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e Kaonic Neon Spectroscopy:

o Testing Bound-State QED
o Extracting the Kaon Mass

o Probing Beyond Standard Model Physics



The Kaonic Neon (KNe) spectrum exhibits several transitions with Intense Yields resulting
from the Radiative De-Excitation in the X-ray range of the kaonic atom during its Cascade
Process.

+ Data
4 | — Total Fit X’Indf=1.25
10* 3 Background ILdt= 125 pb~1
—— KNe
KC

— KO
> — KN
2 —— LBia
j —— KTi
@
g 103 -
s}
&)

+""*ﬁ4~M M e Pt
102

" 8 Frmmmm s e e s e e e e e e e e e e e e e e e e e e e s e e mr e e — e e e rm——n s S e e e e S e e e T e e e
©
73
2 ™
. 3_ ___________________________________________________________________________________________________________________________

35 4.0 45 5.0 55 6.0 6.5 7.0 7 5 8. 0 8.5 9.0 9.5 10 0 10 5 1.0 115 120
Energies [keV]



e We run MCDF code for Kaonic Atom Calculations, including Relativistic and QED effects, in

collaboration with Prof. Paul Indelicato (Paris—CNRS).

Ab Initio Input

MCDF Framework

Output Quantities

» Ab Initio Approach: based only on
Physical Laws and Fundamental
Constants.

» Supports Normal, Exotic, or Mixed
Atomic Systems.

» Supported Exotic Particles:
K" : Kaons

: Muons

: Pions
: Sigmas

P : Antiprotons

X" : Test Particles
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Basis Wavefunctions:
* Dirac Equation (spin-2 particles)

[ca -p+ Bmc? + V(r)] ¥i(r) = g0 (r)
* Klein-Gordon Equation (spin-0 particles)
[-R2c*V2 + mPc!] ¢(r) = [E — V(r)]® é(r)

Multi-Configuration Dirac-Fock:
NCF
WSS o ()

v=1
Eiot = Y W, W, (¢ [H|p")/ > W
an v
Total Energies Contributions:
* QED
« Breit Interaction
* Recoil Effect
* Nuclear Finite Size
+ Screening Effect

Energy Levels &
Transitions

Radiative Transition
Probabilities

Auger Decay Rates

QED Self-Energy &
Vacuum Polarization
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Dirac-Fock Calculations are employed to determine the transition energles of the
spectral peaks. Nuclear Shifts and Widths for n>4 are negligible ( s4f ~ 0 I‘ ~0 )
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Dirac-Fock Calculations are employed to determine the transition energles of the
spectral peaks. Nuclear Shifts and Widths for n>4 are negligible ( 84f ~ 0 I‘ ~0 )
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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
— Currently in development
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Abandéion ngp.) ((SEi(;tat.n JEE;‘VS') Ef;alc.) (EE?ED)W‘EE?EDI) E«E?EDZ) AEstot.) AEtg;creen.) AEi(;)DG)
91-8k 4206.97 | 3.43 200  4201.45 | 2.09 2.07 0.02 9.90 -0.38 0.11
8k-Ti 6130.57 | 0.65 1.50  6130.31 | 5.09 5.05 0.04 14.45 -0.27 0.16
7i-6h 9450.23 |  0.37 1.50  9450.28 | 12.66 | 12.56 0.10 22.28 -0.18 0.24
6h-547  15673.30 0.52 9.00  15685.39 | 32.75 | 32.51 0.24 37.01 -0.11 0.40
e MCDF Calculations include transition energies, QED effects,
Electron Screening, and Isotopic Shifts (K?°Ne,K?°Ne) o
b q
0® 2
e Sub-eV Statistical Uncertainties match the scale of QED o6
corrections (for some even the 2nd QED contribution!) i e °®
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— Useful for validating BSQED predictions.
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e Exotic atoms (like KNe and KF) enable experimental access to Strong Electric Fields [Paul et al., PRL
126, 173001 (2021)]

e The Schwinger Limit for spontaneous e*- e~ Pair Creation is:
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E.= ~1.32 x 10"V /m (E),; = /d3r |9 (r)|2E(r)

g.h

e The transition KF 4f — 3d, E = 50.6 keV, the Average Electric Field in kaonic orbitals approaches Ec
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ope (exp.) (stat.) (sys.) (calc.) (QED) (QED1) (QED2) (isot.) (screen.) (PDG
Transition E™) SEG™ SEG™ EG) (EG® \E B Kel®) NS (AE

if if
91-8k 4206.97 3.43 2.00 4201.45 2.09 2.07 0.02 9.90 -0.38 0.11
8k-Ti 6130.57 0.65 1.50 6130.31 5.09 5.05 0.04 14.45 -0.27 0.16
7i-6h 9450.23 0.37 1.50 9450.28 12.66 12.56 0.10 22.28 -0.18 0.24
(ih--_") 15673.30 0.52 9.00 15685.39 | 32.75 32.51 0.24 37.01 -0.11 0.40

e MCDF Calculations include transition energies, QED effects,
Electron Screening, and Isotopic Shifts (K?°Ne,K?°Ne) 3) oS

e Sub-eV Statistical Uncertainties match the scale of QED
corrections (for some even the 2nd QED contribution!)

e [nvestigate how result are robust against the uncertainty on the 0o 1o 20 30 40 50
Kaon Mass (MK = 469.677 +- 0.013 MeV) BMc= e



