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. Molecular hydrogen ions: a platform for fundamental physics

The link between atomic hydrogen spectroscopy
and magnetic resonance & mass spectroscopy in Penning traps

Laser - Mass spectrometry
spectroscopy of & magnetic resonance

hydrogen-like atoms of simple systems

and ions
- D% ,HD*, Tf, HT*, DT+ i
"@ - electron-baryon mass ratio
- Rydberg constant
- Nuclear radii
- Rydberg constant R. Pohl's - QED K. Blaum's  _ pgrticle masses
- Nuclear radii talk - BSM lepton-baryon interaction talk - g-factors
-QED - BSM baryon-baryon interaction - Nuclear radii
- BSM lepton-baryon interaction - CPT invariance test - QED
- CPT Invariance test - Lorentz invariance test - CPT invariance test

- Lorentz invariance test
- BSM lepton-barvon int.

Experiments: Minchen, Paris, Villigen, Experiments: Dusseldorf, Paris, Experiments: Heidelberg, Mainz, Stockholm,
Toronto, Zirich, Fort Collins, Mainz, CERN, ... - Amsterdam, Zirich, Heidelberg, Wuhan CERN, Evanston, Tallahassee, Argonne,...



. The simplest molecule Schiller, Contemp. Phys. 63, 247 (2022)

= Arich rovibrational level spectrum
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B | Abinitio theory

®  Accurate computation of f;p,

Numerical solution of the three-body 0.46! ‘
Schradinger equation e
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B | Ab initio theory H,* vibrational transition v = 1 - v’ = 3

. Order Value (kHz
®  Accurate computation of f;p, (kH2)
Numerical solution of the three-body a? 124 485 554 550.71 | Eigenenergy of 3-body Schrédinger equation
Schrodinger equation at 2 002 698.73 | Relativistic correct. in Breit-Pauli approx.; finite-size nuclei
QED corrections o5 -521 34553 | Leading-order radiative corrections (e.g. leading-order
Corrections from Lamb shift, anomalous magnetic moment of electron)
finite size of nuclei: 5_f ~ 2 % 109 ab -3 689.05 |1-loop, 2-loop radiative corrections, more relativ. correct.
f 7 298 67 Radiative corrections up to 3-loop diagrams,
) a . Wichmann-Kroll contrib.
" InpUt parameters are. o8 -1.62 Higher-order radiative corrections (1-loop self-energy,
mass ratios myyc1/me ) 2-loop radiative)
R other 0.54 | Muon and hadron vacuum polarization
[ee)
nuclear charge radii 1, Total: 124 487 032 442.5 kHz uncertainty: 1.0 kHz [ 8x10-12]
. . . o B B
Experimental determinations of f,;;, = -0.56¢ || / ‘ Ro
challenge QED calculations E '| ‘ h fyib
|
; -0.58¢ ', 2
Trust QED calculations — /
Fit Myycl/Me; Roos Thucl _060l Il'g _J_,-"';V: 0
to reproduce experimental f,;p ' ~
0 2 4 6 8 10 12

Theory development:
V. Korobov et al., J.-Ph. Karr et al., Z.-X. Zhong et al.
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B | Ab initio theory H,* vibrational transition v = 1 - v’ = 3

. Order Value (kHz
®  Accurate computation of f;p, (kHz)
2 : . .
Numerical solution of the three-body a 124 485 554 550.71 | Eigenenergy of 3-body Schrédinger equation
Schrodinger equation at 2 002 698.73 | Relativistic correct. in Breit-Pauli approx.; finite-size nuclei
QED corrections o5 —521 345 53 | Leading-order radiative corrections (e.g. leading-order
. ) Lamb shift, anomalous magnetic moment of electron)
Corrections from p 3 689.05 |1-00p, 2. St " - "
. i .5 _ a - . -loop, 2-loop radiative corrections, more relativ. correct.
finite size of nuclei: &£ ~ 2 x 10~° o ) .
f D .* 4 4 s I | ‘*
[ ] Input parameters are: g-factor of the free electron
mass ratios mpyc/me Experimental gfactor 5 _ ) CRo | R | Mgy Mp M spectroscopy
R (Penning-trap ESR) a=| = 2 — and QED
© & QED C% |MRp| Mp |Me
nuclear charge radii Thucl Spectroscopy Atom Mass
of H, pH and interfe- spectrometry
QED rometry I (Penning_lrap) _

