Part 1: Table-top particle physics
* |ssues in particle physics
 Table-top precision experiments
e Using molecules?

* The electron’s electric dipole moment
. Opportunltles and challenges

Part 2: Slow and trapped molecules
 Goals

e Techniques

e Sources

e Deceleration and trapping

* Precision measurements
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Table-top particle physics with slow and trapped molecules
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Table-top particle physics with slow and trapped molecules

Probe physics beyond the

Pulseo Standard Model of particle physics
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Beyond the Standard Model of particle physics

The Standard Model:

Why these particles?

What is Dark Matter?

How can we understand the

_anti ?
matter-antimatter asymmetry: Since Higgs discovery (2012),

some hints for new physics,
but no breakthrough

Eutrinog

So new theories are proposed, that
have to be tested in experiments.

12 fundamental particles

\ and their interactions )

Search for new physics in future experiments at even larger colliders, at even higher energies...

... but also at low energy and small scale through a precision measurement of the electron!



The electron’s electric dipole moment (eEDM)

Besides the magnetic dipole moment
(spin), the electron could have an
electric dipole moment (eEDM).

This violates time-reversal violation.

® [
The Standard Model: New theories:
the eEDM is tiny, not measurable the eEDM is small but measurable!
° (~10-40 e.cm) (~10-30 e.cm)

®

*— Virtual particles \_/

10 orders of magnitude difference!

s _' f Electron

We test time-reversal violation and probe
charge cloud

| | physics beyond the Standard Model
o e through a precision measurement of the
electron’s EDM.

Observation of eEDM hugely
enhanced in a molecule:
Barium monofluoride (BaF)

fig: Nature 553, 144 (2018)

Think different!



Particle physics

Traditional approach: CERN

a, ’ - - - -

Colliding protons at high energies, studying fragments




Particle physics

Traditional approach
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Table-top particle physics

Complementary approach: precision measurements on atoms
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Magneto-optical trapping of Calcium atoms, for isotope separation Simple idea: measure quantum structure and compare to theory
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Using advances of laser technology, and control over atoms and molecules



Precision measurements with atoms
Quantum systems with an advantage
Example 1: Parity non-conservation PRL 102, 181601 (2009) PHYSICAL RE

094 =

0.93 —

Optical
pumping
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092 _
— Notreg Dame 0

091 ]
® . World average™)5

0.90 - - - E Thiswork ]

% 101

Qll’

Interaction
region

Eenes ¥ |c| ay

0.89 Staccard Model with experiment I _

0.88 - |

FIG. 1 (color online). Progress in evaluating the PNC ampli-
tude. Points marked Paris 86, Novosibirsk 89, Notre Dame 90
correspond to Refs. [10,11,31]. Point marked World average 05
1s due to efforts of several groups |12-16] on sub-1% Breit,
QED, and neutron-skin corrections reviewed in Ref. [17]. The
strip corresponds to a combination of the standard model Qy

Dye / Diode 4 ' with measurements [3,4]. The edges of the strip correspond to

laser laser3 * o of the measurement. Here we express Epye In conventional

units of ilelag(—Qw/N) X 107!, where e is the elementary

Measurement of Parity Nonconservation and an Anapole Moment in Cesium charge and ap is the Bohr radius. These units factor out a ratio of
C Wood, S Bennett, D Cho, B Masterson, J Roberts, C Tanner, and C Wieman. QW to its approximate value, —N.

Science, 275, 1759 (1997)

Experiment: beam of Cs atoms Theory



Precision measurements with molecules
Complex guantum systems with an advantage
Example 2: Variation of constants -

inversion
splitting

umbrella angle

Very sensitive to proton / electron mass ratio

proposed experiment Theory



Precision measurements with molecules

Complex guantum systems with an advantage
Example 3: The electric dipole moment of the electron

eEDM magnitude

(e cm)
An EDM would arise ° 10-22
along the same axis as g
the electron’s spin. L e 10-24
P TN *— Virtual particles
A N e T 10-26
O G 10-28 | Excluded by
. EDM i e | Elactron experiments
_ i S charge cloud 10-30 [ Standard model
V // extensions
The charge cloud would | _ | 10-32
be distorted, making
one side slightly more 10-34
negative than the other.
10-36

vt AN A



Precision measurements with molecules
Complex guantum systems with an advantage
Example 3: The electric dipole moment of the electron

precision molecular spectroscopy

©Ra

9 Cs fountain

source of atoms,

molecules © GdFeG

ramsey interferometry

«— gfewmeters ——

huge enhancement of E-field in molecule

Effective electric field
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The electron’s electric dipole moment (eEDM)

