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The Standard Model of Physics

What do we know ? What do we not know ?

- Dark Matter

- Dark Energy

- How does Gravity fit to SM ?

- Why is Gravity so weak ?

- Are there only 3+1 dimensions ?
- Are there only 4 forces ?
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Beyond SM ?

- Variation of fundamental constants
- Space-time dependence of physical
law (breakdown of GR)

| 1l 1l
Three generations of matter

- There is a precision molecular spectroscopy approach to these questions



Prelude

Empirical search for a drift
of the Proton-Electron mass ratio p
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Status/Review: Varying Proton-electron mass ratio

Lookback time (Gyr)
024 6 8 10 11 115 12 12.5

Absorption redshift

W. Ubachs, J. Bagdonaite, E.J. Salumbides, M.T. Murphy, L. Kaper
Search for a drifting proton-electron mass ratio from H,
Rev. Mod. Phys. 88, 021003 (2016)



http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf

A Stringent Limit on a Drifting
Proton-to-Electron Mass Ratio Effelsberg
from Alcohol in the Early Universe

Bagdonaite, Jansen, Henkel, Bethlem, Menten, Ubachs,

Science 339 (2013) 46 e . PKS-1830-211
P 87 “molecular factory”
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(Hydrogen) Molecules as a metrology test system

Search for BSM-physics from laboratory spectroscopy experiment

AE = Eexp - Etheory } AE < 6E Validate theory (QED/SM)

SE — \/éEz - SE2 AE > oE New Physics:

exp theory

Discover new physics <AVnew> > Ok

Constrain new physics <AV > <ok

new

Theory is needed — this works for “calculable” systems

H, — Krzystof Pachucki, Jacek Komasa, Mariusz Puchalski
H,*/HD* - Vladimir Korobov, Jean-Philippe Karr, Laurent Hilico,



Historical Inspiration

Willis E Lamb
Measurement of the tiny 2S,,, - 2P,,, splitting

Breakdown of the Dirac theory of the electron
The advent of Quantum Electro Dynamics



Molecules as a metrology test system

1) Test of QED in molecules
H,, HD, D,, T,

Born-Oppenheimer
Adiabatic corrections
Non-adiabatic corrections
or Full Nonadiabatic
Relativistic effects

2) The values
of fundamental constants

m_/m m, /m

p e e

m, /m, R a

QED effects up to order: ma" \
3) The proton charge radius 4) New Physics

Hydrogen (H) Muonic hydrogen (pH)
& & °
g . 2
R,

n (2 keV)

15 2x 243 nm 15

5th forces

Extra dimensions

Etc.



The proton size puzzle
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>-ep -amb sh Present Work
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The proton size puzzle

Remeasurement of e-p scattering (Jefferson Lab, Nature, Nov 2019)

———t Ref. °, CODATA 2014

+ 25_4p Ref. 7, uH spectroscopy | I . Ref. 6, e-p scattering

+ 1s-3s Ref. 1, uH spectroscopy |, Ref. ¢, H spectroscopy
Munich Ref. 2, H spectroscopy

—_— ) . . Ref. 4, H spectroscopy

Ref. °, e-p scattering

0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92
Proton charge radius, r,, (fm)

- That seems to be settled, finally !
- So we trust the uH value (most accurate)



Fifth-force searches

Assume: Extra hadron-hadron interaction

Parametrize as:
exp(— r/ﬂb)}hC
r

Yukawa potential Vs(r) = NlNZ{aS

ms (keV/c?)
2 |

T T T T — T T T T

Constraint;

(AV,) < 6E

410%

- 1027

A=hlmc

Salumbides, Koelemeij, Komasa, Pachucki, Eikema, Ubachs, Phys Rev D 87, 112008 (2013).

Hideki Yukawa

+ Search for higher
Dimensions (ADD)

Salumbides
Gato-Rivera
Schellekens
Ubachs

New. J. Phys 17,
033015 (2015)




H, Dissociation energy; benchmark
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H, Dissociation energy; measurement of IP

805.124
i
Tt

Absorption spectrum of para-H, showing two Rydberg series,
going to two different limits, after Herzberg and Jungen, 1972.

Herzberg in his laboratory.
A A

Herzberg and Jungen 1972 N*=2 N*=0

MQDT of molecules

Chﬁsﬁan
Jungen



Benchmark: Dissociation energy H,
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(2009 effort) Measurement of IP in H,

3 step approach (Zurich-Amsterdam collaboration)
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J. Liu et al, J. Chem. Phys. 130, 174306 (2009) Ei (para) = 124 417.491 13 (37) cm



Comparison Theory/Experiment

(Theory: Pachucki, Komasa, et al.: 2010 values)

D(H,):  Experiment[1] 36118.0696(4) cm

Theory [2]:
Born—Oppenheimer 36112.5927(1) cm-’
adiabatic +B.7711(1) em™
nonadiabatic + 0.4339(2) cm™
total a° 36118.7978(2) cm"!
a? all relativistic - 0.5319(5) cm- >
a® all QeED —0.1948(3) cm-
a* one-loop term — 0.0016(8) cm’ QED
Total theory 36118.0695(10) cm™
D,D,).  Total theory [2] 36748.3633(9) cm”

