LHC & EWB -

consistent & suppress viable but non-universal phases
1-loop EDMs
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EDMs & EW Baryogenesis: MSSM+

Heavy sfermions: LHC Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs
1_ T I T
Compatible with | g 3
observed BAU d, = 10%% € cm
) o
= o} S ol =
\2; 01_ % f :
@ & d,=10%ecm  ACME: ThO
> d,=10%ecm [
/M....l...‘l....l...\l Kllkl‘
00 150 200 250 300 09165 150 200 250 300
NeXt gen dn M, [GeV] M, (GeV]

Li, Profumo, RM ‘09-"10 92



EDMs: What We May Learn

EXPERIMENT THEORY
- 5
- {
-} N .
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YEAR

REVIEW OF PARTICLE
ELECTRIC DIPOLE MOMENTS

1. Mike Pendlebury

“n-EDM has killed
more theories than any
other single
experiment’

100"

Present n-EDM Ilimit

Proposed n-EDM limit

Matter-Antimatter
Asymmetlry in
the Universe:
MSSM

Theory: How robust ?
Can EDMs kill EW
baryogenesis ?



CPV for EWBG

Theoretical creativity
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Outlook

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 EDMs 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 for Intensity

Frontier physics
95






The Top Quark Portal

97



CPV Top Quark Interactions?

39 generation quarks often have a special role in
BSM scenarios, given m, >> all other m;

If BSM CPV exists, d, may be enhanced —

Top EDMs difficult to probe experimentally

Light fermion EDMs to the rescue ! =
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CPV Top Quark Interactions?

Cordero-Cid et al ‘08, Kamenik et al ‘12, Cirigliano et al
16, Fuyuto & MRM in 1706.08548

Model-indep: independent SU(2), & U(1), dipole operators: C,z, C,,, —
Tree level d; & loop level d, , djgy

o Future limits with A = 1 TeV
Current limits with A = 1 TeV

neutron

[ 1dl=1.0x10"ecm

[ |d]=1.0x10"%ecm
-

electron

~(v/A)* Im(Cow)

~(v/A)? Im(Cyw)

10
(v/AY? Im(Cyp)

(v/A)? Im(Cp)

Fuyuto & MRM 17

Induced d, , djigns quark Fuyuto ‘19: Updated for new ThO 99



Dark Photon Portal

100



BSM Physics: Where Does it Live ?

Mass Scale

SUSY, see-saw, BSM
Higgs sector...

BSM ? | darkU(1)...

Sterile v’s, axions,

Coupling
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Dark Photon Portal

[ Standard Model ] < > [Hidden Sector ]

New CPV ?
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Dark Photon Portal

SM
SU(2) Triplet

Mediator

X

Dark
Sector

Thanks: K. Fuyuto
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CPV Dark Photon

P 13 _ i% . =
LU0 = =TT W,, S]XH — ST (W, X)X
CP-conserving CP-violating

Thanks: K. Fuyuto

K. Fuyuto, X.-G. He, G. Li, MURM 1902 XXXXX
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CPV Dark Photon

~

=5 /B LV 6 LY
£l ):—K’I‘r[W#,,Z]X* - KTr[WWZ]Xﬁ

/ CP-conserving / CP-violating
/ / Thanks: K. Fuyuto

X -y Mixing EDM
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Y
10728
B . g
;l o - ‘J"\
10-3 EENREEE oy | B
EW\ want
iE % \“_\\*“y 0
4 PN~
10 S E4 ‘\N A\ X \ Z
| \\ ] \
10°%- ) Z x
5 ,
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CPV Dark Photon

: 3
=5) = _ZTy[W,, ] X M —

A

B 7 LV
STV, 3] X

/ CP-conserving / CP-violating
/ / Thanks: K. Fuyuto
X -y Mixing EDM
[T T T T TTTT] I T T T TTTTH
B Electron EDM constraint - A/
108 |de] < 1.1 x 1072’ e cm .
g B B
2 1072 E
s F il X S
- i} \
I 2 A=1ch,x=1Gv§ x
- my =20 GeV, my,=200 GeV ] \ h
10-31 U ] Loyl | Lol f \ f
1073 1072 107!
sin 6
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Effective Field Theory

BSM Scale

1
eff _ (n) ~H(6)
<— LBsm = A2 Z a;  O; +

Energy Scale

Weak Scale
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Energy Scale

Effective Field Theory

BSM Scale

-

1
reff (n) (6)
BSM = 23 Zai i +
2' ¢ L B

Weak Scale

/

» Write down all operators consistent
with EW symmetry

» Classify by successively higher
mass dimension

» Truncate at a given order: error of

order (v/ A )?
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Effective Field Theory

» Wilson coefficients encode details of
1 particles & dynamics above BSM

scale A
» Wilson coeffs “parameterize our
ignorance”
o BSM Scale \
% PR
%) eff _ (n) (6)
> ¢
Lﬁ Weak Scale /

» Write down all operators consistent
with EW symmetry

» Classify by successively higher
mass dimension

» Truncate at a given order: error of

order (v/ A )?
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Energy Scale

Effective Field Theory

BSM Scale

—

1
eff () ~(6)
LBsm = A2 E :ai O;

Weak Scale

<€

Running & mixing:

Hadronic Scale

.

d = 6 opertors

Now consider this

energy regime
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Energy Scale

Effective Field Theory

BSM Scale
. 1 n
«— Lhsu = A2 Z ™ O
Weak Scale
Running & mixing:
E d = 6 opertors
Hadronic Scale
Chiral symmetry:
o HBChPT
Nucl & Atomic
Scales < Now consider this

regime
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Leptonic & SemileptonicCPV

€ N e
Y
Electron +uvw Y (Scalar q) _
S x (PS €) '
e N e

EDMs of paramagnetic atoms & molecules
(Tl, ThO, HfF*...)



Semileptonic CPV

(PS q) x (Scalar €)
-1

(Tensor q) x (Tensor €)

EDMs of diamagnetic atoms (Hg, Ra. Xe--)



Nuclear Schiff Moment

Schiff Screening

b

Atomic effect from
nuclear finite size:
Schiff moment

Nuclear Schiff Moment

N/d%xxxp 7)CPY

Nuclear EDM: Screened in atoms

3 - CPV
nucw/dxxpx

EDMs of diamagnetic atoms ( "°Hg )




