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Kaonic atom Formation
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Kaonic atoms and the QCD effects
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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. 
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SIDDHARTA-2 Scientific Goal



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. 

Analysis of the combined measurements of kaonic deuterium and kaonic hydrogen
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completely solve Isospin-dependent K-N scattering length

SIDDHARTA-2 Scientific Goals

Other kaonic atoms measurements: QCD; QED
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Kaonic atoms – scattering amplitudes



SIDDHARTA-2 kaonic deuterium at 𝐃𝐀𝚽𝐍𝐄
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Publications since last SC

1. D. Sirghi et al., New measurements of kaonic helium-4 L-series X-rays yields in gas with the 

SIDDHARTINO setup, Nucl. Phys. A, Available online 31 October 2022, 122567

2. M. Miliucci et al., Towards the first kaonic deuterium measurement with the SIDDHARTA-

2 experiment at DAFNE, Nuovo Cim.C 45 (2022) 6, 205 – best talk SIF 2021

3. A. Khreptak et al., Studies of the linearity and stability of Silicon Drift Detectors for kaonic 

atoms X-ray spectroscopy, accepted in Acta Physica Polonica A

4. M. Miliucci et al., Large area silicon drift detectors system for high precision timed x-ray 

spectroscopy, Measur.Sci.Tech. 33 (2022) 9, 095502

5. F. Sgaramella et al., Measurements of kaonic atoms transitions from solid targets by 

SIDDHARTA-2, ready to be submitted to EPJ A

6. M. Miliucci et al., High precision Kaonic Deuterium measurement at the DAΦNE collider: 

the SIDDHARTA-2 experiment and the SIDDHARTINO run,  Rev.Mex.Fis.Suppl. 3 (2022) 

3, 0308081

7. F. Sirghi et al., Status and perspectives for low energy kaon-nucleon interaction studies at 

DAΦ\PhiΦNE: from SIDDHARTA to SIDDHARTA-2, PoS PANIC2021 (2022) 200
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Publications since last SC

8. A. Scordo et al., HAPG mosaic crystal Von Hamos spectrometer for high precision exotic 

atoms spectroscopy, PoS PANIC2021 (2022) 195

9. M. Skurzok et al., Investigation of the low-energy K−K^-K− hadronic interactions with light 

nuclei by AMADEUS, Int.J.Mod.Phys.E 31 (2022) 08, 2240001

10. F. Sgaramella et al., The SIDDHARTA-2 calibration method for high precision kaonic 

atoms x-ray spectroscopy measurements, Phys.Scripta 97 (2022) 11, 114002

11. F. Napolitano et al., Kaonic atoms at the DAΦNE collider with the SIDDHARTA-2 

experiment, Phys.Scripta 97 (2022) 8, 084006

+ other 4 articles submitted awaiting reviews and other 4 articles in preparation
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Marlene Tuechler: Best Poster award
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63rd LNF Scientific Committee Meeting

SIDDHARTA-2 is presently collecting data with a helium target to 

commission the detector and the aim is to collect 100 pb-1 with the 

deuterium target in 2022 before the summer stop. At least 500 pb-1 (up 

to a maximum of 700 pb-1 ) are required in 2023 to complete the 

physics programme with the deuterium target. Considering the 

running time (at least 200 days) necessary to achieve the above targets 

at the present luminosity production rate, the proposed actions and 

interventions are a worthwhile investment.
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63rd LNF Scientific Committee Meeting

Recommendations DAΦNE - BTF/LINAC - SIDDHARTA-2:

• DAΦNE should aim at reaching 100 pb-1 before the summer closure.

During 2023 additional 700 pb-1 should be delivered.

