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Baryonic asymmetry

Matter universe

Why is the universe dominated by matter?

3

é

v "The 2008 Nobel Prize in Physics - Popular Information”.
Nobelprize.org. Nobel Media AB 2013. Web. 25 Nov 2013.

<http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/popular.html>

8-10 orders

. . - -10
Observation : ng/ny ~ 6x10 different!

P.A. Zyla et al. (PDG), PTEP 2020, 083C01 (2020).

Calculation : np/ny~ 10-18-20

Sa k h a rOV CO n d itio n S Sakharov A. D., JETP 5 pp.24-26 (1967)

Baryon number B violation
C-symmetry and CP-symmetry violation
Out of thermal equilibrium

— There must be a term that violates CP-symmetry beyond the Standard Model


http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/popular.html
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EDM : electric dipole moment

EDM : Permanent electric polarization of internal charge

If a spin 1/2 particle has finite EDM, it violates the CP symmetry.

CP (T)

EDM |1 spin EDM |+ spin
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Electron EDM eerriments

t experimentally excluded

JILA 2017 ACME Il - Standard Model
ACME I Generic Models

2014 2018 Pre-LHC SUSY

HiceraSUSY  ACME Il : |de| < 1.1x102° e cm
xten ACME Collab. Nat 2 (201 .
ngr CME Collab. Nature 562 (2018) 355
Compactified
M theory
High Scale

Flavor Violation
Alignment
Seesaw Neutrino Yukawa Couplings

Approx. Approx.  Minimally Exact
- CP  Universality Split SUSY Universality

Minimal Flavor Violation
GUT Scale<------ >Weak Scale

* f~+——+
102 10% 102 102 10 10 10 10 10% 10 10%

d. (e cm)
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Electron EDM exeeriments

ACME Ill?
£ experimentally excluded _
JILA 2017 ACME I Standard Model
ACME | Generic Models
2014 2018 Pre-LHC SUSY
LHC SUSY
= ACME Il : |de| < 1.1x10-22 e cm
Extended ACME Collab. Nature 562 (2018) 355.
Technicolor
Comphctified Standard
| M tieory Model
Sy High Scdle ACME Il goal:
| Flavor Violption -
x 30 improvement
uT Alignment .
Today’s topic
Seesaw Neufrino Yukawa Couplings
lAppmx. Approx. inimally Exact
flstion ~ CP  Universality Split SUSY Universality

10 10% 102 102® 10 10%* 103 10%* 10® 10*® 10
d. (ecm)
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Electron EDM exeeriments

ACME IlI? JILA group has recently reported
|de| < 4.1x10-30 e cm

Standard Model on arXiv:2212.11841

Generic Models
Pre-LHC SUSY

HCerasSUSY ACME Il : |de| < 1.1x10-2° e cm
ACME Collab. Nature 562 (2018) 355.

£ experimentally excluded

JILA 2017 ACME |

ACME |

2014 2018

o ACME lll goal:

x 30 improvement
Today’s topic

Exact
Universality

102 10% 102 102 10 10 10 10 10% 10 10%
d. (ecm)
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Electron EDM exeeriments

ACME IlI? JILA group has recently reported
|de| < 4.1x10-30 e cm

! Standard Model on arXiv:2212.11841

Generic Models
Pre-LHC SUSY

HCerasSUSY ACME Il : |de| < 1.1x10-2° e cm
ACME Collab. Nature 562 (2018) 355.

£ experimentally excluded

JILA 2017 ACME |

ACME |

2014 2018

-----

o ACME Il goal:

x 30 improvement
Today’s topic

Exact
Universality

L
10* 103 103 10® 103 103%  SM background has been updated.

10% 10% 107 10% 107
d. (e cm) Y. Ema et al., PRL129, 231801 (2022)
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Principle of the EDM measurement

Spin precession measurement:
EDM changes precession frequency depending on E field reversal.

