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About MJURM & EDMs

Volume 196, number 2 PHYSICS LETTERS B 1 October 1987

ELECTRIC DIPOLE MOMENTS OF NUCLEI *
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and
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Depariment of Physics, Princeton University, Princeton, NJ 98540, USA
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Recent calculations by Sushkov, Flambaum and Khriplovich have suggested that the existence of the possibility of kaon exchange
within nuclei allows nuclear electric dipole moments within the standard mode to be enhanced substantially over those of ascleons.
This suggestion is analysed carefully and it is found that the constraints of chiral symmetry, which were not correctly included in
the carlier caleul reduce this prediction substantially. VOLUME 60, NUMBER 21 PHYSICAL REVIEW LETTERS 23 May 1988

Nuclear Orientation of Radon Isotopes by Spin-Exchange Optical Pumping
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FIrSt MJRM th e Ory p ap er Department of Physics. Princeton University, Princeton. New Jersey 08544
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ISOLDE, CERN, Geneva Switzerland
T. Chupp
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J. Bonn, R. Neugart, and E. Otten

Universitat Mainz, Mainz, Germany

and

H. T. Duong

Laboratoire Aime Cotion, Orsay, France
(Recerved 22 June 1987)

This paper reports the first demonstration of nuclear orientation of radon atoms. The method em-
ployed was spin exchange with potassium atoms polarized by optical f The radon isotopes were
produced at the ISOLDE isotope separator of CERN. The nuclear alignment of **Rn and **Rn has
been measured by observation of y-ray anisotropies and the magnetic dipole moment for **Rn has been
measured by the nuclear-magnetic-resonance method to be || =0.83881(39)uy
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The Search for an EDM: Why

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



EDMs & 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 ? Where is the needed CPV ?

What are the implications of BSM scenarios
for the foregoing questions ?

What are the corresponding BSM mass scale
and dynamics?



EDM Phenomenology

What might EDM searches teach us about
these fundamental questions?

How do various EDM searches provide
complementary probes ?

What are the prospects for experimental
advances & what are the corresponding
potential implications ?



EDMs & Other Frontiers

What are the implications of EDM searches for
explaining the matter-antimatter asymmetry ?

How do other tests of CP symmetry
complement EDM searches ?

What are the implications of searches for new
particles (heavy, light) for EDM searches and

vice-versa ?



EDMs: Theory Challenges

How can we reliably compute EDMSs of hadronic
and molecular systems ?

What are the current theoretical uncertainties & how
do they impact EDM search implications for
fundamental questions?

How reliably can we connect EDM search results
with phenomena at other frontiers (cosmology,
colliders, etc.) ?



Goals for This Workshop

Review the experimental and theoretical state-of-the-
art and prospects for future advances

Share recent developments in theory and experiment
Discuss implications for the foregoing questions

Catalyze new directions, explorations, collaborations



Il.
Ill.

V.

Outline

EDM Context
Experimental Situation
Theoretical Interpretation

BSM Implications
Outlook
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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

13



What is 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




Whatis an EDM ? Non-relativistic

diamagnetic systems

Nuclear Moments

Coulomb PpT T P¥ #7
T~ e x x [0] eom soni..

Magnetc —— ™, O X X |E MQM....

TE, | X |0 |E X Anapole...
Transverse /
electric




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

18



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

20



EDMs & BSM Physics

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

CPV Phase: large enough for baryogenesis ?

21



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

22



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

23



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

24



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 10-30
HfF* 4.1 x 10-30 ** 10-38 * 10-30
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent * e equivalent from Cg

26



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 10-30
n 1.8 x 10-26 10-31 10-26
* (1) L o
95% C BB ) ) X —plle—
\ ‘ S
dS-(-E)
Veouy =~ n
T-odd CP-odd
CPT d,. x<0.25mm
C-Y Liu theorem
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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

* neutron

proton
& nuclei

atoms

~ 100 x better
sensitivity

28



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

\Cp Sin(l)cp ~ 1 — M > 5000 GeV
P /\\N'\MV
P M < 500 GeV — sin¢cp < 10-2

29



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 tg‘ \EQIW, C Sin(l)cp ~ 1 — M > 5000 GeV
challlE= & ] hasny
c) 2 M < 500 GeV — sindcp < 10-2
e

30



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 ?

