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A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Kaonic Atoms

-



The strong int. width > Radiative trans. width

Kaonic atom formation

K-

e-

Auger Electron

Nucleus

2) Cascade

1) Initial capture

3) Strong interaction

stopped in a target medium

4) Absorption

K- X-ray

Shift and Width
of last orbit

e.g. • 1s for K-p, K-d
• 2p for K-He

highly-excited state

deexcite

n ~ sqrt(M*/me) n’ ~ 25 (for K-p)
(M* : K-p reduced mass)

K-



Saul Perlmutter, born 22 Sep 1959 
Nobel 2011 for “the discovery of the accelerating expansion 
of the Universe through observations of distant supernovae.”  
- if this is the size of a normal atom…

A bee – this is the relative size of a kaonic atom…
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X p

m MeV c2 µ MeV c2 B1s KeV rB fm

ep 0.511 0.511 13.6 10 3 53 103

⇡p 139.6 121.5 3.24 216

Kp 493.7 323.9 8.61 81

pp 938.3 469.1 12.5 58

⌃ p 1197.4 526.1 14.0 50

µ
B1s rB

X

nx

Width Γ and shift 𝜀
obtained by measuring 
the X-rays emitted

Kaonic atom Formation

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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DAFNE

DEAR 
2002

SIDDHARTA-2 2022SIDDHARTA
2009

The modern era of light kaonic atom experiments
Catalina Curceanu, Carlo Guaraldo, Mihail Iliescu, Michael Cargnelli, Ryugo Hayano, Johann 

Marton, Johann Zmeskal, Tomoichi Ishiwatari, Masa Iwasaki, Shinji Okada, Diana Laura 
Sirghi, and Hideyuki Tatsuno

Rev. Mod. Phys. 91, 025006 – Published 20 June 2019

J-PARC

A long journey





Kaonis atoms are fundamental tools for 
understanding QCD in  non-perturbative

regime:

- Explicit and spontaneous chiral symmetry 
breaking (mass of nucleons)

- Dense baryonic matter ->
- Neutron (strange?) stars EOS

Role of Strangeness in the Universe from particle 
and nuclear physics to astrophysics
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Kaonic atoms
Kaon-nuclei interactions (scattering 

and nuclear interactions)

Part. and Nuclear physics
QCD @ low-energy limit
Chiral symmetry, Lattice

Astrophysics
EOS Neutron Stars

Dark Matter studies
Fundamental physics

New Physics

On self-gravitating strange dark matter halos around galaxies
Phys.Rev.D 102 (2020) 8, 083015

Kaonic Atoms to Investigate 
Global Symmetry Breaking
Symmetry 12 (2020) 4, 547

The modern era of light kaonic atom experiments
Rev.Mod.Phys. 91 (2019) 2, 025006

Merger of compact stars in 
the two-families scenario
Astrophys.J. 881 (2019) 2, 122

The equation of state of dense matter: 
Stiff, soft, or both?
Astron.Nachr. 340 (2019) 1-3, 189
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The 
picture 
can’t be 
displaye
d.
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DAFNE-TF workshop - Dec. 17, 2018 16

Laura Tolos
talk



DAFNE-TF workshop - Dec. 17, 2018 17

Laura Tolos
talk
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DA𝚽NE

DAMPING 
RING

LINAC 𝑒!
𝑒"

Φ

• Φ → K- K+ (48.9%)

• Monochromatic low-energy K-

(~127 MeV/c ; Δp/p = 0.1%)

LNF - e!e" Accelerator Complex 

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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DAΦNE



F

K+

K-

e-

e- e-e-

e-
e-

e-
e-e-

e-

Flux of produced kaons: about 1000/second

e+
e+e+

e+
e+

e+
e+

e+

The DAFNE principle



Suitable for low-energy kaon physics:
kaonic atoms

Kaon-nucleons/nuclei interaction 
studies

Φ → K- K+ (49.1%)
Monochromatic low-energy K- (~127MeV/c)

• Less hadronic background due to the beam
( compare to hadron beam line : e.g. KEK /JPARC)
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xy

z

SIDDHARTA overview

e-

510 MeV/c e+

510 MeV/c
127 MeV/c
Δp/p=0.1% K+

K-

Φ

Target

Detect
by SDDs

Detect by two 
scintillators



SIDDHARTA - 2009
SIlicon Drift Detector for Hadronic Atom Research by Timing Applications

• LNF- INFN, Frascati, Italy
• SMI- ÖAW, Vienna, Austria
• IFIN – HH, Bucharest, Romania
• Politecnico, Milano, Italy
• MPE, Garching, Germany
• PNSensors, Munich, Germany
• RIKEN, Japan
• Univ. Tokyo, Japan
• Victoria Univ., Canada 

EU Fundings:  JRA10 – FP6 - I3H
FP7- I3HP2 Rev.Mod.Phys. 91 (2019) 2, 025006



The Cryogenic Target Cell



1 cm2 x 144 SDDs



Kaonic helium (puzzle)



