“Quantum Sensing for Particle Physics”
Some Basic Theory - Some Basic Experiment - Overview - Example

John Doyle
Harvard University
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Make a Clock

Why!?




Make a Clock

Why!?

+ Need to measure frequencies

- Clock rates can depend on certain physics
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Make a Clock
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Resonance Reality

In “Real Life” Line Splitting can be done to ~ 106 Level
Q)

Dimensionless Frequency

— Q=100
— Q=10 Heckel, UWash, Nuclear EDM Expt 3 x 107
— Q=1 Cesium Beam Clocks 10°
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Magnetic Field
Electric Field
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« Atomic clock
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Bloch Sphere
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Q0,6)=[Q2r+1)/471(6,0|pl6,0)

where p is an arbitrary density matrix for a system of identi-
cal two-level atoms; it can be a pp of Eq. (2) or a pp of Eq.
(3). Except for the factor (2r+1)/4m, the same function
has been discussed by Gilmore, Bowden, and Narducci,’
and called the Q function or the Q representation; it has

_also been used by Lieb® to discuss the “‘classical’’ entropy
for a quantum system described in Bloch coherent spin
states.

C.T. Lee, PRA, v30, n6, 1984




Bloch Sphere - N uncorrelated spins

) = alT) + B). (1)

When this particle’s spin is measured, the answer is 1 with probability Py = |a|?, and
| with probability P, = |3|*. When this measurement is repeated N times (or equiv-
alently, with N uncorrelated spins), the statistics are binomial: the average number

of Isis (N+) = N|a|* and the variance is <NT2> = Nlal?(1 — |a]?).

AD~1/NV2

A. Vutha




Phase Precession Measurement from Population Measurement

Ramsey spectroscopy with an ensemble of N two-level atoms: 5

7é5 =(N1-N})/2
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Take Home Message for All Precision Measurements So Far

Energy Aw~1/ (T‘ Nllz) Signal

Shift Coherence

Time

Typical line split ~10°

A. Vutha




Bloch Sphere - N/2 correlated spins pairs

V) = aftT) + B[H). (2)

When this pair of particles is measured, the answer is 11 with probability Pr+ = |a|?,
and || with probability P|; = |3|*. When the measurement is repeated N /2 times (or
equivalently, with N/2 uncorrelated spin pairs), the average number of {sis (Ny) =
25 |a* = N|a|? as before. But the variance is now <NT2> = 45 ]a)* (1 = |af?) =

2N |a|?(1 — |a|?). (Basically, this is a binomial random walk with half the number of
steps and twice the step length.)

Linear Combination

of Fully Stretched
N Particles

AD~1/N

SPIN SQUEEZING APPLIED TO FREQUENCY
STANDARDS.

JJ Bollinger, DJ Wineland, WM Itano, DJ Heinzen
Proceedinas of the Fifth Symposium on Freaquency Standards

A. Vutha
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20 Spins Bloch Sphere - Squeezed State
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Squeezed atomic states and projection noise in spectroscopy
D. J. Wineland, J. J. Bollinger, W. M. ltano, and D. J. Heinzen
Phys. Rev. A 50, 67 — Published 1 July 1994

Squeezed spin states
Masahiro Kitagawa and Masahito Ueda
Phys. Rev. A47, 5138 — Published 1 June 1993

A. Vutha
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Bloch Sphere -
Squeezed State

SSS = squeezed spin state
CSS = coherent spin state

Quantum spin squeezing
Jian Ma, Xiaoguang Wang, C.P. Suna, Franco Nori
Physics Reports, 2011
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One slide on how one can spin squeeze

Make measurement that
m * measures S;
b » population (collective)
M/ * not single atoms
, ‘ \ | ! ¢ .

; * cavity resonance shift
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cavity resonance
M. Schleier-Smith iS Sh|fted by atoms




Help by Squeezing

Measurement noise 100 times lower than the
quantum-projection limit using entangled atoms

Onur Hosten', Nils J. Enge Isen', Rajiv Krishnakumar' & Mark A. Kasevich! Nature 2016

Equivalent to Factor of 10
Increase in Counts
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Equivalent to Factor of 10
Increase in Counts

Also see Mitchell, Vuletic, Schleier-Smith, Takahashi, others....




