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Questions for Week Three

.  What are the most significant implications of
present & prospective EDM searches ?

Il.  What are the primary theoretical challenges
& strategies for addressing them ?

lll.  What do we learn from existing and planned
experiments and what are the most
compelling new directions ?



Outline

.  Introduction & general considerations

Il.  Connecting with the LHC, Flavor, &
Cosmology

Ill. Theoretical challenges
IV. Theory-Experiment interface
V. Outlook

Engel, R-M, van Kolck: 1303.2371, PPNP 71 (2013) 21






EDM Experiments
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Experimental Limit to the Electric Dipole Moment of the Neutron
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resonance method is described, The result of the experiment is that the electric dipole moment of the neutron
equals the charge of the electron multiplied by a distance D= {—012£2.4) X107 cm. Consequently, if an

tude almost certainly corresponds to a value of 17 less than 53 100% cm,
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EDMs: New CPV?

System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x10% 10-33 1029
YbF 1.8 x 10-27 ** 10-32 02
n 3.3 x 10-%6 ot 702
*95% CL  **e equivalent: 10.5 x 1028 (thanks: T. Chupp)
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EDMs: New CPV?

Not shown:

muon

System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x10% 10-33 1029
YbF 1.8 x 10-27 ** 10-32 1022
n 3.3 x 10-%6 10-31 702
*95% CL  **e equivalent: 10.5 x 10-28 (thanks: T. Chupp)

* neutron

proton
& nuclei

atoms

~ 100 x better
sensitivity
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EDM Interpretation & Multiple Scales

Collider Searches

A & BSM CPV ‘/' Particle spectrum; also
scalars for baryon asym

Baryon Asymmetry

Early universe CPV

SUSY, GUTs, Extra Dim...
%4
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QCD Matrix Elements 'I’Nuclear & atomic MEs

d.,g\ns - Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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Effective Operators

Lopy = Lok + Lg + L85,

1
eff [”} (6)
ILESM = E Q, Oi£
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EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV

Collider Searches

‘l\‘

BSM CPV ‘/' Particle spectrum; also
SUSY, GUTs, Extra Dim... scalars for baryon asym

d.,g\ns -

()
d= 6 Effective Operators: “CPV Sources” kS
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion ‘;{
Y
i 5
QCD Matrix Elements 'I’Nuclear & atomic MEs

Schiff moment, other P- &
T-odd moments, e-nucleus

CPV
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Wilson Coefficients: EDM & CEDM
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Wilson Coefficients: Summary

C

quqd

Clequ, 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)



Issues for Theory

A. Connecting w/ LHC, flavor physics, & cosmology

B. Matching onto physics at lower scales

* QCD running (recent work)
» Hadronic matrix elements (large uncertainties)
* Nuclear matrix elements (large uncertainties)

» Atomic calculations
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Issues at Theory - Exp Interface

A. What can existing measurements teach us about
Wilson coefficients and/or underlying high scale
parameters ?

B. Are there new experiments that could provide
complementary information ?
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BSM Origins

O MSSM, RS, LRSM 1 & 2 loop
5, MSSM, RS, LRSM 1 & 2 loop
C3s MSSM 2 loop

Couqu (MSSM d=8)

Clequ, ledq (MSSM d=8)

Coud LRSM tree (0, )

12 total + 6 light flavors only (e,u,d)
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EDM: ff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

BSM Origins

(q) T ¥ \\I
P v '
R A’JP Hy ,"-"1 ¥, (g)

.’, \\
P v
1 II

X

—_—

. 1
_:_ P N
E” “«— MSSM

; @
I
dL>wVY‘K Up
up . “ dp

23



EDM: ff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

BSM Origins

(q) T ¥ \\I
P v '
R A’JP Hy ,"-"1 ¥, (g)

.’, \\
P v
1 II

X

—_—

. 1
_:_ P N
E” “«— MSSM

; @
I
dL>wVY‘K Up
up . “ dp

24






MSSM Global Analysis

Wassm :@:Iu ’ ﬁ[d - Wyukawa
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MSSM Global Analysis

Wassm :@:Iu ’ ﬁ[d - Wyukawa

Lat = —3 (D +(RYV W +(HBE) +cc.

—(fiau(;)Hu — (N_i_ad‘i)Hd — (Ti_aelin) + c.c.
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Recent Interest: EDMs & H—yy

ChU

A?

o hE, F* 4+ L hE,, P

EDM excl.