K?°Ne 7i-6h

Transition Ei(;xp.) 5E$mt.) JEf;ys') Ei(;alc-) EE?ED) Elg})x-:m) EE?EDZ) AElgifsot.) (AEé;creen.)] AEE;’DG) I
91-8k 4206.97 3.43 2.00 4201.45 2.09 2.07 0.02 9.90 -0.38 0.11 .
8k-Ti 6130.57 0.65 1.50 6130.31 5.09 5.05 0.04 14.45 -0.27 0.16 493.6765 -
7i-6h 9450.23 0.37 1.50 9450.28 12.66 12.56 0.10 22.28 -0.18 0.24 ;
611-5 15673.30 0.52 9.00 15685.39  32.75 32.51 0.24 37.01 -0.11 0.40 .
i > 493.6760
=
e MCDF calculations are used to iteratively extract the Kaon Mass from < 4936755 1
measured transitions as in GAL88: 493.6750 -
exrp 5E exp 493.6745 A
' E
M, = Mg- M- = Mo — ' - : . ,
K- K K K 1 2 3 4 5
Ecalc EezL'p iteration
e Theoretical Uncertainties stem from Electron Screening and depend i S, W 5w 9 oae
on occupation of a K-shell electron in the 1s during the transition THEEWGRR- ' e
PDG A —e—
DENISOV 91 A o
- Mg- (6ME2t) (BMIYE ) (Mg _ Ao
Transition i 2
[MeV] [keV] [keV] ke V] BACKENSTOSS 73 —_——y
7i-6h 493.674 19 78 9 CHENG75 =
8k-Ti 493.699 52 121 21 BARIKON781 —_—
LUM 81 A i
7i-6h 55 8k-7i 493.677 18 66 11 493.55 495;.59 49?:.63 493I.67 49.’;.71 493.75

Kaon Mass [MeV/c?]
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Kaonic Atoms for Physics Beyond the Standard Model (BSM)

o (exp.) (stat.) (sys.) (cale.) (QED) (QED1) (QED2) (isot.) (screen.) (PDG)
Transition E™ (SEG)) sES* E ES= w BS K" AR AES
91-8k 4206.97 | 3.43 2.00 420145  2.09 2.07 0.02 9.90 -0.38 0.11
8k-T7i 6130.57 | 0.65 1.50  6130.31  5.09 5.05 0.04 14.45 0.27 0.16
7i-6h 9450.23 | 0.37 1.50  9450.28  12.66 12.56 0.10 22.28 -0.18 0.24
6h-54  15673.30 0.52 9.00  15685.39  32.75 32:51 0.24 37.01 -0.11 0.40
e Assume an effect on the Energy of an Exotic Atom level:
Constrain uds-scalar [arXiv:2502.03537]
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e Models are employed to predict X-ray yields and Electron
Populations during the Cascade.

e Cascade Calculations depend on several Parameters:
o Initial conditions of the cascade (n_.)
o Probabilities of Electron Shell Refilling (I" ;)
o Nuclear Absorption Widths (I',, and I

e KNe is the best system for constraining these parameters,
thanks to its numerous and accurate transition yields by
the SIDDHARTA2 experiment

K-Ne Transition Yield
9-8 (13.72 +/-1.16)%
8-7 (22.79 +/- 0.38)%
10-8 (1.00 +/- 0.08)%
7-6 (27.74 +/- 0.24)%
10-7 (0.38 +/- 0.04)%
6-5 (30.84 +/- 0.26)%
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e Inputs from Nuclear Models for Nuclear Shift and Widths ;]
for Cascade Calculations £ ool

e Nuclear Absorption Fractions as function of the Widths

0.0 - ——

1s 2p 3d af 59 6h 7i 8k

Z v Width2p[ev] v Shift2p[eV] v E32[keV] v Width3d[eV]v Shift3d[eV] v E43[keV] v Width4f[eV] v Shift4f[eV] v

10000 10000 00 5
7L 54 32 15,33 0,0081 ~0 5355 ~0 ~0 7
8Be 225 348 27,71 0,026 ) 9,677 ~0 ~0 566 L °/°,~' 2
9Be 247 -36,8 27,71 0,028 ~0 9,677 ~0 ~0 1999 _ y
3 3
108 718 -170 43,568 0,146 ~0 15214 ~0 ~0 = =3 = 10
5 g I o
11B 757 179 43,768 0,157 ~0 15284 ~0 ~0 E 100 z o
12¢ 1723 -542 63,305 0,618 ~0 22,105 ~0 ~0 E ER o =3
14N 3906 -1028 86,731 28 ~0 30,285 ~0 ~0 % d
160 7030 -3493 113,831 83 0,39 39,755 0,0017 ~0 ! s
17F 11249 -6534 144,759 22 2 50,592 0,0065 ~0 do
1 0
20Ne 17703 11949 178,887 55 5.7 62,568 0,0194 ~0 o & & ® & i 2
z Z

Nuclear Shifts and Widths Calculations from:
Obertova, J., Friedman, E., Mares§, J., 2022. First application of a microscopic K'NN absorption model in
calculations of kaonic atoms. Phys. Rev. C 106, 065201. https://doi.org/10.1103/PhysRevC.106.065201


https://doi.org/10.1103/PhysRevC.106.065201

Comparison Experimental Transition Energies with
MCDF Calculations for Kaonic Neon

Kaonic Atoms can be used for BSQED studies

Kaonic Neon can be used for Extracting the Kaon Mass

Kaonic Atoms for Probing Beyond Standard Model Physics

Work In Progress: Cascade Calculations



