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SIlicon Drift Detector for Hadronic Atom Research by Timing Applications

Experimental setup and part of 
the collaboration

DAΦNE
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• Light Kaonic Atoms - Strong Interaction at low energies
• The 4 main phases of the “life” of an exotic atom

• A closer glance to  the cascade process

• Cascade process in kaonic Hydrogen and Helium - competitor processes

• The SIDDHARTA experiment 
• Silicon Drift Detectors for spectroscopy

• The experimental apparatus peculiarities

• An example of the SIDDHARTA data: rejection of the background

Overlook

• Analysis Results

• KH results and the first explorative KD measurement

• K4He results

• K3He results

• Future Perspectives
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Main Phases and Peculiarities 

Light Kaonic Atoms



How:

Why:

SIDDHARTA: study of light kaonic atoms @DAFNE

Light Kaonic Atoms Hadronic Exotic Atoms

K- very near to the nucleus: ideal framework to study 
non-perturbative QCD in the strangeness sector

∋

Peculiarities of an exotic atom: 4 main phases

• Capture

• Formation

• Cascade

• Absorption

K- capture and atomic electron expulsion [4]

From n0 level, K- starts a series of em 
transitions towards the low energy levels. 

In the last transitions, when K- is nearest to the 
nucleus, there is the strong force contribution too. 

K-

Target atom

[1][2]

[2]

[3]

[5]

γ brings information about strong interaction!

Bound systemsWhat:

Last transitions: Radiative (X-ray band)!

[13]

Through a precision spectroscopic measurement of KH, K3He and K4He transitions, 
SIDDHARTA allows to study non perturbative-QCD in the strangeness sector in system 

with few nucleons 

End of the bound system with K- nuclear absorption [6]

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

• μ = exotic atom reduced mass

• ne = capture orbital m.q.n.

• me = electron mass

Formation of the new bound system, with the main 
quantum number given by the formula: 
(KH n0=29, K4He n0=25)
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LKA life-time ∼ 10^(-12) sec
K- lifetime = 1.24×10^(-8) sec
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Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

• μ = exotic atom reduced mass

• ne = capture orbital m.q.n.

• me = electron mass

Target atom

[2]

[3]

Bound systems

Formation of the new bound system, with the main 
quantum number given by the formula: 
(KH n0=29, K4He n0=25)

Hadronic Exotic Atoms∋ [1][2]

How:

Why:
Light Kaonic Atoms

K- very near to the nucleus: ideal framework to study 
non-perturbative QCD in the strangeness sector

Peculiarities of an exotic atom: 4 main phases

What:
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SIDDHARTA: study of light kaonic atoms @DAFNE

• Capture
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[13]

In the last transitions, when K- is nearest to the 
nucleus, there is the strong force contribution too. 

K-

e-

[5]
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Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

From n0 level, K- starts a series of em 
transitions towards the low energy levels. 

Target atom

[2]

[3]

Bound systems
Hadronic Exotic Atoms∋ [1][2]

How:
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Through a precision spectroscopic measurement of KH, K3He and K4He 
transitions, SIDDHARTA allows to study non perturbative-QCD in the strangeness 

sector in system with few nucleons 

SIDDHARTA: study of light kaonic atoms @DAFNE

[13]

In the last transitions, when K- is nearest to the 
nucleus, there is the strong force contribution too. 

K-
e-

Auger [4]• Capture

• Formation

• Cascade

• Absorption

[5]

K- capture and atomic electron expulsion [4]

• μ = exotic atom reduced mass

• ne = capture orbital m.q.n.

• me = electron mass

From n0 level, K- starts a series of em 
transitions towards the low energy levels. 

γ(ε,Γ)

γ brings information about strong interaction!Last transitions: Radiative (X-ray band)!

End of the bound system with K- nuclear absorption

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

Formation of the new bound system, with the main 
quantum number given by the formula: 
(KH n0=29, K4He n0=25)

Target atom

[2]

[3]

Bound systems
Hadronic Exotic Atoms∋ [1][2]

How:

Why:
Light Kaonic Atoms

K- very near to the nucleus: ideal framework to study 
non-perturbative QCD in the strangeness sector

Peculiarities of an exotic atom: 4 main phases

What:
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End of the bound system with K- nuclear absorption

SIDDHARTA: study of light kaonic atoms @DAFNE

[13]
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nucleus, there is the strong force contribution too. 

