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Measuring the fine-structure constant to refine the
Standard Model predictions
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\ \ Loborat The fine-structure constant
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= Sommerfeld-Bohr: Naive model to explain the splitting of Balmer lines in hydrogen spectrum

Fir das eigentliche Balmersche W asserstof/spektfum (B =¢)
kann man etwas kiirzer schreiben:

v = my ¢’ (1 + ot )_1"2
(18a) { h (' + Vn®— a )sz §
=1 = L
( + (7n'+ "/mt — az)z) }

A. Sommerfeld, Annalen der Physik 51, 1-94, 125-167 (1916)

o
= First determination of the fine-structure constant — ~ 0.004
QU



Transition frequencies measurement
Muonium ground-state hyperfine splitting
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Test of Quantum electrodynamics and Standard model

o : coupling constant of electromagnetic interaction
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the Electron

Avymy(th) = Avp X F (o, me/my,)
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Paris, Berkeley

Physics beyond Standard Model ?

ae(theo) — ae(exp);éae (BSM)
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S

= Electron magnetic moment fie = —ge,LLB% : Bohr magneton

= Vacuum fluctuations and polarization modify the interaction of the electron with the magnetic field,

Je 1 o
| o= =
g~ e iTog

Schwinger, Phys. Rev. 73, 416 (1948); Phys. Rev. 75, 898 (1949)

= Higher order corrections: perturbative series of &« = 1/137.036 = 0.007

J. Schwinger, R. Feynman, E. Stueckelberg, S. Tomonaga....

86(QED) = Ay + Aa(Me/m,) + Aa(me/m) + Ao(me/ m, ma/m)

Vv’ Vv’
&,y e, 1,y e, 7T,y €1, T,y

= A0(2) A AP (E) AP

Feynman diagram for the one photon-loop
correction for the free electron

QED contribution: 8th order term
» 891 Feynman diagrams contribute to 8th order Aﬁe) term.
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Standard model prediction of a,
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Coefficient Agzn) Value (Error) References * T. Aoyama, T. Kinoshita, M. Nio, Phys. Rev. D 2018, 97, 036001.
A2 0.5 Schwinger 1948 * S. Laporta, Phys. Lett. B 2017, 772, 232-238.

L T. Aoyama, T. Kinoshita and M. Nio, Atoms 2019, 7, 28
Aii) —0.328 478 965 579 193 - - - Petermann 1957, Sommerfield 1958 R. Bouchendira et al., Phys. Rev. Lett. 2011, 106, 080801.
AW (me/my,) 0.519 738 676 (24) x 106 Elend 1966 R.H. Parker et al, Science 2018, 360, 191-195.

AY (my /) 0.183 790 (25) x10~8 Elend 1966
Al 1.181 241 456 587 - - - Laporta-Remiddi 1996, Kinoshita 1995
Aéz) (me/my) —0.737 394 164 (24) <107 Samuel-Li, Laporta-Remiddi, Laporta 77 diagrams
Ag ) (me/my) —0.658 273 (79) x10~7 Samuel-Li, Laporta-Remiddi, Laporta
Aé6) (me/my, me/me) 0.1909 (1) x10~12 Passera 2007
A%S) —1.912245 764 - - - Laporta 2017, AHKN 2015
AZS) (me/my,) 0.916 197 070 (37) x 1073 Kurz et al 2014, AHKN 2012
A§8> (me/my) 0.74292 (12) x10~° Kurz et al 2014, AHKN 2012 891 diagrams
A§8> (me/my, me/me) 0.746 87 (28) x107° Kurz et al 2014, AHKN 2012
Al 6.737 (159) AKN 2018,2019
AN (my fmy,) —0.003 82 (39) AHKN 2012,2015
Aélo)(me/mr) O(107?) 12671 diagrams
Aglo)(me/m;,,me/mf) 0(107°)
ae(theo) = a.(QED) + a.(Hadron) + a.(Weak)

ae(theory : a(Rb)) =
ae(theory : a(Cs)) =

1159652182.037 (720) (11) (12) x 10712
1159652181.606 (229) 11) (12)><10 12

hadronic contribution
Numencal evaluation of the tenth-order QED

Fine-structure constant
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R. S. Van Dyck., P. B. Schwinberg and H. G. Dehmelt. Phys. Rev. D 34, 722 (1986) and Phys. Rev. Lett. 59, 26 (1987)

1
4 B En,ms = mshvs + (n -+ 5) hv,
e Electron in a magnetic field
%: k :&:14_@:14_@ } /!_1 _ \_’C'56/2
Ve Ve Ve V =
1B 1 - e - n=1
v DerlGapl e s Ol
7 n=1 iyl n/_20 =
| Vo a2 B i S
n=0
Advantages ms=-1/2 mg=1/2

e The magnetic field dependence drops out of the ratio.