Help by Squeezing

Measurement noise 100 times lower than the
quantum-projection limit using entangled atoms

Onur Hosten', Nils J. Enge Isen', Rajiv Krishnakumar' & Mark A. Kasevich! Nature 2016

Equivalent to Factor of 10
Increase in Counts

Also see Mitchell, Vuletic, Schleier-Smith, Takahashi, Thompson, others....
Spin Squeezing of a Cold Atomic Ensemble with the Nuclear Spin of One-Half

T. Takano, M. Fuyama, R. Namiki, and Y. Takahashi Can a Quantum Nondemolition Measurement Improve the Sensitivity

Phys. Rev. Lett. 102, 033601 — Published 22 January 2009 Of an Atomic Magnetometer?
M. Auzinsh, D. Budker, D. F. Kimball, S.M. Rochester, J. E. Stalnaker,A.O. Sushkov, and V.V. Yashchuk

Simultaneous tracking of spin angle and amplitude beyond classical limits
Giorgio Colangelo, Ferran Martin Ciurana, Lorena C. Bianchet, Robert J. Sewell & Morgan W. Mitchell
Deterministic Squeezed States with Collective Measurements and Feedback _ o o _ o _ _
Magnetic Sensitivity Beyond the Projection Noise Limit by Spin Squeezing
Kevin C. Cox, Graham P. Greve, Joshua M. Weiner, and James K. Thompson R. J. Sewell, M. Koschorreck, M. Napolitano, B. Dubost, N. Behbood, and M. W. Mitchell
JILA, NIST, and University of Colorado, 440 UCB, Boulder, Colorado 80309, USA S o Leits ks 288els — Fusilisn=sl 10 toeamlser 202




Monika’s Talk

Quantum Engineering with Cold Atoms

Which many-particle e

ntangled states

are useful for precision

measurements”?

How can we engineer interactions
to generate and harness entanglement?

How will we push quantum sensors
to their fundamental limits”

| —

M. Schleier-Smith



Resonance is Useful for Finding New Physics

& 1
l E | ield n|can shift and broaden resonance
< La:) 0.5 ] Shift from Field n is Usually Sought
§ S 0.6
—— -
% l
204
o
" T (.2
5 0 ‘ —
0 2 3 4 5
m - Dimensionless Frequency
~ - Q—IO

G — Q=1




Different Kinds of Resonant Objects
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Different Kinds of Resonant Objects
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Top AlGaAs

Different Kinds of Resonant Objects

Bragg Mirror

AlGaAs
Bragg Mirror BAW
mechanical oscillator

& Terfenol Collar

Flux Qubit

]

o



Top AlGaAs
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Top AlGaAs

Different Kinds of Resonant Objects

Cooling and pumping
laser beams

Bragg Mirror

AlGaAs
Bragg Mirror BAW
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Different Kinds of Resonant Objects
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Different Kinds of Resonant Objects

(a) Optical potential

Trapped atoms

Atoms/Molecules
are
All the Same




Often Couple to these systems by EM
Methods of probing

Magnetic field Electric field Laser light
|

Measurement concepts

Quantized angular Quantized energy levels Frequency shift
momentum

Field of unknown particles S




New Physics Couples in Many Ways

Methods of probing

Magnetic field Electric field Laser light
| |

Gravity
Nuclear
Measurement concepts E M
Quantized angular Quantized energy levels Frequency shift .
momentum everything!

DeMille, Sushkov, JMD,

. . NN Science 2017
Field of unknown particles W o




Gravity Waves

Methods of probing

Magnetic field Electric field Laser light
| |

Measurement concepts i
Quantized angular Quantized energy levels Frequency shift
momentum .

Field of unknown particles

Fig. 1. Probing fundamental physics with resonance experiments.

Using spins to detect gravity waves
Lukin and Walsworth (Harvard),
Hogan (Stanford), Ye (JILA),
J. Ye
Many others




Gravity Waves

10°
Methods of probing
Magnetic field Electric field Laser light
<L § - % 1010
Measurement concepts l
Quantized angular Quantized energy levels Frequency shift 14
momentum - 10

10-18

/ Vi 1
/
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Field of unknown particles

Fig. 1. Probing fundamental physics with resonance experiments.