K-

• Capture

• Formation

• Cascade

• Absorption

[5]

K- capture and atomic electron expulsion [4]

• μ = exotic atom reduced mass

• ne = capture orbital m.q.n.

• me = electron mass

From n0 level, K- starts a series of em 
transitions towards the low energy levels. 

γ brings information about strong interaction!Last transitions: Radiative (X-ray band)!

Through a precision spectroscopic measurement of KH, K3He and K4He transitions, 
SIDDHARTA allows to study non perturbative-QCD in the strangeness sector in system 

with few nucleons 

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives
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The cascade 
process

.. and the strong interaction 
studies at low energies...



Complex scattering 
lengths [6]

Broadening of the width 
(Γ) of the level [6].

Shift (ε) of the level 
energy [6]

EM Interaction

f(EM interaction, NP mass, A)

Point-like Nucleus Regime 

 hydrogenoid system 
NP - Nucleus [4][6]

Depletion of the atomic shells

Particle-Nucleus interaction EM + STRONG

Energies: (∼KeV)

e-

e-

NP|r| CASCADE: 3 different phases function of the distance NP - Nucleus [6]

Electrons expulsion through Internal Auger effect [6]

[6]Γα∝(ΔEnn’)-1/2 Δl=±1
Radiative Disexcitation suppressed by Auger emission for transitions with Δn=1

START: Transition Energy > Electron (below) Ionisation Energy [6]

[7][13][14]
No Isospin breaking corrections

Deser-Trueman Formula
Link between theory and 

the experimental 
measurement!

Till total 
Depletion

Radiative Transitions

Taking the same value of the mass for an hadron and a lepton, the energies of the transition are in principle the same!

Radiative Transitions

e-

The Cascade Process

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives
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e-

|r|

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

NP

e-

e-

The Cascade Process
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[6]Γα∝(ΔEnn’)-1/2 Δl=±1
Radiative Disexcitation suppressed by Auger emission for transitions with Δn=1

START: Transition Energy > Electron (below) Ionisation Energy [6]

[7][13][14]
No Isospin breaking corrections

Deser-Trueman Formula
Link between theory and 

the experimental 
measurement!

Till total 
Depletion

Radiative Transitions

Taking the same value of the mass for an hadron and a lepton, the energies of the transition are in principle the same!

Radiative Transitions
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e-

|r|

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

NP

e-
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Till total 
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Present Results and future perspectives
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Present Results and future perspectives
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|r|

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

NP

γ

The Cascade Process
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Present Results and future perspectives
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Testing different optical potential models

Testing Chiral SU(3) dynamics and 
explicit ΧSB [43]

Complex Potentials in: 

From the measurement to the theory and back...

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

EM case: e.g.
 p→s transition

ε

EemE

EM+strong 
case: e.g. p→s 

transition

Deser-Trueman formula (no isospin breaking therms)

Spectroscopic measurement

EXPERIMENTALTHEORETICAL 

Energy

Klein-Gordon eq.
Dirac eq.

Schrodinger eq.

Meson-Baryon 
effective Lagrangian

Chiral Perturbation 
Theory

Bethe-Salpeter eq. 
(Full Scattering 
Amplitude): Tk-p→k-p

ak-p = [Tk-p→k-p]|s

NO EXTRAPOLATIONS! A REAL THRESHOLD 
MEASUREMENT!!!

ak-p=limT
pk→0

Γ
2α3μ2ak-p = ε  +  iΓ
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Competitors 
Processes



Competitor 
processes:

External!

Coulombian 
De-excitation 

• Exotic Atom scattering with 
other atom/molecule of the 
target [31]

Elastic 
Scattering 

• Exotic Atom scattering with a 
molecule of the target [32]

External 
Auger 

emission

• Only H2: formation process happens 
without molecular scission [10]

Auger Expulsion! [10]

Collisions

Non-Collisional

[6][11]

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

Collision energy brings molecule in an 
excited state (without scission) and the 
hadron in a lower energy level [32]

hadron transition energy goes to 
the other molecular e- [10] 

If EA is alone, after 
Auger Expulsion

Only radiative 
Transitions!

EA Interact with the other 
target atoms or molecules!