Experiment [4] 36748.3629(7) cm"’



Towards measuring the ionisation and
dissociation energies of molecular hydrogen with

sub-MHz accuracy Faraday Meeting 2011
Daniel Sprecher,” Christian Jungen,” Wim Ubachs®
and Frédéric Merkt™* 4 Ve
lonization continuum Christian
Jungen
X“ u g
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Progress in theory; NAPT and Full-NA

PHYSICAL REVIEW LETTERS 121, 073001 (2018)

- 4-particle variational

@diabatic Relativistic Corr@to the Dissociation Energy of H,, D,, and HD

. . . . -2
Mariusz Puchalskl,] Anna Spyszklewmz,] Jacek Komasa,] and Krzysztof Pachucki”
lFactu of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Poznan, Poland

2 . . - . - -
“Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

\1 (Received 5 June 2018; published 14 August 2018)

Contribution Dy(H,) Dy(HD) Dy(D,)

a’m 36 118.797 746 10(3) 36406.510 891 37(1) 36 749.090 990 99(2)

a*m -0.5312156(5) —-0.529 8875(2) —0.52820605(9)

am —0.1948(2) —-0.1964(2) —0.1982(2)

a®m —0.002067(6) —0.002080(6) —0.002 096(6)
theory 3&1} ~ abm 0.000 008 5 0.000 008 6 0.000 008 6

a’'m 0.000 12(6) 0.000 12(6) 0.000 12(6)

\ ES —0.000 031 —-0.000117 —0.000 204
Total 36 118.069 76(21) 36405.782 54(21) 36 748.36241(21)
Exp. 36 118.069 62(37) 36405.783 66(36) 36 748.362 86(68)

Ams+Zur 2010

OK

2.70

OK
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Two-photon Doppler-free at A = 179 nm
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Path |

PHYSICAL REVIEW LETTERS 121, 013001 (2018)

| Featured in Physics |
EE— Ortho-H,
Dissociation Energy of the 'Hydrogen Molecule at 10-° Accuracy
GK-X (N=1): 3348281018.35(49)stat(43)sys MHZ (2 x 107°) 3 WVJWWW/\

-60 -40 -20 0 20 40 60
f - 3348 281 020.58 (MHz)
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] This work 2018 (exp.)

13 times better
. — Liu et al., 2009 (exp.)

Puchalski et al.,

| o | Puchalski et al., 2016
| o | Piszczatowski et al., 2009
} o | Wolniewicz, 1995
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Path 11 (direct frequency comb)

Amsterdam: EF-X(0,0) Q1
Direct Frequency-comb excitation;
Time-domain Ramsey (Av= 70 kHz)
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Altman et al, Phys. Rev. Lett. 120, 043204 (2018)

Zurich:
CW UV-laser excitation of Rydberg
States; EF- np
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Exp (2019):

Dy(H,) = 35999.582834 (11) cm™!
340 kHz uncertainty

Theory (state-of-the-art):

Dy(H,) = 35999.582820 (26) cm™!
1 MHz uncertainty

Puchalski et al, Phys. Rev. Lett. 122, 1230023 (2019)



PHYSICAL REVIEW LETTERS 123, 163002 (2019)

Determination of the Interval between the Ground States of Para- and Ortho-H,

M. Beyer,l’* N. Hﬁlﬂch,l J. Huss‘.f:ls,2 C.-F. Chf:ng,z’T E. . Salumbidf::-;,2 K. S.E. I:?,ikf:m::l,2
W. Ubachs ,2 Ch. Jungen,3 and F. Merkt®'
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H - 1=0 ; no hyperfine
2 i 2 - problem with Q(0)
GK

- problems with np series

Ortho-para splitting in H,

Ayp = 118.486773(33) cm™
Ao = 118.4868127(11) cm'

Bound on spin-dependent forces ?



Pushing the precision frontier; history of Dy(H,)
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This is all pulsed lasers; can we do better ?

No. 4222 September 30, 1950

Rotation-Vibration Spectrum of the
HD Molecule

NATURE

As is well known, the hydrogen molecule (H,;) has
no ordinary dipole infra-red spectrum. Its quadrupole
rotation-vibration spectrum is exceedingly weak, and
In the case of HD,

has only recently been found!.
on account of the asymmetry, there is no longer a
distinetion between symmetric and antisymmetric

rotational levels, and a_dipole rotation-vibration
spectrum gan_occur at least in principle. However,

the change of dipole moment associated with the

vibration of HD is obviously very small. The main
contribution to this change is due to the fact that
the electrons lag slightly behind the nuclei during
the vibrational motion. Wick?® has calculated accord-
ing to wave mechanics the intensity of the funda-
mental of HD. From his data it can be estimated
that the minimum absorbing path required for an
observation of the fundamental of HD ia 30 m. atm.
For the overtones, correspondingly longer path-
lengths would be required.