Using spins to detect gravity wav€s

Lukin and Walsworth (Harvard),
Hogan (Stanford), Ye (JILA),

Many others

Stochastic
background

/ =PTA

bridge sensitivity gap
between LIGO & LISA
~10 mHz to 10 Hz

eLISA

Massive binaries

LISA

Extreme mass
ratio inspirals

Virgo

aLIGO

107 10° 10?2 104 10

Frequency / Hz

10° 10° 10

R. Walsworth




AXxions

oscillating nuclear EDM:

axion dark matter » d, o< acosw,t

Methods of probing
Magnetic field Electric field Laser light
r:__:g ' i | A 2 .
§~§ b Wg = MgC” /h  axion Compton frequency
Measurement concepts l
Quantized angular Quantized energy levels Frequency shift
momentum ~

Sensor

Field of unknown particles

Using spins to search for
ultra-light dark matter
CASPEr
Sushkov (BU), Budker (UCB/Mainz),

Graham (Stanford), Rajendra (UCB) A. Sushkov




Directional Detection of Low-Mass WIMPs

Methods of probing
Magnetic field Electric field Laser light
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Fig. 1. Probing fundamental physics with resonance experiments.

Ron Walsworth (Harvard)

Alex Sushkov (Boston University)
Surjeet Rajendran (UC Berkeley)
Misha Lukin (Harvard)

WIMP

detector:
sectioned
diamond

N

scattering event %%»

a “bubble chamber”
In diamond

detector
section

PMT

pull out
’ section
recoill
nucleus

|

scanning
microscope
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Ve ~

damage track

=100 nm

A. Sushkov
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Search for New Physics with Atoms and Molecules

M.S. Safronoval?, D. Budker®*>, D. DeMille®, Derek F. Jackson Kimball”, A. Derevianko® and C. W. Clark?

LUniversity of Delaware, Newark, Delaware, USA,
2Joint Quantum Institute, National Institute of Standards and Technology and the University of Maryland,

College Park, Maryland, USA,

SHelmholtz Institute, Johannes Gutenberg University, Mainz, Germany,

1University of California, Berkeley, California, USA,
°Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA

“Yale University, New Haven, Connecticut, USA,
"California State University, East Bay, Hayward, California, USA,
SUniversity of Nevada, Reno, Nevada, USA

REVIEW

Probing the frontiers of particle physics
with tabletop-scale experiments

David DeMille,'* John M. Doyle,** Alexander O. Sushkov>**




The “Standard Model” Does Not Explain Everything about Particle Physics

S‘l‘ah(Joral Model
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Key Unresolved
Questions




The ““Standard Model” Does Not Explain Everything about Particle Physics

S‘l‘ahc‘am’ Mode|

Key Unresolved
Questions

. Dark Matter
. Matter-Antl Matter
.Hlerarchy "Problem”







Several SUSY Theories Solve all Problems Possible Solution

% Matter/Antimatter

-naturally provides needed T-violation

<« Unification/Hierarchy
- provides needed particles

% Dark Matter
- provides candidate particle
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v Dark Matter
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Particle




Several SUSY Theories Solve all Problems

v Matter/Antimatter
-naturally provides needed T-violation

<« Unification/Hierarchy
- provides needed particles

% Dark Matter
- provides candidate particle

Those new particles are right here, now.



Electron is dressed by Virtual Particles — g-2
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Electron is dressed by Virtual Particles — g-2

Gabriesle group
confirms SM QED

€ €
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Rb 2011, QED 2013 (calculated)
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p—i—— Harvard 2006
UW 1987 o
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Electron is dressed by Virtual Particles — g-2

€ €
Y

Effect o« 1/M?2

More Loops, higher order perturbation




Electron is dressed by Virtual Particles
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Electron is dressed by Virtual Particles

BEHSK)
SUSY

1st order perturbation
Cancellations not inherent

T-violating phase natural

EDM is SM

Background Free!



