Laser spectroscopy to probe physics within and beyond the standard model
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“Never measure anything but frequency!”

Arthur Schawlow

~

1. Electron-proton mass ratio u = me/mp

(by comparing the energy of various transitions over time)
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2. Lorentzinvariance
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3. Local position invariance
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Phys. Rev. Lett. 126, 011102 (2021)




Grand challq\ges in fundament‘al physics
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Baryogenesis and the search for EDMs

Multipole moment, ¢
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Baryon asymmetry:

np, — N Standard model prediction: n ~ 10718
CMB measurements: n =6.11(30) x 10710

-> 8 orders of magnitude tension
-> 5% uncertainty on the measurement !!!




Baryogenesis and the search for EDMs

Electroweak QCD phase

symmetry breaking transition Experiments
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Nature Reviews Physics 1, 510 (2019)



Baryogenesis and the search for EDMs
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Baryogenesis and the search for EDMs
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Baryogenesis and the search for EDMs

BSM effective __|
operators
\__ Four-quark

Electron EDM (e.g. Stanford, Imperial College, Harvard, JILA, ...)

ACME 2018 result:  d, = (4.3 & 3.154¢ + 2.65y5.) X 10730 € cm
|d,] < 1.1 x 107%%e cm

d, is produced by one- or two-loop dlagrams, for sin(¢r)~ 1 our result
typically limits time-reversal-symmetry-violating new physu:s to
energy scales above A~ 30 TeV or A~ 3 TeV, respectively*®

Experiments

Nature 562, 355 (2018)

In typical models, where

Atomic EDM (e.g. U Washington, Argonne NL, Mainz/ Heidelberg/PTB, Bonn, ...)

quagd

2016 result: dyg = (2.20 £ 2.7544¢ + 1.48,,5,) X 1073% e cm

\__ Quark-Higgs
de

Phys. Rev. Lett. 116, 161601 (2016)

Neutron EDM (e.g. Harvard, (...), ILL Grenoble, PS|, ...)

nEDM 2020 result:  dp, = (0.0 + 1154, £ 0.255;) X 1072% e cm
|d,,] < 1.8 X 1072%%e cm

L Nucleons

Phys. Rev. Lett. 124, 081803 (2020)



A new approach: ultracold atoms

hydrogen helium
1 3 2
H EDM ~ Z He
1.0079 40026
lithium berylium boron carbon nitrogen oxygen fluorine neon
3 4 5 6 7 8 9 10
Li | Be B | C|N|O| F |Ne
6.941 Q0122 10.811 12.011 14.007 15.999 18.908 20,180
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
1 12 13 14 16 17 18
Na | Mg Al | Si| P | S |Cl|Ar
22.990 24.305 26,962 28.086 230974 32.065 35453
potassium caleium scandium titanium vanadium chromium | manganese iron cobalt nickel copper Zine gallium germanium arsenic selenium bromine
19 20 ral 22 23 24 25 26 27 28 29 30 31 32 33 34 35
K |Ca Sc| Ti|V|[Cr Mn|Fe |Co| Ni|Cu|Zn|Ga|Ge|As| Se| Br
39.008 40.078 44.956 47 867 50.942 51.996 54.938 55.845 58.933 58.693 63 546 65.39 69.723 72.61 74.922 78.96 79.904
rubidium strontium yitrium zirconium nicbium molybdenum| technetium | ruthenium rhodium palladiurm silver cadmium indium tin antimony tellurium iodine
37 38 39 40 41 42 43 45 46 47 48 49 50 51 52 53
Rb | Sr Y |Zr [ Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd| In |[Sn|Sb| Te | |
85468 a7.62 £8.906 91.224 92.906 95.04 [98] 101.07 102.91 106.42 107.87 4 114.82 118.71 121.76 127.60 126.90
caesium barium lutetium hafnium tantalum tungsten rhenium osmium iridium platinum gold ury thallium lead bismuth polopi astaji
55 56 57-T0 T 72 T3 74 75 76 77 78 79 80 81 82 83 @ @
Cs Lu|Hf [ Ta| W Re|Os| Ir | Pt |/Au Hg Tl |[Pb| Bi |Po| A
174.97 17849 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [209] [210]
law repal ruthe jum|  dub seab bohgk hazg meitpae UNUINpig LN LN A & nih fler mosc live rmg. tennes,
Lr Db | Sg | Bh | Hs | Mt ([Uun/lUuulUub| Nh| FIl |Mc| Lv | Ts
[262] [261] [262] [266] [264] [269] [262] [271] [272] [277] [284] [288] [288] [293] [294]
lanthanum cerium praseodymiurd neodymium | promethium | samarium Europium gadolinium terbium dysprosium holmium erbium thulium yiterbium
57 58 59 60 61 62 63 64 65 66 67 68 69 70
La{Ce | Pr|{Nd|Pm|Sm|Eu|Gd| Tb| Dy |Ho| Er [Tm| Yb
128.91 14012 140.91 144.24 [148] 160.36 161.96 157.25 158.93 162.50 164.93 167.26 168.93 173.04
ac% moﬁ Drmw ur? n@m D\u@n amer@ cur@ Dﬁ ca?m ei?m fe& mend@v nobelj
1 1
Ac| Th | Pa p|Pu|{Am|(Cm f|Es|Fm| Md| No
[227] 232.04 231.04 236.03 [237] [244] [243 [247] [247] [251] [252] [257] [258] [259]




