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° is the
most precise and experimentally verified
theory in physics. Its predictions for simple SCATTERING

atomic systems, especially hydrogen, reach
astonishing accuracy.

e But for , the perturbation series
in (aZ) becomes unreliable.

e Tests are required to evaluate
to the transition energies

° can be used to such
scope due to enhanced interaction among
particles
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BSQED contributions with the MCDF code

Ab Initio Input MCDF Framework Output Quantities
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How to Tests Bound State QED?

W Experimental accuracy
[ 2e radiative QED

W 1e 2-loop QED

[ 1e 1-loop QED

[0 2e non-radiative QED

[ 2e Breit approximation
= [ Dirac equation

S
Aol

. . . . .
10" 100 10 102 108 104
Absolute value (eV)

Laser: High power lasers reach very intense fields suitable for strong field studies.

e Highly Charged lons: Few electron high-Z ions generate extreme electric fields while
keeping a simple atomic structure (H-like, He-like, Li-like)

e Exotic Atoms: Atoms where an electron is replaced by a heavier particle such as a muon,
pion, kaon, or antiproton providing clean systems for precision QED tests.
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Can BSQED tests be made with Kaonic Atoms?

/
Among different exotic particles Kaons provide some
advantages:
e Larger reduced mass than muons and pions, leading to
stronger QED effects
e Spin zero, so no hyperfine splitting as in muonic or
antiprotonic atoms

"

Remaining limitation:
e The current uncertainty on the kaon mass still affects the
predicted transition energies

Particle

Antiproton

Kaon

Pion

Muon

200 400 600 800
Mass (MeV/c?)

WEIGHTED AVERAGE
493.677:0.013 (Error scaled by 2.4)
Values above of weighted average, error,
and scale factor are based upon the data i

are not neces-

s,

istrained fit
ts of other (related)
al information.

utilizing measuremen
quantities as addition:

2

X
—+ DENISOV 91 CNTR 7.7
GALL 88 CNTR 136

LUM 81 CNTR
BARKOV 79 EMUL 041
CHENG 75 CNTR 1.0
BACKENSTO...73  CNTR __0.1

22.4
(Confidence Level = 0.0002)
]

1 L !
49355 4936 493.65 4937 493.75 4938 493.85

myes (MeV)
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Kaonic Atoms with SIDDHARTA-2 in DA®NE at LNF

1
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High Precision X-ray Spectroscopy in KNe

x2/ndf=1.30 KNe76
JLdt=150pb1

—— KNe76
—— KNe87
—— KNe98
—— Background
KC54 —— Total Fit
2 + Data

104':

KNe87

10°
E KNe108

Counts / 40 eV

Pull

Energy [keV]

F Sgaramella, et al., Physics Letters B, 139492
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MCDF Calculations to Reveal the Cascade Mechanism in KNe

e Qualitative trends in kaonic X-ray Yields can be explained by the interplay between Radiative
and Auger decay rates
— X-ray emission dominates for n<10
e Quantitative predictions require accurate Cascade Calculations

104 E 104 10%
1o? Srohilat e  Wooroue ros B Burbidge, G.R.,
ircurias 5 z de Borde, AH.,
— 10 3 g 'g 10 1953. Phys Reuv.
ol 89, 189-193.
F'o ? 10~2
n.a_)l 100 ;'- nnnnn 12 3 45 Bn7 8 9 10 11 12 13
© i
o 101
F apz* ‘ 2
102 #2 Sadaye L e 14 = /13 a’ ‘Rii?.lm‘ (AE;)?
- e Auger 3 , [ ( ; )]
10—3 1 1 1 i i 1 1 1 1 1 1 A 32 Z&' T l ! 2 U2 exp |y 4dtan— y—7
123 456 7 8 910111213 T} v = — | — ——’R"; ‘ —
1, l—n’, l£1 3 ( 7 ) /12 9f 41 n',l+1 1t yz sinh(wy)

Ninit
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Kaonic Atoms for Bound-State QED Studies?