2 kind of 
processes

Collisions

Pervasiveness

C
o

unteract the d
evelo

p
m

ent o
f a 

d
istinct circular cascad

e

In a collision the energy release ΔEn→n’ 
for step n→n’ is converted into kinetic 
energy of x-p system and H [31]

Cascade Process in exotic Hydrogen and Helium
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Pervasiveness

K-

e-

p
p

Dipole Field

Courtesy of Dr. S. Okada

Insertion of perturbative term 
H’=eEz

• e = electron charge

• E = Electric Field Intensity

• z = atomic region where E⁄⁄z

Using Hydrogenoid wave-functions

Calculating Expectation values on |n l m>

H’ link states with same n and 
Δℓ=±1

splitting in m that partially removes 
degeneration

energetic shift proportional to E
Density-dependent yield due to Stark mixing 

[6] [10]

Day-Snow-Sucher effect [12] 

Stark 
Mixing

Kaonic atoms are smaller than standard atoms!

rB

MNucl, MHadr

RB(H)[0.5Å]≈1000 RB(KH) [9][10] 

Bohr Radius: [6],[9]

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

Cascade Process in exotic Hydrogen and Helium
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Selection rule: Δn=0, Δℓ=±1, Δm=0 [6] [10]

Pervasiveness

Stark 
Mixing

What’s going on...

Classical Analog of a stark 
transition:

Deformation as a change of 
eccentricity and the orientation of 

the Keplerian Orbit along which NP 
moves in EA [38]

Jumping Radiative 
Transitions directly 
to the Absorption!

Exotic atoms 

SIDDHARTA experimental setup

Present Results and future perspectives

Low Density Gaseous target!

Cascade Process in exotic Hydrogen and Helium

From this: KH puzzle (solved)
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The SIDDHARTA 
experiment

Silicon Drift Detectors for Hadronic Atom Research by Timing Application



SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

X-Ray spectroscopy 
measurement

SIDDHARTA SDDs [20]:

• 144 SDDs

• Arrays of 3 SDDs, 1cm2×450μm

• Resolution = 150 eV@5.9KeV

• VBack≈-120V, VLast Ring ≈-250V

• Collecting charge time 750 ns

• Total Shaping time (shaper)≈ 1 - 4 μs

Working Principles [19]:
• Lateral Depletion

• Small anode capacitance

• Drift-Field 

Requests
Good energy 
Resolution

Fast Detector

Detectors for tracking SIDDHARTA group: R&D to 
use them for spectroscopy

Very fast detectors
Trigger
High counts rate

[17][18]

SDD!

Silicon Drift Detectors for spectroscopy
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SIDDHARTA experimental setup @DAΦNE

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives
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e-

e+

Upgraded DAΦNE

• Crab-Waist collisions [45]

• L=5×1032cm-2s-1[47]

• Monochromatic low-energy K-

(~127MeV/c)

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

• couple dedicated sextupoles 
[45]

Q0

Q0

Q1

Q1

Bhabha 
luminometer

Bhabha 
luminometer

Φ

510 MeV/c

510 MeV/c

[21][22][23][24]

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

SIDDHARTA experimental setup @DAΦNE

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012



K-

Kaon Trigger

• Kaons - MIPs TOF separation ≈ 1ns [25]

• Hamamatsu R4998, pulse rise time ~ 0.7 ns [26]

• Scintillator Material BC420 (150mm x 50mm x 2.0mm) [27]

Kaon Trigger K+
Kaons

MIPs

Kaon Trigger
127 MeV/c
Δp/p=0.1%

BR: 49.2 ± 0.6 % [34]
τ∼12 ns [34]

(cascade∼10-12÷10-10 s)

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

SIDDHARTA experimental setup
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SIDDHARTA experimental setup

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

degrader

• mylar

• scaled thickness to compensate Φ boost [27]

• Optimization with K4He measurements [10]

Lead Shield + Pb/Cu/
teflon collimator

Degrader + Ti/Cu 
sandwich for calibration

Φ boostK-

K+
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Calibration System

• sliding system (same of Kaon trigger)

• X-ray tube (40KV, 50μA) on the “sandwich”

• In-beam calibration

Target Cell

N
K-

Target cell
• T= 23K, P=105Pa KH [28a]

• T= 20K, P=105Pa K3He [28b]

• T= 27K, P=105Pa K4He [28c]

• Alu Grid [28]

• Side wall: Kapton 50μm [28]

Ti K!"