Where we are going with precision measurement... one PREVIEW
EDMs — Beyond the Standard Model Particle Physics

EDMs are capable of probing high energy scales, with a sensitivity unmatched by any signals from

the LHC, within the framework of a very broad range of theoretical models—and particularly in

the most widely-studied and broadly predictive models, such as SUSY.  Heavy, polar molecule
sensitive to new physics

= 10° molecules
= 10 s coherence

» Large enhancement(s)
= 1 day averaging

~ 1,000 TeV

new phys

N. Hutzler



Numerical Value of the electron EDM
from New Particle
Dimensional Analysis

AsSsume £2/he =~ o
sin(P) = 1
my, ~ 100 GeV

number of loops

1
EDM = ug (o./m)N (me/my) 2 sin(P)

EDM = 10-25e cm



Numerical Value of the electron EDM
from New Particle
Dimensional Analysis

ASSUME 2/he ~ a
sin(dP) = 1
my, ~ 100 GeV

EDM = ug (o./m)N (me/my) 2 sin(P)

EDM = 10-25e cm

calculated 1-loop
EDM = 100x 20 year old limit



EDM Too Small??

)
AsSsuUMe 2/he ~ a
sin(dP) = 1 {: gel(l)
m, =~ 100 GeV
e v e
EDM = ug (a./m)N (me/my) 2 sin(P) X
EDM = 10-25¢ cm
calculated 1-loop SUSY was constrained near 1 TeV level
EDM = 100x previous limit before the LHC was buiit.

Escape clause: very small ® possible.



eEDM probes Stop particle

Yuichiro Nakai and Matthew Reece
= 350GeV my = 400 GeV

Superpartners of top quarks (stops),
essential for the natural EWSB,
can generate a sizable EDM.

For the maximal CP phase ¢+ = arg(A.u)

mz. > 1.6 TeV

1

2000
mstop [GEV]

2500



Implications for baryon asymmetry...?

Last viable corner for
Electroweak Baryogenesis
(a testable model for
matter/antimatter asym)...?

“Bino-driven EWBG”
can elude EDM Ilimit, but...
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~10x improvement may rule out Electroweak Baryogenesis...?
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How to do an EDM experiment - Generic
electron spin

Vo]

f no EDM




| 1

H’de: - de Eeﬁ




Add the eEDM - Levels Shift, Electron Spin Precesses

\

O =+1 >_Al;; — Zde‘Eeﬁ'

How to measure the eEDM:
Ramsey Spin Precession




Zeroth Order EDM Measurement

Just measure the precession of the spin? How to measure

eEDM:

|) Polarize spin

2) Place E and B field

) = Z(LLB +d - Fo ﬁ )T/ ﬁ + other Jaertuﬁations, }f)ﬁase shi 53 ) Wait a time T

(T=1ms

4& Measure phase

Standard Procedure
AMO
Spin Projection
Measurement



Zeroth Order EDM Measurement

Just measure the precession of the spin? How to measure

eEDM:

|) Polarize spin

2) Place E and B fielc

) = Z(LLB +d - Fo ﬁ )T/ i + other Jaertuﬁations, Jaﬁase 5ﬁ1ﬁ53) VVaita time T

(T=1ms)
To determine 4) Measure phase

Qg1 = 10 urad for de = 107%% e-cm

Standard Procedure

One would need AMO
- magnetic field absolute value to 10"/ gauss (but known to only around 107> gauss) Spin Projection
and Measurtement

- magnetic moment to the 1070 fractional level



What is a ““Switch” ?

Do the experiment twice
with an electric field
“switch” §

P = (4doEefy + gUbBE-corr + NUWbEn:|B| + LJu/h




ACME Electron EDM

Beam
1 ACME
5de Coherence time ~ 103 s
2E. ;+ Eerr - / Number of counted spins ~ 105 s
/ / \ Molecule -> Huge Eef
Effective Coherence (Photon) Integration
Electric Field Time Countine Rate Time
Buffer Gas Beam Source Rotational Cooling Interaction Region

203 K ThOg Target

40K
4 K

'\-16‘.K OES
. o .o .o.
® o

Neon r -
=) 056 Fe% % 00 G o
Buffer Gas .