EDM d
spin u

B +dE B — dE o, —w_)
w, =25 w_ =2~ >d=—> "
n h AE
Statistical precision : JNumber of signals)

'\ﬁ

[Electrlc field precessmn tlme)




d, (e cm)
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Electron EDM (eEDM, d)

eEDM measurement in polar molecules.
Sensitivity for d, can be amplified in polar molecules due to its large internal field.

no1 nooo1
Ad@ d E $ Ade ~ E
UA/nT eff T A/ T
Eert [GV/CM] Reference
YbF 25 J. Phys. B 30, L607 (1997)
ThO 78 J. Chem. Phys. 145, 214301 (2016)
HfF+ 23 Phys. Rev. A 96, 040502 (2017)
| ThF+ 35 New J. Pays. 17, 043005 (2015).
e S S - - i R PbO 25 Phys. Rev. Lett. 89, 133001 (2002).
1970 1980 1990 yearZOIOO 2010 2020 LrO, LrF+, LrH+| 250-340 | Phys. Rev. A 104, 062801 (2021).




Q-dOUbI et Nearly degenerated parity doublet

Advantage of ThO

Modest external E

extremely strong internal E field (GV/cm)

Rotational energ
AE ~ GHz
P~O) @10

field can generate

y 4

Viem W)

()-doublet case

AE ~ MHz
P ~0(1) @ 10
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(Ref.) Atom case

AE ~ THz
P ~ O(10-2

) @ 10 kV/cm @

3A 1 State without magnetic moment

Electron’s angular momentum (A=+2) and
spin (2=-1) vanish the net magnetic moment

— Insensitive to the magnetic field
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EDM in a ThO molecule

EDM measurement state : H 3A1 state

Strong internal E field (QQ doublet) : Eei ~ 78 GV/cm
10 V/cm external field can saturate the polarization
L.V. Skripnikov, J. Chem. Phys. 145 214307 (2016).
Tiny magnetic moment (3A\4): y=0.0044pg

Insensitive to the magnetic field
L.V. Skripnikov et al., J. Chem. Phys. 139 221103 (2013).

Long lifetime (spin precession time) : T =4.2+0.5 ms
D. Ang et al., PRA106, 022808 (2022).
Diatomic, Even nucleus, for spectroscopic simplicity
Affordable laser : Red - NIR
Efficiently producible in a beam by laser ablation

232Th16Q Natural abundance >99.7%
etc.

Energy [cm]

20000

15000

10000

5000
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1196 nm

Q| (Projected Je along the molecular axis)

n 1
Ad

° " Eent \/uT



11/36

'
=

ck review on ACME Il (2018)

Zack Laser, Ph.D thesis. (2019)

v
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Quick review on ACME Il (2018)

Zack Laser, Ph.D thesis. (2019)

- 4, 5.
| Bufer Cac 3. EDM State Pr.eparatlon Procession  State Readout
Beam Source E B Magnetici Figld Coils
2.Rotational Ry l Electric Field Platels
: \
ThO. Target Coollng Molgcule Beam % i \'\\
2 Collimators I I
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Pulsed ablation laser XtoH ﬂ
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Source Cooling Cooling State Preparation Refinement Readout
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Quick review on ACME Il (2018)

Zack Laser, Ph.D thesis. (2019)
4 5

3.EDM State Preparation b ctcion  state Readout
1.Buffer Gas 1
Beam Source : B Magnetlc. Flgld Coils
2 .Rotational ny l Electric Field Plates
Coolin Molffcule Beam 2 A \\I,
ThO, Target g 7\ 1 D\
2 Collgmators ] I
298 K Vacuum Chamber . ) 7 =—t “ .
\| 70 K Blackbody Shield Optical Pumping &N Detection
_'\4 K Cryopump
© I Light Q
O [ : PMT
5 Collection A
tg - WYY
(a8} ? '@ o Q C? qb IQ: (|
g —| H 16K Buffer
%’ \ Gas Cell 1 %o
7 /))@
\ &\L_ 2%,
STIRAP /"| e
Pulsed ablation laser XtoH N
-V
' Magnetic Shielding
5 1.Beam 2a. Rotational 2b. Rotational 3a. EDM 3b. State 4. Spin Precession 5. State
Source Cooling Cooling State Preparation Refinement Readout
y |X> —> X,/ =0,1) ——> |X,J=0) > |H,J =1) \%(|M:—1)+|M:+1)) —_ %(ei¢|M:—1)+ei¢’M:+l>)
E.B
Laser/field O l l ® ® ®
direction C:><i)<3
Orientation & @)
L & & J Xe
aser beam @ - @ e
polarization
é 4 I I
| == 1 &
| X 690 ~ ____ Aﬁ§&
H I - o o 690 nm nm /703 nm H, J=1 N> L T_2(B~MBQBZ+~/\~/‘8~deEeff) _ 29/r 512 nm
y —9 r __ X _ _
Xm 4+ 3%%% XTz i X 22 s H1 —”—=—" M I M=+1 H1_7O3_nm_

