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There must be New Physics!

\

Described by the Standard Model
rooted in Quantum Electrodynamics (QED)

70% dark energy
.° Hydrogen: most accurately
described bound-state system

/95%01‘ energy and matter in our universe are not understood!

— There must be ,New Physics"!

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



New Physics searches: complementary approaches

High-energy frontier Precision frontier

Direct production Virtual particles: tiny deviations
of new particles from theoretical predictions
e.g. particle accelerators e.g. precision spectroscopy
Hydrogen spectroscopy can probe f,{)
New Physics inaccessible to accelerators
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Hydrogen: extraordinary probe of the quantum vacuum

Hydrogen energy levels based on bound-state Quantum Electrodynamics:’
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publication, the diagrams with the light-by-light (LbL) scattering 22/ - inko(n)) - 5% TR =
block (see Fig. 1a) have been studied, and a correction to the pre- T -
vious result was found [8] due to the LbL diagrams overlooked in CS) Qz) _(m( 1 2ﬂm-’%p)+w(n)_w_c€) Qz)
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[18,19]. The LbL contributions are the most difficult for the numer-
*for S-states (I =0,j =1/2)
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Hydrogen: extraordinary probe of the quantum vacuum

Hydrogen energy levels based on bound-state Quantum Electrodynamics:’
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Hydrogen spectroscopy: background

Hydrogen energy levels based on bound-state Quantum Electrodynamics:
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New physics?
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QED effects with point-like nucleus Nuclear effects
1-loop QED: self-energy 1-loop QED: vac.-pol. 1st order elastic effect 1st order inelastic
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Hydrogen spectroscopy: background

Hydrogen energy levels based on bound-state Quantum Electrodynamics:
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Hydrogen spectroscopy: background

Hydrogen energy levels based on bound-state Quantum Electrodynamics:

1 Me (510 9

Rydberg «¢ fine-structure constant \
constant Me

electron-to-nucleus mass ratio

2 my 9 :
heRR, = moc? X ll ...from other precision measurements, ry F-m.s.nuclear charge radius
2 e.g. Penning traps, atom interferometry

state-of-the-art uncertainty not required

For spectroscopy 2 theory parameters left for determination:

Rydberg constant oo and RMS charge radius 7%

- need at least 3 independent measurements to test theory
1St measurement: narrow 1S-2S transition using Doppler-free two-photon spectroscopy [1-3]

[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)
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Proton radius puzzle

R —

1S-2S transition measurement in hydrogen combined with 2" transition measurement:

R ~-10973731568.155 (km™")
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2010: Proton radius puzzle

H world data 2010 - 400 o1 muonic hydrogen yields a precise
Muonic 25-2P - I but discrepant value to previous data
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R. Pohl et. al, Nature 466 (2010)
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Proton radius puzzle

R —

1S-2S transition measurement in hydrogen combined with 2" transition measurement:

R ~-10973731568.155 (km™")
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Proton radius puzzle

1S-2S transition measurement in hydrogen combined with 2" transition measurement:

R .-10973731568.155 (km™") 1S-3S experiment
-0.2 00 02 04 06 0.8

| . . . | . Two-photon
H world data 2010 - 400 —=— @ 205nm 35>
Muonic 25-2P - “ |
25-4P (MPQ, 2017) -/~ —e—] )
15-3S (LKB, 2018) - I . 0 1 OO RO
25-2P (York, 2019) - —a—| f [, o -
15-35 (MPQ, 2020) - o ] N ol
25-8D (CSU, 2022) - ——]
25-20/24 (ETHZ, 2024) \}|———— )
i . |11S>
2-30 to discrepant value:
. | puzzle weakened but A. Grinin, et al. Science 370 (2020)
082 0.84 L not conclusively resolved
Proton radius 7°p (fm) Current work on 1S-3S at MPQ:
Derya Taray, Vincent Weis, Surabhi Deshpande
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Proton radius puzzle

1S-2S transition measurement in hydrogen combined with 2" transition measurement:

R .-10973731568.155 (km™)
-0.2 00 02 04 06 0.8

H world data 2010 - 400 —e—

Muonic 25-2P 1
2S5-4P (MPQ, 2017) —
1S-3S (LKB, 2018) — I ® i

Mean atom speed v = 120 m/s

2S-6P (2026)

T=23810...2560 s,
[ =6.1MHz,
A=17.7kcts

25-4P (2017)