Ti K#"

Fe K!"

Fe K#"Mn K!"

Cu K#"

Cu K!"

Au L!"

esc 
Cu  
K!"

Zn  
K!"

tail 

tail 

tail tail [25][26][27]

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

SIDDHARTA experimental setup
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Analysis Result 

KH, K4He and K3HE



SIDDHARTA data and background suppression

How SIDDHARTA works: example of data [10]

Total spectrum without any cut (“self-trigger”)

Selection of events: coincidence with kaon-
trigger

rate<20Hz

S/B ≈ 4

(KHe for degrader optimization)

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

cut on time drift 

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012
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Present results: Kaonic Hydrogen 
• Data accumulated over six months in 2009 (340 pb-1 

for the hydrogen and 100 pb-1 for the deuterium)

• Refined Calibrations analysis 

• Global Simultaneous fit of KH and KD spectra

• Normalisation to High-Statistic KC peak 5->4

ε1s = -283±36(stat)±6(syst) eV
Γ1s = 541±89(stat)±22(syst) eV

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

Physics 
Letters B 704 

(2011), pp. 
113-11

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012



KH spectrum analysis: simultaneous fit with KD

Deuterium data can be used to evaluate background of Hydrogen data.

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

The kaonic-hydrogen lines are represented by Lorentz functions convoluted with 
the detector response function, where the Lorentz width corresponds to the 

strong-interaction broadening of the 1s state
Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012



Present results: Kaonic Hydrogen 

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives
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Present results: Kaonic Helium 4 

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

More data on K4He of the transition coming from: degrader 
optimisation and setup 2 (no 55Fe source)

First SIDDHARTA paper on physics: 
Phys. Lett. B 681 (2009) 310

Confirmed KEK E570 result using a gaseous target
In preparation
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Publication concerning yields of K4He of the transition
First measurement with a gaseous target!
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K3He never measured before!

High X-ray yield

shift = - 1.7 eV ± 2.7 eV (stat.) ± 4 eV (syst.) 

Present results: Kaonic Helium 3 

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives
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Total data acquired: about 15 pb-1

Short period of data taking: 3 - 7 /11/2009

Analysis is still ongoing!

Published in: Phys. Lett. B 697 (2011) 199
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Present results: Kaonic Helium 4 

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

(1)

(1)
(2)

(2)

(3)

(3)
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Future Perspectives

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

SIDDHARTA 2: to study an enriched scientific case [29] In particular:

• Kaonic deuterium measurement (first time in the world), after the explorative measurement 
performed by SIDDHARTA

• Study of other light (KO,KC) and heavier (KSi, KPb) kaonic atoms

Difficulty: Low X-ray yeld
• Geometry optimization: take SDDs closest to the target

• Shielding optimization: to further pull-down the background 

• Improvement of the cooling system: to maximize the yield

• Investigate the possibility of the measurement of other types of hadronic exotic atoms 
(sigmonic hydrogen ?)

• Kaonic helium transitions to the 1s level (and more precise measurements to 2p level). Direct X-ray 
yield measurement

Difficulty: Out of SDDs range • Enlarge SDDs’ energy range (>30KeV), possible adjoint of other detectors 

• Kaon mass precision measurement at the level of < 10 KeV (KC 5->4 transition)

SUMMARY: • K-p    shift ~ 270 eV, width ~500 eV  higher precision then in DEAR
• K-d    first measurement ever, exploratory measurement,  small signal,  significance ~ 2σ 
• K4He  measured for the first time in gaseous target 
• K3He  first time measurement 