Kaonic 4 old data

KHe4



E570 solved the kaonic hydrogen puzzle

KHe4
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KHe-4 energy spectrum at SIDDHARTA

No-coincidence

coincidence

Target

Ti foil

Fe55
Degrader

K-He data taking

eV)syst(2)stat(60
..exp

±±=

-=D meEEE

PLB681(2009)310; NIM A 628(2011)264



K-3He (3d-2p)

Ti Ka
K-C K-O K-N

eV6.6224.. =meE

eV)(4)(222 sysstaE p ±±-=D

Kaonic Helium-3 energy spectrum

..exp2 mep EEE -=D

eV)(5.3)(4.20.6223exp sysstaE ±±=

QED value:

X-ray energy of K-3He 3d-2p

arXiv:1010.4631v1 [nucl-ex], PLB697(2011)199

World First！
Observation of K-3He X-rays

Determination of 
strong-interaction shift



Comparison of results

Shift [eV] Reference
KEK E570 +2±2±2 PLB653(07)387
SIDDHARTA (He4 with 55Fe) +0±6±2 PLB681(2009)310
SIDDHARTA (He4) +5±3±4 arXiv:1010.4631,

PLB697(2011)199SIDDHARTA (He3) -2±2±4  

*error bar 22 )()( syststat +±=



Kaonic hydrogen

Hydrogen
spectrum

Kα Kβ higher

Background estimation

KO76 KN65
Cu

Ti Kα

Ti Kβ

KC65

KC75
KO65

KC54

KAl87

EM value
K-p Kα

simultaneous
fit

Deuterium
spectrum



EM value
K-p Kα

Kaonic hydrogen

Kα Kβ

higher

Residuals of K-p x-ray spectrum
after subtraction of fitted background

e1S= −283 ± 36(stat) ± 6(syst) eV

G1S= 541 ± 89(stat) ± 22(syst) eV



To perform the first measurement ever of kaonic deuterium X-ray transition to the ground state 
(1s-level) such as to determine its shift and width induced by the presence of the strong 

interaction (but also other kaonic atoms). 

Analysis of the combined measurements of kaonic deuterium and kaonic hydrogen
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Experimental determination of the isospin-dependent 
K-N scattering length

SIDDHARTA-2 Scientific Goal

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Kaonic atoms – scattering amplitudes

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Experimental Measurement The 
SIDDHARTA-2 

apparatus

384 SDDs

Target

Kaon Trigger

Veto-1

Veto-2

Veto-3



SIDDHARTA-2 installed on DAFNE



SDD installation

SDD installed around the target
calibration target

41
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RN

+
_

_
+

anode (n+)

voltage divider

e -minimum potential

p+ rings

entrance window (p+)

n- silic
on bulk

8 SDD units (0.64 cm2) 
for a total active area of 5.12 cm2

Thickness of 450 μm which ensures a 
high collection efficiency for X-rays of 

energy between 5 keV and 12 keV 

SDD cross section

Silicon Drift Detectors

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Kaon trigger up

Kaon trigger down

e+e-

𝐾"

𝐾!

Kaons

MIPS

MIPS MIPSMIPS

KAONS KAONS

The ToF is different for Kaons, m(K)~ 500 MeV/c2
and light particles

originating from beam-beam and beam-environment 
interaction (MIPs).

Can efficiently discriminate by ToF Kaons and 
MIPs!

Kaon Trigger

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives



TiK!

BiL! BiL"SIDDHARTA-2 ROI

45Catalina Curceanu (A. Scordo)

Triggered rejection factor ∼ 10"#

Kaon Trigger

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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SDD Drift time distribution
FWHM ~ 500 𝑛𝑠

Kaons

MIPS

SIDDHARTINO spectrum before applying the 
kaon trigger and the drift time rejection

Kaon Trigger

Kaonic 4He 3d → 2𝑝 measurement

A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives



47

D Sirghi et al 2022 J. Phys. G: Nucl. Part. Phys. 49 055106

SIDDHARTINO (2021) 
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K-4HE LOW DENSITY RUN: 
0.75% LIQUID HELIUM 
DENSITY -> YIELDS AT 
LOWEST MEASURED 

DENSITY

D.L. Sirghi, et al. Nuclear Physics A 1029 (2023) 122567

SIDDHARTINO (2021) 



Measurements of high-n transitions in 
intermediate mass kaonic atoms 
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SIDDHARTA-2 (2022) 

KC 5->4

KO 6->5

KAl 7->6

KC 6->4KN 5->4

KC 7->5

KO 7->6

KC 6->5

KN 6->5

KAl 8->7

K4He 3->2

K4He 4->2

K4He 5->2

K4He L-high

Sgaramella, F., al. Eur. Phys. J. A 59, 56 (2023)
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KHe 5->3
 (M𝜷	)

