The electric dipole moment of the electron
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An EDM violates time-reversal symmetry

Purcell
Ramsey
Landau

If all electrons
look like this...

n.b.

P inversion symmetry
also broken by EDM

This does not
exist

U

T not a good
symmetry of
nature

CPT theorem = T-violation = CP-violation



Q. How can a T-violating electron EDM arise?

A. From radiative corrections, with CP-violating interactions

Standard Model
4-loops for nonzero effect CP-violating
AND N4 phases
severe cancellations from
in sum over all diagrams CKM matrix

[GIM mechanism]




Q. How can a T-violating electron EDM arise?

A. From radiative corrections, with CP-violating interactions

Supersymmetry
1st order perturbation CP-violating
AND 4 phase
cancellations not built in from
N SUSY-breaking
d. > d, (Std. Model)
e €




Dimensional estimate for size of EDM

y = &-field typical e-EDM
2 \Y 2
d, ~ ty (g_] (me ) SN ¢
Dimensionless 2 mZ
couptlingt T-violating N =
cons \jn phase # loops
g g / “natural” assumptions
e ) g’/hc= a
e’ sin(¢) ~ 1
m, ~ 1 TeV
X U
(new heavy particle) d, ~ 30x current limit

(for N=1 loop)



Artist’s impression of an electron EDM...

Note the resemblance to O...

any EDM must be VERY small

QED radiative correction scale
[a/27] pg/e ~10-13 cm

U0/ ROUND IS THE ELECTRON? Size of earth ~104 km

eEDM charge displacement

<20 nanometers
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General method to detect an EDM
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Amplifying the electric field £ with a polar molecule

éEext

Th*

Small energy splittings

(rotational levels)
enables polarization P — 100%

with &, — 10 V/cm

O_

Inside polarized molecule, eEDM acted on by P sandars

E. — P 0?Z 3e/ay? due to relativistic motion 1965

Eo = 80 GV/ecm for ThO™* [near theoretical maximum]

e
Meyer & Bohn (2008); Skripnikov, Petrov & Titov (2013, 2015); Fleig & Nayak (2014)

Requires unpaired electron spin(s): chemical free radical



Advanced Cold-MoIecuIe Electron EDM
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New molecular beam technology:
Cryogenic Buffer Gas-cooled Beam (CBGB)

[Maxwell et al. PRL 2005; Patterson & Doyle J Chem Phys 2007;
Barry et al. PCCP 2011; Hutzler et al. PCCP 2011]

e Inject hot molecules (e.g. via laser ablation)

e Cool w/cryogenic buffer gas @high density

e Efficient extraction to beam

via “wind” in cell: 10* — 10%-40%
e “Self-collimated” by extraction dynamics
e Rotational cooling in expansion: T~ 1 - 4K

e Moderately slow: v~ 130-180 m/s

Beam brightness [=flux/divergence] ~ 10° -10° x larger

vs. other sources for refractory/free radical species
typically ~ 2x10' mol/sr/state/pulse @ =10 Hz rep. rate

Used for SrF, ThO, BaF, YO, CaF, O,, NH,, Yb, ...



“New” molecular species: ThO*  [AC Vuthaetal.). Phys B 2010]

ThO

690 nm
detect
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ground state

e Largest effective internal £ ~80 GV/cm
[Titov et al. 2013/2015, Fleig et al. 2014]

e Sufficient coherence time (~1.9 ms max)
lifetime of metastable state H 3A;

e Suppressed magnetic moment

<0.01 p, in H3A, reduces B-field systematics
[Idea: Meyer, Bohn, Cornell et al. (JILA);
Measured: A.C. Vutha et al., PRA 2011]

e Omega-doublet co-magnetometer
suppresses many possible systematics

e All spectroscopic data previously known

e State preparation and readout
w/standard, robust diode & fiber lasers

¢ Blue-shifted fluorescence from probe laser
—=>no problem with backgrounds

e High beam source yield




EDM measur nt with (2-doublet states
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ACME experimental schematic
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ACME apparatus
Interaction Region:

Pulse Tube internal &-field plates & external
Molecular Cryo Frig B-field coils

Beam (not shown here)
Source :

Pulsed
ablation
laser

Transparent Field Plates ‘

M-metal shield endcaps
~ (5 layers)

_*ITO Coated
Borofloat glass



ACME apparatus

Magnetic field coils
(3 orthogonal components
& all first-order gradients)

