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me = 0.5 MeV, d, < 9.3 x 1007 e-cm — A ~1-10 TeV

EDMs probe CP-violating new physics up to the TeV mass scale for 1-loop effects.
Electron EDM probes highest energies.

Muon EDM more sensitive to some types of new physics.

Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

m; = Lepton mass
0a; = MDM precision

Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

m,; = Lepton mass
~ ( 471')2 5 a 0oa; = MDM precision

Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

A ~

m,; = Lepton mass
(471')25&[ 0oa; = MDM precision

No CP-violation required, less sensitive than EDMs.

Electron, muon, tau probing energy scales of ~ 10-100 GeV, 100 GeV, 0.1-1 GeV

Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

A ~

m,; = Lepton mass
(471')25&[ 0oa; = MDM precision

No CP-violation required, less sensitive than EDMs.

Electron, muon, tau probing energy scales of ~ 10-100 GeV, 100 GeV, 0.1-1 GeV

Tests of the standard model

Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

A ~

m,; = Lepton mass
(471')25&[ 0oa; = MDM precision

No CP-violation required, less sensitive than EDMs.

Electron, muon, tau probing energy scales of ~ 10-100 GeV, 100 GeV, 0.1-1 GeV

Tests of the standard model

Electron g-2 relatively insensitive to electroweak contributions
e Test of Standard Model’s most precise prediction
e Best determination of o

. Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

A ~

m,; = Lepton mass
(471')25&[ 0oa; = MDM precision

No CP-violation required, less sensitive than EDMs.

Electron, muon, tau probing energy scales of ~ 10-100 GeV, 100 GeV, 0.1-1 GeV

Tests of the standard model

Electron g-2 relatively insensitive to electroweak contributions
e Test of Standard Model’s most precise prediction
e Best determination of o

Muon is heavier = more sensitive to electroweak contributions

Rl
N

R

B Lepton Dipole Moments
Adam West, PIC 2015




Introduction:
MDMs:

Probes of new physics m2
l

A ~

m,; = Lepton mass
(471')25&[ 0oa; = MDM precision

No CP-violation required, less sensitive than EDMs.

Electron, muon, tau probing energy scales of ~ 10-100 GeV, 100 GeV, 0.1-1 GeV

Tests of the standard model

Electron g-2 relatively insensitive to electroweak contributions
e Test of Standard Model’s most precise prediction
e Best determination of o

Muon is heavier = more sensitive to electroweak contributions

expt. _ theory EW
a, a, oa,,
Lepton Dipole Moments W

Adam West, PIC 2015



Lepton Dipole Moments
Adam West, PIC 2015




Motivation:

Phys. Rev. Lett. 109, 111807 (2012), 2JHEP11 (2012) 113

Lepton Dipole Moments
Adam West, PIC 2015




Motivation:

Tests of SM:
Comparisons against theory represent the most precise tests of SM predictions to date.!

L D oo

Phys. Rev. Lett. 109, 111807 (2012), 2JHEP11 (2012) 113

Lepton Dipole Moments
Adam West, PIC 2015




Motivation:

Tests of SM:
Comparisons against theory represent the most precise tests of SM predictions to date.!

L D oo

Discrepancies might indicate presence of ;
internal structure or beyond SM physics. <

a. discrepancy

1 075 05 025 0 025 05 075 1
(md —m)/(m2 +m3)

Phys. Rev. Lett. 109, 111807 (2012), 2JHEP11 (2012) 113

Lepton Dipole Moments
Adam West, PIC 2015




Motivation:

Tests of SM:
Comparisons against theory represent the most precise tests of SM predictions to date.!

L D oo

Discrepancies might indicate presence of ;
internal structure or beyond SM physics. <

Multiple flavours are complementary, insight
into lepton flavour violation.

a. discrepancy

1 075 05 025 0 025 05 075 1
(md —m)/(m2 +m3)

Phys. Rev. Lett. 109, 111807 (2012), 2JHEP11 (2012) 113

Lepton Dipole Moments
Adam West, PIC 2015




Motivation:

Tests of SM:
Comparisons against theory represent the most precise tests of SM predictions to date.!

L D oo

Discrepancies might indicate presence of ;
internal structure or beyond SM physics. <
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into lepton flavour violation.

!