T7=2810...2621 s,
e =16.8 MHz,
A=1Tkds
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Proton radius T'p (fm)
2S-6P (this work):
followup of 2S-4P experiment

up to 16x higher signal
And 3x lower linewidth

2S-4P experiment

T
12S>

One-photon
@ 486nm

Two-photon
@ 243nm

11S>
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Proton radius puzzle

B

1S-2S transition measurement in hydrogen combined with 2" transition measurement:

Mean atom speed v = 120 m/s

2S-6P (2026)

R .-10973731568.155 (km™)
-0.2 00 02 04 06 0.8

I I I I : : 15 4 T=2810...2560 15,
H world data 2010 - 400 —e— z M. =6.1MHz,
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25-4P (MPQ,2017) 4 :‘L D 5 25-4P (2017)
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Proton radius T'p (fm)
2S-6P (this work):
followup of 2S-4P experiment

up to 16x higher signal
And 3x lower linewidth
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V. Wirthl et al, Opt. Express 29 (20
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2S-6P experiment

One-photon I [6P>
410nm
@ |2S>
Two-photon
@ 243nm
|11S>

Technique for Doppler-free one-photon spectroscopy:
“Improved active-fiber based retroreflector for the near UV”

21)



Doppler shift suppression: Active Fiber-based Retrorefector

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

Rotatable cylinder _
_mmmm— Four-lens collimator

Single-mode
PM fiber

HR mirror
PMT for Intensity

Stabilization
/f
i spectroscopy
4 laser beam
— L P
Atomic beam and 1S-2S N*e==- ¢ Bhame
. L 4
preparation laser beam Polarimeter for 4¢ Backcoupling APD
polarization monitor Detector for backcoupled light
V. Wirthl et al., Opt. Express 29(5), 7024 (2021) for active stabilization
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Time-resolved detection: velocity-dependent signal

—

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

e 3
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HR mirror Delay time T (us)

PMT for Intensity

Stabilization trigger

=" 4 .
' AN chopper periodically
: ,\

o stops 1S-2S excitation

Atomic beam and 1S-2S

preparation laser beam 5 gjgnal is recorded as a function of
delay time after 243nm light is blocked
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Time-resolved detection: velocity-dependent signal

B

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

w

m—— 243nm transm. (a.u.)

{  CEM counts

Delay 2:
7=(60 ... 110) us

Delay 13:
=(910..1210) us

Delay 16:
=(2010 ... 2560) us

N
|

Counts in 160 chopper cycles (kcts)
|

0 I I | 1 1 | 1
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PMT for Intensity trigger s 4 elayo .
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- ¢ Delay16
: - g 10 1
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/ p E 5 -
Atomic beam and 1S-2S 5
. )
preparation laser beam 5 gjgnal is recorded as a function of 0 - | . |
delay time after 243nm light is blocked 680 700 720
Frequency shift (MHz)
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Time-resolved detection: velocity-dependent signal

B

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

w

m—— 243nm transm. (a.u.)
t  CEMcounts

Delay 2:
7=(60 ... 110) us
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Time-resolved detection: velocity-dependent signal

B

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

HR mirror
PMT for Intensity

Stabilization

Atomic beam and 1S-2S
preparation laser beam

trigger

chopper periodically
stops 1S-2S excitation

-> signal is recorded as a function of

Counts in 160 chopper cycles (kcts)

Counts in each delay (kcts)

delay time after 243nm light is blocked
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Delay 16:
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04 @ o e R . - °
1 | | I I
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Frequency shift (MHz)
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Counts top detector

Time-resolved detection: velocity-dependent signal

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

14000 1 ) ve=-11013) kHz, 2.y=372 i @)
[¢=9.6 MHz, T'6=7.3 MHz I

12000 - , 114t
D.10,vo=3(11) kHz, X2 4=3.31 !

10000 4 =TS MHZ T6=5.1 Mk Il ¥
D.13,vo=0(12) kHz, 2 4=1.59 fl 1

8000 4 T¥=6.2MHz, =31 MHz AR
D.15,vo=-42(23) khz, x2 =166 [/1 11l

6000 4 Tp=59MHz, [6=23MHz [ 1
D.16,vo=-16(46) kHz x2 =121 [/ |1

4000 1™ 1o=6.4MHz, [ =24 MHz A

2000 - &R

0 - ———- E : -1-':"'“\::3 — E e
I | | | |
-40.0 -20.0 0.0 200 40.0

25-6P1; detuning (w. blind offset) Avys _gp (MHz)

Vo (kHz)