690 703




Quick review on ACME Il (2018)
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ack Laser, Ph.D thesis. (2019)

3. EDM State Preparation p . ‘te State Readout
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Example of spin rotation fringe

5. State
Readout

A =

I+ r,

F,—F,
X COS 2(¢ 0)

Asymmetry

1.0

0.5

-0.5
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Cris Panda, Ph.D thesis. (2018)
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u | | | |
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I | | |
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- I I I | ]
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Relative laser polarization angle, 6-n/4 (rad)



ACME Il result

d = (43+3.0

based on

- 2x1074 ThO molecules detected
+ 6x106 / pulse x 3x107 pulses
- 50Hz, 10 weeks

- 3x10° p.e./pulse (5% eff.)

stat
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)yx 107% ¢ . cm
syst
Parameter Shift Uncertainty
0B,/0z and 0B,/dy 7/ 59
NE (via 0 C) 0 1
Pref — 109
g —56 140
|V and | VP 77 125
wt (via BE) 1 1
Other magnetic-field gradients (4) — 134
Non-reversing magnetic field, BY -~ 106
Transverse magnetic fields, B}, B} - 92
Refinement- and readout-laser detunings — /6
N -correlated laser detuning, AV — 48
Total systematic 29 310
Statistical uncertainty 373
Total uncertainty 486

Values are shown in prad s—1. All uncertainties are added in quadrature. For Eq¢ = 78 GV cm ™1,
de=10-3% cm corresponds to |w™V¢| = Eagdy/h = 119 prad s~ 1.

ACME Collab. Nature 562 (2018) 355.



Buffer gas beam source

Statistics improvements in ACME Il

298 K vacuum chamber

\ 70 K shield

AN

4 K cryopump "\

neon buffer gas
%
%
s

oulsed ablation laser

Cryogenic beam
w/ load-lock system

Molecular lens

compact molecule beam
rotational collimators

cooling  hexapole
electrodes

Statistical sensitivity:

molecular lens
-V Magnetic shielfing « < T electric field plates
= magnetic field coils
Vertical STIRAP (X to H) m
5x long precession _ _
time (length) Improvement Signal gain

New beam source 1.5
Electrostatic lens 12
— Longer precession time 0.3
1
e E — 1.7

Inol [gdet ] Timing jitter reduction 1
Total 25

State

preparation < m

+V

\

N

State precession (L=1m, t=5ms)

\

N>
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High QE detector

Collectlon optics

Improved DAQ
w/ low time variance

C.D. Panda et al.,
J. Phys. B, 52 (2019) 235003

EDM sensitivity gain
1.2
3.5
2.6
1.6
1.3
1.7
39
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New cryogenic beam source w/ load-lock

Photons/superblock

Ablation target Load-lock system : enabling daily in-situ target replacement
- Ablation targets were usually replaced after ~2 weeks in ACME IlI.
-+ Replacement takes more than one day warm up, vacuum break, radioactive work, cool down)
— Load-lock system can increase the average statistics.

x 108
14 | '
S,
12+ &%{ .
- L\ % '
10 Maximum single-run average | X |
x _
Average of first run (92/" i |
8r | with new targets l“ % 5
| |
6 | Average over all | T ACME lii ayerage
ACME II data 1, (projected) ,.
4t i ”
| WM M W‘f l ‘l' , u | T ACME Il average
p) _‘ . WJ I,M[M‘Mnk J‘ _
O | |
0 500 1000 1500

Superblock number




Electrostatic molecular lens

ThO beam is collimated by electrostatic potential

Increasing the number of available ThO
Reducing the loss of extended flight distance

Q state X Wueral, New J. Phys. 22 (2020) 023013.