• To this end, the SC supports an immediate action to improve the

DAΦNE luminosity and backgrounds, as proposed by the DAΦNE

team. Ideally this should take place during the helium run of

SIDDHARTA-2, in order to then profit from the maximum luminosity

for the K-d run.
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Summary of runs since last SC:

➢ Finalization optimization run with Kaonic Helium: end of 

May 2022 – total integrated luminosity 45 pb-1

➢ Run with kaonic deuterium: 2 – 14 June 2022: about 

35 pb-1

➢ Post run calibration with kaonic helium: about 5 pb-1
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SIDDHARTA-2

Data Analysis Report

➢ Silicon Drift Detectors calibration spectra analysis

➢ Apply trigger, veto, cross talk -> clean spectrum!

➢ Kaonic deuterium preliminary analysis

➢ SIDDHARTA-2 kaonic helium run results 

➢ Surprise: Kaonic helium first measurement of the M (n=3) lines 

(and coincidence with L-lines)



SDD Calibration: 384 SDDs 
(6xSIDDHARTINO)

X-Ray Tube

Ti-Cu target



SDD Calibration

Cu K!

Cu K"

Zn K!

Ti K!

Ti K"
Mn K!

Fe K!

SIDDHARTA-2
Calibration spectrum
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SDD Calibration - Stability

F Sgaramella et al 2022 Phys. Scr. 97 114002



TiK𝛼

TiK𝛽

CuK𝛼

BiL𝛼

BiL𝑖

SIDDHARTA-2 Kaonic deuterium
SDDs energy spectrum



M. Bazzi et al, 2013 JINST 8 T11003

Veto-1: 

single unit

Veto1: 12 

single 

units

SIDDHARTA-2
Veto-1 system

Veto-1 system installed around the 

vacuum chamber



Veto 1 TDC mean time spectrum 

Events between 1 keV and 20 keV

KC 5->4 events

TiK𝛼 events



SIDDHARTA-2

Veto-2 system

Working principle of veto-2 system
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Correlation between veto2 and SDD 

channels



𝐾−

𝐾+ 𝑑𝑒𝑐𝑎𝑦

tdc (1 ch=100 ps)

C
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Kaon charge identification

k-

p-

p

Immediate prompt
83% crossing probability

k+

µ+

k+µ+

Delayed prompt
53% crossing probability

5-10 mm thick scintillator

2 mm teflon or 5 mm thick scintillator

SIDDHARTA-2 

kaon trigger

𝐾−

𝐾+

Stop both 𝐾+ and 𝐾− in a passive layer 

(Teflon) and detect secondaries in a 

scintillator



SIDDHARTA-2 Kaonic deuterium
background reduction

Ti K𝛼

KC 6->5

Ti K𝛽

Au L𝛼

KC 5->4

Bi L𝛼

Total rej. Factor 𝟏. 𝟔 ⋅ 𝟏𝟎−𝟓



SIDDHARTA-2 Kaonic deuterium
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35pb-1 SIDDHARTA-2 Kaonic deuterium MCarlo



SIDDHARTA-2 outcomes:

Kaonic 4He Run

+ Other kaonic atoms from 

solid targets



SIDDHARTA-2 and SIDDHARTINO: 
sub-1 eV precision! -> article



SIDDHARTA-2 and SIDDHARTINO
Kaonic atoms from soldid targets -> article

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



KHe 5->3
3303.6 eV

KHe 6->3
3871.1 eV

KHe 7->3
4213.3 eV

KHe 8->3
4435.4 eV

KHe 9->3
4587.3 eV

KHe 10->3
4696.6 eV

SIDDHARTA-2 Kaonic 4He SURPRISE
First measurememt M-line transitions – article

KHe 11->3
4696.6 eV

Ti K𝛽

Ti K𝛼

X-ray

events

X-ray 

events/TF

KHe 5->3

(M𝜷 )
290± 38 2278 ± 301

KHe 6->3

(M𝜸 )
302 ± 40 1074± 141

KHe 7->3

(M𝜼 )
363 ± 41 971 ± 109

X-ray

relative yield

M𝜸 /M𝜷 0.47 ± 0.12

M𝜼 /M𝜷 0.44 ± 0.11

L𝜷 /M𝜷 0.90 ± 0.16 



SIDDHARTA-2 Kaonic 4He
coincidence between L and M transitions

Ti K𝛼

KC 6->5
Ti K𝛽

KC 5->4

KHe L𝛼

KHe L𝛽

KHe L𝛾 K He L-high

Kaonic 4He

M transitions

ROI

S/B ∼ 1/6

KHe 5->3

3303.6 eV



S/B improved factor > 30

KHe 5->3

3303.6 eV

KHe 6->3

3871.1 eV

KHe 7->3

4213.3 eV

KHe 8->3

4435.4 eV

KHe 9->3

4587.3 eV

Ti K𝜶
4509 eV

Feasibility test for future kaonic atom measurements (kaonic 4He 

fundamental level) - article

S/B ∼ 5/1
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SIDDHARTA-2 setup



Optimize the SIDDHARTA-2 setup

(Sept. 2022 – February 2023)

Titanium 

screws

✓ UHMWPE – new entrance windows  material 

for target super-strong form of polyethylene, 

would eliminate both Nitrogen and Oxygen 

contamination 

✓ Reinforced shielding around the setup

✓ Add new vero system (veto3)

✓ Work with DAFNE to reduce background 



Optimize the 
SIDDHARTA-2 setup

Improve the 

lateral shielding  

around the 

vacuum chamber

DAΦNE luminosity detector foot-print 

replaced by special re-design shielding



Optimize the SIDDHARTA-2 setup

VETO system adds – VETO3 below the setup
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Take advantage of “free space” 
in DAΦNE

CdZnTe

(30-300 keV)

Intermediate

Kaonic 

Atoms

DAΦNE delivers

almost 4π

Kaons



Present 

status



First HPGe spectrum (we plan a technical paper)



Measurements – 2 days

data analyses ongoing (kaonic lead – see last SC)



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

Exploiting DAFNE

DAFNE delivers almost 4p K-

We want to exploit this uniqe beam as 

much as possible to perform important 

physics measurements

HPGe 

(0,1-1 MeV)

Heavy Kaonic 

Atoms

CdZnTe 

(30-300 keV)

Intermediate 

Kaonic Atoms



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

physics goals and motivations

Examples : 

KC(3→2), KAl(3→2), KS(4→3):

with

precisions < 20 eV (e) and <40 eV (G) 

Measurements of several parallel 

transitions to provide new inputs for 

cascade calculations & QCD & QED



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

First ever tests of a CZT prototype on a collider 3 days in June

Goal: background and resolution assessment in machine environment 

22/06/2022:

First prototype installed 

in DAFNE with the 

help of Palermo Team



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

Main Results and achievements

FWHM = 3,5 keV

(5,9 % @ 60 keV)

Np L
b

Np L
a

241Am
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m

Pb Ka
1,2Pb K

b

Good resolutions are confirmed

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

R
e

la
ti

v
e

 C
o

u
n

ts

Energy (channels)

 Lab (energy resolution 4.7%)

 Dafne (energy resolution 6%)

T=20°C
241Am source

Small worsening only due to 30 m long 

cables in DAFNE (to be modified in the 

future)



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

Testing background rejection

CdZnTe will allow for FWHM< 100 ns 

timing peak

Rejection factors ~106 can be expected

SIDDHARTA-2 SDD 

timing 

(similar to what 

expected with CZT)



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

First 3 papers

Submitted to EPJ_ST In preparation
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Project timeline – future plan

SIDDHARTA-2
setup preparation

till end February ‘23

Start Run1
SIDDHARTA-2
and
HPGe and CdZnTe
setups parasitic test 

From early March to 
July 2023

𝐃𝐀𝚽𝐍𝐄 summer

shutdown

Continue with Run2 
SIDDHARTA-2

Kd

HPGe

as soon as 
possible!

