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There must be New Physics!

95% of energy and matter in our universe are not understood!

??

25% 

dark matter

70% dark energy

???

Why no antimatter?

100%

→ There must be „New Physics“!

rooted in Quantum Electrodynamics (QED)

Described by the Standard Model

5% visible matter

protons,

neutrons,

electrons

...

Hydrogen: most accurately

described bound-state system
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New Physics searches: complementary approaches

High-energy frontier

Direct production

of new particles

e.g. particle accelerators

Precision frontier

Virtual particles: tiny deviations

from theoretical predictions

e.g. precision spectroscopy

Hydrogen spectroscopy can probe

New Physics inaccessible to accelerators



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic hydrogen

Hydrogen: extraordinary probe of the quantum vacuum

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

3

*

*for S-states (                      )

Corrected (CODATA 2022):

This is wrong, 

should be 

709/3456 π2
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Hydrogen: extraordinary probe of the quantum vacuum

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

3

*

*for S-states (                      )

Current research: calculation of bound-state QED effects

in hydrogen below                               of transition energies

Hydrogen is an extraordinary probe of the quantum vacuum:

at some level New Physics could be there!

?

e
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Hydrogen spectroscopy: background

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

+ other terms + higher order nuclear effects (h.o.n.e.) 

QED effects with point-like nucleus

1st order elastic effect 1st order inelastic

Nuclear effects New physics?

3
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Hydrogen spectroscopy: background

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

Rydberg

constant

Link to atom interferometry:

H spectroscopy       Penning traps      Atom interferometer

5.5σ

5.5σ discrepancy in      determination between Cs and Rb atom

interferometry experiments

Hydrogen spectroscopy not affected by the discrepancy

since sensitive to       only in second-order

P. Mohr et al., Rev. Mod. Phys 97 (2025)

4



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic hydrogen

Hydrogen spectroscopy: background

[1] C. G. Parthey et al., PRL 107, 203001 (2011); [2] C. G. Parthey et al., PRL 104, 233001 (2011); [3] R. Pohl et al., Metrologia 54, L1 (2017)

1st measurement: narrow 1S-2S transition using Doppler-free two-photon spectroscopy [1-3]

➔ need at least 3 independent measurements to test theory

For spectroscopy 2 theory parameters left for determination:

Rydberg constant and RMS charge radius

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

Rydberg

constant

fine-structure constant

electron-to-nucleus mass ratio

r.m.s. nuclear charge radius…from other precision measurements,

e.g. Penning traps, atom interferometry

state-of-the-art uncertainty not required

4
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Proton radius puzzle

5

2010: Proton radius puzzle 

muonic hydrogen yields a precise 

but discrepant value to previous data

R. Pohl et. al, Nature 466 (2010)

H world data 2010

1S-2S transition measurement in hydrogen combined with 2nd transition measurement:
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Proton radius puzzle

5

H world data 2010

1S-2S transition measurement in hydrogen combined with 2nd transition measurement:
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Proton radius puzzle

5

|1S>

Two-photon

@ 205nm

1S-3S experiment

|3S>

A. Grinin, et al. Science 370 (2020) 

H world data 2010

2-3σ to discrepant value:

puzzle weakened but

not conclusively resolved

Current work on 1S-3S at MPQ:

Derya Taray, Vincent Weis, Surabhi Deshpande

1S-2S transition measurement in hydrogen combined with 2nd transition measurement:
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Proton radius puzzle

5

H world data 2010

|1S>

|2S>

|4P>

Two-photon

@ 243nm

One-photon

@ 486nm

2S-4P experiment

2S-6P (this work):

followup of 2S-4P experiment

up to 16x higher signal

And 3x lower linewidth

1S-2S transition measurement in hydrogen combined with 2nd transition measurement:
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Proton radius puzzle

5

H world data 2010

|1S>

|2S>

|6P>

Two-photon

@ 243nm

One-photon

@ 410nm

2S-6P experiment

Technique for Doppler-free one-photon spectroscopy:

“Improved active-fiber based retroreflector for the near UV”