Large Stark shift: Do =4.1D deep electric potential is available
Transition strength: do.c=1.0D ~7100% transfer C=Q is feasible
Life time: T > 62 ms lossless during the collimation

STIRAP chamber »

before Lens STIRAP chamber

after Lens 0.04

| 17 /36
20000

15000

p=
2. 10000
> 1196 nm
)
C
LLI

5000

0 |
0 1 2

|Q| (Projected Je along the molecular axis)

Trajectory simulation

|

0.02

molecular lens

E-plates & B-
coils to ensure

-0.04

single quantum
state prep. 4

Xing Wu (Harvard/Chicago), DAMOP2021
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Electrostatic molecular lens

X. Wu et al., New J. Phys. 24 073043 (2022).
x16 |mprovements has been demonstrated.

(consistent with expectations from the simulations)

_-~?- \ ! I i T T T
Electrode g 09t Raw Data Lens ON 16 + HV Scan § é
spacing ';' @ +/-14kV — §%
9.5 mm X 0.8 § %
= o7 " = 12 %é
© x16 Gain S
o0 %07 S s 5
% o (ext. ACME Il E
. — 8
c osr  beamline) s z
B 0.3 e - ,
% - 3 4l O Data )
= Lens OFF J Simulation
L 0.1r _ I [ D
0 . / ok \"‘“—.—L 0 ! 1 . | |
0 5 10 15 20 0 5 10 15 20 25

Time [ms] Electrode voltage [+kV]
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Longer precessiontime : 1 = 5 ms

D. Ang et al.. PRA 106, 022808 (2022).
Possible precession time is limited by the lifetime of the H state T+

Previous measurement : tv > 1.8 ms =& ACME Il used =1 ms
(A. Vutha et al., J. Phys. B 43 (2010) 074007.)

Recent measurement : 1 = 4.2 ms — ACME Il will use =5 ms

interaction length L;,; (cm)
0O 20 40 60 &80 100 120 140 160 180

4 E diverging beam E perfect collimation J
'g : ' and ACME 11 detector ' e al j
> 3t - ]
E 3 : ;' - = " h 1 F
Z + With ‘1615&‘6:61“1;5155\\5 Ad, ~ - .
3 | : . — eff \/nmol '\ Edet
- h : y =l W ﬂ
= :
O 1t :
S :
o/ —ACMEIl :=—ACMEII

precession time 7 (ms)
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rade : PMT — SiPM

PMT vs. SiPM y o A

Photodetector u

Final state readout

Photon detection

N ACME Il PMT Advanced ACME SiPM
Part No. R7600U-300 S13361-6075NE-04
Sensitive area 18x18 mm?2 24x24 mm2 (16 ch.)
Q.E. @ 512 nm ~25% ~45% }pros
Excess noise F ~1.2 ~1.2 (depend on CT & AP)
Q.E. @ 703 nm ~0.6% ~ 20%
Dark count @ 25°C ~ 3 keps ~ 2 Mcps/ch }cons
Readout
laser Capacitance few pF 1.4 nF

Changing from PMTs to SiPMs will increase the PDE by a factor of ~2
and sensitive area as well.
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SIPM module

1. Masuda et al., Opt. Express 29 16914 (2021).

Suppress DCR

Cooling (-20°C), Vacuum (<10 Pa

Suppress Optical Crosstalk and Stray light

Optimized triple filtering scheme

Dedicated electronics

Molecular pulse duration ~4ms Cut-out view
Readout laser pulse duration ~ 1 us BPF (Semrock FF01-520/70)

n g~
=]

state lifetime 115 ns PR RS

Light guide (Fused Silica)
16-ch SiPM. (25x25 mm2)

W

SRR TIAY

AN

16¢ch analog summin BPF, OCT suppressor
R~ (Schott BG40)

4 4
s A AN l~.-\-..\ e .

