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A\ LKB

de

Anomalous magnetic moment of the electron

= E72, with g = e e
Measurement: | a.(exp) = 0.00115965218059(13) | (group

of G. Gabrielse, Phys. Rev. Lett. 130, 071801, 2023),
improved by a factor of 2.

QED calculation (Laporta PRB 772 232 (2017); Aoyama et.
al. Atoms 7 28 (2019); ...)

. (QED) = AN (g)" A@n) [ Me  Me (£>n
2 (QED) ; 27 +; BT\ my my ) 2w

Calculation of the A term : 12672 Feynman diagrams.

Other contributions

ac (theo) = a. (QED) + a. (Hadron) + a. (Weak)

cylindrical
trap cavity

nickel
rings

quartz
spacer
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J\/\LKB Test of a,
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/\/LLKB

Muon

a, discrepancy

BNLg2 ——— @+

FNALg-2 +——@——+

a SN

4 4.20 >
\ v
— +——+
Standard Model Experiment
Average
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9
a,*x10 -1165900

da, = au(exp) — a,(theo)

= 2.51(0.59) - 107° (4.20)
T. Aoyama et al, Physics Report 887, pl1-66, (2020)

B. Abi et al. (Muon g-2 Collaboration) Phys. Rev.
Lett. 126, 141801 (2021)

One loop contribution of dark photon :

«
a| = §€2F\/(mzd/m/)

z(1 - z)?
x)—/ dz(l—z)2+x2

G. F. Giudice et al. JHEP 11, 113 (2012)

£ (coupling)

10! 102 103
mygz, [Mev] (dark photon)
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A\ LkB Fine structure constant and recoil velocity

_ e? 1
o= Ameghc ~ 137.0 Recoil velocity
m Hydrogen spectroscopy: hcRy = %mec2a2 62 m
E= h;//, T/T . ._>
p = thk
(12 . 2Rooi o 2Roo Ar(X)L |a> 1 Vy = hk/m
c me c Ade) mx
Rydberg constant Roo 2x 1077 Rubidium atoms : v, = 6 mms~*
Relative mass of e Ale) | 3.0x10711
Relative mass of atoms | A.(X) [ ~6 x 10 ™

m Precision limited by m—hx
(or mx in the new SI)

Our goal is to measure v,

m Differential velocity sensor : atom interferometer
m Transfer a large number N of photon momenta : Bloch oscillation technique
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A\ LKB Differential velocity sensor : atom interferometer

Interferometer based on counterpropagating Raman transitions

eam splitter

7

I

Raman transition
e No spontaneous emission
— Coherent two level system

o Doppler sensitive (6 ~ kgv)
‘C> with kg = ki + ko
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A\ LKB Differential velocity sensor : atom interferometer

Interferometer based on counterpropagating Raman transitions

eam splitter

TRamsey

Raman transition
e No spontaneous emission
— Coherent two level system

o Doppler sensitive (6 ~ kgv)
with kr = k1 + ko
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A\ LB Differential velocity sensor : atom interferometer

Interferometer based on counterpropagating Raman transitions

Beam splitter

TRamsey

‘—

t

Raman transition

e No spontaneous emission
— Coherent two level system

o Doppler sensitive (6 ~ kgv)
with kr = k1 + ko
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A\ LB Differential velocity sensor

/Beam splitter

TRamsey
Z

h

Phase difference between the two arms ¢
In the middle of the interferometer: Az = 2vgr TRramsey
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A\ LB Differential velocity sensor

eam splitter

TRamsey

—> velocity

Phase difference between the two arms ¢
In the middle of the interferometer: Az = 2vgr TRramsey

Atomic phase :
Azdv

h/m

(z)las. = 27767(}? TRamsey

¢at. == TRamseykR(SV =

Laser phase = Doppler effect :
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A\ LB Differential velocity sensor

/Beam splitter
Bloch

ov

Phase difference between the two arms ¢
In the middle of the interferometer: Az = 2vgr TRramsey

Atomic phase :

Azbv

Pap. = TRamseykR(SV = h/m

d’las. = 27757‘-}? TRamsey

Laser phase = Doppler effect :

Probability to observe an atom in |2):

_ 1+ cos(Par. — ¢uas.)

P> >
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A\ LKB Experimental setup

Elevator Interferometer

Controlled
magnetic field

i
0.4 f—
}

@S Nl BRI (N AR

Altif

000 005 010 015 020 025 030 035
Time (s)

Magneto-optical trap : 10% atoms at 2 uK
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Experimental setup

Controlled
magnetic field

Detection —-—"

Elevator Interferometer

JAlti

T ] |
i ‘ |I
Kl
T
1

Fitted differential signal

= \A§
1

s
£ o
s i
[ e i
n a9 /
04 .20 25 0.30 0.35
)
N zs) a; x Nl

Magneto-optical trap : 10% atoms at 2 puK
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/\/LLKB Data acquisition

e ~ 1 point per second e 50 points per spectra (~ 1 minute)
® TRamsey = 20 ms, Number of Bloch Oscillations Ng = 500

