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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 ? 
 
 

Fundamental constants drift ? 
 
- Variation on cosmological scale  
- Dependencies on fields as indicators ? 



New urgent question: proton-radius puzzle 

C.G. Parthey et al.,  
PRL 107, 203001 (2011) 

R. Pohl et al, 
Nature, vol. 466, pp. 213-216 (2010) 
Science 339, 417-420 (2013).  
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Hydrogen (H) 

proton size = 0.8768(69) fm  proton size = 0.84184(67) fm  



Jacob Bekenstein 

Varying Constants of Nature ? 

1) Variation on cosmological 
time scales 
“Connection to 
Dark Energy scenarios” 

Coupling constants are free parameters in Standard Model 
But cannot be varied at will 

2) Coupling to environment 
 -> “chameleons” 
Dependence on local density 
Dependence on gravity 

Bekenstein – Barrow – Flambaum : consistent models 
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QSO 
12 Gyr ago 

Lab 
today 

90-112 nm ~300-500 nm 

Empirical search for a change in µ 

Compare H2 in different epochs 

Cosmological redshift 
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H2 laboratory wavelengths 
The Amsterdam “XUV-laser” 

XUV-laser excitation (90-115 nm) 

P(3)  
C-X 
(1,0) 

R(0) B-X 
(9,0) line 

Ubachs, Phys. Rev. Lett. (2004) 
Reinhold et al, Phys. Rev. Lett. (2006) 

For HD 

Ivanov et al., Phys. Rev. Lett. (2008)  



>160 lines measured 
at ~ 5 x 10-8 

 
Some lines at < 1 x 10-8 



“Sensitivity” 
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VLT – UVES 
Paranal, Chili 

Keck – HIRES 
Hawaii 





Various 
systems 
observed 



Analysis method: “comprehensive fitting” 

λi – set of accurate wavelengths 

Ki – set of sensitivity coefficients 

fi – set of line oscillator strengths (from ab initio theory) 
Γi – set of damping coefficients (from ab initio theory) 

Produce molecular fingerprint 
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Astrophysical conditions 
b – Doppler width parameter 
z – red shift 
NJ – column densities 

Fit equation onto spectrum 
“Treat” HI and metal lines 
Multiple velocity components (?) 

Fit entire spectrum 
µ
µ∆



10 H2 proper absorption systems towards quasars analyzed: 

+ 23 additional H2 absorption systems towards quasars known 
+ some 20 tentative detections [Balashev et al (2014)] 

H2 high redshift absorption systems 



Status/Review 
|∆µ/µ| = (3.1 ± 1.6) x 10-6 

W. Ubachs, J. Bagdonaite, E.J. Salumbides, M.T. Murphy, L. Kaper 
Search for a drifting proton-electron mass ratio from H2  
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


Perspectives 

Wavelength distortions ThAr  
relate to beam pointing. 
 
Solutions for ‘ESPRESSO’ 
 
- Frequency comb calibration 

 
- Fiber feeding 

 
- Fibers designed for λ > 3700 Å 

 
 

Problematic for H2 studies,  
only z > 3 
 

EELT 
 
More light collection (39 m dish) 
 
Improved signal to noise ratio 
 

|∆µ/µ| < 5 x 10-6   at  3σ level for redshifts  z = 2-4 Take 
Home 



Spectrum of GD-133 and GD29-38 
Photosphere of White Dwarf stars 
 
In the Galaxy ! 

Dependence of µ  
on gravitational field ? 