o ® 9
a

y Magnetic Stielding

Beamline geometry State readout



JILA Electron EDM

lon Trap

1 JILA
Coherencetime ~ 1 s
2 Eeff v N Number of counted spins ~10 s

/ / \ Molecule -> Huge Eef

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time

AN
Het

5d, =

Rotating
E field

-vrot "h




UWash Nuclear EDM

Cell

1 h UWash
Sd - Coherence time = 100 s
e

2 Eej:f t N T I?IALtJorr? Eenl;)t:Io1W2:E S_)1
/ P BN off

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time
HV coax cable (RG58) Magnetic shields Magnet coll
Electrode (+10kV) S windjngs
Wollaston "
'* prism '
oT \
cell \é
MT
cell SN
VB O
ce
\ :
OB ' ?
cell _J; @@
N2 plates Q
Vessel (0V) T Groundplane |y Beam separator "N y|

HV feedthrough = Vessel Electrode X
(a) (b)




Argonne Nuclear EDM

Optical Trap

5d,

Etfective
Electric Field

Pump and Probe
483 nm

h 4

| s

Argonne
1 n Coherence time = 20 s

B 72 F — Number = 102 s
eff T/ NT (note atom -> lower E ¢,
/ / \ but octopole enhancement!)

Coherence (Photon) Integration
Time ‘ Time
Counting Rate Transverse cooling Pl Oven

Translation stage ~ Zeeman slower

.l .l| . ; ."h.‘
A e \II.
L - N .\'-. ' o
-~ - - -
; % - [
= . e’
ot

Transport beam
focusing lens

Transport '
beam / AN

3D MOT beams

Cosine-theta coil

Holding 7

beam and blue laser
1 5 5 0 nm Magnetic shields



What sets EDM sensitivity!?

1 n

} ZEeffT\/NT
N

5d,

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time
EDMT
electron edm - de eml e de
1024 |+ °
. Amherst
Imperial de <1.05 x1027e-cm, 2011 42 o
AC M E, de <8 . 7X1 0_29 e ) Cm y 20 1 3 10'26 © ® Berkeley ’Imperial
o College
y 0_27 @
JILA de <1.3x1028e-cm, 2017 PLa
102 [T ACME =t
10-29
10-30

1965 1975 1985 1995 2005 2015 2025 - “ome!



One Day

Statistical ' Uo/IShec
Experiment Limit

Sensitivity q .
e-cm day-12 de| < in e-cm WVEPTS

Reality Check!

Berkeley 05 x

1027 1.6 x 1027 | 2002

TI
Imperial _ _ _
YoF | 2x10% 1.5x10% 12010 Point of Interest
ACME | N N
ThO 1x10 09x10 2013
JLA 1 ox102  13x1028 2017

HfF+




One Day

Statistical ' Uo/IShec
Experiment Limit

Sensitivity q .
e-cm day-12 de| < in e-cm WVEPTS

Ber_lF‘e\ey 05x 1027 16x1027 | 2002

'mfsga‘ 2x1027  15x1027 | 2010
ACME |
1 x1028 09x1028 2013
ThO . .
JLA 5 1028 13x102 2017

HfF+

X

Reality Check!

Point of Interest

One day sensitivity quotes
are the same, historically,
to eventual published limits!!



Feng, J. L. (2013). Naturalness and the Status of Supersymmetry. Annual Review of Nuclear and Particle Science, 63(1), 351-382.

“All of the constraints shown are

merely indicative and subject to

P ———— —

significant loopholes and caveats”
Order Unity SUSY Phases

ACME | Result
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t experimentally excluded Electron EDM éjenacPcrﬁtrained theory

JILA 2017 / ACME | Result
ACME | 2013

I
|
| standard model
.- : SUSY variants
° : generic models

t Exter]ded
IC Technicolor

VOr | Standard

; : Model
|
|
S.UT : Alignment
|
ISeesaw Neutrino Yukawa Couplings
|
tal Approx. : Approx. Exact
tion CP Universality Universality

eavy |
sFermions ~10 TeV ~100 TeV ~1000 TeV

[~+—+>» d. (e cm)

1025 1026 1027 1028 102 10%® 10% 10%® 10%® 104 10¢



Mass [TeV]

1000.