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012



Thanks for your attention



[1] - P. Indelicato, Exotic Atoms, Physica Scripta. Vol. T112, 20–26, 2004.
[2] - T. Yamazaki, Exotic states of Hadronic Atoms, Nuclear Physics A585 (1995) 215c – 224c
[3] - Takeyasu M. Ito, Observation of Kaonic Hydrogen Atom X Rays, UTPN-227
[4] - James S Cohen, Capture of negative exotic particles by atoms, ions andmolecules, Rep. 
Prog.Phys. 67 (2004) 1769–1819
[5] - M. Leon, H. A. Behte, Phys. Rev. 127(1962)636
[6] - D. Gotta, Precision spectroscopy of light exotic atoms, Progress in Particle and Nuclear 
Physics52 (2004) 133–195
[7] - C. Curceanu (Petrascu), Measurement of kaonic atoms at DAФNE: what we can learn from their 
study, Proceedings of International School of Physics "Enrico Fermi", Course CLVIII, 2005, Editors: T. 
Bressani, U. Wiedner, A. Fillippi, page 283.
[8] - A.G. Sitenko, V.K. Tartakovskij, Lezioni di teoria del nucleo, edizioni Mir (1981)
[9] - D. J. Abbott et al., Diffusion of muonic deuterium and hydrogen atoms ,Physical Review A 
VOLUME 55, NUMBER 1 JANUARY 1997
[10] - A. Rizzo, Ottimizzazione del degrader di SIDDHARTA attraverso la misura dell’elio kaonico, 
Master Thesis 2008/2009, published in http://www.infn.it/thesis/thesis_dettaglio.php?tid=4360
[11] - H.A. Bethe, E.E. Salpeter, Handbuch der Physik, Band XXXV, Springer, Berlin, 1957
[12] - T.B. Day, G.A. Snow, J. Sucher, Phys. Rev. Lett. 3 (1959) 61; Phys. Rev. 118 (1960) 864
[13] - A. Partensky, T.E.O. Ericson, Nuclear Phys. B 1 (1967) 382
[14] - T.L. Trueman, Nuclear Phys. 26 (1961) 57
[15] - C.J. Batty, E. Friedman, A. Gal, Strong interaction physics from hadronic atoms, 
PhysicsReports 287 (1997) 385445, 2007 
[16] - C.J. Batty, Hadron-nucleus scattering lengths derived from exotic atom data,Nuclear Physics A 
Volume 411, Issue 3, 26 December 1983, Pages 399-416

Essential Bibliography (1/3)

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012

http://www.sciencedirect.com/science/journal/03759474
http://www.sciencedirect.com/science/journal/03759474
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235530%231983%23995889996%23353385%23FLP%23&_cdi=5530&_pubType=J&view=c&_auth=y&_acct=C000057748&_version=1&_urlVersion=0&_userid=2522814&md5=9e60bea420221bf7ac94b051a902623f
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235530%231983%23995889996%23353385%23FLP%23&_cdi=5530&_pubType=J&view=c&_auth=y&_acct=C000057748&_version=1&_urlVersion=0&_userid=2522814&md5=9e60bea420221bf7ac94b051a902623f


[17] - E. Gatti, A. Longoni, A. Castoldi, P. Rehak, M. Sampietro, A. Vacchi, "Electrons Injection In 
Semiconductor Drift Chambers" , Nucl. Instr. and Meth. A295 (1990)489, 2005
[18] -E. Gatti, P. Rehak, Semiconductor drift chamber: an application of a novel charge transport 
scheme. Nuc. Instr. and Meth, 1984
[19] - Luca Bombelli, Master thesis - Sviluppo di un circuito CMOS con derandomizzazione degli 
eventi per spettroscopia X in misure su atomi esotici, Facoltà di Ingegneria, Politecnico di Milano, 
2006
[20] - Roberto Alberti, Master thesis - Progetto e caratterizzazione sperimentale di un 
preamplificatore di carica con elevata stabilità per misure spettroscopiche ad alti tassi di conteggio, 
Facoltà di Ingegneria, Politecnico di Milano
[21] - C. Milardi, DAΦNE SETUP AND OPERATION WITH THE CRAB-WAIST COLLISION SCHEME, 
Proceedings of EPAC08, Genoa, Italy
[22] - D. Alesini et al., DAΦNE UPGRADE FOR SIDDHARTA RUN, LNF – 06/33 (IR,)13 Dicembre 2006
[23] - C. Milardi, DAΦNE INTERACTION REGIONS UPGRADE, arXiv:0803.1450v1
[24] - P. Raimondi, CRAB WAIST COLLISIONS IN DAΦNE AND SUPER-B DESIGN, Proceedings of 
EPAC08, Genoa, Italy
[25] - Johann Zmeskal , SIDDHARTA - status report (Presentation to 36th SCIENTIFIC COMMITTEE 
on www.lnf.infn.it)
[26] - T. Ishiwatari et al., Sent for publication on Physics Letters B, Kaonic helium-4 X-ray 
measurement in SIDDHARTA
[27] - Johann Zmeskal , SIDDHARTA - status report (Presentation to 35th SCIENTIFIC COMMITTEE 
on www.lnf.infn.it)
[28] - Johann Zmeskal , SIDDHARTA - status report (Presentation to 37th SCIENTIFIC COMMITTEE 
on www.lnf.infn.it)