Fri. 9:05: Charged Lepton Flavour Physics —
Mark Lancaster o ]
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Theory: N
fi=g5—9

2m
Classical mechanics/non-relativistic QM:

g =1
Dirac combined QM and special relativity to show: g, = 2
Detailed (perturbative) QED calculations tell us:

‘Anomalous magnetic moment’:

g, = 2.002319304363286
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ED
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Calculations of a, draw from many aspects of SM:
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QED
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Hadron

e
Weak Loop contributions
interactions? interactions?®

with Higgs*
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Current state of the art: 5" order in QED
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3 types of motion, each with
characteristic frequency!

f. = spin-flip frequency
f. = cyclotron frequency
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Cyclotron level and spin state are coupled to
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[4) 1)

3 types of motion, each with

characteristic frequency! f, = anomaly frequency

Cyclotron level and spin state are coupled to

f = S i —ﬂ. fe enc
s pin-Lip requency the axial motion by adding a ‘magnetic bottle’.

f. = cyclotron frequency

100 mK cavity inhibits spontaneous emission

f,=1f. g/2~=1 and allows ground state electrons.
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.

Phys. Rev. Lett. 100, 120801 (2008), Phys. Rev. D 91, 033006 (2015)
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.

excitation fraction
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Electron g-2:

Electron’s axial motion produces an image current in the electrodes which is amplified
and detected.

excitation fraction
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147.5 GHz af;"pt = (0.001 159 652 180 73(28)
atheery = 0.001 159 652 181 643(764)

ot =137.035 999 084(51)

Work is underway to apply the method to positrons
and perform the best test of CPT in leptons.
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Muon g-2:

Ion traps unsuitable:
Cyclotron radius = 2 m, impossible to load, require relativistic speeds (lifetime = 2 us).
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Muon g-2:

Ion traps unsuitable:
Cyclotron radius = 2 m, impossible to load, require relativistic speeds (lifetime = 2 us).

Target i

p——— T %VM—I—MJF
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Muon g-2:

Ion traps unsuitable:
Cyclotron radius = 2 m, impossible to load, require relativistic speeds (lifetime = 2 us).

Target
pﬁgﬁr%r/u—l—;ﬁ

Quadrupole
Focussing
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Muon g-2:

Spin Precession Cyclotron Orbit Anomaly Frequency
geBB el eB
wg = —— 4+ (1 — We = Wq = Ws —
2me ( V) ymc mcery
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Muon g-2:
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Muon g-2: y =203
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Muon g-2: y =203

call < Series of calibrated

, 1 -,
Wg = — {(LB —la— — 5 X E] — NMR probes
mc
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Muon g-2: y =203

_ . 1 . call < Series of calibrated
Wy = — |aB — | a— — 5 x BF| = — NMR probes
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Muon g-2:

d}:),u,+ —et

u+%e++ye—|—ﬂﬂ

dQ
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Muon g-2:

F< Series of calibrated
= —— NMR probes
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Muon g-2:

B< Series of calibrated
- NMR probes
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Muon g-2:

F< Series of calibrated
= —— NMR probes
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Muon g-2:

Significant discrepancy — may be explained by BSM theory.

a, x 10717 — 11659000

230

220

210

200

190

180

170

Experiment Theory

Phys. Rev. Lett. 100, 120801 (2008),
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Muon g-2:

Assuming naive scaling we can make correspondences with other lepton moments.

The muon discrepancy should appear in the electron (tau) g-2 at around the 1013 (106) level.

IJHEP11 (2012) 113
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Muon g-2:

Assuming naive scaling we can make correspondences with other lepton moments.
The muon discrepancy should appear in the electron (tau) g-2 at around the 1013 (106) level.

In terms of EDMs!

2% 10722 ¢-cm

Q

d, =T X 10_14A(,LM tan¢, e-cm
m2

de =1 x 107" Aa, 5 tan ¢, e - cm
My
m2

dr =5 X 10_15Aa“—T tan ¢ e - cm

2
my

Q

7x107% ¢-cm (1)

4x107% ¢-cm

Q

IJHEP11 (2012) 113
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Muon g-2:

ED T y
a] = a? + alﬂadron + al\Vgak

lAnnu. Rev. Nucl. Part. Sci. 62, 237 (2012)
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Muon g-2:

ED adror N
a] = CL? u alﬂadton 4 GJIVVgc}k
\ |

Y
~mi = 40,000 times bigger for T

lAnnu. Rev. Nucl. Part. Sci. 62, 237 (2012)
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Muon g-2:

ED adrorn Y
a] = CL? u CLIHchtUn 4 Ql\’Vchk
\ J

Y
~mi = 40,000 times bigger for T

Muon more sensitive than electron to new physics at electroweak scale.

lAnnu. Rev. Nucl. Part. Sci. 62, 237 (2012)
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Muon g-2:

ED T
a] = af}, + alﬂadron + a1W'<,c1k
| )

Y
~mi = 40,000 times bigger for T

Muon more sensitive than electron to new physics at electroweak scale.

