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Kaonic atoms spectroscopy:  

at DAFNE



Kaonis atoms: brief introduction



The strong int. width > Radiative trans. width

Kaonic atom formation
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Kaonic cascade and the 

strong interaction
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The (main) scientific aim

the determination of the isospin dependent 

KN scattering lengths through a 

~ precision measurement of the shift

and of the width

of the Ka line of kaonic hydrogen

and

of kaonic deuterium

Measurements of kaonic Helium 3 and 4 as well (2p level)

And other types of exotic atoms



Antikaon-nucleon scattering lengths

Once the shift and width of the 1s level for kaonic hydrogen and

deuterium are measured -) scattering lengths

(isospin breaking corrections):

e + i G/2 => aK-p eV fm-1

e + i G/2 => aK-d eV fm-1

one can obtain the isospin dependent  antikaon-nucleon 

scattering lengths

aK-p = (a0 + a1)/2

aK-n = a1
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next-to-leading order, including isospin breaking 

SCATTERING  LENGTHS
Deser-type relation connects shift e1s and width G1s to the real and imaginary part of ɑ K-p
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Importance of the kaonic atoms studies
Measuring the KN scattering lengths with the precision of a few percent 

will drastically change the present status of low-energy KN 

phenomenology and also provide a clear assessment of the SU(3) chiral 

effective Lagrangian approach to low energy hadron interactions.

1. Breakthrough in the low-energy KN phenomenology;

2. Threshold amplitude in QCD

3. Information on L(1405)

4. Contribute to the determination of the KN sigma terms, which give the 

degree of chiral symmetry breaking;

5. 4 related alaso with the determination of the strangeness content of the 

nucleon from the KN sigma terms



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



DAΦNE
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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)



SIDDHARTA
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1 cm2 x 144 SDDs
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Kaonic helium (puzzle)



Kaonic 4 old data

KHe4



E570 solved the kaonic hydrogen puzzle

KHe4
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K-3He (3d-2p)

Ti Ka

K-C K-O
K-N
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Kaonic Helium-3 energy spectrum
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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
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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

KAONIC HYDROGEN results

https://www.google.it/url?sa=i&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi5-KyC5P_aAhWH3KQKHUlvASIQjRx6BAgBEAU&url=https%3A%2F%2Fwww.oeaw.ac.at%2Fen%2Fsmi%2Fresearch%2Fhadron-physics%2Fqcd-with-light-quarks%2Fkaonic-atoms%2Fstate-of-the-art-kaonic-hydrogen-atom%2F&psig=AOvVaw2736rmo0bExeIMYqbaIapK&ust=1526201023601336


SIDDHARTA-2

Kaonic Deuterium



Theory for kaonic deuterium
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SIDDHARTA-2
SIlicon Drift Detector for Hadronic Atom Research by Timing Applications



mounting frame

shielding

beam pipe

luminosity monitor

kaon trigger

SIDDHARTA-2 at DAFNE



Light target and Silicon Drift Detector assembly

Target cell wall is made of a

2-Kapton layer structure

(75 µm + 75 µm + Araldit)

increase the target 

stopping power

almost double gas 

density with 

respect to 

SIDDHARTA (3% 

LHD)

SDDs placed 5 mm 

from the target wall

calibration 

foils 

inserted 

near to the 

SDD are 

activated by 

the X-ray 

tubes



SIDDHARTINO installed on DAFNE (17 April 2019)



We are presently in Phase 1 with SIDDHARTINO:

during the commissioning of DAΦNE 
optimization with the SIDDHARTINO setup

for the K-4He measurement
(with 8 SDD arrays)

(Phase 2: Kd measurement)

SIDDHARTA-2  - present status



SIDDHARTINO = SIDDHARTA-2 with 8 SDD’s
DAQ BUS configuration





Aim: confirm when DANE background conditions are similar
to those in SIDDHARTA 2009

SIDDHARTINO apparatus and constraints

work with DANE 
luminosity monitor 

SIDDHARTA-2 luminosity 
monitor included 

setup lifted by ~100 mm 
w.r.t. nominal positioncomplete 

Veto systems

target filled 
with He-4 gas 

equipped with 
8 SDD (1/6)

arrays 

trigger









Paper draft ready (Marco Miliucci, Diana Sirghi, Alessandro Scordo)



Plan – Phase1:
1) Work with SIDDHARTINO inside DAFNE: 

optimization SDD, trigger, DAQ, calib….
2) Refine optimization of  luminosity detector and 

cross check with DAFNE luminometer
3) Background reduction and optimization together 

with DAFNE for kaonic atoms measurements
4) Kaonic Helium measurement with SIDDHARTINO 

-> background w.r.t. SIDDHARTA and 
SIDDHARTA-2 for Kd goal 
depending on DAFNE’s plans (early 2021)

5) HPGe test run in parallel with SIDDHARTINO



SIDDHARTINO expected spectrum for ~ 50 pb-1 

(one week of data taking in 
SIDDHARTA-like conditions)

Energy [keV]

co
u

n
ts

K-4He 
La

3d -> 2p

4d -> 2p

5d -> 2p

6d -> 2p

SIDDHARTINO – K-4He test measurement

S/B was 10/1 for the  K-4He 
measurement with ~ 30 pb-1

SIDDHARTA
measurement 

About 1000 events in La 
peak, S/B > 100/1

(ideally should be 300/1)
Position precision : 

6.452 +- 0.002 (stat) keV



Phase 2
SIDDHARTA-2

Setup with all the SDDs (48 SDD arrays) all 2021 
(22?) and the kaonic deuterium measurement for a run 

of 800 pb-1 

Action plan for Kd measurement: 
• First run with SIDDHARTA-2 setup as planned
(about 300 pb-1 integrated)
• Second run with optimized shielding, readout 

electronics and other necessary optimizations; (for 
other 500 pb-1 integrated)

Test runs for other kaonic atoms measurements (HPGE…)

SIDDHARTA-2  strategy and  requests



Phase-2: SIDDHARTA-2  K-d measurement
achievable 
precision

Kaonic deuterium run in (all) 

2021

for S/B as 1/3:

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) !