6fp=0=-15907410.770+0.047 Hz

0.55

0.50 A

N2
Ny, + N,
0.40 A
0.35 A

0.30 A

T T T T T T
-460 —440 -420 -400 -380 -360
5f —1.5907e7
R

b = TRamsey (kR2NBv, — 27T(5fR)
e One photon momentum: ~ 15 kHz — 1000 photon momenta: ~ 15 MHz
e 0, =0.047THz ~3-107%, ~ 20 nm-s™! —3-107% on h/m
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A\ LKB Statistical uncertainty (2020)

Stable and reliable device = Long measurement periods

Relative h/m referenced to the
series mean value (x10710)

0 14 28 42
Time (hours)
Standard deviation

.\\0.
10-° \'i
$ wﬁm}
Line: opm = al't +wm
10-10 4| a=6-10"1%h “
10! 100

Time (hours)
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,\/LLKB

Error budget

Source Correction [107] uncerltzaei):i;V[iO’“]
Gravity gradient -0.6 0.1
Alignment of the beams 0.5 0.5
Coriolis acceleration 1.2
Frequencies of the lasers 0.3
Wave front curvature 0.6 0.3
Wave front distortion 3.9 1.9
Gouy phase 108.2 54
Residual Raman phase shift 23 23
Index of refraction 0 <0.1
Internal interaction 0 < 0.1
Light shift (two-photon transition) -11.0 2.3
Second order Zeeman effect 0.1
Phase shifts in Raman phase lock loop -39.8 0.6
Global systematic effects 64.2 6.8

‘ Statistical uncertainty 24
Relative mass of *"Rb ¢ : 86.909 180 531 0(60) 35
Relative mass of the electron ' : 5.485799 090 65(16) - 104 L5
Rydberg constant ' : 10973 731.568 160(21)m~! 0.1
Total: o' = 137.035999206(11) 8.1
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A\ LKB What is the momentum of a photon ?

Photon (plane wave) : p = hk = hv/c

Poynting vector (density of momentum) / density of photons
ket = V¢ (phase of the electric field E(7, t) = A(F, t)e’®( ).
Correction to the plane wave model: ks, = k+dk
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What is the momentum of a photon ?

I\/LLKB

Gaussian beam (Gouy phase):

e i (1220 - o)
k 7T k2w?(z) w2(z) 2R?%(z)

Photon (plane wave) : p = hk = hv/c

Poynting vector (density of momentum) / density of photons
ket = V¢ (phase of the electric field E(7, t) = A(F, t)e’®( ).
Correction to the plane wave model: ks, = k+dk

Arbitrary beam:

oha = =T+ 2
T e T 20l k 2k2 A

(Paraxial approximation)
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Y\ LKB Systematic effect on the current experiment

Effect o< Cor(/, P(1)) x Cor(/, ke (1))

m Fluctuations are reduced by letting the beam propagate.
m Monte Carlo simulation.

m Comparison with experiment as a function of the number of atoms
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Work in progress : measurement with a BEC

/\/LLKB
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camera imaging
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/\/LLKB Muon

a, discrepancy

BNLg2 ———0—+

FNAL g-2 +——@——+

2 N

( 4.20 >
\r v
—— ——+
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 21.0 215
a,x10° - 1165900

da, = au(exp) — a,(theo)

= 2.51(0.59) - 107° (4.20)
T. Aoyama et al, Physics Report 887, p1-66, (2020)

B. Abi et al. (Muon g-2 Collaboration) Phys. Rev.
Lett. 126, 141801 (2021)

One loop contribution of dark photon :

«
a| = %GzFV(mZd/ml)

& (coupling)

10t 102 10°
mgz, [Mev] (dark photon)
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A\ LKB Muon a, discrepancy

dae
day

82, ~5.8-1071(0.05ppb)

G. F. Giudice et al. JHEP 11, 113 (2012)

Naive scaling

— (&)2 ~23.1075

My

BNLg2 —+——@—+

FNAL g-2 +——@——+

2 N

{ 420 N F. Terranova et al.. PRA 89. 052118 (2014)
— +——+
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 21.0 215

o 107t
a,x10" -1165900

(me/my,)? x 6ay

AME 2016

Contributions to 6ae (in 10712)

Theory
da, = au(exp) — a,(theo) -
—9 1072
= 2.51(0.59) - 107" (4.20) aelexp)  h/m m. . me
T. Aoyama et al, Physics Report 887, p1-66, (2020)
B. Abi et al. (Muon g-2 Collaboration) Phys. Rev. a2 = 2R h _ 2R A(X) h
Lett. 126, 141801 (2021) c me c  Ace) mx
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LKB Quantum interference with antihydrogen

m Principle of the GBAR project : H* trapped in a ion trap. H produced by
photodetachment (Walz and Hinsch, Gen. Relat. and Grav., 36, 561 (2004))
m Measurement base on time of flight : ~ 1 x 1072 for 1000 events.

m Improvement based on quantum interferences antihydrogen (Crépin et. al., Phys. Rev. A,
042119, 2019: Rousselle et. al., Phys. Rev. D. 76 209 2022)

m Quantum reflection of atoms (Casimir-Polder potential)

1
\ R,T
detection
3500
30001 15
25004 600 www
. _5 7 20004 500
Relative accuracy : 1x10 for 1000 & 15004 297.4 207.6 297.8 298.0 298:7 298.
events. e
500

285 290 295 300 305 310
T(me)
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