Wi (exp.) (stat.) (sys.) (calc.) (QED) (QED1) (QED2)
Transition E;; OFE;; O0E;; E;; E;f E;f E;;
91-8k 4206.97 3.43 2.00 4201.45 2.09 2.07 0.02

[ 8k-7i 6130.57  0.65 1.50  6130.31 _ 5.09 5.05 0.04 |
[ 7i-6h 9450.23 0.37 1.50 9450.28 12.66 12.56 0.10 ]
6h-5g® 15673.30 0.52 9.00 15685.39  32.75 32.51 0.24
102 ) o
e QED Contributions exceed experimental oo B}
. . 10" 4 (<] o -
uncertainties (~8o for the 7-6) S 02 Ji
agn . . . g (<) = 7i»eh8:Z;gglzh8k.sg
e Many transitions lie in the sub-eV ROI, enabling 0y Tee o o aEore
- - (] ° o o ED 2n
Precision BSQED Tests. P e St HO
102 2@ LA ;
10° 10* 105 106

Transition Energy [eV]
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Kaonic Atoms for Bound-State QED Studies? Yes!

e Evaluation of Electronic Screening effects and Uncertainty on the Kaon Mass (~13 keV) on the
observed lines in comparison to the size of QED contributions

e Both Effects are Small (< 0.5 eV) relative to the QED contributions and, moreover, electronic
screening is negligible for the considered transitions.

SMERS
25 : 1.0
— Kaon 9l
20 H : —— Kaon 8k 0.8
— — Kaon 7i
fé 154 ) ‘ —— Kaon 6h _
? . —— Kaon 5g 3 081
< : —— Elec. 1s e
" ’/\ Z
0.2 1
: o KNe6h-5g -» K2°Ne 8j-7i
0.0 T T o KONe7i-6h o K2'Ne 9k-§j
1078 1072 107" 10° 0.0 4 : H : :
rlau] 0 10 20 30 40 50
. . . M- [keV]
Kaon WFs are well inside the 1s electron orbit
-> Neon Fully lonized! Article Accepted by PRA! (arXiv:2508.08161)
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Fundamental Physics: Kaon Mass determination & BSM Physics

e Transitions with Sub-eV Statistical Precision already
provide a Statistical Uncertainty of ~18 keV on the
Kaon Mass.

e M- Skt S MY
Transition MeV] (keV] (keV]
7i-6h 493.674 19 78
8k-Ti 493.699 52 121
7i-6h + 8k-Ti 493.677 ( 18 ) 66

e Exclusion Limits can be set on hypothetical particles
with Yukawa-type couplings using these transitions.

[ Stat. 1 Syst.

SIDDHARTA-2 - :

DENISOV 91 | e
GALL 88 ——i i

BACKENSTOSS 73 l—i—o—c

CHENG 75 - .—o—i

BARKOV 79 »—o—i—c

LUM 81 n—o—i—c
-100 —éo (I) 5|0 100

Kaon Mass - PDG [keV/c?]

— 77 UNIT --- K" ®NelT
- p®Ne 1T — p™Pb 2T
— 7®Ne 1T --- 2Xe 2T
a
1 10 102 103 10* 10
me[keV]

constrain uds-scalar [arXiv:2502.03537]
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How Strong Must a Field Be for Strong Field QED?

e Search to study effects of QED in strong fields beyond the Schwinger limit
e Limit defined where the Spontaneous e*- e~ Pair Production occurs below

threshold
energy 1 energy“
Electric field m2e3
. \m — E.= — ~1.32x 108V /m
o 5\ geh
% 2 » =

E
P (- o

Above Ec~ Dielectric Breakdown - Observed in Graphene
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Schwinger limit with Exotic Atoms

e Interest in Studying QED in Strong Fields with Exotic Atoms (e.g., Antiprotons with
PAX@CERN, Muons at J-PARC)

e Search for Transitions where the Electric Field experienced by the Exotic Particle
Exceeds the Schwinger Limit E_