_20 -

_40 -

_60 -

-80

40

20 -

H

§ Fit results, top detector
Avg.: Vg .=-6.0(3.3) kHz, x2.,=1.20(37)

Extrapol.: v =-34(14) kHz,
k=135(65) Hz/(m/s), x2.4=0.97(38)

50

I I I 1

100 150 200 250
Mean speed v (m/s)

Time-resolved detection tests velocity-dependent effects and extracts the zero-velocity frequency
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Hydrogen 25-6P measurement runs

—_ =2 —
0.9 MH 6P
VTR R e
Av, (6P) =
405 MHz
T F=1 le1)
22MHz| 6P, _
731 THz 7 4100mM /[ Jor N v
F - -
—_ F=1—+ &+ ‘ ’t %
178 MHz | 2S,, de 2
T FOg=R- Nz
-
|” +ﬂ
2466 THz Y < X
243 nm 4 . -
-4 F:1_,_ .'l
1.4GHz | 1S,, «
L o)

We form the 2S-6P fine-
structure (FS) centroid by
combining the measured
25-6P,, and 25-6P,,
transition frequencies.

and groups

: -
Meas. Tln‘le o b Pioe Detec.tor | P \a.hd
. period (m l.'. () (“,) blocking IS (W) FCs line
y \ ad) : v Y
(2019) A Y meshes . scans
13— 1.0 5P : ' 5
A 2(;1?{ 34 0 56.5 1'57 Installed 6P1/2 B 13 285
(6 days) | 6P /5 15 3 162
B 23.5.-9.6. 56.5, 1.0 Removed 6P, ,, 10,20,30 21 1093
(14 days) 13 6Py, 510,15 20 992
).7-7.8. 0,+7.5, ) 0- ;
C D778 (005 BEB 'Y Removed [EES 300 16 623
(5 days) +12.0 1.1 /4
Total 73 3155
~ Rotatable cylinder s> Top detector
(in situ adjustment of au)/ E
High-reflectivity, § h 1 25-6P
piezo-actuated spectroscopy
mirror region
./.‘*‘)’(M’\"
pon |
. repardt
c epa( aton P vef 9/\0/‘;\.
ase‘ X '._/-./:’f.:.dz ) ~N
‘\j. /.-!/ © Rectangular
- = Cryogenic aperture

y
"V\l/z

.. nozzle (4.8 K)

Hydrogen
atoms

Bottom detector

Polarization-
maintaining
fiber
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2S-6P measurement results by parameter combination

\
M Time 0 P Detector P Valid
A” 28-6P data eAS. period 0 - 2 blocking FS P PCs line
e i (2019) (mrad) )W) meshes (W) scans
« Two transitions (2S-6P,,, and -6P;,) , —
. A 24.3.-3.4. 0 56.5 1.0 Tnstalled 6P1/2 30 13 285
« 3155 line scans (6 days) St T T 5 3 162
. . . 3/2 2
« 73 freezing cycles, each with atomic , o
X B 23.5.-9.6. 0 56.5, 1.0— Removed 6P1/2 10,20, 30 21 1093
beam realignment o (14 days) 1465 13 Py 510,15 20 992
Grouped by parameter combination ¢ BTTS0ETS o 10 w0 16 o
into 14 data groups (5 days) - '
Total 73 3155
25-6Py, Including all corrections 25-6P3,
104a v,,=730690,111,XXX29(69) kHz Laser 104¢ v, =730,690,516XXX.91(66) kHz Laser
g Laser power Runs Atomic beam Polarization g Laser power  Runs polarlzelatlon
54 A, B,C offsetangle angle 54 A B angie
< ' =y
| % ¢ |
5 % I L
[8] [5]
g 0 { %‘ § 0- { % {
g ' % g % y
5 . 5 ' ' '
E -5 1 . 3 : *z)' -5 1 :.
= = =z =% z@ 20 E oz| £ = z 2 za@ 2=
= = I Te B = = = = 3 - 3 = =
1042 & 82 8= 8= & g8 104 © 2 w2 R2 2R
40P 4049
2 $ . 2 _
4 TR TR A -
55 °o1d ; 55 07 o '
5T : 5T }
L
O _40d  k=1736) Hz/(mis) O _40d k=-33(4.0) Hz/(mss)
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Corrections and-uncertainties for hydrogen 25-6P measurement

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

Correction Uncertainty

Largest individual uncertainty: Statistical uncertainty of
Doppler-free (extrapolated) transition frequency