Experimental determinations of f,;;,

Cha"enge QED calculations g-factor of the bound electron in H-like ions

Fit mnuc(lj/mea Re, Thucl | : Veyel/ion| € [Mton||™Mp ang QED
to reproduce experimental f,; : : i
P P Fuib see also Klaus Blaum’s talk Electron-spin Mass
resonance spectrometry
Theory development: | inPenningtrap | | (Penning trap)
V. Korobov et al., J.-Ph. Karr et al., Z.-X. S. Alighanbari et al, Nature 664, 69 (2025)

|| schilleretal, IcAP 20, wuhan hhu.de



B Method I: trapped and sympathetically cooled MHI ensembles

Roth et al. PRA 74, 040501 (2006)
» A Coulomb cluster of few-103 laser-cooled Be* ions
» Simultaneous trapping of » 100 MHI
* MHI cluster temperature: few mK

» Destructive spectroscopy:
dissociation of MHI from upper spectroscopy level

* Measure MHI number reduction by axial-motion excitation
— spectroscopy signal

Spectroscopy ‘

non-vibrating vibrating photodissociation

wave S
(Terahertz or optical) o -
h/eb oy
e

SR
Method also employed in:

ol
Amsterdam (HD*), Paris (H,*), Wuhan (HD*)

- Schiller et al, ICAP 29, Wuhan hhu.de




B Method Il: trapped and sympathetically cooled single MHI

ETH Zirich: see poster Mon-027, He et al.

=  Quantum-logic spectroscopy
=  Cryogenic trap

Own work:
Wellers, C. et al. Mol. Phys. e2001599 (2021)
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Raman and r.f. transitions between hyperfine states observed
* Narrow linewidths (4 kHz, ~ 1 Hz)
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N. Schwegler et al., PRL 131, 133003 (2023)
D. Holzapfel et al., PRX 15, 031009 (2025)
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B Method llI: trapped and resistively cooled MHI Konig et al, PRL 154, 163001 (2025)

ions from beamline

See also Klaus Blaum'’s talk

a ALPHATRAP*
—— Axial potential - - : 4 T magnet

—— Magnetic field lines

4 K cryostat -

e ———

= jon temperature (axial mode) ~ 6 K

-

~2m

1. Nondestructive detection of electron spin state

(Continuous Stern-Gerlach effect): .
Magnetic ,bottle”: Ezeeman(2) = —tpJe pounaMs(Bo + B22%) I ) J
1 [9%V 5 2. State identification/preparation 4‘-‘" e
Eion(2) = 21 (0?> 2"+ Ezeeman(2) Electron-spin flip frequency is state-specific:
Axial oscillation frequency: * Gepound = Jepouna(V,N)
- depends on spin orientation M *  HFS=HFS(v,N,M,, My, M)

- is measured without disturbing the internal state .
Sturm et al.

EPJ Spec. Top.
= Single ion with well-defined axial mode — optical spectroscopy with resolved carrier 227, 1425 (2019)

|| schilleretal, icAP 20, wuhan hhu.de



. Overview of high-precision experimental studies

A HD+ A H;’
v=16|= — ——— —
v=13|— lon-cluster — ——
_ — 1-photon -
v=10 — Doppler-free — —7—
=7 |— (HHU — —— lon-cluster
V=7 ( ) 2-photon lon-cluster
- 13 4
v::ji /]Z Doppler-free 1-photon E2
=13 : (VUA) 3 s —— Doppler-free
=2 A | /[ S
=] 2 .
=0 7‘4 1] v=0| —— & —
N

=0 1 2 3

ESR on single ion

(MPI-K, HHU, et al.) [6] RF-QLS on

vibrational on single ion

(MPI-K, HHU, et al., in prep.)

lon-cluster HFS (HHU, in prep.)

[1] Alighanbari, et al. Nature 581, 152 (2020).

[3] Alighanbari, et al. Nat. Phys 19, 1263 (2023).

[4] Schenkel, et al. Nat. Phys. 20 (2024).

Schiller et al, ICAP 29, Wuhan

single ion (ETHZ) [8]

[6] Patra, et al. Science 369, 1238 (2020).
[6] Konig, et al. PRL 136 (2026)

[7] Alighanbari, et al. Nature 644, 69 (2025).
[8] Holzapfel, et al. PRX 15, 031009 (2025).

hhu.de




. HD" rovibrational spectroscopy: determination of p,;/m,

Determination of a combination of two fundamental constants: m,/u,; = % + Z—Z
p

A

v=16

v=13

v=10 — e HD*: f5

=7 —+ | —

y=5 2 1 —— HD*: f

=g / i ———— HD":fy

v=3 /

zz% 7&_ - :: — Penning traps

v=0 |-£ : — o CODATA 2018
N=0 N=1 N=2 N=3 -10 -5 0 5 10

pime

(1 Me)copatazots

Linewidths of rovibr. transition: as low as 2x10-'2
Systematic shifts are determined
Experimental uncertainty 2.3x10712