V. Wirthl et al, Opt. Express 29 (2021)

2S-6P (this work):

followup of 2S-4P experiment

up to 16x higher signal

And 3x lower linewidth

1S-2S transition measurement in hydrogen combined with 2nd transition measurement:
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Doppler shift suppression: Active Fiber-based Retrorefector

Improved active fiber-based retroreflector for near UV provides high-quality wavefront-retracing laser beams:

Rotatable cylinder

Atomic beam and 1S-2S 

preparation laser beam

V. Wirthl et al., Opt. Express 29(5), 7024 (2021)

Detector for backcoupled light

for active stabilization

410 nm 

spectroscopy 

laser beam

Single-mode

PM fiber

Four-lens collimator

HR mirror
PMT for Intensity 

Stabilization

Polarimeter for

polarization monitor

7
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Time-resolved detection: velocity-dependent signal

Atomic beam and 1S-2S 

preparation laser beam

HR mirror
PMT for Intensity 

Stabilization
trigger

chopper periodically

stops 1S-2S excitation

➔ signal is recorded as a function of

delay time after 243nm light is blocked

Time-resolved detection allows to access different velocity groups of atoms to study velocity-dependent effects

8
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Time-resolved detection: velocity-dependent signal

Atomic beam and 1S-2S 

preparation laser beam

HR mirror
PMT for Intensity 

Stabilization
trigger

Time-resolved detection allows to access different velocity groups of atoms to study velocity-dependent effects

chopper periodically

stops 1S-2S excitation

➔ signal is recorded as a function of

delay time after 243nm light is blocked
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Time-resolved detection: velocity-dependent signal

Atomic beam and 1S-2S 

preparation laser beam

HR mirror
PMT for Intensity 

Stabilization
trigger

Time-resolved detection allows to access different velocity groups of atoms to study velocity-dependent effects

chopper periodically

stops 1S-2S excitation

➔ signal is recorded as a function of

delay time after 243nm light is blocked
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Time-resolved detection: velocity-dependent signal

Atomic beam and 1S-2S 

preparation laser beam

HR mirror
PMT for Intensity 

Stabilization
trigger

Time-resolved detection allows to access different velocity groups of atoms to study velocity-dependent effects

chopper periodically

stops 1S-2S excitation

➔ signal is recorded as a function of

delay time after 243nm light is blocked
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Time-resolved detection: velocity-dependent signal

Time-resolved detection tests velocity-dependent effects and extracts the zero-velocity frequency

Example of a single 2S-6P spectroscopy line scan

9
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Hydrogen 2S-6P measurement runs and groups

We form the 2S-6P fine-

structure (FS) centroid by 

combining the measured 

2S-6P12 and 2S-6P3/2

transition frequencies.

10
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2S-6P measurement results by parameter combination

Laser power Atomic beam

offset angle

Laser 

polarization 

angle
Runs

A, B, C

Laser power

Laser 

polarization 

angle
Runs

A, B

All 2S-6P data:

• Two transitions (2S-6P1/2 and -6P3/2)

• 3155 line scans

• 73 freezing cycles, each with atomic 

beam realignment

• Grouped by parameter combination 

into 14 data groups

2S-6P1/2 2S-6P3/2Including all corrections

LM, V. Wirthl et al. In preparation. 11
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Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 

Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift

12
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Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 

Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift

Light Force Shift

measured by

rotating atomic beam

Experiment Simulation

12
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Correction Uncertainty

Recoil shift and hyperfine (HFS) corrections are 

large, but known extremely well

Total correction (excl. recoil and HFS) only 3.5 σ

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

All corrections other than LFS individually 

contribute less than 100 Hz to uncertainty

Largest individual uncertainty: Statistical uncertainty of 

Doppler-free (extrapolated) transition frequency

Largest systematic correction: Light force shift

Corrections and uncertainties for hydrogen 2S-6P measurement

12
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Proton radius puzzle resolved

13

“Sub-part-per-trillion test of the Standard Model 

with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

5.5σ to CODATA 2014 value
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Proton radius puzzle resolved