- - -

RSO
N

AR AR Y
AT
W\ AN

W\ WALV

| N LA
L A Y Y

Aluminum PCB

TEC element "
Aluminum vacuum chambe

\\\ |

\\\ \\ N X ol -~
- T L A LA R AR AR A AR A A A G A A T AR A S AR AR AR AR AR AN
Wate -COO | ed h eatS| N k S A AN R

AT AL LA AL AT AT

R RN ) |
' —
ifi 2
Preamplifier PCB ,
! :
A J \ NITARN,

A A R A N A TR
) \\\\\.\\\l ALY :\n\\\\‘\ bx\\\\:'\\.\\\;\-\\ '\\\.\& 5 \‘.\‘1\\\37*&'\\“?) \ &\\.‘.\\\\\..\\E\ \\\\?s\ 5 \\\_\.\'3‘_\\. »\\\\\.\ s\ . S\\\.\\\ S \\\_“.\\'\'\\\:\,\_\ WA ;\ 5 \\\.\.\\ A \\\t\.\\\\ WSARURANY

Electronics box

Vacuum line
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Beam test (2021 August)

A. Hiramoto et al., Nucl. Instrum. Meth. A, 1045 (2023) 16/7513.
1. Masuda et al., Opt. Express 31 1943 (2023).

ThO fluorescence detectlon test @ ACME II beam Ime

m - - .

"’." Z t\“ AN q; afih

- | ’
| N
1 r “ -~ — s
- N & e . '
: Rl = < h | Q; \
SRR e | "’-":1_'.'-._ PO Tl | 1 /,v’:‘ gy c ‘
Gy o . ~ W, " by 0
Y 7 ‘\' - o~ N - 4 ‘;\: A" .-' '.;.':
i 2 eatien
- " g E B
SRR i S ; By /
g 1 o / L,’M : y

Aug. 27-30, 2021 : oo
First signal from ThO with the SiPM module! F

] ] ] ] | ] ] ] | ] ] ] | ] ] ]
0 2000 4000 6000 8000

time (us)
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Collection optics

Bigger lens | Increases the collection efﬁClency 5% — 8%

optics detector detection rate |

(Mcps)
ACMEZ PMIT 8.55 D X 2.74: detector effect
ACME?2 SiPM 23.4

ACME3 SiPM 39 3 D X 1.68: optics effect
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Summary of the statistics improvements

Signal | EDM sensitivity
gain gain

1.2

Improvement Reference

New beam source 1.5

: X. Wu et al., New J. Phys. 22, 023013 (2020)
Electrostatic lens 12 3.5 X. Wu et al., New J. Phys. 24, 073043 (2022)

Longer precession time 0.3 2 0 D.G. Ang et al., Phys. Rev. A 106, 022808 (2022)

o 7 16 T. Masuda et al., Opt. Exp. 29, 16914 (2021)
' ' T. Masuda, A. Hiramoto et al., Opt. Exp. 31, 1943 (2023)

1.7 1.3

Timing jitter reduction 1 1.7 C.D. Panda et al., J. Pays. B 52, 235033 (2019)
25 39

A 1 ACME Ill anticipated statistical sensitivity

e ™ Eeff ’;lmol T [gdet] 5de ~ 3 X 10_31 e -cm/ day
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Systematics improvements in ACME I

Parameter Shift Uncertainty

0B,/0z and 0B,/0y / 59

wd¥ (via 05 0 1

PAE - 109

e ~56 140 Imperfection of laser polarization
|V and | VB 77 125

w* (via BE) 1 1

Other magnetic-field gradients (4) — 134

Non-reversing magnetic field, 5 : 106 Imperfection of the magnetic field
Transverse magnetic fields, B}, B ~ 92

Refinement- and readout-laser detunings — /6

N -correlated laser detuning, A — 48

Total systematic 29 310

Statistical uncertainty 373

Total uncertainty 486

Values are shown in prad s—1. All uncertainties are added in quadrature. For £q¢ = 78 GV cm ™,

do=10-30 ds to [w™N¢| = £.sd/h = 119 prad s,
 om corresponds o jw™ | = Lefi%e/ prad s ACME Collaboration, Nature 562 (2018) 355.
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Ellipticity gradients in the laser polarization

. 4. 5.
3.EDM State Pr.eparatlon Precession State Readout

E B Magnetic Field Coils

Y, l Electric Field PIatels

‘Beam f\ Y
IS f\ \\' \w |
, =\

etection Otate preparation and readout

are depending on the laser polarization.
1

~ If the laser polarization is not perfect,

the spin precession could be disturbed.