Effectively a backgrou

nd-free method to probe new physics

TI YbF HfF* ThO ThO  HfF+
(2002) (2011) (2017)(2014) (2018) (2023) n 2
| d, Q) | M|
| LK — [sin(¢.) (hc) 7
e o 2T A }
0.1-1 ~1 / /
two-loop models / /
(n=2) / /
1 TeV 10 TeV , The g
Standard s
-h /" Model p
one-loop models /
"= 00 Tev 7
10 TeV S
K ! /
l I I I I I I /
10~25 10726 1027 10728 10~29 10730 1073 10732 10733 10734 10738 10739

The ThO result limits time-reversal-symmetry-vio

electron-EDM |d,, | (e cm)

ating new physics to energy scales above A= 30 TeV or A= 3 TeV, for n=2 or 1, respectively



Motivation
The Ends of Evidence

Humans can probe the universe over a vast range of scales (white area), but many modern physics theories
involve scales outside of this range (grey).

Molecular Human Size of Size of Size of Size of Other

scale height  earth sun galaxy observable  universes?
universe

Strings?

= % 104

O—j | | . — o | | . “.> |
10%cm 1025 1020 ; ; 100 10 1020 10% . 10%  10% 109 104

.........

=
IHC  Microscope Visual Telescope
source: Quanta Magazine, 2015 reoch regch reoch reqch

Molecules can be extremely sensitive guantum sensors for fundamental physics!




How to measure a dipole moment?

—ffective electric field

£
S
6 (>D 4 |
LIJCD 2
O | |
polar 0 10 20 30
molecule
Applied electric field (kV/cm)
Solution:
However, electron also has use electron embedded
precession! magnetic dipole moment in a polar molecule!
(and charge!) B B
—NNances

Shields B



Increasing the eEDM sensitivity

Measure shift of molecular energy level that correlates with electric field direction reversal

h 1
€ 9|P|EugmV NT

/ Number of detected molecules

Coherent Iinteraction time

statistical error: 04 =

Effective electric field

polar

0 . . molecule
0 10 20 30

Applied electric field (kV/cm)

P|Eog (GV/om)




Coherent interaction time

Key technique: Ramsey spin interferometer

Ramsey it/2 pulses

laser pulse 1: laser pulse 2:
Creates a quantum superposition, Measures state of the molecules
creating coherent excitation of all through interference
molecules

Resonance in
molecules

n/2 pulse n/2 pulse

Interference fringes

Time T
—_—)) Increasing T

Frequency set by external reference,
tuned to molecular resonance




Towards longer coherent interaction times

fast beam

T ~ 1-2ms
L ~0.5m

v ~ 250-500 m/s

Mair

challe

how to maintal

nge:

slow beam

T ~ 15 ms
L ~05m

v ~ 30 m/s

N N while increasing t

Strongly connected to choice of molecule!

fountain

T ~ 100 ms

L ~05m

slow vertica

beam

trap

T~ 1-10 s
L ~0.5mm

e

e

molecules trapped In
laser focus



eEDM experiments using molecules
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ACME - beam of ThO molecules Imperial College London - beam of JILA - trapped HfF+ ions
John Doyle, David DeMille, YbF molecules Eric Cornell, Jun Ye
Gerald Gabrielse Mike Tarbutt, Ben Sauer, Ed Hinds
Others are being set up: Electric Dipole Measurements using Molecules within a Matrix
* York University
Search for eEDM in cryogenic crystals ’ Mic.;higa.n State UniverSity @
Decelerated Bar beam  § HYDES. » University of Toronto
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Part 1: Table-top particle physics
* |ssues in particle physics
 Table-top precision experiments
e Using molecules?

* The electron’s electric dipole moment
. Opportunltles and challenges

Part 2: Slow and trapped molecules
 Goals

e Techniques

e Sources

e Deceleration

* Trapping

* Precision measurements
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Key Ingredients of our approach

Production Detection
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Fast beam

Supersonic beam (600 m/s)

Controlled field environment
Explored molecular structure

Spin interferometer measurement

Slow beam
Cryogenic beam (200 m/s)

. ! . II . - - . Stark decelerator (30 m/s)
‘ _‘ ; Cycling and lasercooling |

- ||| P N | P G ||

Statlstlcs

22



An Intense, slow and cold beam of molecules
Our approach

Combining three recent experimental breakthroughs

1) Cryogenic source
2) Stark deceleration
3) Molecular laser cooling

cryogenic source  guide decelerator laser cooling  state preparation interaction optical detection