KHe 6->3

 (M𝜸	)
KHe 7->3

 (M𝜼	)
KHe 8->3
4435.4 eV

KHe 9->3
4587.3 eV

KHe 10->3
4696.6 eV

KHe 11->3
4696.6 eV

Ti K𝛽

Ti K𝛼

X-ray relative 
yield

M/ M 0.48  0.11

M/ M 0.43  0.12

L/ M 0.91  0.14 

L/ L 0.172  0.008 

L/ L 0.012  0.001 

SIDDHARTA-2 Kaonic 4He – M-type transitions

Line Energy [eV]

K-4He M 3300.8  13.2 (stat)  2.0 (sys)

K-4He M 3860.4  13.6 (stat)  2.2 (sys)

K-4He M 4214.1  19.6 (stat)  2.2 (sys)
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First K-Ne measurements – possible implications on
K- multinucleon interaction and kaon mass

SIDDHARTA-2 (2023) Kaonic Neon 
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First K-Ne measurements – possible implications on
K- multinucleon interaction and kaon mass

SIDDHARTA-2 (2023) Kaonic Neon 
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SIDDHARTA-2 
ready for the kaonic 

deuterium measurement
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SIDDHARTA-2  K-d measurement
achievable 
precision

Kaonic deuterium run in (all) 

2023/4 
Monte Carlo for an integrated 

luminosity 
of 800 pb-1 

to perform the first 
measurement of the strong 
interaction  induced  energy  

shift  and  width  of  the  kaonic  
deuterium  ground  state 
(similar precision as K-p) !

Significant impact in the theory of strong interaction 
with strangeness 
A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Kaonic deuterium 
measurement

achievable 
precision

Oset 2001

Liu, Thomas 2020

Mizutani 2013

Shevchenko 2012

Gal 2007
Meißner 2011

Weise 2017



Beyond SIDDHARTA-2: 
EXCALIBUR 

Ø Feasibility studies in parallel with Siddharta-2

Ø Various setups in preparation: 
• HPGe
• Crystal spectrometers (VOXES)
• CdZnTe detectors
• SDD 1mm for kaonic atoms measurement

Ø Proposal for Extension of the Scientific Program at DAFNE:
• Kaon mass - precision measurement at a level < 7 keV
• Kaonic helium transitions to the 1s level
• Other  light kaonic atoms (K- Bi, Li, B,, K- C,…)
• Heavier kaonic atoms (K- Si, K- Pb…)
• Radiative kaon capture – L(1405) study
• Investigate the possibility of the measurement of other types of 

hadronic exotic atoms (sigmonic hydrogen )
57Catalina Curceanu (A. Scordo) A new renaissance for kaonic atoms at DAΦNE: future measurements and perspectives
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Strangeness precision frontier at DAFNE: a unique
opportunity for measurements of kaonic atoms along
the periodic table: will represent a reference in
physics with strangeness

Present status: old and very old 
measurements with low 
precisison (some even wrong: 
kaonic helium puzzle)

We propose to do precision 
measurements along the 
periodic table at DAFNE for:
- Selected light kaonic atoms 
- Selected intermediate mass  

kaonic atoms
- Selected heavy kaonic atoms
charting the periodic table
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EXtensive Kaonic Atoms research:
from LIthium and Beryllium to Uranium

EXKALIBUR



§ The present knowledge of total and differential cross sections of low energy
kaon-nucleon reactions is very limited.

§ Below 150 MeV/c there is a “desert” - the experimental data are very scarce
and with large errors and practically no data exist below 100 MeV/c.

§ Kaon-nucleon scattering/interaction data are fundamental to validate
theories: chiral symmetries; lattice calculations; potential models etc.

Knscat and int: KAON-NUCLEI SCATTERING and 
INTERACTION

FFF-Meeting, LNF Jan. 13, 2021





KN2 – inelastic scattering, layout

25 cm 50 cm0 cm

Cryogenic target:
Solid H2, D2, Ar
Liquid He

FFF-Meeting, LNF Jan. 13, 2021

Kaon monitor

TPC

TPC

Charged kaon 
detector

“Sandwich” type 
calorimeter
32 layers Pb –
liq. Scintillator,
thickness 25 cm
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Fundamental Physics at the strangeness frontier at 
DAFNE:

We have a very rich and broad scientific case for unique
measurements of kaonic atoms and kaon-nuclei
interactions processes at DAFNE contributing to
understand physics going from chiral symmetry breaking
to neutron stars EOS setting LNF in forefront of these
studied – 5 years after SIDDHARTA-2 (modular)

The proposed measurements have the potential to guide
the developments of physics at the strangeness frontier in
the coming decade, being fundamental not only for a better
understanding of the strong interaction (QCD), but also
in astrophysics and particle physics.
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QCD
Chiral symm.

Mass 
generation, 

visible Universe

Particles structureNeutron star EOS

Cold Dense matter

Strangelets & Dark 
Matter

Strangeness Fundamental Physics



ThanK You
“Each man delights in the work that suits him 

best.” ― Homer, The Odyssey