HFS theory invoked to find £{&%9

vib

Schiller et al, ICAP 29, Wuhan

-1 (107"

Results included in
CODATA 2022
compilation

See Klaus Blaum's talk

hhu.de



. Spectroscopy of H,* S. Alighanbari et al, Nature 664, 69 (2025)

= Choose para-H,* — very simple HFS

Energy (eV) V=3, N=2)
\ | B=7.14 4T
1.4 tv=6 me
. — N
1.21 v=5 ——— - . — 2|
HZ 2 —+— 3l Spin-rotation
0.99 {v=4 @  — interaction
B ——————— -
BB | Hen W)
0.77 qv=3 4 o 14— 12 :[:
F'=3/2 _ 32 + 1
2.4 um &
0.53 qv=2 m:—-—.——\_
./1*13/2 . Non-negligible
027 dv=1 ol . I 3 Zeeman shifts
F=1/2 ap L&
0. qv=0 (v=1,N=0)
N=0 N =1 N=2

Rotational quantum number
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. RGSUlt S. Alighanbari et al, Nature 664, 69 (2025)

Experiment and theory comparison

] fuw (kH2) -K
Experiment 124 487 032 442.73 (0.95)¢,, 34 730.18 (10)

Hspin =ce(N - s;)
Theory* 124 487 032 442.5 (1.0)0e0(0.96)coparnzs 34 730.25 (12)

Expt. - theory 0.19 (1.6),, -0.07(15) ~mmmmp Agreement!

» QED contributions ,measured” to 2x10-°

Proton-electron mass ratio » proton charge radius ,measured to 1%

| mm

This work: experiment and theory of HJ 1836.152 673 414 (47) [ 2.6x10"]

|
CODATA 2018: incl. g-factor, experiment and theory ~ 1836.152 673 43 (11) Agreement!
CODATA 2022: incl. g-factor & HD* spectroscopy 1836.152 673 426 (32)

*Korobov and Karr, PRA 104, 032806 (2021)
Haidar, et al. PRA 106, 022816 (2022)

|| schilleretal, IcAP 29, wuhan hhu.de



. Hyperfine structure in HD*

B HFS is more complex that in hydrogen atom ® |n rovibrational transitions studied so far,
HFS of lower and upper level are probed
simultaneously

Pmton ®m 5 Study HFS in a single level;
Choose N = 0 as simplest case
A

’

v=16

electron

-——\u

Il
i

HD*

deuteron

®  Ab initio calculation is possible*

V=3
— HFS theory input is (sometimes) v=4
essential for allowing to extract £.(*" v=>3
=2
v=1
. . v=0 |-® ~
®  Opportunity to search for spin-dependent BSM forces
N = \ 1 2 3
*Bakalov et al PRL 97, 243001 (2006)
Korobov et al PRA 74, 040502(R) (2006) Hyps(v = 0,N = 0) = h&€4(0,0)I,, - s, + h&5(0,0)1, - s,
Korobov and Karr, PRA 104, 032806 (2021) + h&€10(0,0)1,,

Haidar, et al. PRA 106, 022816 (2022)
|| schilleretal, IcAP 20, wuhan hhu.de




B Hyperfine and magnetic structure via ESR in a Penning trap

spemmm==g

290 MHz

+]
0

1/2 = - by

,\" 44 MHz

o

electron

My, =+1/2
proton /
deuteron

Kénig et al, PRL 136, 143002 (2026)

' IO X ' 1

EO 4l Vi Avgy, o stat %
% | f~110GHz =
2 0.3} 73
o SFIf ~4x10° | 5
Q0.2t +  ® Whole measurement
2 %] campaign used
= 0.1r § only 8 ions
£ O
9 O o ——rn |0 P

-500 0 500

Detuning from fitted line center (Hz)

not accessible to us

HHps(v = O,N = 0) = hg4lp * S, + h'gSId * S, + hglOIp : Id

| 00K £5(00) (K2

Expt. 925395.758(39stat(11)gys 142 287.821(20)1ac(8)sys  —2.002 278 540 96(18)stat(35)5¥5
[2.0x10-10]
Theory 925 394.16(86) 142 287.556(84) ~2.002278540 70(10) 5 4115