Largest systematic correction: Light force shift

Nozzle Aperture  25-6P spectroscopy laser

15-2§
preparation

Contribution Av (kHz) o (kHz)
Doppler shift extrapolation 0.34 0.43
Statistics 0.34 0.43
Simulation of atom speeds — 0.01
Simulation corrections 1.05 0.17
Light force shift 0.17
Quantum interference shift 0.05 0.02
Second-order Doppler shift —0.14 0.01
Sampling bias 0.00 0.06
Signal background 0.00 0.03
dc-Stark shift 0.05 0.07
BBR-induced shift 0.29 0.03
Zeeman shift 0.00 0.08
Pressure shift 0.00 0.01
Frequency standard 0.00 0.07
Total corrections .
(excl. recoil & HFS) 173 0.49
Recoil shift —1176.03 0.00
HE'S corrections Avypg(Vog gp)  —132985.252 0.007
Total —134159.552 0.49

> |laser
u

~ Fluorescence
~, Lymanphoton

1

k. =—k

O

|i7p0> : ‘f? p>
Y s T

k+ - v
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Corrections and-uncertainties for hydrogen 25-6P measurement

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

Correction Uncertainty

Largest individual uncertainty: Statistical uncertainty of
Doppler-free (extrapolated) transition frequency

Contribution Av (kHz) (kHz)
Doppler shift extrapolation 0.34 0.43 Largest systematic correction: Light force shift
Statistics 0.34 0.43
Simulation of atom speeds o 0.01 Nozzle Aperture  25-6P spectroscopy laser
Simulation corrections 1.05 0.17 — 15-25
Light force shift 0.17 — == preparation
Quantum interference shift 0.05 0.02 . ___,_-pz = laser
Second-order Doppler shift —0.14 0.01 """"""n--....,,,,““"" el TS
Sampling bias 0.00 0.06 ‘ e —
Signal background 0.00 0.03 T HorDat —_— Fluorescence
de-Stark shift 0.05 0.07 or atoms —— "y Lymanphoton
BBR-induced shift 0.29 0.03
Zeeman shift 0.00 0.08 § .| * Experiment
Pressure shift 0.00 0.01 . . =
Frequency standard 0.00 0.07 nght Force Shift § ]
, measured by $7
Total corrections 173 0.49 : : '\ o ,
(excl. recoil & HFS) : : rotating atomic beam = R L
-2 0 2 4 6 8 10 12 14
Recoil shift —1176.03 0.00 Offset of atomic-laser beam angle a, (mrad)
HE'S corrections Avypg(Vog gp)  —132985.252

—

Experiment: Uy e(12.0mrad) — 7 . (0 mrad) = 4.37(1.82) kHz

Total —134159.552

0.007
&

Y (12.0 mrad

—

Simulation: — vy o(0mrad) = 4.27kHz.
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Corrections and-uncertainties for hydrogen 25-6P measurement

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

Largest individual uncertainty: Statistical uncertainty of

Correction Uncertainty i
Doppler-free (extrapolated) transition frequency

Contribution Av (kHz) o (kHz)
Doppler shift extrapolation 0.34 0.43 Largest systematic correction: Light force shift
Statistics 0.34 0.43
Simulation of atom speeds — 0.01
Simulation corrections 1.05 0.17
Light force shift 0.17
Quantum interference shift 0.05 0.02
Second-order Doppler shift —0.14 0.01
Sampling bias 0.00 0.06 ] ] o
Signal background 0.00 0.03 All corrections other than LFS individually
de-Stark shift 0.05 007 ™ contribute less than 100 Hz to uncertainty
BBR-induced shift 0.29 0.03
Zeeman shift 0.00 0.08
Pressure shift 0.00 0.01
Frequency standard 0.00 0.07
tal tions _ I I
otal corrections o i . -
- 15 o4 | Total correction (excl. recoil and HFS) only 3.5 o
(excl. recoil & HFS) .
Recoil shift —1176.03 0.00 Recoll shift and hyperfine (HFS) corrections are
HE'S corrections Avypg(Vog gp)  —132985.252 0.007 large, but known extremely well
Total —134159.552 0.49
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Proton radius puzzle resolved

R -10973731568.155 (km™)
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Muonic 25-2P i
2S-4P (MPQ, 2017) F——
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1S-3S (MPQ, 2020)
25-8D (CSU, 2022) -

2S-20/24 (ETHZ, 2024) 1 | . :
2S-6P (MPQ, 2026) I:I

[ 5.50 to CODATA 2014 value ]

g

>

1 1 1
082 0.84 0.86

I
0.88

Proton radius T (fm)