3 e | T 4
2.3 ? —“.’..
i & 1 -
=] § =' N % -
P PAM =10V ;’ZT"I i
g5 1s Vs =2 <5
| e T N S 4 01t
N ion Ay _1TeV =]
s = e i B
os & Ij :rj ! 005
1 s EE
0 'l
10—31'] 10—2‘.3 10—.’3 10—.’.‘?’ 10—'.’:{': 001 I{]I_SI 1 I]_I_DI L
d- (ceom)
McKeen, Pospelov, Ritz ‘12 Shu, Zhang ‘13

SM + singlet & vector-like leptons 2HDM & connection with BAU

15 20 25 30
tanf

30



EDM Interpretation: Implications

Collider Searches

» BSM CPV ‘/' Particle spectrum; also
SUSY, GUTs, Extra Dim... scalars for baryon asym

Baryon Asymmetry

Early universe CPV

()
d= 6 Effective Operators: “CPV Sources” kS
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion ‘;{
>
i 5
QCD Matrix Elements 'I’Nuclear & atomic MEs
d.,g\ns - Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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EDMs & Baryogenesis

Standard Model

* B violation (sphalerons)
» C & CP violation (BSM) x

» Qut-of-equilibrium or CPT
violation (BSM)

BSM

v
v
v
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EDMs & Baryogenesis

Electroweak baryogenesis

» Testable

» Was BAU produced ~ 10ps after
Big Bang or eatrlier ?

Standard Model BSM
» B violation (sphalerons) 4 4
* C & CP violation (BSM) x v/
* Out-of-equilibrium or CPT % v

violation (BSM)
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EDMs & Baryogenesis

Electroweak baryogenesis

» Testable

» Was BAU produced ~ 10ps after
Big Bang or eatrlier ?

lllustrative case: MSSM

Standard Model BSM
» B violation (sphalerons) 4 4
* C & CP violation (BSM) x v/
* Out-of-equilibrium or CPT % v

violation (BSM)
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EDMs & EW Baryogenesis: MSSM

One-loop EDMs
preclude MSSM
baryogenesis

35



EDMs & EW Baryogenesis: MSSM

One-loop EDMs
preclude MSSM
baryogenesis

Universal
gaugino
phases

Arg(uMb’) =
Arg(uMb’)

r8

.
.
.

SV

ompatible with
bserved BAU

Ritz CIPANP 09 +
Cirigliano, R-M, Tulin, Lee ‘06
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EDMs & EW Baryogenesis: MSSM

~ ‘ v, g
A /a
fLoro g

o G
siegiy Siemiens: LAo Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases

1-loop EDMs

37



EDMs & EW Baryogenesis: MSSM

~ ‘ v, g
A /a
fLoro g

o G
siegiy Siemiens: LAo Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs

Compatible with B
observed BAU =

, _» ———  d,=10%ecm
Next generation d, = ...

TR B B R
’ %00 150 200 250 300
M, [GeV]

Li. Profumo, RM ‘09-"10 38



EDMs & EW Baryogenesis: MSSM

f {ﬂf /a
f .': V I'\, f igﬂ , jXE Z wt
siegiy Siemiens: LAo Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs

Compatible with B
observed BAU =

)

% 0.1

= Compressed

7] - Spectrum
(stealthy SUSY)

» —— — d,=10%ecm

Next generation d, = ...

TR B B R
’ %00 150 200 250 300
M, [GeV]
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Flavored CPV & EWB

CPV & 2HDM

L= —y.}}@i(eﬂi}uﬁ; — y%@iﬂudﬁ%

~ALQ Hauly — ML QH(eH))d}, + hec..

Liu, R-M, Shu ‘11;
see also Tulin &
Winslow ‘11; Cline
etal ‘11

Viable EWB & CPV:

 EDMs are 2-loop
* CPV is flavor non-diag

Combination
of H, 4vevs

CP Violation
& Transport
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Flavored CPV & EWB

CPV & 2HDM

L= —y.}}@i(EHi}u“L — y%@iﬂucﬁ%

~ALQ Hauly — ML QH(eH))d}, + hec..