32



Why Multiple Systems ?

Multiple sources & multiple scales

33



Ill. Theoretical Interpretation

34



EDM Interpretation & Multiple Scales

Collider Searches

Baryon Asymmetry

Early universe CPV T

BSM CPV

SUSY, GUTs, Extra Dim...

A

of -
V1 Particle spectrum; also
scalars for baryon asym

QCD Matrix Elements

d., NN -

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

36



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., NN -

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
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] )

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., NN -

CPV

INuclear & atomic MEs

I'Schiff moment, other P- &
T-odd moments, e-nucleus
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Wilson Coefficients: Summary

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

Complementary searches needed



EDM Interpretation & Multiple Scales

Fundamental theory

Wilson coefficients

Low energy parameters

Nucleus level

Atom/molecule level

Chupp, Fierlinger, MJURM, Singh, Rev. Mod. Phys. 91 (2019) 015001 [1710.02504]

CKM, 6, SUSY, Multi Higgs, LR-symmetry ]

l

8 Cpp Cuagg(1:8). Cr dyg dy  semileptonic  d, |
1 v l

gl gl(g?)

V_'A dy d

Cr CSO(D]

1

dt, 3He

Schiff moment

|

!

Diamagnetic ’(

Paramagnetic

2

Solid state
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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., NN -

o —
Ny mm e e e e -

—————————————————————————
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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, (NSHTN) +} ..

PVTV 4N X
interaction

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMSs)



Hadronic Matrix Element Challenge

— v 2 .
dy = ay 0+ (K) ; -3.(\1:) (Illl CL)

(i ~ v\ 2 :
gT(r) = )\(,‘) 0 + (K> Z ’}"((f)) (Illl Ck)
i k

d=6 operator
coefficients

How well can we compute the S, y, A, ... ?



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 S, y, A, ... ?



Engel, R-M,
van Kolck:

Hadronic Matrix Elements

“— --------- -\"
Param Coeff Best value? | Range ‘.
- | 1
o o, 0.002 I (0.0005-0.004) ]
) 0.002 1 (0.0005-0.004) I
Im Cyc - 4x 1074 l a-10x10* |
- 8 x 1074 I (2—18)x 107* !
~ | |
d, ep! —0.35 I —(0.09 —0.9) I
epd —0.7 | —(02-1.8) I
- ~ | |
8q ecy 8.2 x 107° I (2—-20) x 1072 !
ecd 16.3 x 107° I (4—40)x107° 1
Im Cgy uy 0.4 x 1073 | (02-06)x103 |
-f —1.6 x 1073 | —(0.8—2.4)x 1073]
d, P! —0.35 I (=0.17)-0.52 !
pd 1.4 I 07-2.1 !
dq e 8.2 x 1079 l @-12)x10° !
d —33 x 107° I —(16 —50) x 10~° [
- i i
Cz G 2 x 1077 1 (0.2—-40) x 1077 |
Im Cyug ud 3 x 1078 | 1—-10x10% |
| |
Im Clyog “ 40 x 1077 l (10-80)x 1077 |
(-) 0) : ~ :
Im Ceq g 12.7 I 11-145 !
| |
| |

(+) (1)
Im Cgq g 0.9 \ 0.6-12 K

~

Hadronic
Uncertainty

48



Hadronic Matrix Elements

“— --------- -\"
Param Coeff Best value? | Range ‘.
- | 1
6 oy 0.002 I (0.0005-0.004) ]
p 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 10°° 1 :
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 Ha 40 x 1077 ! (10-80)x 107 !
(-) ©0) - !
Im Ceq g 12.7 I 11-145 !
| |
Engel, R-M [ I
’ ’ (+) (1)
van Kolck: Im Ceq g 0.9 \\‘0.6—1.2 ',l 49




EDMSs in the SM: 045¢p

Lcpv = Lok + Eg + L8

p Y

P nNn

* Haxton & Henley;
Engel;

_ < T
9 P e Y
Hv 4 +
JT
n

* vanishes for any * Crewther et al; van
m,=0 Kolck et al ; Herczeg
« ‘bar”: absorb quark
field redefinition * Is Oqcp really there ?

If so, are lattice computions

correctly formulated?

