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Quantum electrodynamics (QED) forms the basis for all other quantum field theories, upon which the Standard Model
of particle physics is constructed. Due to the simplicity of the hydrogen atom, its energy levels can be precisely
calculated from bound-state QED and confronted with the experiment. Such a comparison between theory and
experiment is linked to the determination of fundamental constants, which enter the theory as parameters. Only if
more indepedendent measurements are available than there are parameters, the theory can be tested. For hydrogen, the
theory test mainly concerns the Rydberg constant and the proton radius. This requires at least two different transition
frequency measurements to determine those, and more measurements to test the theory. Here we report on our 2S-6P
transition frequency measurement with a relative uncertainty of 0.7 parts per trillion (ppt), a six-fold improvement
over our previous measurement of the 2S-4P transition [1]. This result can be combined with the existing 1S-2S
measurement [3] and the 2S-2P muonic hydrogen measurement [4]. We thereby determine the proton radius 2.5 times
more accurate than the previous most accurate electronic hydrogen measurement [2] and provide a theory test with an
accuracy below 1 ppt, making it one of the most precise tests of the Standard Model.

0.82 0.84 0.86 0.88 0.90 0.92 0.94
Proton radius rp (fm)

Average previous data
Muonic 2S-2P

2S-4P (MPQ, 2017)
1S-3S (LKB, 2018)

2S-2P (York, 2019)
1S-3S (MPQ, 2020)
2S-8D (CSU, 2022)

2S-20/24 (ETHZ, 2024)
2S-6P (MPQ, 2025)

4.0

uncertainty only!

Hydrogen spectroscopy data  
 (1S-2S transition + transition left label)

2.12 2.13 2.14 2.15 2.16 2.17
Deuteron radius rd (fm)

3.1

Deuterium 2S-6P study, uncertainty only:

(blinded test meas.)

(future feasibility)

Deuterium spectroscopy data 
 (1S-2S transition + transition left label)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Rydberg constant R  - 10 973 731 568.155 (km 1)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Rydberg constant R  - 10 973 731 568.155 (km 1)

Figure 1: By combining the 1S-2S transition frequency measurement [3] with another transition measurement (left
label), the proton radius and the Rydberg constant are determined. The theory test can then be pictured as a redundant
determination of these constants. The muonic hydrogen measurement (magenta) [4] is discrepant with the average of
all previous data before 2010 (grey). This discrepancy has been called the “proton radius puzzle”. Since then more
measurements have been done (green, e.g. [5]), where some inconsistencies remain. Our preliminary 2S-6P result in
hydrogen with uncertainty shown in red (value will be presented in the talk) is six-fold more accurate that our previous
2S-4P measurement [1], 2.5 times more accurate than our 1S-3S measurement [2], and allows the most accurate theory
test in hydrogen to date.
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