Already distinguishing between some theories better than the LHC!:
60 r

25_'II'I'I'I'I |
50F SP.S4 Ds120 : LHC plus
3 a
40 DS8 20 g
SF’ilb DS7 [ ) - LHC
30F o sPS7 °
5ol SPS1a o ° of
o ®5pPS8 DS9
> 10t SPS3e SPS6 L -
D . e _ _SPS5_ <
= SPS2 107
~ 1or $P%9
2 o} DS3 [
w3 L 5
S -30f DS1e® 5
-40} 0:
-50F DEG 2 4 6 8 10 12 14 16
—-60 tan 8
2 ( SUSY (¢, Vs 12
Ax® = [(a; Y (tan B) — Aay,)/da,]
tanp = ratio of Higgs VEVs
lAnnu. Rev. Nucl. Part. Sci. 62, 237 (2012)
o o |
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Muon g-2:

= |_eptoquark

1070 : -—- Doubly Charged x (-1)
- = Neutral
10
- -—-- Singly Charged x (=107)
g 1078

= Aa, Current

1077 i
-~ Aa, Projected

1077 = | ¢ Bound Current

1071 -—- lo Bound Projected

100 200 500 1000 2000 5000 1% 10*
M(GeV)

Phys. Rev. D 89, 095024 (2014)

Lepton Dipole Moments
Adam West, PIC 2015




Muon g-2:
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Muon g-2:

New experiment at FNAL

Lepton Dipole Moments
Adam West, PIC 2015




Muon g-2:

New experiment at FNAL

Aiming for fourfold
increase in precision

Data taking 2016-2017...
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics
0.3 picoseconds lifetime, not suitable for storage ring like muon

Require indirect measure from colliders.

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics

0.3 picoseconds lifetime, not suitable for storage ring like muon

(& (&

Require indirect measure from colliders.

Qv
2m.,

Fo ()0 5= + iF3(¢)7 o

oy

Ly

+
+

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics

0.3 picoseconds lifetime, not suitable for storage ring like muon

(& (&

Require indirect measure from colliders.

dv dv
Fy(q°)o"” == +iF H -
TQ(C] )o 2m., HiFs(¢)7 2m,
a. :=+

+
+

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics

0.3 picoseconds lifetime, not suitable for storage ring like muon

(& (&

Require indirect measure from colliders.

qv Qv
Fy(q°)o"” == +iF H -
TQ(C] )o 2m., T TB( )7 2m,
a, d, Ju

+
+

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 = 300 times more sensitive to new physics
0.3 picoseconds lifetime, not suitable for storage ring like muon

Require indirect measure from colliders.

— =
= i = w
& SOF = 60
g o 5 "%
30k 50F
20f C
: wk N — Vs=182.7 GeV
10} E§ N§=195.5 GeV |
of 50\ \s=205.0 GeV
10F 20k
20} '
of 10F
7 ) P R BN - - R R B
0.04 0.03 0.02 -0.01 0 001 0.02 0.03 0.04 0604 020 02 04 00
-15 .
a, d (10" ecm)

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

m,/m, = 17 - 300 times more sensitive to new physics
0.3 picoseconds lifetime, not suitable for storage ring like muon

Require indirect measure from colliders.

< | <
. S0F i
P ° ook
S wp— \/5=]<52.7 Gel) a0
- \s=1935 GeV A
30F - \5=205.0 GeV 0\
20f [
i wb N — V5=182.7 GeV
10t L % Vs=195.5GeV
of s\ - Vs5=205.0 GeV
"0; 20k
-20F L
40—||||||| 0:. PP BRIV PR B
-0.04 -0.03 -0.02 -0.0] 0 0.0] 0.02 0.03 0.04 0.6  -04 -0.2 0 0.2 0.4 0.6
15 )
a, d (10" ecm)

Current limit from DELPHI at LEP2 (95% C.L.):: — 0.052 < a, < 0.013

1Eur. Phys. J. C 35 159-170 (2004)
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Tau g-2:

Many possible future routes:

Int. J. Theor. Phys. 33, 1471 (1994), 2Phys. Lett. B 271, 256 (1991), *Phys. Rev. Lett. 69, 3286 (1992)
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Tau g-2:
Many possible future routes:
SuperKEKB + Belle II = 40x luminosity = 6x sensitivity

Int. J. Theor. Phys. 33, 1471 (1994), 2Phys. Lett. B 271, 256 (1991), *Phys. Rev. Lett. 69, 3286 (1992)
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Tau g-2:
Many possible future routes:
SuperKEKB + Belle II = 40x luminosity = 6x sensitivity

W — 1o,y

1 year of running at LHC gives a sensitivity of 2.5 x 10 on a_!

Int. J. Theor. Phys. 33, 1471 (1994), 2Phys. Lett. B 271, 256 (1991), *Phys. Rev. Lett. 69, 3286 (1992)
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Tau g-2:
Many possible future routes:
SuperKEKB + Belle II = 40x luminosity = 6x sensitivity

W — 1o,y

1 year of running at LHC gives a sensitivity of 2.5 x 10 on a_!

PbPb — PbPbyy — PbPbrr

Estimate that the LHC will provide a sensitivity of 3 x 103 on a_?

Int. J. Theor. Phys. 33, 1471 (1994), 2Phys. Lett. B 271, 256 (1991), *Phys. Rev. Lett. 69, 3286 (1992)
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Tau g-2:
Many possible future routes:
SuperKEKB + Belle II = 40x luminosity = 6x sensitivity

W — 1o,y

1 year of running at LHC gives a sensitivity of 2.5 x 10 on a_!

PbPb — PbPbyy — PbPbrr

Estimate that the LHC will provide a sensitivity of 3 x 103 on a_?

wg = v (ar +771)
mc

Direct measure of spin precession using polarised taus in a bent crystal + strong electric field.
Method used to determine MDM of X+ hyperon3

Int. J. Theor. Phys. 33, 1471 (1994), 2Phys. Lett. B 271, 256 (1991), *Phys. Rev. Lett. 69, 3286 (1992)
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Neutrinos:

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:
Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:

Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Search for modification of stellar evolution
through a ‘dark channel’

| < 4.5 x 10712 up (95% C.L)!

o\
Knedt ene?

Observational

Brightness (magn.)

Hy

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:
Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Search for modification of stellar evolution
through a ‘dark channel’

| < 4.5 x 10712 up (95% C.L)!

o\
Knedt ene?

Observational

Brightness (magn.)

Hy
Improve with better distance
measurement (GAIA mission)

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:
Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Search for modification of stellar evolution Search for contribution to electron-neutrino
through a ‘dark channel’ scattering in reactor due to MDM.
| <45 x 10712 pug (95% C.L)! | < 2.9 x 107 pg - (90% C.L)?
—5.0 | | | | | | | |
/; S‘: dogy/d T(w,)
%D —48 ‘e\'\cﬁ)\ § _ 1000 N 10 "
z = 8
- —4.6 E 6‘
) o=
8 —44 'T ‘g
E 2 c 100 E doy/dT
=4 Observational o @ o
a0 =
= N N
M 40 __g N\
IU 11l o W 11l
~3.85 y L . ; : ; % ] 0 100 T, keV
L, Electron recoil energy

Improve with better distance
measurement (GAIA mission)

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:
Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Search for modification of stellar evolution Search for contribution to electron-neutrino
through a ‘dark channel’ scattering in reactor due to MDM.
| <45 x 10712 pug (95% C.L)! | < 2.9 x 107 pg - (90% C.L)?
—5.0 | | | | | | |
/; S‘: dogy/d T(w,)
ap 18 o § 1000 6x 10-11
g “heo‘e r:_\ E 3
- —4.6 E 6‘
) —
8 —4.4 4 “‘a
q E g 100 = {/U”/{f}r
E 42 Observational w E =
.0 <= N\
— ~
M -10 ._g N\
_ ‘ 10 o Ol iul
=355 1 ] 3 I 5 ( T8 0 100 T, keV
L, Electron recoil energy
Improve with better disjcar.lce GEMMA-II — double flux, suppressed
measurement (GATA mission) systematics, aiming for 1 x 10! py

Phys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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Neutrinos:
Standard model: EDM or MDM would show neutrino to be a Dirac lepton