A new approach: ultracold atoms

S I

Sensitivity:
|jl> 1: 10 um A
500 um 5d =

2E \2NT
N /

quMercury
Seattle (2016)
conservative optimistic
voltage 15 kV 10 kV 30 kV
electrode gap 1.1cm 0.5 mm 0.5 mm
E-field 13.6 kV/cm 200 kV/cm 600 kV/cm
spin decoherence 100 s 100 s 300s
atom number N 2 x 10 10° 108
measurement time T 10 months 3 months 3 months
design sensitivity 5d (2x10* ecm) 1.5x10%ecm | 7.6x10% ecm
experimental sensitivity §d | 7.4x103° e cm




A new approach: ultracold atoms

254-nm laser system: a) =  Mirror
Toptica FHG, A4 waveplate
200 -300 mW
1P1
e MOT beam I
1
Camera Lrggg‘:ng
/ ‘ — :‘ r
-tz \
lso

Gradient coils Compensation coils

Phys. Rev. A 105, 033106 (2022)



A new approach: ultracold atoms

Magneto-optical trapping of mercury

108 atoms 5 x 10 atoms

200 pK temperature 30 pK temperature dipole trap
loading

Next steps: optimization, scattering properties, evaporative cooling, quantum
degeneracy, electric field plates, ...
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Dark matter
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Search for new particles

~

Dark matter

Observations
from starlight

Velocity
(km s-1)

Expected from
the visible disk

/ Muon g-2
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| g _ e
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Isotope shift spectroscopy

Here:
Precision spectroscopy of optical transitions to search for a fifth force

Yukawa potential: V(ir) = + e /R %

h
range: Compton wavelength R = —

Experimental work: Proposal: Phys. Rev. Lett. 120, 091801 (2018)
MIT, Mainz, JQl, PTB, Stanford, Rice, Torun, Bonn, FHI, ... MIT work: Phys. Rev. Lett. 125, 123002 (2020)



Isotope shift spectroscopy

Isotope shift, depends on electronic orbital properties + nuclear properties

\

Vaji

isotopes i,
transitions a, 8



Isotope shift spectroscopy

Isotope shift, depends on electronic orbital properties + nuclear properties

\

Vaji = Fu S(rz)ﬁ

field shift

_ o (GHz scale)
isotopes i, j

transitions a, 8



Isotope shift spectroscopy

Isotope shift, depends on electronic orbital properties + nuclear properties

\

— 2
Vaji — Fa 5(7' >]l + Ka I'l]l
field shift mass shift
(GHz scale) (MHz scale)

isotopes i,
transitions a, 8



Isotope shift spectroscopy

Isotope shift, depends on electronic orbital properties + nuclear properties

\

2
Vaji = F o S(rz)ﬁ + Kouii + G, (6(r2)ﬁ)

field shift mass shift second-order
field shift
(GHz scale) (MHz scale) (kHz scale)

isotopes i,
transitions a, 8



Isotope shift spectroscopy

Isotope shift, depends on electronic orbital properties + nuclear properties + new physics