100.

ek
S

0.1

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

Kaons
(Flavor)

Current Data

EDMs

LHC

Searches

Electroweak Colored 2- Loop 1- Loop Flavor
Particles Particles CPV CPV Violation

M. Reece



tan S

20

15

10

Probing New Physics: How do EDMs Compare?

dho,ng/e [cm], arg(Awu)=n/2, ma= 400 [GeV]
2. 3. 4. 5. 6.

ACMEII |
0.5X107%91

EDMs: exclude stops at 2-3 TeV, 3
with order-1 CPV, ma = 400 GeV .-
(Nakai, Reece)

LHC: Exclude stops
at 1 TeV for typical
decay chains

EDM signal would be
clean, i.e. no background.

Flavor Physics: strong
constraints from kaons, but

2.80 hint of new physics in &'/

Not clean: unclear how
seriously we take this! (Difficult
lattice QCD calculations.)
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SUSY interpretation: e.g. Crivellin, D’Ambrosio, Kitahara, Nierste ’17

M. Reece



Mass [TeV]

Breadth of new physics versus depth of mass reach
4 Genericity

Kaons
1000.
(Flavor)
100.  Currently running experiments,
e.g. ACME II statistical sensitivity
EDMs
10. \
1. LHC
Searches
0.1
Electroweak Colored 2- Loop 1- Loop Flavor

Particles Particles CPV CPV Violation M. Reece



How to do better?

od, 2 E
/ eff 4 V
Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time

Planned improvements at Argonne, JILA, ACME, Imperial....



My Personal Perspective

‘Right now we are improving statistical sensitivity. Hard work, need smart people,
requires serious resources...

‘Progress toward next x10 improvement is good for many AMO based EDM
experiments.

But what about the future”? What about 1000 TeV??

1 n

) ZEeff’r\/NT
N

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time

5d,




My Personal Perspective

‘Right now we are improving statistical sensitivity. Hard work, need smart people,
requires serious resources...

‘Progress toward next x10 improvement is good for many AMO based EDM
experiments.

But what about the future”? What about 1000 TeV??
103 improvement in EDM

sensitivity possible for 1 n
some experiments... 0d,

2 Eeff,T\/NT
2l N

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time

new molecule



My Personal Perspective

‘Right now we are improving statistical sensitivity. Hard work, need smart people,
requires serious resources...

‘Progress toward next x10 improvement is good for many AMO based EDM
experiments.

But what about the future”? What about 1000 TeV??

10° improvement in EDM 102 improvement in eEDM
sensitivity possible for 1 n sensitivity possible...
some experiments... Ole = 2 Eorf
[
/ AN

Effective Coherence (Photon) Integration
Electric Field Time Counting Rate Time

new molecule ...but needs new, creative methods



The Graduate
1967/, starring
Dustin Hoffman,

dir. Mike Nichols




Symmetry violation in Molecules

» Molecules have enhanced
sensitivity to many BSM
sources

» Electron EDM
= Nuclear Schiff moment

= Nuclear magnetic
quadrdupole moment

(MQM)
= PV/anapole moments
= ... and more!

" Let's apply our methods to
NEew SOuUrces

Physics

N. Hutzler



CaF Very Recent Developments
Creating Cold Molecules

CaF Source Sub - Doppler

(Buffer gas cooling)

Laser Slowing RF MOT Cooling

O

2K 300 uK 40uK
Tarbutt, DeMille, Doyle



CaF Ultracold “Real” Molecules now Available

Increasing Phase space Density
RF MOT Intensity Ramp

Optical Dipole Trap 10 ms (?srn?sy MOIaSjSS

Density (cm™)

10 100
Temperature (ukK)

Doyle Group



CaF Molecules | |
Can Be Held in Towards Quantum Simulation and

“Clock™ Type Trap Computation

Optical Dipole Trap 1D Optical Tweezer Array

Filled with CaF Molecules

Proposed

[ [ 1 /] ]

Doyle Group Future



Clusters of 2

|
l
l
I

Clusters of 10
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Manuel Endres, Hannes Bernien, Crystal Senko, Alexander Keesling, Harry Levine, Eric
Anschuetz,

CUA collaboration of Lukin, Greiner & Vuletic groups;




- | Molecular Cuantum Simulation and Clocks Possible

-

Polyatomic Quantum
Simulator
ala Jin and Ye




2017
What do Polyatomic Molecules Have to do with
Particle Physics ?




2017
What do Polyatomic Molecules Have to do with

Quite a bit, it turns out....