Essential Bibliography (2/3)

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012

http://www.lnf.infn.it
http://www.lnf.infn.it
http://www.lnf.infn.it
http://www.lnf.infn.it
http://www.lnf.infn.it
http://www.lnf.infn.it


[28a] - arXiv:submit/0247548  [nucl-ex]  14 May 2011
[28b] - arXiv:1010.4631v2  [nucl-ex]  1 Feb 2011
[28c] - SIDDHARTA coll., Phys. Lett. B 681 9 (2009)
[29] - C. Curceanu, SIDDHARTA - status report (Presentation to 40th SCIENTIFIC COMMITTEE on 
www.lnf.infn.it)
[30] - T.L. Trueman, Nuclear Phys. 26 (1961) 57
[31] - G. Backenstoss et al., Nuclear Phys. A 232 (1974) 519
[32] - T.S. Jensen, V.E. Markushin, Eur. Phys. J. D 19 (2002) 165
[33] - E. Widmann, J. Zmeskal, http://dx.doi.org/10.1016/j.nima.2010.06.332
[34] - Particle Data Group, Review of particle physics, Physics Letters B, july 2008
[35] - Fermi E., Teller E., Phys. Rev. 72 399 (1947)
[36] - Conversi M. et al., Phys. Rev. 72 209 (1947)
[37] - Frank F. C. , Nature 160 525 (1947)
[38] - L.I. Men’shikov et al., Physics - Uspekhi 44(2) 135 - 171 (2001)
[39] - Wheeler J. A. Rev. Mod. Phys. 21 133 (1949)
[40] - Particle Data Group, Review of particle physics, Physics Letters B, july 2008
[41] - G. A. Rinker, Exotic Atoms a la carte. Troiseieme cycle de la physique en suisse romande, 
Semestre d’ete 1985 (Private copy)
[42] - SIS-Pubblicazioni LNF-95/055 (IR) - 25 Ottobre 1995
[43] - R. Nissler - Topics in three flavor chiral dynamics 2007.http://hss.ulb.uni-bonn.de/diss_online 
elektronisch publiziert
[44] - Itzykson and Zuber - Quantum Field Theory, McGraw-Hill 1980 - pp 480 e ss.
[45] - M. Iwasaki et al., Nuclear Physics A585 (1995) 239c-246c

Essential Bibliography (3/3)

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Young Researchers Meeting Rome 2012

http://www.lnf.infn.it
http://www.lnf.infn.it
http://dx.doi.org/10.1016/j.nima.2010.06.332
http://dx.doi.org/10.1016/j.nima.2010.06.332


Backslides



A closer glance to the main phases: 

• CAPTURE Lot DoF: 
Atomic Structure
n,l of the capturing orbital{ [4]

Difficult to study
Difficult separation between capture          
and formation
At fixed projectile energy and target 
density doesn’t exist a single capturing 
state

An Intuitive Example: Maximising  Capture Cross Section (LKA)

[40]Fine-Structure 
constant:

speed of the orbital electron (n=1)
speed of light

Capture Process

c=1

Kaon Kinetic Energy:

Kaon on Hydrogen Atom: Maximum of the Capture Cross Section when vk≈ve

Tcap≈13.2 KeV
Verifying

996 = mk/me
= 1 Ry = 13.6 eV [40]

We need thermalised hadron/lepton 
to maximise Capture Cross Section:

Production of Low 
Energy Particles Degrader (thermalisation)

Meson Factory:
p beam on 

a target
Production of 

Hadrons and Leptons

Multipurpose approach (Spectrometer Selection)
High Intensity (106 particles/sec)
High μ,π background (pulsed beam, gate)

Φ Factory: e+e- 
collider K- from Φ decay

Only for KA, possibility to implement for ΣA (Absorption)
Low Intensity, small background

Key role of the degrader (Higher energies)

Degrader for the thermalisation fine tuning

k-=493 MeV



∃ several models for Capture

q(Ek)[Capture Window][4] ∋
Higher values: 

Interaction K- electrons clouds. e- expulsion via 
atomic levels rearrangement

Electron expulsion via em scattering K- e- [1][4]

Lower values:

Any direct interaction with e-:  e- expulsion via 
atomic levels  rearrangement in Formation 
process.