f
! ight!, 2N -
\ Collection "
NQd B
A PMT
\ K S .
STIRAP ROW A Y
©
XtoH ) c9%(/{‘
N
-V { Ve
w Magnetic Shielding
3a. EDM 3b. State 4. Spin Precession 5. State
State Preparation Refinement Readout
> |H,J =1) > %(IM =D+ [M=+1) — %@"ﬂM = —1) +e M = +1))
| ® “® ®
— @ — Xy_\e
C —
1 1090 nm [ 1% [1 S
90 nm 703 nm H,J=1,N) T_Q(BMBQBZ + NEdEpp) =2¢/r 212 1NM
H1 === H1 === M=—-1 M=+1 703 nm
0 H1— = —
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Cause of systematics

False EDM : Ellipticity gradient (laser imperfection)
+ AC-Stark shift gradient (E-field imperfection)

NO Laser With
birefringence | propagation| birefringence
Laser ®
oarzaion I WY
ThO SPIN  Nemepe— | A\
MY /A PPLeP A(I)read
Spin State Vector
| (%) <—¢—> <—/>_>——* «— m Y W W
¢|X Laser
: Rabi :

Frequency

L,x

State Preparation . State Readout v
Laser Polarization

Laser ) Laser
in xy plane
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Ellipticity gradient due to glass

Laser polarization Is varying
due to birefringence gradient of the optical components along the laser pass.

Birefringence Gradients in Vacuum window & Field plate:

ACME II. 0.1%/mm
ACME Ill. 0.01%/mm

wikipedia

Field plate

ThO beam .
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Field glate

3

Birefringence gradients in ACME |l field plates
were dominated by tangential clamping stress.

FP

Stress-free mounting has been designed.

Clamp
OO O )

OO OO NG
Clamp
o | clamping
Birefringence free mounting scheme Proof of principle clamping test

modification on ACME I
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Vacuum window

Vacuum window is suffered huge stress due to atmospheric pressure.
— Use ultra-low stress-optic glass as window material
& Thin slit vacuum opening to minimize vacuum stress

O O . - O O
Glass Stress-optical coeff.
(10-3 /GPa) O 0
O O
Borofloat 4.0
N-BK7 2.77
O O
Corning 7980 35
(Fused silica) ' . -
Shott O O
SF57HTultra 0.07 - S
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Birefringence measurement @ Okayama
\. Wirthl et al., OSA Continum 4 2949 (2021).

Evaluation is on-going w/ a dedicated polarimeter.

.4 - i / ) ‘ ! X ,.
f L «Fv \ t k’ . —,\ - \a — ______.ﬁ
- P \

- ! ~ , o - . - - - . - . . . A o— -

5 3 ' [~

: TNy —

TS/

5 ~/ : : : PBS

- | PDA N/ E : : : 4 693.04 nm
- |100A2 N\ : : : : /] ECDL
G-L DV :Polarizer: N4 \/2

®asssssssEEEEEEEEEEEEEEEEEEEEESE T ’.teSt Vacuu_m ChambeF ---------- o' G—

& test windows to wavemeter (WS-7)
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magnetic field

- Enlarged magnetic shield
- Applied magnetic field ~10nT

Required residual field
& field gradient
< 0.1 nT,<0.1 nT/cm

Outer Shield Length = 226 cm

Outer Shicld Length = 130 cm
\

Shield
Diameter =
107 cm

- 3-layer mu-metal shield + 108 degaussing coils + Self shielded Cos@ coils

Sheiding

|
3
iis
\\ ‘
\\
\
LR AR R

Siyuan Liu (Northwestern), DAMOP2022

40 |
. inhomogeneity~0.08%
Bz [mG] 20/
|\ | \a’i\o‘\
10 é\‘“ i
0 b 1 2 2 2 N a M A A A A A
-1000 -500 0 500 1000
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Magnetic shield

Assembly work and performance evaluation on-going at Northwestern.
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Photo gallery at Northwestern 2022-2023

March 2021
Clean up the ACME space

= DT g
- \

/ 5
/ r' P, _\. L3 ¢
y / N

ACME construction
In progress !

Doy

. /|
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Summary

- Electron EDM (eEDM) is a powerful tool to search for a new physics beyond
the standard model.

- Many R&D works for ACMES3 are going to improve the current upper limit of
eEDM by a factor of ~30.