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

with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)
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Proton radius puzzle resolved

R -10973731568.155 (km™)
-02 00 0.2 04 06 08 1.0

H world data 2010 - 400 b—e—
Muonic 25-2P i
25-4P (MPQ, 2017) T F——

15-3S (LKB, 2018

) —
2S-2P (York, 2019) T F—=—
15-3S (MPQ, 2020) e
25-8D (CSU, 2022) i
25-20/24 (ETHZ, 2024) 1 | * 1
25-6P (MPQ, 2026) T ol

4 Agreement with muonic hydrogen
also from 2S-nS transitions,
which contributed significantly to

25-nS (CSU, 2026) @

\ 4

1 1 1
082 0.84 0.86

Proton radius 'p (fm)

\“H world data 2010” and CODATA 2014)

~

I
0.88

“Precision Spectroscopy of 25-nS Transitions in Atomic Hydrogen:
A Determination of the Proton Charge Radius”

R. G. Bullis et al, PRL 136 (2026)

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

with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)
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New “gold standard” of Standard Model tests

Theory with and r, [0.31 ppt]:

R .-10973731568.155 (km™) V2s-6P,QED = 130690248610.79(18)qrp (14),, kHz
0.2 00 02 04 06 08
' ' ' ' - : : V25-6P,QED — V2S8-6P,exp — (,).(,)U(\:)-B) kHz [074 ppt]
Muonic 25-2P - and r, Experiment [0.66 ppt]:
V95-6P,exp = 130690248610.79(48) kHz
4 N\
Most accurate bound-state QED test to date
. J
25-6P (MPQ, 2026) - 1| p \
1 1 1 1 Standard Model testto 7 x 10— 1°
082 084 086 0.8 L )

Proton radius T'p (fm)

“Sub-part-per-trillion test of the Standard Model
with atomic hydrogen”

L. Maisenbacher, V. Wirthl et al, Nature 650 (2026)
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New “gold standard” of Standard Model tests

Physics Today 66 (12), 64-65 (2013) Theory with R, and r, [0.31 ppt]:

The S'I'a nda rd modells V2s-6P,QED = 130690248610.79(18)qrp (14),, kHz
great  friumphs | |
Experiment [0.66 ppt]:

Gerald Gabrielse  and the energy levels in hydrogen V95-6P.exp = 730690248610.79(48) kHz

V2S-6P,QED — V2S8-6P,exp — (][]0(35) kHz [074 ppt]

The standard mod?_lfpredicts the electron 4 A

magnetic moment'to an astonishing _

e KR T S LI G T Most accurate bound-state QED test to date
. J

Gerald Gabrielse is the George Vasmer Leverett Professor of

Physics at Harvard University in Cambridge, Massachusetts. 2 13 R

. _ Standard Model testto 7 x 10~
T he electron is amazing. The hydrogen atom is also amazing. L )

Same precision as the Standard Model
test with the anomalous magnetic
moment of the electron (“g-2°):

= ¢/2 = 1.00115965218059(13)

Unprecedented confrontation of theory and - /,L / /,LB
4 Predicted: /g =-1.001159 65218178 (77)  experiment. (a) Our Penning trap shown here
Measured: pi/p;=-1.00115965218073 (28)  suspended a single electron for the months it

took to measure its magnetic moment p—the

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




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 é g o ?é

2 classes of diagrams

- e ~— > € > >
ete
27-(- Oory'u'
orh™h
N — — N —=—=— —
203 4, "1 28 781
( \ 7n3(1 - e /mmp)3 ((30.’ + (4;m+3ln(2)4ln(n)180
Bound-state QED is different from free QED: ) |n(1+zgs/varJ) = k() +190+(133292m(2>)w+u2cs£<n>)
complementary tests of the Standard Model .
n 2 —i—kiwcx—iu:zln (1—|—rn.—_:/.rnp)
\_ Y, mn3(1 + me/myp)3 ( 15 ' 48 15 a2

2 2
H(2 D)o+ (- B v+ o)