Search for modification of stellar evolution Search for contribution to electron-neutrino
through a ‘dark channel’ scattering in reactor due to MDM.
| < 4510712 g (95% C.1)" | < 2.9 %107 pg (90% C.L)?
—5.0 | | | | | |
/; ;"‘ {.I'(TF_M/L" T(!l\.)
%D —1.8 ) § - 1000 6x 1011
= s =8 :
- —4.6 g g
A 2 O
O —-44 : “‘e
E 2 c 100 E doyw/dT
fo 49 Observational E\.E o
or— = - K\
— | ~
M -0} ._g N\
IU 11l o W 11l
,:jﬁ(] 1 5 ‘1 ( = 3 0 ]00 T., kev
L, Electron recoil energy
Improve with better distance GEMMA-II — double flux, suppressed
measurement (GATA mission) systematics, aiming for 1 x 10! py

Can recast as limits on EDM: 1.5 x 10?2 e.cm, 1.0 x 10?! e.cm
IPhys. Rev. Lett. 111, 231301 (2013), 2Phys. Part. Nucl. 10, 139 (2013)
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EDMs
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Motivation:
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Motivation:

CP-violation
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

Hepy = —da - €
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

—

HEDM = —6;5 £

T-odd,

P-even
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

—

Hepm = —do - &€
7 N
T-odd, P-odd,

P-even T-even
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

—

Hepm = —do - &€
7 N
T-odd, P-odd,

P-even T-even
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

—

Hepyv = —do - &€
AN

T-odd, P-odd,

P-even T-even

) g

Electric moment I
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Motivation:

CP-violation

Most models for baryon asymmetry production demand CP- = T-violation.
Insufficient CP-violation in the Standard Model (Kaons/B-mesons).

A permanent EDM of any fundamental particle is intrinsically T- and P-violating:

—

Hepyv = —do - &€
AN

T-odd, P-odd,
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Spin *
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Motivation:

Test of fundamental theories:

. . t
SM extensions predlct range of f experimentally excluded unconstrained

values for EDMs. imperiai 2010 ACME

Berkeley 2002 2013 standard model

Multi- SUSY variants
Higgs generic models

ft-Right Extended

metric Technicolor

n Flavor Standard
anging Model

Split
SUSY

Setting limits on EDMs
discriminates between theories.

s0(10) Alignment
GUT

Seesaw Neutrino Yukawa Couplings

ntal Approx. Approx. Exact
ation CP Universality Universality
Heavy
sFerfnions
1 :In L 1 L 1 L/l 1 1

T T T T T 7/ 1 T
107 107 107 107 10% 10 10% 10%2 10% 10% 10¢

Electron EDM (e cm)

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

Lepton Dipole Moments
Adam West, PIC 2015




€ClIomn

57 years of searching...

1e-12

T
)]

1e-14

T
O

__1e-16

€ Ccin

1e-18

—r

Atomic enhancement
%
Q

1e-20

1e-22
o %o
o0

1e-24

Electron EDM Limit

1e-26
1e-28

1e-30
1960 1970 1980

Lepton Dipole Moments

1990
Year

o

Molecular enhancement

o

2000 2010 2020




€ClIomn

T T T T T T
57 years of searching... le12- 6 .
I 8
HEDM = —do - 8 le-t4r o -
o
__le16[ .
g
o
& T1e18f N
=]
g Atomic enhancement
— 1e-20 - _—— > -
b o
% 1e-22 ]
2 e %
A oo o -
.ﬂ.% le-24r o Molecular enhancement |
= o
1e-26
1e-28
1e-30
1960 1970 1980 1990 2000 2010 2020
Year

J88| Lepton Dipole Moments



Electron EDM:

57 years of searching... le12F 6 1
I 8
Hepm = —do - € e o |
o)
Lab fields limited to 10-100 kV /cm. __tetsf .
g
]
& T1e18f —
=
é Atomic enhancement
J 1e-20 _— > -
= o
% 1e-22 &
2 o %
= oo "
E le-24r ° o Molecular enhancement |
53| o
1e-26
1e-28
1e-30
1960 1970 1980 1990 2000 2010 2020
Year

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

57 years of searching...
Hepm = —do - &€
Lab fields limited to 10-100 kV /cm.

Schiff’s theorem forbids net electric field
inside atom /molecule.