— ,  NNe A Kr Xe PP U
£ 10%g T T T T T T T
= E = 10f ; — TES 1
>, 102k S e e L -
E : -+« Ge: Roberson, 1977
% é_ | ——n=2  Muonic 1 —— Calibration: ¥'Co ~
= 107 ——|:  atom oa 1
o c i
= E — -
O | 3 06k
(0] — e
© - 3
— 2 :
< 3 1
£ n=1] § 0s | .
qh) E i H
— i %
=S i E
0.2 i 1
,,,,,,,, 0.0 PRl NN WA N l
= ‘9'0 122 124 126 128 130 132 134 136

Energy [keV]
Atomic number Z
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<R
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Schwinger limit with Kaonic Fluorine

KF 6h-5g —e—i g :;Z‘t
e For KF, the 5g-4f, 6h-4f and 4f—3d the Average Orbital Electric — LE i Tou

Field approaches the Schwinger limit (a First in Exotic Atoms!) |

KF 5g-4f

e Significant BSQED contribution due to the Nonlinear e
Dependence of VP Diagrams on the Electric Field Strength (~9c "™
for 5g-4f with only 22.4 pb™' ~ 2 days) a0

-60 —1I10 —2‘0 6 2‘0 4‘0 60
Residuals [eV]
KF
1021
= =
g. KFg_s KFs_4
300 —
< C
102 4 % &
E 5 250
= C KCs.,
= 3
° 10 4 200
iL - s,
o oA
£ BiL, AgK,
ﬁ LU | > dmimnts Do R R o B e e o AR T 50— H AgK
= Schwinger Limit ] 9K
<3 ;
] i/
= 100 'I.v‘ i KF77$ KFK?S
107 — 15 — 4 WLJ [ TR ; ‘e
/4 | !
= Rl [ 43
2 — 5 SO :"'Tﬁ“fjﬁm/\ur- phl A ’;A o w f j\
LGN BACNL L Lt b ] b TN g
— 3 —¢6h ) ! f\ i L
106 T T T T T r / A \ JAW\N A (AN
1 3 5 7 9 1 13 15 17 ‘R)OOO 15000 20000 25000 30000 35000 40000 45000 50000

Atomic number Z Efev]
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1.1 - High Precision Kaonic Neon Measurement

. : 1.2 - Light kaonic atoms (LHKA)
To extract the negatively charged kaon mass with

a precision < 10 keV

— solid target Li, Be, B
— integration of 1mm SDD

EXtenSive 1 Stat. =1 Sysil. 1 EXKALIBUR

Kaonic SIDDHARTA-2 - ===y
DENISOV 91 | e

Atoms research: from EX KALI B U R caLL e | —

L Ithium and el

Bery"lum to BARKOV 79 .—.-i—

. LUM 81 »—o—:—t
URanium 100 -50 0 50 100

Kaon Mass - PDG [keV/c?]

Intermediate kaonic atoms (IMKA)

we plan dedicated runs for kaonic atoms (O, A/, S) with
- 200 -300 pb™' of integrated luminosity/target
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BUIIdIng a (Strange) Periodic Table of Kaonic Atoms 'l‘PLI

Dr. Magdalena
Skurzok

Awarded 500,000 Core-Hours on the
Helios Supercomputer (PLGrid) to build
a Kaonic Atoms Database (KaonDB)

e Cascade Workflow O1:
KH-KU, ~12M transitions

[ Kaonic Atoms from KH to KU ]

92 Elements

7

(

s

[ Abundance > 1% + KD, K*He ]

241 Isotopes

L

1keV<Eif<1MeV?]