60 2880




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

Theory Free electron QED
Quantity pe/piB = —g/2 V2S-6P
Required Me MX R r. Me
constants Qv from oo, mx’ h SO TP my )
QED prediction to 1.4 x 10~ (discrepancy) 3.6 x 10~13
Prediction from
...Schrddinger 0.5 no correct digits... 73068... kHz 4 digits correct
...Dirac 1.000... 2 digits correct 730691... kHz 5 digits correct
Largest “pure” QED Q/QW — 1.2 % 10—3 1.5 % 10—6
term at the level of
5 “ » 2 5 “3_|Oop”
QED theory up to order of 8 5-loop o~ X
4 N
Measurement accuracy 1.3 x 10713 6.7 x 10~ 13
Theory test to ~ 1.4 x 10712 8 x 1013
_ —7
“Pure” QED part test to ~ 107° 5% 10
\ P Y,

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



Hydrogen-25-6P: which contributions are being tested

Contribution (Hz) Value (Hz) Theory ¢ (Hz) Experiment uncert.:

Dirac 730691 293 379 480 0 490 Hz
" = = Rel. nuclear recoil —340 940 0
Radiative recoil 1540 102

A 1-loop QED
I A self-energy —1071052911 1
vacuum-polarization 26 853 096 0
7 1~ vacuum-pol. 634 0
‘ — T hadronic vacuum-pol. 425 10
{ 2-loop QED —91497 126
V=TT V=== 3oop QED —215 46
Finite nuclear size and polarizability

¢ ‘ x o —138 131 0
| x a’ 14 2
e e = G == 6 —124 53
x a’ <1 0
P SN Nuclear self-energy —5H84 22
Total theory prediction 730690 248 610 787 179

experimental input contributions to the prediction: 138 Hz (r,), 3 Hz (1S-2S), 2 Hz (a), < 1Hz (m,/m,)

Sub-part-per-trillion test of the Standard Model with atomic hydrogen




Hydrogen-25-6P: which contributions are being tested

Contribution (Hz) Value (Hz) Theory ¢ (Hz) Experiment uncert.:
Dirac 730691 293 379 480 0 490 Hz
" " = Rel. nuclear recoil —340940 0
Radiative recoil 1540 102
1-loop QED Approaching level
G A self-energy —1071052911 1
vacuum-polarization 26 853 096 0 of 3'|00p QED
1~ vacuum-pol. 634 0
‘ 1 hadronic vacuum-pol. 425 10
& _ >Toop QED 01407 196 Level of current
N == ) e
3-loop QED —215 146 12-loop QED research
PHYSICAL REVIEW LETTERS 133, 251803 (2024) ey
Eanors Sugestion Wbility
¢ —138 131

Two-Loop Electron Self-Energy for Low Nuclear Charges

V. A. Yerokhin®,” Z. Harman, and C. H. Keitel
N —=—— e | Max Planck Institute for Nuclear Physics, Saupfercheckweg I, D 69117 Heidelberg, Germany

|
AN A CN e 2
+ < <+ S <+ % 4 4 + % <

R N s

4‘~LJ— -&»34-

CODATA theory uncertainty clalmed 180 Hz, but recent
recalculation shifted theory value by ~ 500 Hz (~ 30)

—584

22

+ + AN o T /a}, aﬁl mn

730690 248 610 787

179

experimental input contributions to the prediction: 138 Hz (r,), 3 Hz (1S-2S), 2 Hz (a), < 1Hz (m,/m,)

Sub-part-per-trillion test of the Standard Model with atomic hydrogen



Current and future plans



Deuterium 25-6P vs Hydrogen 25-6P

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

['¢p = 3.9 MHz (natural linewidth)

6P3/2

6P1/2

251/2

151/2

V. Wirthl, PhD Thesis, LMU Munich (2023)

AHF53/2

AHF51/2

0.05gp

0.13Tgp

F

A

. F=1/2

F=3/2
F=1/2

F=3/2

F=1/2

F=3/2
F=1/2

Systematic effect due to unresolved hyperfine
structure different for 25-6P,,, vs 2S-6P,,

=> fine-structure splitting A5 provides a

powerful test for systematic uncertainties
from unresolved transitions

=> successful test in prelim. measurement

Theory: 406034.69(1) kHz
w4 Experiment: 406034.16(1.92) kHz

®

-2 -1 0 1
Deuterium 6P fine-structure splitting Agg
(kHz, 406 034 692 Hz offset)

Sub-part-per-trillion test of the Standard Model with atomic hydrogen



Deuterium-25-6P: measurement campaign in progress

R —

Hydrogen spectroscopy data Deuterium spectroscopy data

Rydberg constant R.. - 10973731568.155 (km~')Rydberg constant R.. - 10973731568.155 (km™")
0.2 00 02 04 06 08 1.0 -0.2 0.0 0.2 04 0.6 0.8 1.0