13

“Sub-part-per-trillion test of the Standard Model 

with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

Agreement with muonic hydrogen 

also from 2S-nS transitions,

which contributed significantly to 

“H world data 2010” and CODATA 2014

“Precision Spectroscopy of 2S-nS Transitions in Atomic Hydrogen: 

A Determination of the Proton Charge Radius”

R. G. Bullis et al, PRL 136 (2026)
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New “gold standard” of Standard Model tests

Experiment [0.66 ppt]:

Theory with R∞ and rp [0.31 ppt]:

Standard Model test to

[0.74 ppt]

Most accurate bound-state QED test to date

13

R∞ and rp

“Sub-part-per-trillion test of the Standard Model 

with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)

H world data 2010
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New “gold standard” of Standard Model tests

Physics Today 66 (12), 64–65 (2013)

and the energy levels in hydrogen

The hydrogen atom is also amazing.

s

13

Same precision as the Standard Model 

test with the anomalous magnetic 

moment of the electron (“g-2”):

Experiment [0.66 ppt]:

Theory with R∞ and rp [0.31 ppt]:

Standard Model test to

[0.74 ppt]

Most accurate bound-state QED test to date
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Bound-state QED vs. free QED: complementary tests of the Standard Model

Free electron one-loop QED

1 simple diagram

Bound-state one-loop QED

electron constantly interacting

2 classes of diagrams

Bound-state QED is different from free QED:

complementary tests of the Standard Model

14
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Bound-state QED vs. free QED: complementary tests of the Standard Model

Free electron QED Bound-state QED

Quantity

Theory

1.000…

4 digits correct

2 digits correct

Prediction from
73068… kHz0.5    no correct digits…

…Dirac 730691… kHz 5 digits correct

…Schrödinger

Required

constants
from

(discrepancy)QED prediction to

Largest “pure” QED

term at the level of

Measurement accuracy

Theory test to

QED theory up to order of “3-loop”“5-loop”

“Pure” QED part test to

15
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Hydrogen 2S-6P: which contributions are being tested

experimental input contributions to the prediction: 138 Hz (rp ), 3 Hz (1S-2S), 2 Hz (α), < 1Hz (mp/me)

17

Experiment uncert.:

490 Hz
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Hydrogen 2S-6P: which contributions are being tested

Experiment uncert.:

490 Hz

Approaching level 

of 3-loop QED

experimental input contributions to the prediction: 138 Hz (rp ), 3 Hz (1S-2S), 2 Hz (α), < 1Hz (mp/me)

17

CODATA theory uncertainty claimed 180 Hz, but recent

recalculation shifted theory value by ~ 500 Hz (~ 3σ)

Level of current 

2-loop QED research
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Current and future plans
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Deuterium 2S-6P vs Hydrogen 2S-6P

Higher nuclear spin ➔ 2S-6P excitation scheme more complicated in deuterium

Systematic effect due to unresolved hyperfine 

structure different for 2S-6P1/2 vs 2S-6P3/2

➔ fine-structure splitting ΔFS provides a       

powerful test for systematic uncertainties

from unresolved transitions

➔ successful test in prelim. measurement

Γ6P = 3.9 MHz (natural linewidth)

Γ6P

Γ6P

Γ6P

V. Wirthl, PhD Thesis, LMU Munich (2023)
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Deuterium 2S-6P: measurement campaign in progress

Deuterium 2S-6P measurement is feasible with a similar uncertainty as in hydrogen

Successful fine-structure splitting test was performed, measurement campaign is currently ongoing
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New Physics constraints
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Unique New Physics constraints from hydrogen

New spin-independent coupling between proton and electron leads to:

Modified Coulomb potential with Yukawa term (in natural units)

18

Bohr radius mass scale: 

a0 = 0.5 Å = 4 keV

Hydrogen spectroscopy

tests the Coulomb law

at distances > 0.5 Å (Bohr radius) 

Hydrogen spectroscopy probes

new bosons with masses mX < keV

‘5th force search’, ‘hidden photon’, ‘kinetic mixing’

≡

e

where

very weak

electron-proton 

coupling
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Unique New Physics constraints from hydrogen

Spherical capacitors

(Cavendish-like exp.)