/er : OOOOOOOOOOOOOOOOOOOOOII ‘r :g ﬁg I-

O0000O0000O0O0O0O0OO0O0O0OOO0O0 ‘L




An Intense beam of molecules

How-to: source

cryogenic source  guide decelerator
F 00000000000 00O
/ 00000000000 00O

SUPErsonic Cryogenic

Aims: Aims:

- Intense, fast beam (600 m/s) - slow beam (~180 m/s)

- Short pulse - High N: 4x109%/shot in the desired state
- Test lasers systems, state - Use for eEDM measurement

manipulation and interaction
zone




BaF supersonic beam

I ' . 14.000 : ] E : — ................. ..........
Su perSOr”C bea S | |- Translational Temp ~1 K it g
f S I: d B F 12.0004--|- Rotational temp ~4 K ... R S
O [ al d 1 |- Average velocity 600 m/s ‘
10000._. : xr x Ty (S P T LT TP PPy
* . .
3 - - - - - -
I I IO eC u eS 8 8000_ ................. ................. ................. ................. ................ ..........
. S - | § é § é z
Fluorescence detection o e S e S SN S S ) I S
a z s ; z s z
4000 ................. ................. ................. ................. ..........
Barium ‘
0 | . | . | . | . | . I . |
Pulsed valve target __\ 0 200 400 600 800 1000 1200
~ arrival time (us)
BaF rotational spectrum
i - N=1 NR2
) N=1 : :
200 |- N \ e
| / N=0 \ N=3
o sl ol \ S - | / L S
3 :
S 1001
Ablation laser Detection laser e 3 “
50l . ................ J‘ ..............
P. Aggarwal et al. A supersonic laser ablation beam source with narrow 1 o | i e
velocity spreads. Rev Sci Instrum 92, 033202 (2021). NEEEEE— WW M
Lowest three rotational states [F— LR P

P. Aggarwal et al. Lifetime measurements of the A 2[112 and A 2 132
states in BaF. Phys Rev A 100, 0562503 (2019). pOPUIated

laser frequency (arb.units)




Cryogenlc beam

Evaporating Sr metal target
- Neon carrier gas + SFe
- Absorption,1 cm from cell
- Fluorescence, 30 cm from cell
- Translational Temp ~10 K
- Velocity 150-200 m/s

Based on design from Stefan
Truppe, Mike Tarbutt @ Imperial

Goal: make the most
Intense slow source of BaF
molecules

1 in Groningen (BaF, production)

1 in A'dam (BaF, optimisation)

1 under construction in Groningen
(polyatomic molecules)

Maarten Mooij, Rick Bethlem @ VU Amsterdam

Truppe, S. et al. A buffer gas beam source
for short, intense and slow molecular
pulses. Journal Of Modern Optics 65,
246-254 (2018).




A slow beam of molecules
Molecule deceleration
A traveling-wave with a tunable velocity




Iraveling-wave decelerator

| OOOOOOOOOOOOOOOOOOOOO r
| OOOOOOOOOOOOOOOOOOOOO L

Main aims:

.. = Capture as many molecules as possible from molecular beam
- "= Bring average beam velocity from ~190 to ~30 m/s
- Maintain N during deceleration
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Challenge: Stark curves of heavy diatomic molecules

Limited force, because only low fie
At higher fields, the trajectories in the dece

o0
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o

0 2 4 8 10x10° 8 10x10°

ds can be used.

erator become unstable.

8 10x10° 4 6 8 10x10°

electric field strength (V/m) electric field strength (V/m) electric field strength (V/m) electric field strength (V/m)
2 2 1
NDj3 OH “ll3/- SrF “Y SrO %
3.5 Debye

Limited force: -> a long decelerator



Traveling-wave decelerator

Fluorescence detection

Molecular beam source Decelerator

Challenges for heavy diatomic molecules:

- Heavy -> long decelerator
- Rotational structure -> limited Stark shift

Deceleration, trapping, collision studies, lifetime measurements

Demonstrated for light molecules: OH, CO, NH3, NH
PRL 98, 133001 (2007), Science 313 5793 (2006), PRL 110, 133003 (2013)



Modular traveling-wave
decelerator
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A slow beam of molecules

SrF: First combination of deceleration and cryogenic source

Cryogenic cell Traveling-wave Stark decelerator LIF detection 23\%: 0.00 -
Longitudinal position (mm) - (b)
Sr target 0 2 4 6 8 10 12 .S —0.251
=20 0—0-0 0 800 @0 gkVim é‘
0f | o - 40 = —0.50 -
52 30 2
Detection gé 0@ @ @ 20 PMT ':E 0-75 0 1 2 3 4 5
2.1 "H10 —
A oz 1.0 ~
Nean 8 | = 5 1- (c)
con =081 <
= =
Nd:YAG %D 0.6 gD
1 O (7) O T T
. 2 0.4 2575 2600  26.25
9 Arrival time (ms)
2 0.2-
e
=
Ss 0,0'F  E— T T
0 5 10 15 20 25 30 35

