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Elementary EDM

* eEDM: Parity and Time Reversal (= CP) violating interaction between electron
and electromagnetic field

* EFT operator: LogpM = —i%@ea“"ySLPQFW X
E
* Hamiltonian: H,gppy = —d. 0 - E

Heppm = —de 0 - E
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Elementary EDM

* eEDM: Parity and Time Reversal (= CP) violating interaction between electron
and electromagnetic field

* EFT operator: LoppMm = —i%q’eﬂwyswelrw A

* Hamiltonian: H,gppy = —d. 0 - E

T P d,=d,o
\ THegpmT " =d. 0 -E

—d, (—0) - E = —H_gpMm —de 6 - (—E) = —Hegpm




Molecular EDM

* d, induces a molecular EDM DP'T :
Hgpm = —D""(d.)F - E
- DPT(d,) ~ 10°d, in BaF: eEDM is enhanced!




Molecular EDM

* d, induces a molecular EDM DP'T :
Hgpm = —D""(d.)F - E
« DPT(d,) ~ 10°d, in BaF: eEDM is enhanced!

e Zeeman effect:

Hzeeman = —UF-B

e Same shift, but larger!

AWEgpMm

~ 1077
AVVZeeman




EDM measurement

. . . A 4 ,uB‘
1. Measure energy difference hw withhigh — } 1.

precision hw
w = 2uB + 2DPTE Bl E




EDM measurement P
‘DPTE '
' DP,TE
A A | A ‘LlB
1. Measure energy difference hAw with high :
precision B|E JuB B|E DPTE 1B
® = 2uB + 2DPTE :
DPTE ' !
I
w = 2uB + 2DPTE @ = 2uB — 2DPTE
2. Do a P or T transformation with high x

accuracy
w—® = 4DPTE




The NL-eEDM setup
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+ many lasers!



Principle of the experiment



Interference measurement

1. Superposition creation

-1 I+1) \_/4

a—
10)

Wit =10) Wty =i2(|_1> F1+1)

bright state

dark state |y) = %(I—l) —|+1))



Interference measurement

1. Superposition creation 2. Evolution in E and B field
|-1) [+1)
\/
0)
Y(to) =10)  Ww(t) = iz (-D+[+1) Y(t) = (e7/2|-1) + e9/2|+1)) V2

= = cos(¢/2)|x) — i sin(¢p/2)|y)
¢ = 2(uB + DPTE)T

bright state

dark state |y) = |[—1) — |+1))

1
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Interference measurement

1. Superposition creation 2. Evolution in E and B field 3. Read out
aa— a aa— ) ) eee F=1
[-1) [+1)
\/ \/
PR o= oo F=0
|0)
Y(to) =10)  W(t) = % (-1)+]+1) W(t) = (e7/2|-1) + e'9/2|+1)) /2 W(t,) = cos(¢/2)|0) — i sin(¢/2)|y)
= |x) = cos(¢p/2)|x) — i sin(¢p/2)|y)

Pr=1 = Ky|P(O)]? = sin®(¢/2)
Pr=o = {O|¥(O)? = cos?(¢/2)

bright state |x) = 717(|—1> + |+1)).

¢ = 2(uB + DPTE)T

dark state: |y) = é(l—l) —|+1))




Interference measurement

1. Superposition creation 2. Evolution in E and B field 3. Read out
- o - - ooo eee F=1 10}
|-1) [+1) 08!
\ / E' B \4 >/ 0.6}
PR o= oo F=0
10) 04
Y(to) =10)  W(t) = %0—1) +1+1) W(t) = (e7/2|-1) + e'9/2|+1)) /2 W(t,) = cos(¢/2)|0) — i sin(¢/2)|y) 02
0.0 ‘ |
= |x) = cos(¢/2)|x) —isin(¢/2)|y) 0 5 10 15
bright state |x) = — (|~ 1) + |+1)). Pr_qy = [(y|P(®))|? = sin?(¢/2 ¢ [rad]
% ¢ = 2(uB + DPTE)T T , e
dark state: |y) = =(|~1) — [+1)) Pp=o = (0[P ())|* = cos*(¢/2)




Interference measurement

HEP: Neutrino oscillations: same physics!