Correlated avg. - 400 F—— 3 310 —e—

Muonic 25-2P - i
25-4P (MPQ, 2017) F——
15-35 (LKB, 2018) - F——
25-2P (York, 2019) - —=—
15-35 (MPQ, 2020)
25-8D (CSU, 2022) - e
25-20/24 (ETHZ, 2024) -

Deuterium 2S-6P study, uncertainty only:

2S-6P (MPQ, 2026) A [ - —| (blinded test meas.)
B (future feasibility)

| | | | |
082 084 086 0.88 090 092 094 212 2.13 2.14 2.15 2.16 2.17
Proton radius r, (fm) Deuteron radius ry (fm)

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

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




New Physics constraints



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)

V(T) _ ata’ exp(—mxr) where @  |gpge| < 1

r
very weak
electron-proton
Bohr radius mass scale: coupling
a,=0.5A=14keV
Hydrogen spectroscopy Hydrogen spectroscopy probes
tests the Coulomb law = new bosons with masses my < keV
at distances > 0.5 A (Bohr radius) ‘5th force search’, ‘hidden photon’, ‘kinetic mixing’

Sub-part-per-trillion test of the Standard Model with atomic hydrogen




Unique New Physics constraints from hydrogen

Atomic Force Microscopy —

o] \,
R, R Hydrogen spectroscopy
7 Karshenboim PRL 104 (2010)

1074 - T\ Jaeckel, Roy PRD 82 (2010)
— Delaunay et al PRL 130 (2023) LHC
> Potvliege et al., PRA 108 (2023)
)
E 10—7 -
g
=y
=
S ~10
o 10777 1
2
o)
O
5 10713 -
Z.

do
1071
10  10° 10° 107 100° 100 1072 100 1078
New boson interaction range (m)
10°% 1072 10 10° 107 10° 10° 10° 10° 1012

New boson mass 1 x (eV)

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 A
(= new boson search in the keV range),
our 2S-6P result pushes bounds to

relative couplings down to 1013

107 5

—

S
=]
|

10-10

10-11 4

New boson coupling Ig.gp!
=
o
|

1071 4

i preliminary

10_14 - LAY | LELELELELLL | LELELELLLLY | LELELELLLLL | LELELELRLLL | LELELELLLLY | LENLELELRLLL
10°! 10° 10! 102 10° 104 105 10°

New boson mass my (eV)
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Unique New Physics constraints from hydrogen

2S-6P:

tightest constraint for the

keV—scale

1

-

2S-6P

k*- 1 keV

V(r) =

ata’ exp(—m
r

Constraint on g,g,

N\

VS

o

Pl
\
Hydrogen 2S-6P
provides

tightest constraint
for keV-scale

dark photons )

Consistency of Coulomb potential (— R., )

at different length scales

(electron-proton coupling)

——

1078 —

4a, a
_ 10—9 i
%
50
2107
E;
8 10—11_
[
3
8 10—12_
2 1
] i
Z 10713 4
§ preliminary
10_14 LELELILLLLL | LENLELELLLLL | LELELILARLY | LELNLRLLLLY | LELELRLLRLL | LELELRRALY | TrTT
0! 10° 100 102 100 10*  10°

New boson mass my (eV)

10°

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)
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Planned future:
Improved New physics constraints

. /\D MCQST START Fellowship Junior Research Group
M CQST Vitaly Wirthl



Unique New Physics constraints from hydrogen

2S-6P: Our planned higher 2S-nP Constraint on g.g
tightest constraint for the measurements improve bounds ot
’ electron-proton couplin
keV-scale but not much ( P Pling)

1

1077 —
/ \ preliminary
& 107 -
&0
VS 50
£
% 10—11 -
S
c
2S-6P 1S-2S 25- % 10-13 -
O
~15 |
k~ 1 keV ~4 kev/ ~ 1 keV 10 25-10P, 7x10~13 — 25-6P,7x10~13
1072 100 102 10* 10°

New boson mass my (eV)

Consistency of Coulomb potential (— R., )
at different length scales
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Circular Rydberg spectroscopy for improved New Physics constraints

2S-6P:

tightest constraint for the
keV—-scale

1

Circular Rydberg transitions:

constraints with
widest mass range

-~

2S-6P

KQ— 1 keV

VS

2

1
)