Includes:
- veto-2 second layer
- Optimizations SDD, veto1
- Shielding, trigger….



SIDDHARTA-2 kaonic deuterium at DAFNE
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Future programme and perspectives:

- Feasibility studies in parallel with Siddharta-2 

(Ge and VOXES crystal spectrometer)

- 1mm SDDs

- Proposal for Extension of the Scientific Program

at DAFNE – WE NEED THEIA SUPPORT

▪ 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 ?)



HPGe: kaonic lead for kaon mass –

ready Univ. Zagreb

48
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VOn hamos X-ray spectrometer for 
Extended Sources: VOXES

Alessandro Scordo (PI)
Laboratori Nazionali di Frascati, INFN

X
INFN-CSN5

Young Researcher Grant 2015, n. 
17367/2015.



VOXES (Scordo @ LNF)



Designed & realized @ SMI

Multi line setup and complete characterization

S0’ = 500 m

Dq’ = 0,2 °
r = 103,4 mm

S0’ = 800 m

Dq’ = 0,5 °
r = 206,7 mm



Investigation of single-and multi-nucleon processes of antikaons in nuclei by 

simultaneous measurements of upper and lower levels transition widths of selected 

kaonic atoms with ultra-high energy resolution detectors 

Feasibility tests for future measurements – (II) 
WIKAMP proposal presented at DAFNE as ICFA, LNF December 17, 2018

❖kaon single-and multi-nucleon processes using VOXES / TES

❖determination of the charged kaon mass (K-) using VOXES / TES



Test measurements @ DANE 

e+

e-
K-

KC (5→4) 10216,4 eV KC (7→5) 8885,8 eV

Yield 17,3 % 4 %

ev / 200 gg 95 16

dE (200 gg) (<=) 0,7 eV (≈) 1,6 eV



New Exotic Atoms

Measurements

With 1 mm thick SDDs

Extension of the scientific program

1 mm SDD
or

2x1 mm SDD Targets: gas 

and solid
He3,4, 6Li, 7Li 

9B, 12C





Kaonic Helium 3 and 4 transitions to 1s level to check 

models (potential, chiral,…..) resulting from SKH and Kd









For test of QCD antikaon-nucleon scattering lengths from KH and Kd: kaonic 

Helium-3 2-->1 transition = 33 keV kaonic Helium-4 2-->1 transition = 35  keV 

For kaon mass: kaonic Carbon 4-->3 transition = 22  keV 

QCD (Lambda(1405), multi-nucleon…):

Kaonic Lithium-6 3-->2 transition = 15.08 keV kaonic Lithium-6 4-->3 transition 

= 5.28 keV 

Kaonic Lithium-7 3-->2 transition = 15.3 keV kaonic Lithium-7 4-->3 transition 

= 5.34 keV 

Kaonic Boron-9 3-->2 transition = 43.04 keV kaonic Boron-9 4-->3 transition = 

15.07 keV 

Kaonic  Beryllium-9 is similar to kaonic Boron 9. 
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Thicker SDDs  for larger efficiency at E>10keV

• 1-2 mm SDDs may increase x2-x4 the efficiency @30keV vs. present 450um SDDs
• 800um and 1mm SDDs prototypes already produced by FBK for ARDESIA (INFN)
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OLD assembly/bonding strategy

1) substrate board OVERLAPPED to the main area of the SDD array 
2) bonding from SDDs to CUBEs in the CENTRAL area of the module 
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NEW assembly/bonding strategy

1) substrate board glued on the EXTERNAL frame of the SDD array 
2) CUBEs placed and bonded in the EXTERNAL area of the substrate 

CUBE

bonding
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Assembly of more SDD layers



Monte Carlo simulations



TARGET

MIPS 

VETO

SDD



The outcome of the preliminary Monte Carlo simulation is that the number

of events for example for kaonic Boron is (for yields of 100%):

kaonic Boron-9 3-->2 transition = 43.04 keV: 180 events/pb**-1/48

SDDs (5.12 cm**2 each SDD) for 1mm SDDs; 360 events/pb**-1/48 SDDs

for 1mm SDDs

kaonic Boron-9 4-->3 transition = 15.07 keV: 1200 events/pb**-1/48 SDDs

(5.12 cm**2 each SDD)



As example of simulated spectra we give two 
limiting cases – one with a statistics of 1000 
events:



And one with a statistics of 1000000 events:



the precision of the measurement as function of  statistics in the 

peak, obtaining the following outcome:



Taking into account the rate of events, and also considering that 

yield is not 100% but more likely around 20% we expect to 

obtain 10.000 events as follows:

- For the 15 keV transition with 240 events per pb**-1 we need 

about 40 pb**-1 to obtain a precision of about 2 eV

- For the 43 keV transition with 1mm SDDs we need about 270 

pb**-1 and about 135 pb**-1 to obtain a precision of about 2-3 

eV (for about 100 pb**-1 the precision in both cases remains 

very good – at level of better than 3-4 eV).

All other proposed measurements are similar.

In Conclusion: with about 100-200 pb**-1 per target and with 4-

5 different types of targets we can do precision measurements of 

a series of kaonic atoms strongly impacting in the QCD studies 

(including chiral symmetry).



For more infos:

Published 20th June 2019  Rev. Mod. Phys. 91, 025006 
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Thank you!

We need THEIA support!
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