e 1, and v, differs by 103, measuring frequencies to 1071 — ¢, to 1013
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= Electron in Penning trap + magnetic field Quantum-jump spectroscopy

147.5 GHz| | a| 14756Hz

trap cavity m electron top endcap i el
quartz spacer B clectrode 2 \\«hg_
—g?erggggzatlon 149.2 GHz | [ 1492 GHz

nickel rings < —ring electrode 0.1

0.5cm] ___compensation 0.0 |

electrode 0.2 } 150.3 GHz] } | 1503 GHz

bottom endcap _[ || |
electrode /- field emission = a4
microwave inlet point - OOA_l

96—2

excitation fraction

Nalan’e

| 1513 GHz

ae(exp) = = 0.00115965218073 (28) [0.28 ppt]

Hanneke, D.; Fogwell, S.; Gabrielse, G. Phys. Rev. Lett. 2008, 100, 120801.

(v-1,)/ppb (v-v,)/ppb

= 10 times improved accuracy is expected

* New experimental setup (better control of the electron motion, reduction of magnetic field gradient)
* The spin and cyclotron transition frequencies measured nearly simultaneously

X. Fan and G. Gabrielse, Phys. Rev. A 103, 022824 (2021)



The ratio h/m and the fine-structure constant
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1928, Dirac equation

2 4
i | N 5 Q Q n 3
Energy levels of hydrogen atom: E(n,]) ~ MeC [1 5.2 9. (] 1 — Z) -+ ]

2 _ 2R h \ _
9 = o= C Ar(e) MRb

C Me

= Hydrogen spectroscopy = determination of R., with a relative uncertainty of 2x10~12

mx

= Determination of relative atomic masses : A,.(X) = - = The limiting factor is the ratio h
y B
MRb

* Cyclotron frequencies A, (Rb) at 7.0x10~1*

« Magnetic moment of a single electron bound to a carbon nucleus 4,.(e) at 2.9x10~11

* G. Audietal.,, 2014 Nuclear Data Sheets 120, 1-5 (2014)

* S.Sturm et al. Nature 506, 476-470 (2014),
* P.J. Mohr et al. Rev. Mod. Phys. 88, 035009 (2016).
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b A

m
L& = T/T. ._)

P ='hk
|CL> 1 Ur:hk'/m

m v, =6 mm/s for Rb atoms

m L 2{ is the wavevector and A=780.02 nm for rubidium transition

Holger's group at Berkeley: Cs atom

R. H. Parker et al., Science 360, 191-195 (2018)
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\. Measurement of the recoil velocity

9) V1 2

v = 2hk/m
‘CL> 1 v k‘lﬁkQ:k

®" Transfer to the atoms a large number N of photon momenta
= Bloch oscillations technique

" Quantum velocity sensor
= Atom interferometer based on Raman transitions with a sensitivity: g,
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Energy

Coherent acceleration in optical lattice

v+ ft /08) v— [t

= & ¢um

Succession of stimulated Raman transitions in the same internal level

Din — Pin + 2Nhk

1000 photon momenta in 6 ms

High momentum transfer efficiency: 99.95% per recoil

Precise control of the velocity and the position of the atoms
10hkv,

6hkv,

2hkv,

—2hk

0

2hk 4hk 6hk 8hk p
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Matter-light
interaction

atome
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a

atome

phot_gn
k,v

Atom interferometry

Signal :
Number of atoms in state |e), |f):

P, = %(1 + cos(AD))

=  Atoms are sensitive to forces

4

Precise measurements of:
* Velocity

* Acceleration (g)

* Forces

t

[
»
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A>0 and A>T

E;(r,t) = Egcos(ky -r—writ+ ¢1)
Es (r,t) = Egacos (ks -1 —wpot + ¢2)
At resonance
Atom
(wr1, k1) (wr2, k2) \IJ(()) = |g, p>
VW @ VWL —iwit Qerrl iAGL,  —iwat —iT/2 Qs
U(t) = e "' cos 5 g, p) +e'=Pe "2 sin | —— le, p + hKegr)
kg = k1 — ko effective wave vector
Ady, Phase difference between the two lasers
Qegr Effective Rabi fréquence
2
w1 = Wy + % Energy in |g, p)
2
Wy = We + w Energy in |e, p + hkes)
2m
z |—>
Qg = % — \IJ(T> = % (e_iwlT |g, p> + eiA¢Le_iw276_iﬂ/2 ‘6, P+ hkeff>) |€7p + hkeff) : t
" The internal degrees of freedom are labelled by the external degrees 19, P) 9, p)