EarthWD Rc
GM φφ ×= 4

2 10~

“Chameleon” Scenario 

Cosmic Origins Spectrograph 

Hubble Space Telescope 





λ ~ 130-140 nm 

Contributions of many lines in the B-X Lyman system 

High temperatures 
High v populated 
Franck-Condon factors 



Bagdonaite et al., Phys. Rev. Lett. 113, 123002 (2014) 

Dependence of ∆µ/µ on gravitational field 

GD133:  ∆µ/µ = (-2.7 +/- 4.7) x 10-5 GD29-38: ∆µ/µ = (-5.9 +/-3.8) x 10-5 
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Molecules as a metrology test system 

Search for BSM-physics from laboratory spectroscopy experiment 

EEV th
new δ>∆∆ ~5

 
Theory is needed – only for “calculable” systems 
H2 –  Krzystof Pachucki & team  ;   
H2

+ - Jean-Philippe Karr, Laurent Hilico, Vladimir Korobov 

Validate theory (QED) 

New Physics: 

theoryEEE −=∆ exp

22
exp theoryEEE δδδ +=

EE δ<∆

EE δ>∆

EVnew δ>∆Discover new physics 

EVnew δ<∆Constrain new physics 



Historical Inspiration 

Willis E Lamb 

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

Measurement of the tiny 2S1/2 – 2P1/2 splitting 



EF1Σg
+, v=0, N=0,1 

τ~150 ns 

X1Σg
+,  

v=0, N=0,1 

H2
+ : X2Σg

+,  
v+=0, N+=0,1 

54p 

Measurement of IP in H2 
3 step approach (Zürich-Amsterdam collaboration) 

1. 

2. 

3. 

Ei (ortho) = 124 357.237 97 (36) cm-1 

Ei (para) = 124 417.491 13 (37) cm-1 

100 kHz 

10 MHz 

5 MHz 

∆ν 



Benchmark: Dissociation energy H2 

Do(H2) = EIP(H2 ) + Do(H2
+) - EIP(H) 

Do(H2
+) = 21379.350232(50) cm-1 

EIP(H) = 109678.7717426(10) cm-1 

EIP(H2) → Do(H2) 



QED 

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



Fundamental vibration in H2 

Features 
Narrowband UV sources  
Absolute frequency calibration 
2-photon Doppler-free REMPI  
 
 
 

 
Sagnac alignment 
Delayed ionisation 
ac-Stark extrapolation 
 
 
 

E = 4161.16632(18) cm-1 

 
δEexp ~ 1.8 x 10-4 cm-1  

Dickenson, M. Niu, Salumbides, Komasa, Eikema, Pachucki, Ubachs,  PRL 110, 193601 (2013). 
 

Collision-free measurement 



Q(1) 

Precision study of H2 X1Σg
+ v=12, 11 

Now: 
Three independent lasers 
 
V=12: Niu et al. 
JCP Comm 142 (2015) 081102 
 
V=11: New results 
Trivikram et al. 
Appl. Phys. B 122, 294 (2016)   

Production of H2, v 
Photolysis of H2S 
Steadman & Baer (1989) 



Progress in theory 



Progress in theory 

QED 

REL 

Phys. Rev. Lett. 117, 263002 (2016)  

Important estimate: 10 kHz on rovibrational energies ~ proton radius at 1% 



Strategies to improve the experimental side 

Three step approach to IP 
has been probed via nanosecond excitation 
Accuracy: 11 MHz 

 
GK level splitting to IP is known to 1.2 MHz  
Sprecher, Beyer, Merkt  
Mol. Phys. 111, 2100 (2011) 
 
Improvements ongoing (2017) GK and EF to IP 
Max Beyer, Frederic Merkt 

Amsterdam 



Measurement of the GK-X transition - ongoing 

Home-built long-pulse narrowband 
Ti:Sa laser @ 716 nm 

Adjustable pulse duration (match τ=30 ns) 
Two-photon Doppler-free 
Study of auto-ionization 
Improved molecular beam source 
Chirp measurement 
AC Stark studies 
Seed-laser locked to Freq. comb 

KBBF crystal for 
doubling to 179 nm 
 
VUV mirror for 
retroreflect 

Signal !! 