—_

Electron EDM Limit (e - cm
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Electron EDM:

Sensitivity:

7
a ﬁﬂ%ﬁ VNT

Coherence time Effective E-field
1 ms 80 GV /cm

dd,

Lepton Dipole Moments
Adam West, PIC 2015

Shot noise limited




Electron EDM:

ity h e
Sensitivity Sd. = Shot noise limited
(& A
i AL
Coherence time ™ Rffective E-field Count rate
1 ms 80 GV/Cm 10% s

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

Sensitivity: h D
3 Sd. = Shot noise limited
(& A
i AL
Coherence time ™ Rffective E-field Count rate
1 ms 80 GV/Cm 10% s

Systematic/background
suppression:

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

Sensitivity: h D
3 Sd. = Shot noise limited
(& A
i AL
Coherence time ™ Rffective E-field Count rate
1 ms 80 GV/Cm 10% s

Systematic/background
suppression: H=—do -Eqgq — uo-B

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

Sensitivity: h D
3 Sd. = Shot noise limited
(& A
Coherence time ™ Rffective E-field Count rate
1 ms 80 GV/Cm 10% s

Systematic/background
suppression: H=—do -Eqgq — uo-B

H(—Elap) — H(+Ep) = 2d7 - Eugr

Lepton Dipole Moments
Adam West, PIC 2015




Electron EDM:

Sensitivity:

Systematic/background

suppression:

h L.
dde. = ' Shot noise limited
Coherence time ™ pfective E-field Count rate
1 ms 80 GV/cm 10* st

H=—dé Eg—pd-B
H(—Epab) — H(+Eap) = 2d7 - Eugy + pBE
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Electron EDM:

Sensitivity:

Systematic/background

suppression:

We switch:

h C .
od, = Shot noise limited
Coherence time ™ pfoctive E-field Count rate
1 ms 80 GV/cm 10* st

H=—dé Eg—pd-B

H(—&ab) — 7‘[(-|~51ab) — 2do - g,eﬁ‘ @g
TSS0.0044 13

aw‘\j?dm'acsm

electric field direction/magnitude
magnetic field direction/magnitude
molecule orientation

global laser polarisation

relative laser polarisation

molecule excited state

laser beam direction

. molecule beam extent
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Electron EDM:

We actually measure a phase: O = ’HT/ﬁ = \—d& : geﬁ"T/ﬁH— L0 - g?’/h}—l—
|
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Electron EDM:

We actually measure a phase: O = ’HT/ﬁ = \—d& : geﬁ"T/ﬁH— L0 - g?’/h}—l—

@]YSDM OB

Vi) = 1) £ )

We prepare a coherent spin state:

The states accumulate phase:

Uy =€) et
We project back on to our basis states:

Sy = | (Wslve) ]’
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Electron EDM:

We actually measure a phase: O = ’HT/ﬁ = \—d& : geﬁ"T/ﬁH— L0 - g?’/h}—l—
|

¢1Y51DM OB

Vi) = 1) £ )

We prepare a coherent spin state:

The states accumulate phase:

[Py =e 1) et L)

We project back on to our basis states:

St = | (Wsls)
From this we can extract the phase: g q
A="F""Z — 082
S S COS 2¢
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Electron EDM:

'Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024301
SHyperfine Interact. 214, 87 (2013) ‘
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Electron EDM:

2011: d. <1.1x107%" e-cm 90% CL!

Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024
SHyperfine Interact. 214, 87 (2013)
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Electron EDM:

2014: d, <93x107%Y ¢.cm 90% CL**

'Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024301
SHyperfine Interact. 214, 87 (2013)
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Electron EDM:

2014: d, <93x107%Y ¢.cm 90% CL**

We probe 1-loop effects of new physics at the 10 TeV mass scale.

M o\,
A2 =¢ (—) Sin ¢ p
de \4m

'Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024301
SHyperfine Interact. 214, 87 (2013)
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Electron EDM:

2014: d, <93x107%Y ¢.cm 90% CL**

We probe 1-loop effects of new physics at the 10 TeV mass scale.

: M o\,
A2 =¢ (—) Sin ¢ p
de \4m

Supersymmetry predictions for the electron EDM are typically 10-27-10-% e cm.

'Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024301
SHyperfine Interact. 214, 87 (2013)
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Electron EDM:

2014: d, <93x107%Y ¢.cm 90% CL**

We probe 1-loop effects of new physics at the 10 TeV mass scale.

M o\,
A2 =¢ (—) Sin ¢ p
de \4m

Supersymmetry predictions for the electron EDM are typically 10-27-10-% e cm.