Liu, R-M, Shu ‘“11;
see also Tulin &
Winslow ‘11; Cline
etal ‘11

constant ng/ s

Viable EWB & CPV:

« EDMs are 2-loop
* CPV is flavor non-diag

N T
063
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é LHCb 1
0.0l€ ]
£ _
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163 -
! 021
=057 05
>
042
—10} 084 | g/ 109+
—0.05 0.00 0.05

Largely unexplored:
flavored EWB
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Running & Matching

Im C;(A,) = Ky Im C,(A)

Operator Kg | Reference
Qqc 3.30 [35]
Qqv.V=BW | 153 [35]
Qe 3.30 | [35, 36]
Qe

Engel, R-M, van Kolck: 1303.2371,
PPNP 71 (2013) 21



Running & Matching

Im C;(A,) = Ky Im C,(A)

Operator Kg | Reference
Qqc 3.30 [35] Correct ?
Qqv.,V =B,W | 153 [35]
Qa 3.30 | [35, 36]
Qe

Engel, R-M, van Kolck: 1303.2371,
PPNP 71 (2013) 21



Running & Matching

Hadronic

_ 2
dy = an 0+ (¢ Zﬁf] (Im C',)
k
(i) T AAS ) (Tl C
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= |
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2

G . L .
[ﬁ’:?ﬂ' (Im ch) + ,},4{;;:5 (Im Cq,:,-)} - .‘.:JE;] dy + I‘-L«‘fi]l dg = (E

How well can we compute the B, p, C, ... ?
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Engel, R-M,
van Kolck:

Hadronic Matrix Elements

Param Coeff Best value® Range
g a, 0.002 (0.0005-0.004)

ap 0.002 (0.0005-0.004)
Im Cyq uc 4x10* (1—10) x 107*

de 8 x 107* (2 —18) x 10~*

d, ep! —0.35 —(0.09 — 0.9)

epd —0.7 —(0.2 - 1.8)
8y ect 8.2 x 107° (2—20) x 107°

el 16.3 x 107% (4 — 40) x 107
Im Cgy = 0.4 x 1073 (0.2 —0.6) x 1073

ar ~1.6 x 1073 —(0.8—2.4) x 1073

d, pu —0.35 (—0.17)-0.52

ol 1.4 0.7-2.1
84 ¢l 8.2 x 107° (4—12) x 1077

d —33 x 1077 —(16 — 50) x 10~°
C: B 2 x 1077 (0.2 — 40) x 1077
Im Cpug ud 3 x 1078 (1—10) x 1078
Im Cld duqd 40 x 10~7 (10 — 80) x 1077
ImCly gl 127 11-145
Imcy” () 0.9 0.6-1.2

-
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Engel, R-M,
van Kolck:

Hadronic Matrix Elements

Param Coeff Best value® Range
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d —33 x 1077 —(16 — 50) x 10~°
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Imcy” () 0.9 0.6-1.2

-
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Hadronic Matrix Elements

0.08 s CP-PACS, Nf=2 clover, AE(8)
= e CP-PACS, Nfzi clover, FE{E]
- — RBC, N=2 DW, F (8)

i + QCDSF, N=2 clover, F.(i6)

0.04 - Current algebra

.-...-‘H. -

E |
2 0

&

e

Shintani et al



Hadronic Matrix Elements

na —0.066 d° — 0.199 4,

BSA —0.120d° + 0.108 d=.

S(k) 1.538 d°

acm (xp™™) 0.775 d° + 2.396 d°

our CEDM | (1.35+ 0.78 p®™)d® — (0.09 — 2.40 p>™) d<.
total 1.16 d> — 0.69d5

sum rules [15]| —0.13d°

DSE: Pitschmann et al, 1209.4352,
PRC 87 (2013) 015205
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Why Multiple Systems ?

Multiple sources & multiple scales

Exploit complementary sensitivity to
search for & identify CPV

51



Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N l___
interaction 7T

Neutron, proton & light nuclei (future), diamagnetic atoms
52



Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N
interaction

)

» chromo EDM
* 3 gluon
* 4 quark

* Oqcn

Neutron, proton & light nuclei (future), diamagnetic atoms
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N L \NT
interaction 7 - F /'ﬂ“_“““' v
n
° Chromo EDM NUC/GO” EDM
* 3 gluon
* 4 quark
* Oacp + quark EDM

Neutron, proton & light nuclei (future), diamagnetic atoms
54



Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N
interaction

» chromo EDM
* 3 gluon
* 4 quark

* Oqcn

Nucleon EDM Nuclear EDM &
T Schiff moment

+ quark EDM + quarkEDM

Neutron, proton & light nuclei (future), diamagnetic atoms

95



Diamagnetic Systems: Schiff Moments

Schiff Screening
o Neutral atoms: nuclear EDM
4 invisible to external probe

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic

atoms ( 99Hg )
56



Diamagnetic Systems

Nuclear Moments
PT T PV AV
C y E & X |O EDM, Schiff...
™, O & & |E MQM....
TE,| % [O |E % Anapole...