N\

circular Rydberg
n~12 ... 30

~ 150 ... 1000 a,

~4 ...30eV /

Consistency of Coulomb potential (— R., )
at different length scales

...essentially free from nuclear and QED effets,
robust theory, suppressed cross-damping
U. Jentschura and D. Yost PRA 108 (2023)

possible future bound

107 5

—

<
=]
|

10-10

New boson coupling Ig.gp!
—_ —_
S S
S =
| |

1071 4

10714 +—

10°!  10° 10! 102 100 10* 105 10°

New boson mass my (eV)
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Circular Rydberg spectroscopy for improved New Physics constraints

2S-6P: Circular Rydberg transitions:
tightest constraint for the constraints with
keV—scale widest mass range

only a single 25-year-old

-

2S-6P

k*- 1 keV

T T /-A preliminary result exists

2

VS

1S-2S circular Rydberg
n~12 ... 30
~ Qg ~ 150 ... 1000 a,

Qki\// ~4 ...30eV /

Consistency of Coulomb potential (— R., )

at different length scales

\]. De Vries, PhD thesis MIT (2001)
..paper not published, uncertainty unreliable

107° 5

—
<
=]

10—10 _; \

New boson coupling Ig.gp!
—_ —_
S S
S =
| |

10—13 _; N -

10_14 - LAY | LAY | LR | R | LELELRRLLL | LR | rrrrTh
10-t 10 100 102 10° 10* 10° 10°
New boson mass my (eV)
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Why-has prior work remained incomplete?

Prior work: J. De Vries, PhD thesis MIT (2001)
Why prior work remained incomplete?

4 )
Systematic uncertainty limited by W&
dipole-dipole interactions — —
-> increases with density, scales as n*

\_ J

& Pulsed production of circ. Rydberg atoms A

- high peak density + low statistics
| - _—

No suitable laser—based THz sources available
-> single electronic source for ~ 300 GHz
- forced to probe very high n=27..30 states

im| =0 -+ 26 27 28 29
i 256 GHz
—|n=29
p
_\/ ]
4
366nm transfer to ’

—i—|2p> circular states

121nm pulsed excitation
: | to short-lived 2P state

5 - 18>

80K atomic beam

Sub-part-per-trillion test of the Standard Model with atomic hydrogen




R —

Future reliable and versatile circular Rydberg spectrometer

This work: reliable and versatile
circular Rydberg spectrometer

g

Suppress and characterize R .\
dipole-dipole interactions ~ ~
-> up to 10° lower density
. lower N = vary n )
Continuous production of circ. Rydberg atoms
= |ow density + high statistics
J

Exploit novel laser—based THz sources
=> single compact system for 0...3 THz

-> flexible to probe all n =12 ... circular states

0..3THz
@ =12 =
P
o
366__375an transfer to o
— 2> circular states

continuous excitation
243nm T to metastable 2S state [ \

building upon success
. of 25-6P experiment

») — |1S> | |
L. Maisenbacher, V. Wirthl et al

. Nature 650 (2026
atomic beam ( )
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Leveraging cutting-edge THz technology

Novel THz technology based on photomixers

Laser—based cw THz precision spectroscopy and frequency-comb locked lasers

- demonstrate sub-Hz narrow THz radiation

. . I |
=> probe circular Rydberg state transitions Lowest phase noise of any cw THz source!

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

Krause et al, Nat. Comm 16 (2025)
InGaAs  lens

) fiber splitter photomixer
[ Laser 1 ] /—-\ & antenna
=
i ire Toptica TeraScan1550 system

Frequency comb » 2 lasers + fiber combiner + THz mixer/antenna

& GPS-referenced maser « THz radiation : DC ... 3 THz
* linewidth (comb-locked lasers): <1 Hz

MPQ infrastructure

Sub-part-per-trillion test of the Standard Model with atomic hydrogen




Circular Rydberg state spectroscopy: proposed experimental setup

MW + E-Field selective field
gradient loniziation m|=0 1 ---
igj:;n Sronm
—
A\’ I 1 . M A
sﬁé@ N oY | ;T.+- oYl el ‘+T ) - |19circ>
€ Ut -
L — — / .
. . \\E \\'\ 370nm T |19P>
|2S> |19P> |19circ>  [19circ> \ \ .
N(19circ) T|28>
hopper | am thankful for any comments and discussions,
Stops 13 and open to collaboration!
{  CEMcounts . .
Time-resolved signal: E 2 15>
study systematic =
uncertainties 5 .
0p)

0 I I I 1 I 1
—-3000 -2000 -1000 0 1000 2000 3000

Delay time to trigger (us)
Sewanwe] | .
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