Constrain either sparticle
mass or supersymmetric
phases.?

Complementary to LHC.

-0.1 0.1

Al o

'Nature 473, 493 (2011), 2Science 343 269 (2014), 3J. Mol. Spectrosc. 300, 16 (2014), 4J. Chem. Phys. 142 (2015) 024301
l SHyperfine Interact. 214, 87 (2013)
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Electron EDM:

ACME II:

e Improve molecule state
preparation (STIRAP)

e Optimise beamline
geometry

e Higher flux beam source

e Improved fluorescence
collection /detection

We anticipate another order of magnitude reduction on d, = 30 TeV.

See also: HfF* (JILA), YbF (Imperial)
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Electron EDM:

ACME II: t
° Improve molecule state f experimentally excluded unconstrained
: Imperial 20010 ACME
preparation (STIRAP) o
2013
. O tHimi b 1; Berkeley 2002 standard model
ptinise bealnine Multi- SUSY variants
geometry Higgs generic models
. Left-Right Extended
b ngher ﬂU.X beam source Symmetric Technicolor
|
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collection /detection Spli
SUSY
50(10) Alignment
GUT
Seesaw Neutrino Yukawa Couplings
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We anticipate another order of magnitude reduction on d, = 30 TeV.

See also: HfF* (JILA), YbF (Imperial)
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Electron EDM:

ACME II (projected
ACME II: - = = = = = = ACME (projected)
° Improve molecule state f experimentally excluded I unconstrained
. Imperial 2010 ACME |
preparation (STIRAP) R - :
. O timise beamline Berkeley 2002 | standard model
P Berkeley 1994 Multi- SUSY variants
geometry Higgs L generic models
. Left-Right Exterided
e Higher flux beam source symmetric | Technjeolor
|
e Improved fluorescence g i i | stegs!
collection /detection Spli !
SUSY |
50(10) I Alignment
GUT :
| Seesaw Neutrino Yukawa Couplings
Accidental Approx. l Approx. Exact
Cancellation Ccp Pniversality Universality
Haavy |
sFerfnions i , )
1 i i - } } i —/— i
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We anticipate another order of magnitude reduction on d, = 30 TeV.

See also: HfF* (JILA), YbF (Imperial)
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Muon EDM:

Quadrupole Calorimeter
Focussing

Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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Muon EDM:

TR = = = = = m e
. eaB
Wq = — ‘
mc Quadrupole Calorimeter
Focussing
Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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Muon EDM:

TR = = = = = m e
o = — 2, x B
Wa me d“ Cr Quadrupole Calorimeter
Focussing
Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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“ mc Quadrupole Calorimeter

Focussing

Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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Muon EDM:

w —
“ mc Quadrupole Calorimeter

Focussing
EDM given by out-of-plane spin oscillation. ’

d,] < 1.9 x 1079 ¢-cm' 95% C. L.
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Muon EDM:

w —
“ mc Quadrupole Calorimeter

Focussing
EDM given by out-of-plane spin oscillation. ’

d,| < 1.9 x 1079 ¢-cm' 95% C. L.

d, ~7x 10_14Aau tang, e-cm ~ 2 X 107%? ¢ cm

New J-PARC experiment predicts 1024 e cm
sensitivity.

Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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Muon EDM:

w f—
a me Quadrupole Calorimeter

Focussing
EDM given by out-of-plane spin oscillation. ’

d,| < 1.9 x 1079 ¢-cm' 95% C. L.

Better sensitivity would help constrain CP
violating phases in some models:?

10—21 _

10— 22 .

Fl [
Q
2, 10723 ¢
2 a d, ~7x 10_14Aaﬂ tang, e-cm  ~ 2 X 10722 ¢ . cm
—24 . .
10 New J-PARC experiment predicts 1024 e cm
sensitivity.
—25
10 10-4

Phys. Rev. D 80, 052008 (2009), 2J-PARC letter of intent
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

IPhys. Lett. B 551 (2003) 16-26, 2Phys. Atom. Nucl. 72, 1203 (2009), Nucl. Phys. B 763 (2007) 283-292
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

IPhys. Lett. B 551 (2003) 16-26, 2Phys. Atom. Nucl. 72, 1203 (2009), Nucl. Phys. B 763 (2007) 283-292
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