2. Neutrinos travel through space,

acquire phase because of mass
difference

1. Neutrinos created in flavor eigenstate:
superposition of energy eigenstates

2 2

Ve (0)) = &1 1v1) + ca[v;) o (L)) = e~ L3B)Epyyy + emiBE )

3. Neutrinos probed with flavor
physics: collapse to flavor-eigenstate

P, = |(va|va(l‘))|2 X Sin2¢
Pg = |(vﬁ|va(L))|2 x cosZ¢

Probability

Two neutrino approximation

1000 2000 3000

L/E (km /GeV)

4000



Our robust implementation

Aznl/z F == — A
= I t T
A < >
N S %
c
Qg Qg .
........... I
X2z { b= 1
mr = -1 0 1

Optical implementation of superposition creation and read out



NL-eEDM experiment

|

. . 7 . L = B
* Experimental control over parameters B i | m—

¢ H ':H-||l\ == II@'
o &A’ t, T, -QP/S» ep/S, CDp/S, E,B !‘ ! I
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» Description of signal as function of parameters!
* Proo1(6,08,T,Qps,p/s, Pp/s, E, B)

— Permits to make use of parameter space

1) A.Boeschoten, PhD thesis 2023



New EDM-measurement method

NL-eEDM collaboration, Novel spin-precession method for EDM searches
https://doi.org/10.48550/arXiv.2303.06402



Measuring an EDM
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¢ PF:1(6, A, t, T, ‘Q'P/S' éP/S' (DP/S' E, B)
* spin-precession spectrum -
0.4

e contains a lot of information
* simultaneous measurement of 0.2
parameters . |

-20 -10 0 10 20
6 [kHz]

0.6

Z




Measuring an EDM

0.8
* Pro1(6,A,8,T,Qp/s, épss, Pp/s, E, B) o6l
* spin-precession spectrum £04 *
e contains a lot of information |
e simultaneous measurement of 0.2 W\[\M\Jj\ J\/\JJ\N\/\/\I\
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Disentangling the EDM

0.8

* PF=1(51 A, t, T, ‘Q‘P/S' ép/s, cbp/s, E, B)
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Disentangling the EDM

* PF=1(5' A, t, T, ‘Q‘P/SJ éP/Si (I)p/s, E, B)

« ¢ =2(uB + DPTE)T
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Disentangling the EDM

* PF=1(5' A, t, T, ‘Q‘P/SJ éP/SJ (I)p/s, E, B)
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0.8

¢/m = 0.50

0.8

0.7+

0.6

0.5

— F=F,

0.4 N
—4

12



Disentangling the EDM

* PF=1(5' A, t, T, ‘Q‘P/SJ éP/SJ CDp/s, E, B)

« ¢ =2(uB + DPTE)T

¢ and E: different signature!
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Disentangling the EDM

* PF=1(5' A, t, T, ‘Q‘P/Sl éP/S' CDp/s, E, B)

« ¢ =2(uB + DPTE)T

¢ and E: different signature!

Systematic errors can be detected
from EDM itself!
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Experiment: excellent quantitative agreement
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Experiment: excellent quantitative agreement
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Laser intensity

Pr—1(8,A,t,T,Qp/s, €pss, Pp/s, E, B)

Calculation

(I

AL

I
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Experiment
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Conclusion

* Measurement of EDM requires precise measurement of Zeeman shift in
combination with accurate E field reversal

* NL-eEDM experiment has control over parameters and description of signal in
terms of these parameters

 New method allows to measure accuracy (systematic biases) simultaneously with
EDM

* In the NL-eEDM experiment we can limit systematic errors without losing
statistics on the EDM: increased accuracy and precision