With the technique of long optical paths recently
developed®, it appeared promising to attempt an
observation of the HD spectrum in the photographic
infra-red. A glass absorption metres lon
was filled with HD of 1 atm, pressure. Using approx-
imately 140 and 200 traversals, that is, absorbing
paths of 700 and 1,000 metres, seven and six lines
respectively were found of the 3-0 and 4-0 bands
of HD (second and third overtone) near 9650 and
7400 A. The accompanying table lists the observed

563

By, = 45-638; — 1-9503(v-+}) + 0-0140, (v 3)2.

D, = 0-02590 — 0-00084(v—+3}) + 0- ﬂDﬂ{M, (v+ 38

G(v) = 3809-T,(v+3}) — 89-7668(v+3)2 -
0-36567(v-+ 3)%.

A wvalue Hy = 0-0000219 cm.! was assumed. The
differences between the observed wave-numbers and
those calculated from the new constants are given
in the last eolumn of the table,

If a sufficient amount of hydrogen and deuterium
were present in the atmospheres of the major planets,
the 4-0 band of HD might be used for their detection?®,
However, this would require the highest possible
resolution, because of the small width of these lines.

It is hoped to observe the fundamental and first
overtone of HD in the near future with the aid of a
new high-dispersion infra.red spectrometer which is
being built in this laboratory.

G. HERZBERG
Division of Physies,
National Research Council,
Ottawa, Ontario, Canada.
May 30.
lHﬁﬁgﬁ' G., Nature, 183, 170 {1949); Can. J. Res., A, 28, 144

*Wick, G. C., Atti Reale Accad. Lincei, 21, TU8 (1935).

* White, J. U., J. O, Soc. Amer., 32, 285 {19‘42} Bernstein, H. T.,
and Herzberg, G., J. Chem. Phys., 18, 50 (1948),

4 Yeppesen, C. R., Mhys, Rev., 45, 480 (1934).

' Urey, H. O, and Teal, ¢, K., Hev. Mod. Phys., 7, 34 (1935).

" Teal, . K., and MacWood, G. E., J. Chem. Phys., 3, 760 (1950).
7 Bee Herzberg, G., Astrophye. J., 87, 428 (1038).



HD (2-0) band

FORBIDDEN TRANSITIONS IN DIATOMIC MOLECULES
V. THE ROTATION-VIBRATION SPECTRUM OF THE

HYDROGEN-DEUTERIDE (HD) MOLECULE!

TEQQ

(1960)

R. A, DURIE® AND G, IIERZBERG
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F1c. 2. K branch of 2-0 band of HIL
Absorbing path 200 m arm. Rapid scan in 2nd order of 7200 linesfinch groting, The unmarcked absorption lines are due to H,O.
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Kassi & Campargue, Grenoble
Journal of Molecular Spectroscopy 267 (2011) 36-42



Frequency comb referenced NICE-OHMS
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NICE-OHMS; J. Ye, L.S. Ma, J. Hall; J Opt. Soc. Am. B (1998)

Cavity

e 130,000 finesse
e 40 km length

e ~100 W power
Diode laser
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e Andto Comb
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Sub-Doppler k‘requency Metrology in HD for Tests of Fundamental Physics

F.M. . Cozijn,I P. Dup.»rc—:’:,2 E.J. Sa]umbides,' K.S.E. Eikvf:ma,I and W. Ubachs'
'Department of Physics and Astronomy, LaserLaB, Vrije Universiteit Amsterdam,
de Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
*Laboratoire de Physico-Chimie de I'Atmosphére, Université du Littoral Cote d’Opale,
189A Avenue Maurice Schumann, 59140 Dunkerque, France
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Toward a Determination of the Proton-Electron Mass Ratio
from the Lamb-Dip Measurement of HD

L.-G. 'l‘ao,] A-W. Liu,l’2 K. Pachucki,3 J. Kcamasa,4 Y.R. Sun,]’2 J. Wang,I and S.-M. Hu'?*"
'Hefei National Laboratory for Physical Sciences at Microscale, iChem center, University of Science and Technology of China,
Hefei, 230026 China
2CAS Center for Excellence in Quantum Information and Quantum Physics, University of Science and Technology of China,
Hefei, 230026 China
*Faculty of Physics, University of Warsaw, Pasteura 5, 02-093, Warsaw, Poland
*Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Pozna#, Poland

Lines too narrow:

- transit time

- hyperfine

- recoil doublet
Section of cold molecules
(100 W intra / sat 10 kW)

M (Received 22 December 2017; published 9 April 2018)




Pushing the experimental frontier : include Tritium

Tritium Labaratory Karlsruhe

SKIT

Karlsruhe Institute of Technology

TEK, ||| ) LaserLAB ) l i

Amsterdam

T5

CARS signal (arb.units)

CARS schem e :
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HD™* ions in a trap; measurement of (8,0)
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QOUTLOOK:
A future molecular test system for physics
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