Autumn 2023

or 2024

SIDDHARTA-2 Kd run: run 1 (requested 400 pb-1 )

run 2 (400 pb-1) with optimized components

Start of the data taking 

kaonic deuterium 

SIDDHARTA-2 run
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SIDDHARTA-2  K-d measurement
achievable 
precision

Kaonic deuterium run in 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) !

When significative?
Depends on yield (unknown)

Not less than 500 pb -1
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SIDDHARTA-2 kaonic deuterium at 𝐃𝐀𝚽𝐍𝐄
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Precision and significance



Conclusions

63

• The first SIDDHARTA-2 run has been concluded successfully: 

optimization of setup; run with Khe; technical run with Kd

• In particular we: we performed the most precise KHe measurement in 

gas and the measurement of yields at lowest density; first M-lines 

observation ever; kaonic atoms from solid targets 

• 11 articles were published/submitted  since the last Sci Com –

important scientific outcome, 4 are in preparation

• We are ready and very motivated to start the SIDDHARTA-

2 (forst) Kd measurement as soon as possible

• We put forward proposal for solid targets measurements with 

SIDDHARTA-2 setup for 100-150 pb-1 after Kd run - @SC62 as well as 

future measurements proposal



SDD 1mm development - Solid targets 

Li, Be, B

solid targets
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Kaonic atoms 
Kaon-nuclei interactions  

(scattering and nuclear interactions)

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

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

Fundamental physics New 
Physics

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

Astrophysics
EOS Neutron Stars

The equation of state of dense matter: Stiff, 
soft, or both? Astron.Nachr. 340 (2019) 1-3, 189

Dark Matter studies

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

from LIthium and Beryllium to Uranium

EXKALIBUR



Gantt chart – possible implementation of 
the kaonic atoms measurements

Total integrated Luminosity:
200 + 400 (200) + 400 (200) + 400 pb-1



Thank you!

Part of the SIDDHARTA-2 collaboration
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Special thanks to the accelerator, 
research and technical divisions, 

and in particular to
the DA𝛷NE staff and
to the LNF Director 
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In Conclusion, we propose to perform fundamental

Physics at the strangeness frontier at DAFNE studies:

High Precision Kaonic Atoms Measurements on 

DAFNE:
The strangeness Mendeleev table

We presented a program for performing unique

measurements of kaonic atoms along the periodic table to

contributing to understand physics going from the strong

interaction (symmetry breaking) to neutron stars, and from

Dark Matter to Physics Beyond Standard Model, setting LNF

in forefront of these studied.

A strong international community is putting forward this

realistic and feasible programme in particular in terms of

the required integrated , that can be delivered within the

upcoming 3-5 years, with support from National and

European projects.



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

DAQ logic and synchronization with SIDDHARTA-2 LM

Signals from the SIDDHARTA-2 

Luminometer have been processed with 

a Time to Analog Converter (TAC)
2 Digitizers CAEN DT5724-16 used to 

acquire both CZT & TAC events

Time correlation with a Clock 

Distributor (custom from Palermo Team)



Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

Main Results and achievements

FWHM = 11,6 keV

(2,2 % @ 511 keV)

Spectra has been calibrated using 

Np, A and Pb peaks (E < 100 

keV)

e+e- annihilation peak (511 keV) 

found in the exact position

FWHM = 3,5 keV

(5,9 % @ 60 keV)

Np L
b

Np L
a

241Am

241A

m

Pb Ka
1,2Pb K

b

Linearity is preserved over a wide 

energy range
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Intermediate-mass kaonic atoms’ spectroscopy with CZT detectors:

2023 plans

A new run is foreseen in 2023 to measure intermediate-

mass kaonic atoms’ transitions

Improvements:

Detecting surface : 1 cm2 → 10 cm2

Degrader and geometry tuned with GEANT4 MC

Mechanical setup to maintain the alignement with the LM

Fast, handy and significant physics 

measurements with very low costs 

and human efforts
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