= Contra-propagation laser beams: velocity sensitive Raman transitions

NN
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\ \ Laborataire Kastler Brossel Velocity sensor: Ramsey-Bordé Atom interferometer

Free propagation: e~ *1.2¢

Rubidium 87 Bloch pulse

, w12, depend on the kinetic energy

12

Probability to find an atom in |2)

-

14 cos (Ad, + Adr,g)

/ F=2 P, 2
o 11, po) o
0v = 2Npv;
Velocity transfer v
A®,, = TRamseykefdv = M

Sensitivity: dz = 250 ym — 3 ym s~ - rad ™!



| _ Interferometer for the recoil measurement
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fr fr,2
P~ Bloch pulse -

A@ — TRamsey (QNBkRUI’ T 27T5fR)

OfR = fR2 — fR1

Doppler shift
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, Raman and Bloch beams
e

Elevator Interferometer

P~

Controlled
magnetic field

ay X Ny P = NN,

\\\\\\\\\\\\\\\\\\\\

Detection — - —_————

| v 0 5 10 15

2
Time (ms)

L ———
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Time (s)

Bloch beam E

108 rubidium (8/Rb) atoms @ T=4 puK ; radius = 600 um
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" | i Sg, Frequency measurement
aman H g \
Raman? @ " \ Stabilized cavity ¢
p ? A o (2 photons Rb)
@)= ' (Y
B / ! ér’ ‘ ANIVA| |
/ ; I
o VN W W I , olle> 3 ul |
\ 1560 nm \ PPLN | i i L Frequency comb
: 4 4 Y ,, £y aser g5 q y
P — s = L Ramanl
(IO EDFA Rf\M SHG ) D\ T ek
\ 1560 nm L/ PPLN S < A
Laser >
Rchila»\ul‘ R"‘g“i‘[??(‘)g;'” Ra man 2 E —> ] i L._I %
based DDS 6.834 GHz
+ 30 dB g
40 MHz < . s
@!@ beatnote signal m To atoms
Phase-Lock _.ﬁ’

Spectrum T|ta n

Analyser

Phase-lock system

Passive isolation platform

Phase Comparator

Frequency chain:

» Phase-lock of the two Raman lasers

» Frequency scanning during the second pair of ©/2 pulses

» Frequency ramp to compensate for the Doppler shift during the free fall of atoms
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Tramsey = 20 ms, Number f Bloch oscillations Ng=500 (1000 v,)
= 50 points per spectra in ~1 min

6fy=°9=-15907410.770+0.047 Hz

0.55 1%y 0” ’g‘
LN P \9 po
0,50 @ 4
/ % p
N> \ ,
0.45 o 9 e
Ni + N> \ d; \ /
0-40 el # \\ P
° d o ¢
\ ‘ p4
035 - \Q o h\q ’
“ #
020 ] bood e’
—460 —440 —-420 —400 -380 -360
5fR —1.5907e7

= Recoil velocity (one photon momentum) ~ 15 kHz — 1000 v, ~ 15 MHz
" 5,=4.7mHz ~3x10%v,~ 20nmst— 3x10°o0onh/m

" Number of atoms detected=100 000 ; 04= 20¢sq., limited by vibrations

» Contributions of g and the light shift ® < cancelled using an adequate experimental protocol
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Stable and reliable set-up: Long measurement period

v 1e—8 h/m determination data
T 0.8 A _
é 0.6 A + § 10—9:_ . =
= ] SN 3
€4 0.4 - (' + f ﬂ'l l .5 1 *_Q‘.!:’
= _ ! | a0 = ] 149
£ o o S RALXLIN
S5 Y 0.0 A ‘ . iy -
%E -0.2 - ‘ 3 10-10} Line: 0o(17) =BT +.+"f +~-f++
o ; . c ] B =3. 10—10 ~~~~~
© 04 A I : *
C - 4
L 0.6 - < ' 11 ' Tt l
2 — 5 h
L _038 - 10 10 10

' ' ' ' ' ' ' ' ' Integration time 7 (hours)
.00 .00 .00 -00 .00 .00 .00 .00 .00
0510 235104 O3 j0s O joa 135j04 137104 O j0n Oios 137i08 19

o1l
From Friday to ............... o i, Sunday 48 h integration: 8.5x1011 on h/m — 4.3%x10" "1 on a
7.5—— & 4§ Tr=20 ms, Ng =500, Tg=6 ms
#3 Tr=10ms, Ng =500, T5=6 ms
50F @8 TR=20 ms, Ng =250, Tg=3 ms
é\ ® 9 Tr=20 ms, Ng =250, Tg=6 ms
L 2.5¢f {
o
Final data set (Jan. 2020) 2 0.0 b=} } } I * ] $ $ s i { } I
s Lt Tt oprtyld ?
s —2.5F
|
3—5.0
72 5 10 15 20