Y



Diamagnetic Systems

Nuclear Moments
PT T PV AV
C y E & X |O EDM, Schiff...
™, O & & |E MQM....
TE,| % [O |E % Anapole...

Nuclear
Enhancements

58



Diamagnetic Systems: Schiff Moments

Schiff Screening

g s i

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( 99Hg )

e nue
AVAVAVA
P
S
() e nue

+ C. C.

Schiff moment, MQM, ...
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Diamagnetic Systems: Schiff Moments

Schiff Screening

g s i

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( 99Hg )

e nue
AVAVAVA

P +C. C.
() e nue

Schiff moment, MQM, ...

Nuclear Schiff Moment
S~ / d’x x* ¥ p(x)FY

(Ry/ R,)? suppression
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Nuclear Schiff Moment

Nuclear Enhancements
e nuc ™ -
bl Pr reG VU 7 +C.C.
— IS
(c) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

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

EDMs of diamagnetic atoms ( "°Hg )
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Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N

1 \AVA o

£) =710 18)) #E| tec
ESSSSSSSS
Calculated ??*Ra density Opposite pal’ll‘y states :
mixed by H™VPV N N

Nuclear polarization:
“Nuclear amplifier” mixing of opposite parity

states by H'VFV ~ 1/ AE

EDMs of diamagnetic atoms ( ??°Ra ) Thanks: J. Engel
anks. J. £nge
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Running & Matching Nuclear

7(0) (2)

_HDQQL; +£119£}' T a2 494,

/ |

Nuclear many-body 79 = B
computations = A b+ (1) Z;.-: o) (ImCi)

Non-perturbative hadronic
computations
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Nuclear Matrix Elements

MNucl. Best value
ap a1 az

s 3 I 0.01 + 0.02 0.02

1By —0.008 —0.006 —0.009

5pa —15 6.0 —4.0
Range
iy 1 a3

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)

Engel, R-M,
van Kolck:
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Schiff Screening & Corrections

e nuc
Schiff Screening é nuc
& VN #r|| e
“‘;\_ _______ __ -
Fui=0
C .
Atomic effect from e nuc (© € nuc
Quclear fnite Size. Screened EDM Schiff moment, MQM, ...
PT 1 PY A7
CJ E 8 & |O EDM, Schiff...
™, O % %8 |E MQM....
. . E
EDMs of diamagnetic 5, | ® LOJLE |% TE., QOTE., ?

atoms ( 99Hg )

Inoue 65






Paramagnetic Systems: Two Sources

Tl, YbF, ThO...

67



Paramagnetic Systems: Two Sources

2
P ¥ d =—(1.13 x 10 efm) (=) Yy 5
-
N e
AN Y
¢ - ® =—g () mcy
N e

Tl, YbF, ThO... 68



Paramagnetic Systems: Two Sources

Tl, YbF, ThO...

df = —

(1.13 x 103 efm) (%)2 Y
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Paramagnetic Systems: Two Sources

Tl, YbF, ThO...

df = —(1.13 x 103 efm) (%)2 Y

0) © (V)? A
™ ==& (z)

~ 100 x greater sensitivity
to C,, than to 6,
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Paramagnetic Global Fit

IMCoq(v/A%)
-100x10™ -50 0 50 100
15— | | | |
— T
— e [ 40
10
— 20
5_
& 0 o3
= =
-5
f L 20
107 _ 95% CL
. T. Chupp, MR-M in prep - _40x10°°
-15x10 T T I T
1.5¢x10° -1.0 -0.5 0.0 0.5 1.0 1.5
Cs
. 2 < -8 See also
Im C,, (v/A)?< 5.6 x 10 e
* 0, (V/A)?<2.2x10° ++ d,<7.3x 10% e cm
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Diagmagetic atoms and nucleons

T.C. & M. Ramsey-Musolf — in preparation

6QCD d,’ d,! Cr g g

n n

neutron X 1 -1

Xe,Hg, TIF  x X Schiff
Ra. Rn X X Moment
proton X 1 +1

d,H, 3He X X X

- -0 -1 —2
S NN ( Qogcp T+ A1Gcp T+ a'zgcp)

=g
dp ~ dp+ (1.44 x 1074¢(0 — 8.3 x 10716¢1)) e — cm

T

.(jg'p ~ 0.027 QQC-'D
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Questions for Week Three

.  What are the most significant implications of
present & prospective EDM searches ?

Il.  What are the primary theoretical challenges
& strategies for addressing them ?

lll.  What do we learn from existing and planned
experiments and what are the most
compelling new directions ?
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