Phys. Rev. Lett. 119, 133002, September 2017, Hutzler and Kozyryev



Must orient in lab frame
- need a “handle”
Must have heavy atom
- need relativistic enhancement

WANT photon cycling Two GENERIC Handles
- laser cool O

- 100% detection
Long Lifetime (> 1s)

Embrace the Complexity @ZOW
Needs for an EDM Molecule . e
\ i
Yb

“y

Phys. Rev. Lett. 119, 133002 — Published 28 September 2017 Plus Photon Cycling



Polyatomic EDM

Feature | ThO, |(Yb,Ba,\WC| (HETh)F* | YbOH,
ACME Ra)F JILA ION YbOCngtc

Laser cooling

Full polarization

Internal co-mag.

>1 s lifetime

Scalable (Large #)

4 4 v
4 v v
4 v v
4 X 4

Yb




Diatomics Poly-

+omi. | POlyatomic EDM
Feature ThO, |(Yb,Ba,Ra| WC | (HfTh)F* YbOH,
ACME )F JILA ION YbOCH; ~¢c.

Laser cooling X v X X
Full polarization v X v v
Internal co-mag. v X v v

X v
X

a la Ye and Katori
Phys. Rev. Lett. 119, 133002 — Published 28 September 2017




Diatomics Poly-

+omi. | POlyatomic EDM
Feature ThO, |(Yb,Ba,Ra| WC | (HfTh)F* YbOH,
ACME )F JILA ION YbOCH; ~¢c.

Laser cooling X v X X v Yb
Full polarization v X v v v
Internal co-mag. v X v v ‘ ﬂ_
>] X J J v .
i X ‘/

5x10° molecules
E eff=25 GV/cm
10 s coherence

a la Ye and Katori W 1 day of data taklng
Phys. Rev. Lett. 119, 133002 — Published 28 September 2017




. | Polyatomic EDM
Foature ThO, |(Yb,Ba,Ra| WC | (HfTh)F* YbOH,
ACME )F JILA ION YbOCH3 ~*t-.
Laser cooling X X X v Yb
Full polarization v X v v v
Internal co-mag. v X v v ‘ ﬂ_
>1 s lifetime X v v v .
Scalable (Large #) v v v X v
6
Sensitivity 5x10° molecules
to EDM E eff=25 GV/cm
1032 e cm 10 s coherence
1 day of data taking
Phys. Rev. Lett. 119, 133002 — Published 28 September 2017




Diatomics Poly- :
e | POlyatomic EDM
Feature ThO, |(Yb,Ba,Ra| WC | (Hf Th)F* Vb, xperiment
ACME )F JILA ION YbOCH3 -tz
Laser cooling X X X v Yb
Full polarization v X v v v
Internal co-mag. v X v v ‘ ﬂ_
>1 s lifetime X v v v .
Scalable (Large #) v v v X v
6
WHAT DOES Sensitivity >5x10”molecules
THIS MEAN TO to EDM E_eff=25 GV/cm
PARTICLE 1032 e cm 10 s coherence
PHYSICS? 1 day of data taking
Phys. Rev. Lett. 119, 133002 — Published 28 September 2017




A t l l] . Kozyryev and
particie pnysics Poly-EDM Hutzler,
future? e PRL,
30 ' ' ' ' ' ' . . ' 2017
Higgsinos/Gauginos  1st Gener: 2nd Generation: “Al ynstraints shown are

ative and subject to
bopholes and caveats
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EDMs accompanying new flavor violation

0 i
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Mass [TeV]

1000.

100.

pud
&

0.1

Looking ahead to ~10-15 years from now....
<4— Genericity

New Generation of Experiments using
ALREADY EXISTING QUANTUM TOOLS

LHC
Searches
Electroweak Colored 2- Loop 1- Loop
Particles Particles CPV CPV

Kaons

Poly EDM

Flavor

Violation M. Reece
~10-15 year Projection by JMD



Mass [TeV]

1000.