\

2
Vaji = Fo 8(r®).. + K,pi; + G, (S(rz)ji) + v,. Dy aj;

JU
field shift mass shift second-order New Boson
field shift
_ . (GHz scale) (MHz scale) (kHz scale) (Hz - kHz scale)
isotopes i, j
transitions a, 8
Then:

1. Normalize by the mass shift y;;
2. Use a second optical transition  to remove the 6(r2)ji/uij field shift term



Isotope shift spectroscopy

Isotope shift
relation between depends on electronic orbital properties + nuclear properties + new physics
two optical transitions,

\

2
Vgji = FpaVaji +  Kpga Gﬁa(6<r2>ji) t VUne Dpq @

field shift mass shift second-order New Boson
field shift
_ o (GHz scale) (MHz scale) (kHz scale) (Hz - kHz scale)
isotopes i, j
transitions a, 8 N W J \ -\ J N W Y N o Y
linear offset nonlinear / quadratic nonlinear

-> graphical representation: King plot




Isotope shift spectroscopy

A random example: Calcium ions
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Isotope shift spectroscopy

hydrogen helium
2
.
Desiderata: I He
1.0079 4.0026
Iithium beryllium boron carbon nitrogen oxXygen fluorine neon
3 4 5 6 10
* element that can be laser-cooled & trapped Li|| Be B|C|N|O|F]|Ne
6.941 90122 10.811 12.011 14.007 16.899 18,998 20180
to m S O r io n S a SO S su;hfm magqezswum @\UH1'II:I'I3IUI'H slll\c:n unos1pgcru5 s#waur ch\;;ne a;g;n
 could bea (also HCls) )
Nal| Mg Al | Si| P | S |Cl|Ar
22.990 24.305 26.982 28088 30.974 32.065 235453 39.848
potassiur calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
i i Ca Sc|Ti|V |Cr|Mn|Fe|Co| Ni|CulZn|Ga| Ge|As|Se | Br|Kr
hd aS ma ny ISOtO pes as pOSS I bl e | 40.078 44 956 47 BGT 50.942 51.996 54.938 55.845 58.933 58,603 63 546 539 69723 72.61 74.922 78.96 79.904 8380
strontium yttrium zirconium niobium molybdenum| technetium | ruthenium rhodium palladiurm silver cadmium indiurm tin antimony telurium iodine XENON
° b I 38 39 40 M 42 43 44 45 46 47 48 49 50 51 52 53 54
stable Sr Y | Zr [Nb|Mo| Tc |[Ru|Rh|Pd|Ag||Cd||In |Sn|Sb|Te| | |Xe
B7.62 88 806 91224 92 906 95.04 (98] 101.07 102.91 106.42 107 &7 112.41 114 82 11871 12176 127.60 126.90 131.29
barium Iutetium hafniurm tantalum tungsten thenium oSl iriciurmn latinum ol merci thallium lead bismuth 010] asty raid
° Iarge Spread Of neutron numbers 56 (5770 | T 72 73 7 75 76 7 | " 7 g0 | 81 82 83 | @ @ 8
Ba|| ¥ |Lu|Hf | Ta| W | Re|Os| Ir | Pt |Au{Hg || Tl |Pb| Bi | Po| At | Rn
137.33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 20438 207.2 208,98 [209] [210] 222
radij lawr ruthel jum|  du) seab boh, ha meily m | ununi ununy ununt 1hi fler mosc liverm: tennes, oganeg
3@ 89-102 1@ % @ 1w 1? I? @ 1@ 1 1 1? lw 1@ 11 1
[ = 0 to steer clear of hyperfine structure Ra |* *| Lr Db | Sg | Bh | Hs | Mt {UunUuglUubjiNh | FI'|Mc| Lv | Ts | Og
[226] [262] [261] [262] [266] [264] [269] [268] [271] [272] [277] [284] [289] [288] [293] [294] [294]