50




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., NN -

QCD Matrix Elements

————————

—————————————————

Energy Scale

CPV

INuclear & atomic MEs

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

~———————————’

————————

~




Schiff Theorem

52



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,

S7



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

58



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

59



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,g3" +aygg?

67



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

68



Nuclear Matrix Elements

Nucl. Best value
dp a a:

199y 0.01 + 0.02 0.02

1289%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)

69



Theory Challenges

Hadronic matrix elements: new lattice
computations & resolve questions about

Oaco

Nuclear matrix elements: new generation
of many-body computations -2 relevant for
other atomic fundamental symmetry tests

70



IV. BSM Implications™

** Baryogenesis connection: Tuesday

71



The Higgs Portal

NOT SURE IF HIGGS

72



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 p

73



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 p

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

74



EDM Complementarity

75



Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration Ae7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1
! Theoretically inaccessible Theoretically inaccessible
Hg VW
14 0.1+ 0.1
g § 001,/ g 001
0.001 4 0.001 :(/
1074 1074
Present A/eh, Future: Future:
e ey d, x 0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
. d7o x 0.1 dro X 0.1
sin a,, : CPV e o
Scalar mIXIng dA(Ra) [10’27 e Cm] dA(Ra)
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Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration Ae7 = 0 for simplicity
All Constraints ) All Constraints 05k LHC 300 fb'1 1
! Theoretically inaccessible
Hg ¥
) ol _ ol LHC 3 ab"-
S 00508 ]
— - : s e H-=>7Zh
= S 001y =
£ g 001F
0.005F
0.001 4
0.001k& - : : E
104 05 1 2 5 10 20 50
Alignment limit  , g
Chen, Li, R-M: 1708.00435
Present Weh, Future: Future:
e Ry d, x 0.1 d, x 0.01
da(Hg) x 0.1 ds(Hg) x 0.1
. Ao x 0.1 A0 X 0.1
sin a,, : CPV o o
scalar mixing da(Ra) [107 e cm] da(Ra)
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Muon EDM: A Challenge

Chiral symmetry: EW gauge invariance:

_ T —
d'u, mﬂ Of('\67\3' p FO"MV?H]UR ngy (o

_N—

o
de M, . Y=
Of =FHfr
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Muon EDM: A Challenge

Chiral symmetry: EW gauge invariance:
n I/TG 1i7a
dp My Ot = Fo" S HIn Wi &,
de Me Yy _ F ) :
O =FHfg
Expt sensitivity:

|de | <4.1x10°°% e-cm > |d,|<10?% e-cm \q
e

. o°
PS| ultimate: | d, | <6 x 102 e-cm  ,o°
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Paramagnetic Systems: Two Sources

on P
o
N e
Ivvvvw Y
et
N e

Tl, YbF, ThO... 81



Paramagnetic Systems: Two Sources

_ -mc, 67/A%
e -20x10° 0 20
s | |
- 15
Chupp & R-M:
Electron 1407.1064 |
EDM
L s
&
- s
N :
_ T
(Scalar Q) @ — I x10” IThO : | | - -1sx10°
x (PS €) /toono"" =00 N 200 400

Tl, YbF, ThO...



Paramagnetic Systems: Two Sources

Electron
EDM

(Scalar q)
x (PS €)

Tl, YbF, ThO...

27 ThO
* -— -6x10 T T
-400x10” -200 0
Cs

0,22
-ImC,, (v /A)
20x10° 0

20
|

Chupp & R-M:
1407.1064

— 15

— 10

o
(Ve

N 5
[~ -15x10

A Z (1.5 TeV) X \/Sin¢cpv
A 2 (1300 TeV) x 4/sin ¢pcpy

Electron EDM (global)

C's (global)
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Paramagnetic Systems: Two Sources

Electron
EDM

(Scalar q)
x (PS €)

Tl, YbF, ThO...