Arrival time (ms)
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Fluorescence signal (arb. units)

N
1

S~

(190 to 10) m/s

(190 to 30) m/s

(190 to 50) m/s

(190 to 70) m/s

(190 to 90) m/s

(190 to 110) m/s

(190 to 130) m/s

L (190 to 150) m/s
(190 to 170) m/s
10 20 30 40 50 60

Arrival time (ms)

70

100 -

43.1

Pl I . Illl

(190 to 30) m/s

! A

435  43.] 9 441 443

Akl iy ,.L.i- / ey

44.5

250 -

397

l

39.

(190 to 50) m/s

AN A it

40.1 403 405 40.7 409

41.1

500

34.2

.- P ,‘
344

(190 to 90) m/s
UL

346 348 350 352 354

35.6

N

-

-
!

.
=
"
p—
<
-
o
oy
o)
O
Q
-
O
O
i
o
=)
p—
e

-
30.1

Lo bl men th )

30.3

(190 to 130) m/s
ul VN

305 307 309 311 313

250 -
0

(190 to 170) m/s

26.9

7.1

273 275 277 279 281
Arrival time (ms)

28.3




A slow beam of molecules

Deceleration to standstill

Deceleration to standstill in 4.2 m,
hold there for some time,
accelerate out again to 50 m/s to
detect

Deceleration and trapping of SrF molecules
Parul Aggarwal, Yanning Yin et al (NL-eEDM)),
PRL 127 173201 (2021)

Signal (a.u.)

1.4

1.2 -

1.0~

=
o0

=
N

0.4 -

0.2 -

0.0

Signal (a.u.)
=
o
S

S
00
n

109.8 110.0 110.2
Arrival time (ms)

|50ms

ﬁ 40 ms
h30ms

f‘ZO ms
"“J"f\wmaﬂ*

0 ms

20 40 60 80 100 120 140
Arrival time (ms)



Hexapole focusing

Will be combined with laser cooling

Absorption detection Cycling on PMT @y

X(0) = A(0)
LIF
Hexapole lens
>
B field

EMCCD (xy)

Cryogenic
source

Ablation laser
X

mm
b 5 197 390 80 10 40




Vertical (mm)

A hexapole electrostatic lens

CCD camera images the molecular beam
(a) (b)

I 1 T I 1 T T T |

.

—10  —5 0 3 10 —10 =5 0 3

Horizontal (mm) Horizontal (mm)

- ‘.‘-A‘. - . :
/

10

10

Photon counts



Next: Hexapole + 2D laser cooling

Simulation results: manipulating phase space AU




Fast beam

Supersonic beam (600 m/s)

Controlled field environment

Slow beam

Cryogenic beam (200 m/s)

‘ ‘ Stark decelerator (30 m/s)
‘ . ! . II . - ! !‘ Cycling and lasercooling

- ||| P N | P G ||

Statlstlcs

40



Interference data using fast molecular beam

to demonstrate control over systematic effects

Create molecular beam

Quantum interference Readout by fluorescence

47 5
o

Compare to theory that includes the
full interaction of the molecule with
light, electric and magnetic fields
(optical Bloch equations)

Experiment

Contrast

-

June 26 2022

| |
65.84 65.85 65.86 65.87 65.88

NL-eEDM

Beautiful quantum interference!  Af,p 000

Contains all relevant experimental parameters
Crucial for reduction of systematic effects
(A.Boeschoten et al, NL-eEDM collaboration,
arXiv:2303.06402v1)



Measured interference pattern

Experiment
"‘z l | |
A~
z June 26 2022
S 08 | |
- 1] | !
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Af
Contains all relevant experimental parameters
Crucial for reduction of systematic effects

When flipping
E-field direction,
this pattern will
change.

Slow beam,
more molecules
->

higher eEDM
sensitivity

2photon | _gser detuning (MHZ)



Experiment and theory

Optical Bloch equations
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NL-eEDM: the team

Staff: Rick Bethlem, Anastasia Borschevsky, SH, Steve Jones, Klaus Jungmann, Rob Timmermans, Wim Ubachs, Jordy de Vries, Lorenz Willmann

\ r{.

university of
groningen

van swinderen institute for
particle physics and gravity
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