Complete
beam source

& magnetic shields

& last-stage optics




ACME apparatus

One of several optical tables w/
~ten lasers, dozens of modulators,
hundreds of meters of optical fiber, etc.
spread over two buildings

“control room”

&



Spin-rotation signal S
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Typical spin-rotation fringe signal

x et Final spin ahglé ¢ = —d&v/h
o * . Vs, probe laser polarization angle &
I_T_B = 1
= sets I S = Ccos (2gb — 29) :
*¢=1/2 I ‘
| Take data here : .
Contrast C ~ 95% , !
—40 =20 o 20 40
6 waveplate (deg) ﬁ



Primary machine settings to extract the EDM

. 20 .
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--psuedo-random (pair-wise), interleaved reversals



Data sorting & systematic error analysis

Rewrite phase as components correlated w/switches:

Supersmpt means
“odd under this reversal” EDM phase _ other phases to_
diagnose systematics

Switch-correlated phases measure physical contributions:

N 1 1
¢N€ X degeff —l_ gAgN’LL—I_ gAgN’LLHBnri@—i_
/ AN /" 0

EDM Spurious terms

Symmetries ensure systematic errors

due ONLY to experimental imperfections e.g.
--leakage current-induced B-field B, < £

--non-reversing &-field &,
--etc.
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Data analysis: diagnosing imperfections

Switch-correlated phases isolate physical contributions:

v ! ! €

NE
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EDM : : :
Experimental imperfections

Most imperfections also appear in other correlated phases
BUT GREATLY AMPLIFIED

~ . / N~N1\) g
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g/ Ag, ~1000 B /B ~1000

="“Other” correlated phases diagnose imperfections 4+

ACME



Search strategy for systematic errors

Switch-correlated phases isolate physical contributions:

v 1 ! @
¢ X degeff T EAQNM + §AgN/’LHBnT g +

EDM
Experimental imperfections /

But... what about terms we don’t anticipate?

Strategies:

e Change all possible parameters that shouldn’t affect EDM
(£ magnitude, B magnitude, global polarization, etc. etc.)

but might couple to unanticipated imperfections

e Deliberately amplify imperfections,

understand any changes in correlated phases =
&



ACME electron EDM data
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ACME electron EDM data
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Blind analysis: randomly chosen offset added to data until analysis complete
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Consistent with zero —29 J. Baron et al.,
— set upper limit [del <9X 107" ecm science (2014)



New upper bound on electron EDM from ACME é

Berkeley Imperial ACME
(2002)\52011) (2013) ° ~10-fold improvement
Yale - extends deep into expected ranges
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Superpartner Mass (TeV)
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Impact of EDMs in particle physics
J. Feng: “Naturalness and the status of SUSY”, Annu. Rev. Nucl. Part. Sci. (2013)

“All of the constraints shown are

30 —— S —T RN :
Higgsinos/Gauginos i 1st Generation | i2nd Generation merely indicative and SUbJeCt to
T b ' S|gn|f|cant loopholes and caveats”
5 5 ACME electron ' I I I
10 ? Seattle |_A ( )
: ' 2014
| eHg) R T
L 2016 iy L hud "’*"Hg AT
: NAT DM; EAl_i ; : $ : 1‘ ¢
? : N 4 T\ AL
I ,I\ i HIGGS :
. ] TTHC, NAT'NAT‘
T\“T: Reece & Nakal i
| §4 arXiv: 1612:09080 d ;L;!IC; E
0.3 fHC, [EHC| o o -
L . LHC LEC : ' 1
. ’ ' E | LEC
H B W 9 urL uUp dp Ve €r CL Cr SR Vu IR t; tg bp Vr TR
dy, G SL fir, by TL

EDM results push SUSY scale into “unnatural” regions
--potential for imminent discovery...?



What does the eEDM limit mean for particle physics?

Diagrams with
known SM particles
can rule out
non-SM couplings

Example:
CP-violating
Higgs-top coupling

Brod et al.,
arXiv: 1310.1385

Kyde= 1

ACME Constraint

Hg EDM

LHC
Constraint

Higgs prod. @
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CP-odd/CP-even Higgs-top coupling <1% from ACME



Mass [TeV]
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Impact of EDMs in particle physics

(A very generic view)

Breadth of new physics versus depth of mass reach
<4— Genericity

Current Data

- Plot courtesy of M. Reece (Harvard)
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ACME Il statistical sensitivity
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~10x improved EDM statistical sensitivity/unit time
Systematic error studies ~complete, final data taking underway



Near-future discovery potential with the electron EDM

ACME Ultimate
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