27 ThO
* -— -6x10 T T
-400x10” -200 0
Cs

0,22
-ImC,, (v /A)
20x10° 0

20
|

Chupp & R-M:
1407.1064

— 15

— 10

o
(Ve

N 5
[~ -15x10

AZ (1.5 TeV) X \/Sin¢cpv

A 2 (1300 TeV) x 4/sin ¢pcpy

Electron EDM (global)

C's (global)

LHC inaccessible
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Paramagnetic Systems: Two Sources

-ImC,, (v/A")

e -3 2 -1 0 ] 2 3x10°7
| | |

Chupp update: -1.0

Electron Y
DM @\ \2 | PDG 2020
—-0.5

0.0

( V/ZA) Q-

— 0.5

N
- 1.0x10°
(Scalar q)
x (PS €) 4
N e
A Z (1.5 TeV) x +/sin ¢cpy Electron EDM (global)
Update: slightly stronger
A 2 (1300 TeV) x +/sin ¢pcpy Cs (global)

ThO, Hf+ LHC inaccessible 85




lllustrative Example: Leptoquark Model

e
Y
Electron v ;
EDM Y —y - .
e e . e
N e
Y
(Scalar q) - I c “
x (PS ) _—7 >-X__<
N e u e

(3, 2, 7/6)
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lllustrative Example: Leptoquark Model

e
A AN = 0.1
¥ T - .
Electron 14 ; ’ |
mm y \ /’-"\\ COI‘)St ntd ]
EDM // \ \ e
_ ! ‘, < |
e e Ug e

Allowed —

N

x (PS &) / - e e o

o
Y
(Scalar q) ¢ — I > o

Fuyuto, R-M, Shen 1804.01137

See also: Dekens et al

1809.09114
L3 -2%aLXTel? — A% XTQ" + h.c. o

(3, 2, 7/6)



lllustrative Example: Leptoquark Model

Orange: |d,| = 1030, 103", 1032 e cm
= Green: |d,| = 1030, 1037, 1032e cm

e
oy \d,,l =107°,107", 107 e cm
Electron o Y Ra §
EDM > T |
_ ! )
e c e i

Allowed —

x (PS €) /

2102 103 10*

o
Y e
(Scalar q) ¢ — I > o

Fuyuto, R-M, Shen 1804.01137

See also: Dekens et al

1809.09114
L3 -2%aLXTel? — A% XTQ" + h.c. ”

(3, 2, 7/6)



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 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 for Intensity

Frontier physics
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The Top Quark Portal
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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 ! y o
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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)y dipole operators: Ciz, Cyy —
Tree level d; & loop level d, , djgt 4

o Future limits with A = 1 TeV
Current limits with A = 1 TeV
T TTTTH” T TYTHH[ T TYTHH[ T TTTT
neutron :
[1d]=1.0x10"%ecm
[ 1d]=1.0x10""cem 2
3 electron 3
= 10
S ) g
E £
> = I
| = 5| =
| § § 107
1 T z
I
+..
111““ 1 I 1 1111
||||| 107 1
5 B 107 1077
(v/A)” Im(Cig)
(v/A)* Im(Cip)

Fuyuto & MRM 17

Induced d, , djight quark Fuyuto ‘19: Updated for new ThO 2



Dark Photon Portal
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BSM Physics: Where Does it Live ?

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

Mass Scale

Sterile v's, axions,

BSM ? | darkU(1)...

Coupling
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Dark Photon Portal

{ Standard Model ]4

> { Hidden Sector

|

New CPV ?
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Dark Photon Portal

SM
SU(2) Triplet

X

Thanks: K. Fuyuto
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CPV Dark Photon

=h ‘3 | 04 LV 3 | 04 VLY
L£l4=5) = _ LT[, Z]X — ST [, S)X

CP-conservin Vi ‘
Thanks: K. Fuyuto g CP VIO/GUﬂg

K. Fuyuto, X.-G. He, G. Li, MURM 1902.10340




CPV Dark Photon

— K 3 6 it
£4=5) = —/—Tl (W, S| X — AT (W, X X1
CP-conserving CP-violating
Thanks: K. Fuyuto
X -y Mixing EDM
3 /\/
X S
\
L IR 7 Z x\ h
06_ i ) ) \
10 1072 10 1 10 102 10° f f
mz, [GeV]




CPV Dark Photon

——Ir

13
A

(W, 2] XM —

~

‘3 | Y7 VLY
STV, 3] X

/ CP—conservmg / CP-violating
/ / Thanks: K. Fuyuto
X -y Mixing EDM
[T T I T TTTTT] T T TTTTTH
L Electron EDM constraint - Y
jo#l el <1.1x 107 ecm -
E B -
o 107 E
i Lo I X S
30 2 \
10~ g B=B=2 E x
: T o 7.Z \h
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