Data set #
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Error budget

Source Correction [10711] uncerlt{eiit;v[io_“]
Gravity gradient -0.6 0.1
Alignment of the beams 0.5 0.5
Coriolis acceleration 152
Frequencies of the lasers 0.3
Wave front curvature 0.6 0.3
Wave front distortion 3.9 1.9
Gouy phase 108.2 5.4
Residual Raman phase shift 2 )
Index of refraction 0 < 0.1
Internal interaction 0 < 0.1
Light shift (two-photon transition) -11.0 V)
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 2.4
Relative mass of ®"Rb ' : 86.909 180531 0(60) 3.5
Relative mass of the electron '* : 5.485 799 090 65(16) - 104 1.5
Rydberg constant ' : 10973 731.568 160(21)m™* 0.1
Total: o' =137.035999 206(11) 8.1
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Atom recoil in a gaussian beam
\ \L

= Electric field: B(7,t) = A(F,t) €7 — kog = Vo(F)

" Plane wave model: k = %

= Gaussian laser beam correction: ket » = k + 0k

Size of the atomic cloud

ok 2 (r?) { 2>/
T Rw(2) (1 B W2(2)> T IR(2)

|_> Curvature of the wavefront

@2

= Related to the dispersion of wavevectors ~ 5

Effect on a: (108.2 + 5.4)x10~ 11



) | Recoil velocity of atom in a distorted wave front
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= Electric field: B(7,t) = A(7,t) e!*(") 0

kof.s = — = k + 0k
0z
Random spatial fluctuations of laser intensity
with typical correlation length 100 um Local amplitude fluctuations induces momentum correction (in paraxial
Intensity profile | approximation)
A :
1.001 ' i | | ok I AVARO, 1 AJA
0.95 - i l | - = —= + YT
I I I k 2 k 2k A
0.90 A : : I
0.85 i i i

0.80
—— ldeal gaussian beam

—— Real gaussian beam
i : '
Correction

i
|

-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
X-axis (mm)

Correlation between the wave vector correction and the survival probability
P (I) during Bloch oscillations,

0.75 1

_ {0k P(I))
M/\I OF) = (P(D))

S. Bade et al., Phys. Rev. Lett. 121, 073603 (2018)
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\ Laborats Recoil velocity of atom in a distorted wave front
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d=300 cm
g 00 gy .+.. .o? -® o.‘
ES 3 | ’. .l.
g a7 2=
S5 504 ~
L .0* =§ ' Monte-Carlo
) ® Experiment
Distance of propagation: 3 m : L | | 4 | ¥ ¥
0.9 0.5 0.6 0.7 0.8 0.9 1.0
>
v 0.8 - 1.0 1 = e ® |
§ _g a® un® .- s 2 .
c i .®
5 %7 E2 034 T
o} o ‘*
N 0.6 9 ® * »
: ik .
£ 0.5 1 s 061 X
= - .
04 T L] T L] T L} L]
T T T T T 0.5 0.6 0.7 0.8 0.9 1.0
0 200 ;0(: 600 800 0 200 PfIO(l) 600 800 Relative intensity
ixels ixels

Effect on a: (3.9 + 1.9)x107 11
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Recent results

L. Morel et al., Nature 588, 61-68 (2020)

Wash. 1987 - O | e
Stanford 2002 - h/im(*33Cs) | @ |
LKB 2011 A him(87Rb) }@4 . Il hm(E7Rb)
I 1
Harvard 2008 | acl—0—
RIKEN 2019 3 @ ¢
h/m(*33Cs) —e—
Berkeley 2018 - h/m(*33Cs) @
h/im(®’Rb) @4
LKB 2020 | 87 ; | . | |
(This work) him'RD)® g g 9.0 9.1
9 10 11 12

(@71 —=137.035990) x 10°

a~1 = 137.035999206(11)

= Relative uncertainty of 8.1x10711

= Statistical uncertainty of 4.3x107 ! on 48 h

= New systematic effects were considered

" 5.4 o discrepancy with caesium recoil measurement

R. H. Parker et al., Science 360, 191-195 (2018)



{\ . New theoretical value of the electron moment anomaly
Laboratoire Kastler Brossel

Physique quantique et applications

10—1 .