Atomic Force Microscopy
Kroff, Malte PRD 102 (2020)

Bartlett and Loegl PRL (1988)

LHC

Jaeckel et al. Nat. Phys. 16 (2020)

19

a0

Note: model-dependent astrophysical bounds not shown,

see e.g. A. Caputo et al., PRD 104 (2021)

Hydrogen: unique probe for a 

model-independent Coulomb law test at 1 Å

(= new boson search in the keV range),

our 2S-6P result pushes bounds to

relative couplings down to 10-13

preliminary

Hydrogen spectroscopy

Karshenboim PRL 104 (2010)

Jaeckel, Roy PRD 82 (2010)

Delaunay et al PRL 130 (2023)

Potvliege et al., PRA 108 (2023)

review: V. Wirthl et al., in prep. for Rep. Prog. Phys (2026)

V. Wirthl and R. Potvliege, publication in preparation 
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‚Unique New Physics constraints from hydrogen

Constraint on gpge

(electron-proton coupling)

Consistency of Coulomb potential (→ R∞ )

at different length scales

vs

2S-6P:

tightest constraint for the 

keV–scale

20

~ a0

~ 4 keV

~ 4 a0

~ 1 keV

1S-2S2S-6P

a04 a0

Hydrogen 2S-6P

provides

tightest constraint

for keV-scale

dark photons

S. Karshenboim PRL 104 (2010), R. M. Potvliege et al., PRA 108 052825 (2023)

C. Delaunay et al., PRL 130 121801 (2023), arXiv:2602.20750 (2026) 

preliminary

review: V. Wirthl et al., in prep. for Rep. Prog. Phys (2026)

V. Wirthl and R. Potvliege, publication in preparation 
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Planned future:

Improved New physics constraints
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‚Unique New Physics constraints from hydrogen

Constraint on gpge

(electron-proton coupling)

Consistency of Coulomb potential (→ R∞ )

at different length scales

vs

2S-6P:

tightest constraint for the 

keV–scale

20

~ a0

~ 4 keV

~ 4 a0

~ 1 keV

1S-2S2S-6P 2S-10P

~ 4 a0

~ 1 keV

Our planned higher 2S-nP 

measurements improve bounds,

but not much

preliminary

V. Wirthl and R. Potvliege, publication in preparation 
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Circular Rydberg spectroscopy for improved New Physics constraints

Consistency of Coulomb potential (→ R∞ )

at different length scales

2S-6P:

tightest constraint for the 

keV–scale

21

~ 150 … 1000 a0

~ 4 … 30 eV

Circular Rydberg transitions:

constraints with

widest mass range

~ a0

~ 4 keV

~ 4 a0

~ 1 keV

1S-2S2S-6P circular Rydberg
n ~ 12 … 30 

possible future bound

vs a0500 a0

improvement by

2-3 orders of magnitude

…essentially free from nuclear and QED effets,

robust theory, suppressed cross-damping

U. Jentschura and D. Yost PRA 108 (2023)

V. Wirthl and R. Potvliege, publication in preparation 
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Circular Rydberg spectroscopy for improved New Physics constraints

Consistency of Coulomb potential (→ R∞ )

at different length scales

2S-6P:

tightest constraint for the 

keV–scale

21

~ 150 … 1000 a0

~ 4 … 30 eV

~ a0

~ 4 keV

~ 4 a0

~ 1 keV

1S-2S2S-6P circular Rydberg
n ~ 12 … 30 

vs

only a single 25-year-old

preliminary result exists

J. De Vries, PhD thesis MIT (2001)

..paper not published, uncertainty unreliable

Circular Rydberg transitions:

constraints with

widest mass range

V. Wirthl and R. Potvliege, publication in preparation 
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Why has prior work remained incomplete?

pulsed excitation

to short-lived 2P state

366nm

121nm

e

p

|1S>

|2P>

n=29

n=30

transfer to

circular states

No suitable laser–based THz sources available

➔ single electronic source for ~ 300 GHz

➔ forced to probe very high n=27..30 states

256 GHz

J. De Vries, PhD thesis MIT (2001)

22

Pulsed production of circ. Rydberg atoms 

➔ high peak density + low statistics

Systematic uncertainty limited by

dipole-dipole interactions 

➔ increases with density, scales as n4

Prior work:

Why prior work remained incomplete? 