N\

Machine Learning (03)

+ Experimentally known Kaonic Atoms
(KH, KD, K*He, K*He, KB, KC, KN, KO, KF, KNe,KAI, KSi,
« Neural networks and Gaussian

« Fast Surrogate Models to be used

« Inference of theoretical parameters and

SGRIDJ

(Grant no.
PLG/2025/018524)

Ba, KPb, KU)

Processes as surrogates

in Likelihood Evaluations

uncertainties from Experimental Data

e Properties Workflow O2:
Observable and Detectable "
e Machine Learning O3:
Inference from Experiments
e Deliver an Online-Accessible >
Database (FAIR principles) kaondb
3rd December 2025 Simone Manti 21/25
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WORKFLOW 1: Calculating the cascade for all Kaonic Atoms

[ Kaonic Atoms from KH to KU ]

92 Elements
4 N\

fance > 1% + KD, K'He ]

241 Isotopes

12M Transitions

ECIS
E,—.—,
|

=)

Time / (Transition-Core) [s]

=== Mean Time
— Fit
@ Benchmark data

o N & o o

Cascade Workflow (O1) 10°

20 40 60 80 KLi KNe KAr KKr KXe KW KPb KU
Atomic Number Z Kaonic Atom
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WORKFLOW 2: Screening for Observable and Detectable Transitions

e N 08 2 @ ~ @ 0
:[ 1keV<Eu<1MeV’?]
c 06
2
H
4 o 0.4
10 2 I\
circular ; 0.2
o oira \j \/\/ \/\ / K
circular
— 102 0.0 L4 1 I AN = \
T 4 6 8 10 12 14 16 18
(%) Energy [keV]
q 10'E
o
= 100 L Yields njpt=20
% - ofofofofofofoflofofofo
o {0-1E ~ ofofofofofofoflofofofo 50
- 34fofofofofofofo]o]|o]o
102 e Radiative
¥ | ke - 017 ofofofofofofofofo 0
103 I A A - e w 006 | 5.1 ofofofofofofo]fo
123 456 7 8 910111218 N e 002 17 | 55 ofofofofo]o]o oE
i )
Ninit ~ 001| 1 | 22|43 ofofofo]ofo £
© 002[085| 13| 2 [a1 |15 0o | o]0 |o]o
20
P 0 |os| 1 | 13|16 |22]|e8| 0|0 |0]o0
apz* 2
Ff.l—mhlil = s “3 R:.Lf_l[i1| (AEif)3 e 002 (044 |074| 1 |oB9[13 (15|63 0 | 0| 0
Properties Workflow (02) ” 32 (7. 2 o 1 ’ 9 y2 exp [1/(4tan*1y—7r)] - 002039 07 [076[ 065|081 | 11 [12]43] o | 0 o
= e n, ! z ?
Lo tsn, 11 = 3 (7) /1._221_+1 |Rn’,ltl| WW o 001027033 | 045 | 0.48 | 057 | 067 | 055 [084| 27 [ 0
2 3 4 5 6 7 8 9 10 n 12 -0
N
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[ Kaonic Atoms from KH to KU ]

:[ 1keV~<’E1f<1M'eV?]

92 Elements

Y

(—( Machine Learning (03) H

« Experimentally known Kaonic Atoms
(KH, KD, K®He, K*He, KB, KC, KN, KO, KF, KNe,KAI, KSi,
KCa, KTi, KFe, KCu, KZr, KSn, KBa, KPb, KU)

[ Abundance > 1% + KD, K®*He ]

Observable Lines

241 Isotopes
* Neural networks and Gaussian
Processes as surrogates

« Fast Surrogate Models to be used
in Likelihood Evaluations

« Inference of theoretical parameters and
uncertainties from Experimental Data

J/

12M Transitions

HProperties Workflow (02))—)

\——{("Cascade Workilow (O1) )—J ] ka O n d b
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energy
\ Electric field

” ——)
F>>e .
-m

Dirac sea \

g

kaondb
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