1073 1

h/mgp (LKB —11):0.62 ppb

de — 2 (Harvard — 08) : 0.24 ppb
h/mcs (Berkeley —18) : 0.20 ppb
b(LKB —20):0.081 p

10—5 .

ae(exp) — ae(orKB2020) = (+4.8 £3.0) x 10713 (4+1.60)
(—8.8 £3.6) x 1071 (—2.60)

10—7 .

e (eXp) — Qe (aBerkeley) 10-°

10—11 i

10—13 .

Normalized magnitude of contribution

10—15 .

a a? a3 a* a® (t,u) Weak Hadron
Terms contributing to electron magnetic-moment anomaly

The uncertainty on da. is now dominated by ae(exp)
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» 0Oa, places limits on “hypothetical dark particles” parameters (coupling parameter £and mass m,))

Our results rejects with 95% confidence level dae > 9.8 x 10713 and da, < —3.4 x 10713

1 2 2 2 2
2msz(1 m

><e2/ dz 21—~ 2) 5 ac e

o m2(1l—2)24+miz 31T my

o
0 = — For my > me
T

10724

D. Banerjee et al. (The NA64 Collaboration) Phys. Rev. D 101,

1073
; 071101(R) (2020)

-4 | )
10 =" ) — Allowed range
10! 102
m [in MeV]

= Favoured the hypothetical X(16.7 MeV) boson that could explain the anomalous excess of e*e™ pairs observed in the decays of the
excited 8Bex* nuclei (“Beryllium or X17 anomaly”)
A. ). Krasznahorkay et al., Phys. Rev. Lett. 116, 042501 (2016)
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2
dae Me
. . . . N -5
« T. Aoyama et al., Physics Reports 887, 1-66 (2020) Naive scaling ‘&z =\ ~ 2.3 x 10
* B. Abi et al. (Muon g-2 Collaboration) Phys. Rev. Lett. 126, 141801 (2021). H H
G.F. Giudice, P. Paradisi and M. Passera JHEP 11 (2012) 113,
F. Terranova and G. M. Tino, PRA 89, 052118 (2014)
BNLg-2 — -
2
oo = 2.5 % 1075 x (m—> ~ 5.8 x 1014
FNAL g-2 + @ my,
<5
< 4.20 > i
o
—
[
@ +——+ =
Standard Model Experiment ré“
Average w 0
. : : . . . : : . o 1071 _ =
175 180 185 19.0 195 200 205 21.0 215 " ] = < ¥ (me/m,)? x 6a,
c — S — >
a,x10° - 1165900 S § g 2 AME2016  RIKEN2019
45 ° § o c o B
2 8 -~ . ? 5
_ _ —11 = 5 2w s ° 5
da, = a,(Exp) —a,(SM) = (251 £ 59) x 10 £ =S ' B £ 8
@) 10-2 < <& < —
t? T T
5a,u = a, (NP) ac(exp) h/im
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® The new Sl (since 20 may 2019)
Based on fundamental constants Avg, ¢, h, €, Na, Kq

®  Qur experiment allow the Mise en pratique of the new kilogramme at the atomic scale

m(8"Rb) = 1.44316089776 (21) x1072° kg

" The Avogadro constant N, is also fixed for new definition of the mole, molar mass of carbon-12 will no longer be exactly
defined
12N 4h

M(*?C) = Ny x m(*2C) = s

=12.0000000173(19) g/mol where m, =

® The fine-structure constant plays an important role in the adjustment of fundamental physical constants:
in the new SI the numerical values of g; et pg will depend on a.

20h
1o = % — 0.999999999648(80) x 47 x 107 m - kg -s~2 - A2

90 of the 354 constants listed by NIST (https://physics.nist.gov/cuu/Constants/) will have their uncertainties reduced.
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To go further
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= Measurement of recoil velocity of 8Rb atom i i

= New experimental setup : uncertainty on o of 1011

* Larger interaction area
e Ultra-cold atomic source 3m
e Larger beam waist

* Large Momentum beam splitters in dual optical lattices.

!

&
—
o £
: C EJ U ;:
o o - -
© o >
S 1071 - S 5
o o ©
+— © : N 2 £ 2
9 1o o |l gem 9 (me/my)* X bay,
T o N 2 N U <
) ~ + @ + 5 AME2016 ~ RIKEN 2019 I
+— o] m = [an] o — @) u
=} — ¥ 0 M O N v =
0 © g m 4 o c
- > (@) ¥ fus o A, 4 b
e [ ! 0 ! = = [e) = s — e —
+ © g 9 2 e c ©
< T £ E E . s B
O 10—2 = = = = -
ae(exp) h/im m Me
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