* as many optical transitions as possible La Ce PrNd Pm Sm Eu G“d Tb Dy Ho Er T"IT

128 91 140,12 140.91 144.24 [145 15036 151.96 157 25 158 93 162.50 164.93 167.26 168 93

. conmecting different orb MEE AL EE I

CO n n e Cti n g d iffe re n t O r b ita I S [227] 232.04 231.04 238.03 [237] [244] [243] [247] [247] [251] [252] [257] [258]

- Ca, Ba, Zn, Cd, Hg, & Yb



Isotope shift spectroscopy

2
Vgji = FpaVaji +  Kga +  Gpa (5<T2>ﬁ) t+  Une Dpa @ji

field shift mass shift second-order New Boson
field shift
N W J N W y N W y N o Y
linear offset nonlinear / quadratic nonlinear

Checklist:

N isotopes (at least 4)

* N-1 differences between isotopes (at least 3)

* N-2 optical transitions (at least 2 for a 2D King plot)
 1,DOF“used up for the mass shift (,mass of nucleus”)
1, DOF“ used up for the field shift (,,size of nucleus”)

-> 1 ,DOF“ left for nonlinear terms



Isotope shift spectroscopy

2
Vgji = FpaVaji +  Kga +  Gga (5<T2>ﬁ) t+  Une Dpa @ji

field shift mass shift second-order New Boson
field shift
N W J N W y N W y N o Y
linear offset nonlinear / quadratic nonlinear

Checklist:

N isotopes (at least 5)

* N-1 differences between isotopes (at least 4)

* N-2 optical transitions (at least 3 for a 3D King plot)
 1,DOF“used up for the mass shift (,,mass of nucleus®)
 1,DOF“used up for the field shift (,,size of nucleus”)
 1,DOF” used up for the second-order field shift

-> 1 ,DOF“ |eft for nonlinear terms



Isotope shift spectroscopy
range: R =% l 1A @ l 1fm
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Isotope shift spectroscopy: Calcium

70— . . . . . .
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Phys. Rev. Lett. 115, 053003 (2015) Phys. Rev. Lett. 125, 123003 (2020)



Isotope shift spectroscopy: Ytterbium
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Phys. Rev. Lett. 125, 123002 (2020)
+ more recent work at MIT, PTB, Mainz...
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sotope shift spectroscopy: Ytterbium

Edm:r;- suggestio® ' EV]dEHr;e of T
WO=-Snn-

Precision determination of isotope shifts in ytterbium and

—_ e -

implications for new physics

N. L. Figuema,l, 1. C. Berengut?, V. A. Dzuba®, V. V. Flamhaumz, D. Budker, D. Ant.ypaslf*
L Johannes Gutenberg- Universitat Mainz, Halmhoitz—fnstﬁut Mainz,
GSI Helmholtzzentrum fiir Schweﬂﬂnenfarschung, 55128 Manz, Germany
2 Gchool of Physics, University of New South Wales, Sydney, New South Wales 2052, Australia
(Dated: February 1. 2022)

We report measurements of isotope chifts for the fve spinless Yh isotopes O the
6s2 18g — Hdbs i), transition using Doppler-free two-photon spectroscopy: We combine these data
with existing measurements on two transitions in Yb' [Phys. Rev. Lett. 125, 123002 (2020)]. where
deviation from King-plot linearity showed hints of a new bosonic force carrier ab the 3o level. The
combined data strongly reduces the significance of the new-physics signal. We show that the ob-
served nonlinearity in the joint YD ;’Yb*’ King-plot analysis can be accounted for by the deformation
of the Yb nuclel.