100.

pud
&

0.1

Looking ahead to ~10-15 years from now....
<4— Genericity

New Generation of Experiments using Kaons

ALREADY EXISTING QUANTUM TOOLS
WITHOUT Spin Squeezing »

Poly EDM

LHC
Searches
Electroweak Colored 2- Loop 1- Loop Flavor
Particles Particles CPV CPV Violation M. Reece

~10-15 year Projection by JMD



Mass [TeV]

1000.

100.

10.:Spin Squeezing Available

0.1

Looking ahead to ~10-15 years from now....
<4— Genericity

New Generation of Experiments using Kaons

ALREADY EXISTING QUANTUM TOOLS
WITHOUT Spin Squeezing »

Improves thing

Poly EDM

LHC
Searches
Electroweak Colored 2- Loop 1- Loop Flavor
Particles Particles CPV CPV Violation M. Reece

~10-15 year Projection by JMD
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- Finally, a word from our sponsors about ACME |
s DeMille
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t :
experimentally excluded AC_ME . Currently running \
2010 ACM Projected \ )\ 17 statistical sensitivity ~ T

i
2014 1 standard model
Multi- : SUSY variants
i

Berkeley 2002

Higgs generic models

Left-Right Exterded

Symmetric Technii:olor

Lepton Flavor
Changing

Split
SUSY

SO(10)

Alighment
GUT

Seesaw Neutrino Yukawa Couplings

Accidental Approx. IApprox. Exact
Cancellation CP  Universality Universality .‘
I '

Heavy

Y .
sFefmions

1025 102° 102" 102® 102 10%° 10° 10% 10% 104 104 de (e cm)



E tea

M &

The ACM

\‘o

o PSS —

Brendon Cris Jacob Nick |
Hess O'Leary Spaun Panda Baron Hutzler

Wes Ivan Max
Campbell Kozyryev Parsons

Emil

Kirilov Gurevich




Status of ACME

ACME Collaboration
12/9/2017




Systematic Systematic check Units

category
Lasers: Probe: applied pointing mrad
St t f A M E I I Pointing Cleanup: applied pointing mrad
a u S O C and position Cleanup: position mm
Cleanup detuning® MHz
. Lasers: Delta P MHz
1 year of systematic checks data Detuning i Sapph detuning (both cleanup a MHz
Delta N* MHz
>200 runs, 50000 blocks, 3000 superblocks Low probe power unitess (fraction of ty
. LSS XY beams power asymmet unitless (Px-Py)/(Px+f
15 TB of systematic check data Power = '
| state power asymmetry unitless (Plp-PIm)/(Plg
40 parameters checked for systematic dependence osers: ety o
3 systematics understood and under control with contributions T et
significantly under statistical sensitivity Electric Field  E_mag small Vicm
Floating field plates*® Vv
Many additional measurements such as: ol s
e Suppression of E-correlated phases by the N switch Magnetic Field: o - .
Offsets y_
» Measurement of leakage current Bx_nr mGauss
. . . By nr* mGauss
* STIRAP phases investigations Bl o e
* Magnetic and electric field gradients dBy/dy_nr lmGauss/cm
dBy/dz_nr* .mGauss/cm
St|” tO do: ggy;gx_nr: mgaussicm
* Finalize systematic investigations. Maguedc Flekk dBx/x rev ———
* Final data set under ideal conditions. e aess/con
. . dBy/dy rev mGauss/cm
 Molecular beam clipping check. dBy/dz rev r-——
c e e dBz/dx_rev mGauss/cm
EXpeCted SenS|t|V|ty: dBz/dz_rev mGauss/cm
° Better tha N 10—29 ecm Blue: limited range of [PV (<10x) DAQ parameters Block switches settling times fraction of typical

Yellow: larger range of IPV (>10x) Polarization switching frequency kHz

* 10 times better than the ACME Il result * part of systematic error bar Waveplate dither angle degrees of pol rotation
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ﬂf F’&T‘E Lele kas LCS LS ...

¢

{ Experiment fits in a room, currently TeV, PeV possible

Currently TeV,
2 ~10 TeV possible

4