80K atomic beam
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Future reliable and versatile circular Rydberg spectrometer

continuous excitation

to metastable 2S state

366..375nm

243nm

e

p

|2S>

n=12 … ∞

n=13 … ∞

transfer to

circular states

Exploit novel laser–based THz sources 

➔ single compact system for 0…3 THz

➔ flexible to probe all n = 12 ...∞ circular states

0 … 3 THz

This work: reliable and versatile 

circular Rydberg spectrometer

22

Continuous production of circ. Rydberg atoms 

➔ low density + high statistics

Suppress and characterize

dipole-dipole interactions 

➔ up to 106 lower density

➔ lower n ➔ vary n

|1S>

n = 12 → 13:  3.3 THz

… 

n = 18 → 19:  1.0 THz

… 

n = 29 → 30:  0.3 THz 

4K atomic beam

building upon success

of 2S-6P experiment

L. Maisenbacher, V. Wirthl et al 

Nature 650 (2026)
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Leveraging cutting-edge THz technology

23

Laser–based cw THz precision spectroscopy

➔ demonstrate sub-Hz narrow THz radiation

➔ probe circular Rydberg state transitions

• 2 lasers + fiber combiner + THz mixer/antenna

• THz radiation : DC … 3 THz

• linewidth (comb-locked lasers): < 1 Hz

Novel THz technology based on photomixers

and frequency-comb locked lasers

“Frequency-domain THz spectroscopy”

Toptica TeraScan1550 system

Mueller et al, J. Infr. THz Waves (2025)

Krause et al, Nat. Comm 16 (2025)

Lowest phase noise of any cw THz source!

InGaAs

photomixer

& antennaLaser 1

Laser 2

fiber splitter

THz optical beat

frequency

THz radiation

MPQ infrastructure

Frequency comb 

& GPS-referenced maser

lens
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Circular Rydberg state spectroscopy: proposed experimental setup

370nm

243nm

e

|2S>

|1S>

|19circ>

|20circ>

1 THz

4K

nozzle
243nm

cavity

|19P>
|19P>|2S> |19circ>

MW + E-Field

gradient 

selective field

ioniziation

N(19circ)N(20circ)

1 THz

Ramsey
370nm

|19circ>

→ |20circ>

triggerchopper periodically

stops 1S-2S excitation

Delay time to trigger (µs)

S
ig

n
a
l 
 (

a
.u

.)

Time-resolved signal:

study systematic

uncertainties

24

I am thankful for any comments and discussions,

and open to collaboration!
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2S-6P Hydrogen Team 2015-2024
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Udem
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Wirthl

? ?
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Maisenbacher
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Matveev
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Grinin
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Thank you for your attention!

Current MPQ Hydrogen Team
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Pohl
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Udem
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Vitaly

Wirthl

Derya

Taray
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Amit

Vincent

Weis
Mustafa

Syed

2S-nP 1S-3S H-Trap
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Sudhir

Suresh
Patrick

Schaile
Andrew

Klug
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Thank you for your attention!

Current MPQ Hydrogen Team

Randolf

Pohl

Theodor W.

Hänsch

Thomas

Udem

Surabhi
Deshpande

Derya

Taray
Omer

Amit

Vincent

Weis
Mustafa

Syed

2S-nP and Circular Rydberg 1S-3S H-Trap

Alexander

Wilzewski

Sudhir

Suresh

Patrick

Schaile
Andrew

Klug

Vitaly

Wirthl

START Fellowship Group

?? ?

Open positions!