Isotope shift spectroscopy: Ytterbium

2
Vgji = FpaVaji +  Kpga  + Gﬁa(6<r2)ji) + Une Do @

ield shift mass shift New Boson
f f f second-order
field shift
N W J N o y iy Y N o J
linear offset nonlinear / quadratic nonlinear

o



Isotope shift spectroscopy: Mercury

Now what? 2
Y ¥
(1) Move away from s-orbitals 79
s-orbital p-orbital d-orbital

Suppression of field shift for non-s states in
relativistic atoms:

(Za)?> 1

3 ~ 10 for mercury
(Za)? 1

3 ~ 140 for calcium

(2) Search for nuclei with less quadrupole deformations



Isotope shift spectroscopy: Mercury

Proton #

Quadrupole Deformation (# 1002)

B0 [ e S 1 o0z
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. 20 2 < I A N=27 |
10 opdclefi® | i i —
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0 20 40 60 80 100 120 140 160 180

Neutron #
Phys. Scr. 92, 04005 (2017)



Isotope shift spectroscopy: Mercury

singlets | triplets
'Sy Py D, oo %, Py P, *p; D, D, *D;

Mercury:

* 5suitable isotopes .
* Lots of transitions
* Less quadrupole deformations than Yb




Isotope shift spectroscopy: Mercury

Nonlinearity measure: .
zig zag
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Isotope shift spectroscopy

Quadrupole Deformation (# 1002)
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Isotope shift spectroscopy: back to Calcium

Calcium:

* 5 stable bosonic isotopes

* nuclear shell closures at N = 20 and N = 28
* lots of very narrow transitions

 Compare with Ca*ions and HCI

* masses have been measured (last week!)

A G2
(this T
work) LOM %48
(GHz mu)- '

King-Plot resonance line / intercombination line

350

1 1

0 420 440 460 A05573(GHZ I"ﬂl..l)
FIG. 2. King diagram with the isotope shifts of the
Cal intercombination line S¢-3P;, (Ao=A'A/

(A'—A)X8v).
Phys. Rev. C 26, 2194 (1982)



Isotope shift spectroscopy: back to Calcium

Blue Input
Optics

A new approach:
simultaneous operation of two calcium beam clocks.

Fringe 1
Signal

Input Optics

Fringe 2 Andrew Ludlow / Chris Oates
S|g nal Phys. Rev. Lett. 123, 073202 (2019)



Isotope shift spectroscopy: back to Calcium

A new approach:
simultaneous operation of two calcium beam clocks.

* target instability: 10-16
* target sensitivity: mHz range
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i e il B R

Couplings to electron and neutron yey,
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Test of special relativity

images: wikipedia



The Sagnac effect

(1) For small rotation rates:
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The Sagnac effect (1913)
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The Michelson-Gale experiment (1925)
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et

Albert A. Michelson Henry G. Gale

n-COn<e

calculated shift: 0.237 periods
measured shift: 0.230(5) periods

-> Earth is rotating! (Cheers to Foucault (1851)!)
-> First time that Sagnac is used for Earth rotation




The Sagnac effect

(1) For small rotation rates:

ATR*Q AT = igﬁ

=72 2 c?
c” — (QR)
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¢’ =0\ ¢

2 2 4

R (K)o (28

c c c

(2) From phase to frequency: (3) Consider a square of arm length L:

N
]

fSagnac = 1 Q1 sin6
,scale factor” € N, 0 (107)

f Sagnac — 2

95



The Sagnac effect
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The G Ring at Wettzell

G ring, Wettzell

earth mound

thermal isolation

assive rock



The G Ring at Wettzell

0 S ——

Sensitivity: : \//"‘g.o
10°

0 1 cA |hv 1
= - > — [
4L°F (P T 10° | \/ C-ll Take-home message:
; 108 within 3 hours
3 UG-1
10-7 F \WVJ
10-8 o IR TP g aa 1

10 100 1000

UG-2

rel. Allan Deviation

G ring (Wettzell): 6 = 12 prad/s/vHz

R ERET) et ol Lilll
1000O\I 00000 1000000

Time [s]
E 1:{1{]'? N ] 1 | ] ] ]
Earth rotation... %D.S _ ﬂ ' * . ‘ ‘ I
tidal effects ! = A * A a N . ‘ ’ ‘ A ) |
u U 1 o | '; o ] | 1
0 VR ' VLAY
%-0.5— v ' ' ' / ' / ‘ '
‘-ﬂ_ sub-diurnal
U ' variations !
o