Difference +190 +310 +050

To be compared with upcoming results from RF traps

|| schilleretal, icAP 20, wuhan hhu.de



. Laser vibrational spectroscopy of HD* in a Penning trap

Principle: 0.8 g X MR X X [1
> foir = 260 THZ/\ Preliminary | o ™ Measured8
> 10 - = ‘ = non-particle-spin-flip
(1] *s o) 0.6 . "
g A © = optical transitions
7 08 © i
S — Jooms o 04 £  ®  Systematic unc.
e 0.6 & ., a 0n <1x 10—13
2 5 4 = © Uy
- o, o s0ms, £ 0.2 O
s 04 . & @ i
& . _—, ®  Whole campaign
o —_— 4 4 50ms %, .
& 02 y F50ms*, s " 0 , ] YAPE® | 0 used 1 (!) ion
T sy Los, A 7 8 9 10
g 0.0 _J'isl'_"ss B S Laser detuning (kHz) i
N=2 N=3 N=4 N=5 N=6 ‘ e Pre||m|nary—.—
—_—l—
1.  After long irradiation, molecule may end up s C . fo
in the bottleneck level (v = 0,N = 1) ofoggﬁriﬁg fy
2. Electron-spin flip pulse is applied for this level ab initid theoretical * £
3. Molecule decays back to initial level (v = 0,N = 0) hyperfine +
4. Electron-spin state is measured magnetic structure
. . . P | T fe
®  First ultra-high-resolution optical spectroscopy | WUNN SS—
of a non-laser-coolable ion in a Penning tra scale
g trap Sf/f = 1x1012 ——
®  General method > o . o T
-1.0 -05 0.0 05 1.0

|| schilleretal, icAP 20, wuhan FOP) o ang©™ = AF) (kHzZ) B



. Bounds on nuclear BSM interaction from HD* spectroscopy

B Transition frequencies are a function
of the interparticle interactions

B Hypothetical interaction between nuclei

If expt. and theory prediction match

—R/A
_0.46 ‘ Vosns (R) = 28
BSM = o e~
_0.48 | R/(1A)
mn |
o |
:i:% ~050 | 121/14 —
T -0s2p OFE), 18 %
d fr
=
g0 L_w h (f vib +6f Vlb)
G
w —0.56 \
e l‘l /’ ’
-0.58 7 2
a
~0.60 (VAR
0 2 4 6 8 0 12

Internuclear separation R (ap)

— bounds on strength

Schiller et al, ICAP 29, Wuhan

n = (Uxn (R Vesu (R) [Yx n(R))

Bounds to strength of a BSM interaction
between proton and deuteron

Range of Yukawa-type interaction, A (107°

©

q.) L) T . (XY T T T ]
.E 100 | \;\\ Earlier/other experiments*
% N, v

R . “‘;.\_

2, 10 Excluded
o - T
Al 1 7 5 2= \ R ST E
E f = fo \ ------------- wewow. B R e i S R T
- [ antiprotonic He

S 0.100} fi =
g [k = ;
m -

c o0otof —

B F — Rs o

g 0001k ESA (hF6)

E o1 0.2 0.5 1 2

m)

Weak bounds @ 25 pm: spurious
cancellation of sensitivity 6E,, — E,» = 0

*Koelemeij et al, PRL 98, 173002 (2007)
Bressel et al, PRL 108, 183003 (2012)
Biesheuvel et al., Nat. Comm. 7, 10385 (2016)
Hori et al., Nature 475, 484 (2011)

hhu.de

Other BSM forces?
Must apply framework for bounding
BSM forces in a consistent way

Delaunay et al. Phys. Rev. Lett. 130, 121801 (2023)




B Perspectives

Increase accuracy
of exptl. vibrational

frequencies by
3 orders

H
Develop spectroscopy techniques
for ultra-high accuracy

Spectroscopy of
new species:
DI, TS, HT™

Dehmelt (1995)

Myers (2018)

Zammit et al. (2019,-25),
Taylor et al. (2024),
Shore (2025, 2026),
Vargas (2025)

Improve Towards a CPT
Fundamental constants invariance test
& bounds on BSM forces Hf vs. H;

 Reduce m,/m,, m,/mg4, m./m, uncertainties by 100 x « Penning trap: us)-r(A 7))
’ f

« Obtain r,, r; from electronic systems only - - . Complete test of CPTI:
— lepton universality test
* Reduce uncertainty of r; by 200 x — Test of nuclear theory

~ 10717 realistic

baryon properties, lepton properties
baryon-baryon & baryon-lepton interaction

Karr et al., PRA 112, 022809 (2025) Schiller et al., arXiv:2605.16585

|| schilleretal, IcAP 20, wuhan hhu.de