Backup slides



Fast beam

Supersonic beam (600 m/s) - .
Spin-precession measurement

Systematics

Slow beam

_ Cryogenic beam (200 m/s)
Stark decelerator (30 m/s)

S | | Transverse laser cooling
Statistics
Intense and cold beam

10



Measuring the EDM M\ [re-wsoren

08" mp = (uB —DPTE)T

* Pro1(¢) i':'

* Traditional approach

* Measure at one point in parameter space 021
* Auxiliary measurements needed for other 0 ‘ ‘
parameters ° ° ¢ nad
1 ‘
0.8
* Pp=1(0) ] o
* Spin-precession spectrum ~ 04 f
e Contains more information: simultaneous OZWW\/M M\IVV\/\/\
measurement of other parameters |
E)20 -10 O 10 20

5 [kHz]



Description: Optical Bloch equations

.. 0
* ih P = LH(®), p] + Lretax(p)

A H1/2 { F=1 —
—=1/2 F=0 R —
/ / A .-..-..-..-..-..-..-i uB + DPTE
...... ... I‘“TS
-A} 0
0 0 [dors..
{p WHFS
........... \
Y25+ { F=1 f 0 - e
J=1/2 F=0




Spin precession

Y,
= 0 L ]
First pulse
1
0.5}
Sl \ Sl
0 o
-0.5
0 50

tin us

0.5

s

Free evolution
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1000
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A 4
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Second pulse

—population F=0
== population F=1
coherence p__ |

—rest populations

0 50
tin us

PF:(),l(t + T ~+ t) —_ PF:0’1(6, A, ‘Q‘P/S' éP/S' CDp/s, E, B, t, T)
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Extra slide with perturbation theory?

A'2A 0 __r0
a+b
v =2
X%y
2=l N =3
=0 N =2
) =3/2
N=1
= ~J=1/2 F=1
N=0_ _ ?
J=1/2_ o
Electronic Vibrational Rotational Fine Hyperfine

0(10-100 THz)  O(THz) 0(GHz) 0(100 MHz) 0(10 MHz)




Superposition creation

e Laser detunings: A ~ GHz,
6 = 0: Two-photon resonance

* Laser intensities: Ip = I¢ = 40 I,

— Rabi oscillations

t
0.9 =Population

0.8r
0.7r
0.6
T0.5¢
0.4r
0.3r
0.2r

0.1F

0 20 40 60 80 100
tin us
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Superposition creation

e Laser detunings: A ~ GHz,
6 = 0: Two-photon resonance

* Laser intensities: Ip = I¢ = 40 I,

— Rabi oscillations IT pulse

= Population F=0

09 ——Population F=1 |
rest populations

0.8
0.7r
0.6
T0.5¢
0.4r
0.3r
0.2r

0.1F

tin us

100

Qs Qs
=
IIIIIIIIIII + 6 EEmEsREEEEEE
F=1 - 1
F=0
mr = —1 0 1

Att = 50 us: transfer from F =0to F =1
No population in other states
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Superposition creation

Qg Qg
 Laser detunings: A ~ GHz, \ / Qp

6 = 0: Two-photon resonance

Y
. o, o g e 6‘ ............
* Laser intensities: Ip = Is = 40 I, F=1 —3%
F=0
— Rabi oscillations [Tpulse mp = —1 0 1
1 \ ;
—Population F=0
09 " Gonerence P, 11| - Att =50 us: transferfromF =0toF = 1
0.8F d

- No population in other states
0.7r

0.6+ *
- p-11 =C-161 = 0.5

<05)
04l coherence between states |1, —1) and |1,1):
1
0.3 - ~—(|1,-1)+11,+1
¥) = = (L =1+ [1,+1)
0.1r
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100

tin us
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Spin precession

\/ [

First pulse Free evolution Second pulse
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05" 0.5 ] 05" coherence P11
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