_l ] | | | ] ]
25 Nov 28 Nov 01 Dec 04 Dec 07 Dec 10 Dec 13 Dec 16 Dec
2017



Test of special relativity

fSagnac = 1 Qg sin6



Test of special relativity

Sagnac frequency:
Our observable, at the 1072 level

fSagnac — i (g sin6



Test of special relativity

Sagnac frequency: Earth rotation rate
Our observable, at the 1072 level

fSagnac — i (p sinf



IERS: International Earth Rotation Service (= astronomy)

The contributed observations used in the preparation of this Bulletin
are available at <http://www.usno.navy.mil/USNO/earth-orientation/
eo-info/general/input-data>. The contributed analysis results are based
on data from Very Long Baseline Interferometry (VLBI), Satellite Laser
Ranging (SLR), the Global Positioning System (GPS) satellites, Lunar
Laser Ranging (LLR), and meteorological predictions of variations in
Atmospheric Angular Momentum (AAM).

COMBINED EARTH ORIENTATION PARAMETERS:
IERS Rapid Service
MJD X error v error UT1-UTC error
" " " " S S
22 10 14 59866|0.25701 .00009)/0.23208 .00009 |-0.005444 0.000014
22 10 15 59867|0.25408 .00009110.23040 .00009 |-0.005177 ©.000013
22 10 16 59868|0.25116 .00009)10.22886 .00009 |-0.004895 0.000014
22 10 17 59869)0.24810 .00009110.22721 .00009 |-0.004671 0.000016
22 10 18 59870)0.24528 .00009|10.22512 .00009 |-0.004559 0.000016
22 10 19 5987110.24299 .00009110.22296 .00009 |-0.004593 0.000017
22 10 20 5987210.24079 .00009110.22122 .00009 |-0.004790 ©.000019
: % ’ \ / / 10 s / 24 hou
12
Last week =10

Error in length-of-
day: ~ 10 ps

Error on pole coordinates:
0.09 mas=2.7 mm



Test of special relativity

Sagnac frequency: Earth rotation rate:
our observable, at the 10° level from VLBI, at the 10 level

fSagnac — z (g sin6

Scale factor



Test of special relativity

Measured with a frequency comb:
longitudinal mode

number N
, y f =473 612 701.08 + 0.15 MHz
—=N= —
22 FSR FSR = 18.734 385 26 + 2 MHz
(r N - N =25280397.23 + 0.28

— P =16.00225212 m

= : see Applied Optics 56, 1124 (2017)



Test of special relativity

Sagnac frequency: Earth rotation rate:
our observable, at the 10° level from VLBI, at the 10 level

fSagnac — z (g sin6

Projection onto rotation axis

Scale factor:
integer number (25 280 397)



Test of special relativity

(1) Use IERS data to fix pole coordinates to within 0.1 mas (3 x 10-19)
(2) Use on-site VLBI, LL, SLR, GNSS etc. to determine G ring position (= latitude 8) to better than 10 cm (1 x 10%)

(3) Use tiltmeters to level the ring laser at sub-nrad precision (< 10°)

( Space-geodetic techniques

Tiltmeter



Test of special relativity

Sagnac frequency: Earth rotation rate:
our observable, at the 10° level from VLBI, at the 10 level

fSagnac — z (g sin 6

Projection onto rotation axis:
Scale factor: 108 to 107 level

integer number (25 280 397)



The GeoSensor




The GeoSensor

Faraday /
Cotton-Mouton /
Voigt effects, ...

ﬁ

Magnetooptics

B

Birefringence of Aharonov-Bohm /

the vacuum @ Aharonov-Casher /

Berry, ...

ol
1)

-

T-symmetry of
electromegnetism




Grand challq\ges in fundament‘al physics

Baryon asymmetry

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. ! Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

New particles

ol ]

Test of special relativity

images

: wikipedia
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