—22x 1077 <Re(d;) <45 x 1077 ecm
95% CL!
—25%x 1077 <Tm(d;) <0.8 x 1077 ecm

IPhys. Lett. B 551 (2003) 16-26, 2Phys. Atom. Nucl. 72, 1203 (2009), Nucl. Phys. B 763 (2007) 283-292
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Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

—22x 1077 <Re(d;) <45 x 1077 ecm
95% CL!
—25%x 1077 <Tm(d;) <0.8 x 1077 ecm

Similar limit? provided by considering d. contributions to d,
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

—22x 1077 <Re(d;) <45 x 1077 ecm
95% CL!
—25%x 1077 <Tm(d;) <0.8 x 1077 ecm

Similar limit? provided by considering d. contributions to d,

SuperKEKB + BELLE II = 40x luminosity = 6x sensitivity

IPhys. Lett. B 551 (2003) 16-26, 2Phys. Atom. Nucl. 72, 1203 (2009), Nucl. Phys. B 763 (2007) 283-292
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

—22x 1077 <Re(d;) <45 x 1077 ecm
95% CL!
—25%x 1077 <Tm(d;) <0.8 x 1077 ecm

Similar limit? provided by considering d. contributions to d,

SuperKEKB + BELLE II = 40x luminosity = 6x sensitivity

There are also proposals for increasing sensitivity by 2 orders of magnitude using
polarised ete~ beams3.

IPhys. Lett. B 551 (2003) 16-26, 2Phys. Atom. Nucl. 72, 1203 (2009), Nucl. Phys. B 763 (2007) 283-292
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Tau EDM:

Beyond-SM bosons couple strongly due to large mass.

BELLE detector at KEKB looks for EDM-correlated contributions to tau pair
production.

—22x 1077 <Re(d;) <45 x 1077 ecm
95% CL!
—25%x 1077 <Tm(d;) <0.8 x 1077 ecm

Similar limit? provided by considering d. contributions to d,

SuperKEKB + BELLE II = 40x luminosity = 6x sensitivity

There are also proposals for increasing sensitivity by 2 orders of magnitude using
polarised ete~ beams3.

T — [T vy

3000 fbt at SuperKEKB gives a sensitivity of 8 x 1018 e.cm on d,
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Conclusion:

MDMs EDMs
e Test of SM’s most precise * Probing new physics at 10 TeV
€ prediction  Highly constraining parameter space
* Best determination of o of SUSY /CP-violating theories

 Gen II = factor of 3 in energy scale
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Conclusion:

MDMs

Test of SM’s most precise
prediction
Best determination of o

3.4c discrepancy with theory
Higher sensitivity to massive
particles = discrimination
between BSM theories
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MDMs

Test of SM’s most precise
prediction
Best determination of o

3.4c discrepancy with theory
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MDMs

e Test of SM’s most precise
€ prediction
 Best determination of o

e 3.40 discrepancy with theory
H * Higher sensitivity to massive
particles = discrimination
between BSM theories

e Indirect measure with low
T sensitivity
e Number of proposals for
improvement
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EDMs

Probing new physics at 10 TeV
Highly constraining parameter space

of SUSY /CP-violating theories
Gen IT = factor of 3 in energy scale

Current limit significantly less
constraining then eEDM

New experiments will begin
constraining CP-violating theories

Complementary to eEDM
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Conclusion:

 Beyond Standard Model theories continue to be constrained,
particularly by eEDM and muon g-2

e Electron g-2 has the best test of QED and the best
determination of o

 Muon g-2 discrepancy an outstanding problem — systematic?
Hadronic/EW theory contribution? New physics?

o All of these complementary to direct searches at LHC
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Extra slides:

Muon g-2:
Assumption of ‘magic momentum’ not perfect = radial E-field correction.

Assumption of v.B = 0 not perfect = pitch correction.

Both of these contribute at the 0.3-0.4 ppm level (measurement precision = 0.7 ppm).
Theoretical uncertainty dominated by lowest-order hadronic vacuum polarisation.

Measured via ee™ annihilation or from t decay.

During negative muon decay, left handed electrons preferred.
If electron momentum maximal, it aligns antiparallel to the muon spin.

The general result: higher energy electrons anti-correlated with muon spin.
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Extra slides:
Muon g-2:

375 fixed NMR probes

Vertical distance (cm)

Radial distance (cm)

lAnnu. Rev. Nucl. Part. Sci. 62, 237 (2012)
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Extra slides:

Muon EDM:
New method will use additional radial E-field to cancel out the g-2 effect.
- _\7 - Upper Detector
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