2+1’ REMPI 
@ 179 nm 



HD+ ions in a trap; measurement of (8,0) 

750 Be+ 

40-85 HD+ 

313 nm 

782 nm 
+ 532 nm 

Look for loss of HD+ 

Signal detection by 
REMPD   



 Signal =  fractional loss of ions 
 During secular excitation, TBe+ rises to Tmax 
 Ai ∝ T ∝ NHD+ for Tmax <  400 mK 
 BUT in practice Tmax ≈ 4 K … 
 Be+ fluoresence modeled (non-linear) 

10 s 10 s 10 s 

REMPD detection cycle:  

Secular excitation Secular excitation REMPD 
ωHD+/2π ωHD+/2π 

Ai Af 



HD+ spectrum 
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Theory 

Experiment 

Experiment:  383,407,177.38(41)    MHz 
Theory*: 383,407,177.150(15)  MHz 
 

*Korobov, Hilico, Karr, Phys. Rev. A 89, 032511 (2014) 
Biesheuvel et al. Nat. Comm. 7 (2016) 10385 



Tests of QED in molecules 

22
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Fifth-force searches 

Yukawa potential 

Hideki Yukawa 

Assume: Extra hadron-hadron interaction 
Parametrize (quantum field theory) as: 
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Strength: 
 
Range: 
 
Mass of force carrying particle: 
 
Hadron numbers: N1, N2 
 

5α
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See for analysis: 
Salumbides, Koelemeij,  Komasa,  Pachucki, Eikema, Ubachs,  
Phys Rev D 87, 112008 (2013). 



Calculate the expectation value of the energy operator  

050151 ; ΨΨΨΨ VV

• r ~ 0.75 A  

N2 N1 

v=1 

v=0 

Level shifts: 

Transition shift: 

Differential effect larger for 
very high v’s (D0 limit) 

050151 ΨΨ−ΨΨ VV
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E.J. Salumbides, J.C.J. Koelemeij, J. Komasa, K. Pachucki, K.S.E. Eikema, W. Ubachs, Phys. Rev. D87 (2013) 112008 

Impose constraints on 5th force from spectroscopy HD+/H2 
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Physics of extra spatial dimensions 

Immanuel Kant 
    Number of dimensions consequence  
    of Newton's Universal law of gravitation 
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Physics of extra spatial dimensions 

Immanuel Kant 
    Number of dimensions consequence  
    of Newton's Universal law of gravitation 

n-dim:  

Gravitational attraction 
depends on dimensionality 
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 “Compactification” 

Oscar Klein 

Theory of consistent EM + Gravity in 5 dimensions (Kaluza) 
 
Extra dimensions are not observed in the macroscopic world 
They may be compactified: rolled up (Klein 1926) 

String theory: “M-Theory” (Witten) is consistent in 11 dimensions 



Arkani–Hamed, Dimopoulos, Dvali 
Phys. Lett. B 429, 263–272 (1998) 

ADD-theory and Large Extra Dimensions 
 

Hierarchy Problem:  
Why is gravity so much weaker ? 
For protons 

Why is the Planck mass so much bigger  
then SM masses ? 

Solution : 
Gravity “escapes” into higher dimensions 
 
3-brane (SM)  and  “Bulk” (gravity) 



Large Extra Dimensions (compactified n extra) 
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A Cavendish torsion balance at 1 Å distance 

R 

Two protons act as 
Cavendish gravitating balls 



ADD in Molecules 
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Expectation value for the ADD-compactification in a molecule: 

Difference between two quantum states: 

EV
transitionADD δ<∆

Test for: 

state 

transition 



Constraints from H2 D0 

M-theory (10 dim): 
Compactification on 
µm scale !! 
 
Rc < 0.6 µm 

E. J. Salumbides, A. N. Schellekens, B. Gato-Rivera, W. Ubachs, New J. Phys. 17 (2015) 033015 

Forbidden region 

n extra dimensions 
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OUTLOOK: 
A future molecular test system for physics 

Lifetimes 106 seconds (!) 
 
Quadrupole transitions ~ 1014 Hz 
 
Possible precision 20-digit 

H2 

There is room at the  
bottom guys 



OUTLOOK 

HD+: Doppler-free spectroscopy in Lamb-Dicke regime 

V.Q. Tran et al., Phys. Rev. A 88, 033421 (2013) 
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