K-

Target atomProcess with a lot DoF: Difficulties for its 
theoretical description

 Theoretically ∃! Capture Orbital->Capture(atomic structure, n, l) [1][2][4]
 Very hard to distinguish between Capture, Formation and Cascade process 

Perturbative (PWD, DW-CB)
(Quasi-)Adiabatic Ionization (AI-QAI)
Quasi-Classical (CTMC, FMD)

Hadron energy range that 
maximise Capture cross 
section

When Capture cross 
section will be higher?

vK≈ve-

Example in Hydrogen [10]: α fine structure constant c=1

Hadron Kinetic Energy:

A closer glance to the main phases: 

Capture Process

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



๏ Radiative Transition Energies
๏ Radiative Transition rate (From the photon intensity spectrum)
๏ Level Widths, determined from measured photon line widths 
๏ Auger electron spectra
๏ Atomic and molecular formation rates, inferred from the photon intensity spectrum
๏ Radiative nuclear transition energies (isomer shifted, appearing in the atomic spectra)
๏ Radiative nuclear transition rates, inferred from the nuclear photon intensity spectrum
๏ Decay Debris particles resulting from decay of the exotic particle
๏ Nuclear reaction debris, resulting from absorption of the exotic particle by the nucleus

One of the most difficult experimental measurements

Experimentally 
we have to:

Produce EA

Measure EA

Not a simple work!

Absorption

4 Main Phases 

Capture 

Formation

Cascade

“Meson Factory” [38]
Φ Factory

Everything you 
always wanted to 
know about EA* 
(*But Were Afraid 

to ask)… [41]

Two main      
experimental technique:

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



How to produce Exotic Atoms (KA)

Two ways are used 
to produce EA

Extract beam: 
p on a target

production of meson 
and barion

High Statistic

Meson Factory [38]

To produce KA, High 
πA background

LEAR (Cern), PSI (Switzerland), TRIUMF (Canada), IYaF 
(Russia), RIKEN (japan), RAL (Great Britain) (2001) [38]

Φ        
Factories

production of meson

Low Statistic

Lepton Collider:

Ideal for KA, low 
background

VEPP (Russia), DAFNE (Italy)

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



A closer glance to the main phases: 

Cascade Process

For all the physical branch we 
want to study starting from EA

The fundamental process to 
understand is the CASCADE PROCESS

Peculiar process of the EA we are considering. 
The basics were understood 
studying LMA (only QED+few body)

Systematic Calculations only for Hydrogen isotopes (Z=1), for Z>1 qualitative estimates [38]

START: DIFFERENCE! : Theoretically we know when Cascade Starts!

After:
Capture

Formation
and } Theoretical: difficulty (or impossibility) 

to disentangle [14]{
Capture and Formation modify NP wave function
Cascade starts when NP wave function superimposing 
external atomic electron wave functions [14]

Considering:

Precise 
CalculationsAtom formation: 10-12-10-9 s (thermal, estimates) [41]

Radiative Transitions: 10-15-10-17 s (measurement, estimates) [41]
Total atom lifetime: ≤ τNP (2.2×10-6 s μ, 10-10s Σ) [41]

Possibility to set a time gate to reject background!

{



Deser-Trueman formula (1/2)

Partial waves expansion of 
Scattering Amplitude [6][8]

Elastic scattering of a particle of momentum k on a target

k->0
as s-wave scattering lenght

For exotic atoms scattering + absorption Optical potential

Complex s-wave scattering lenght

Relation between ε and Γ expansion in terms of as/rb [6]
• μ = exotic atom reduced mass
• ne = capture orbital m.q.n.
• Mx = captured adron mass
• me = electron mass

First term of the expansion (Deser formula) [6]

Following term (low energy p-wave) [6]

Corrections due to coulombian and nuclear  interferences are taken into account into higher order terms

Similar relations for states with higher angular momentum

Trueman expansion [30]
Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



Deser-Trueman formula (2/2)
Considering a bound system K- - proton (KH)

Lower order term of Deser-Trueman relation:[7]

Considering a bound system K- - deuton (KD)

Lower order term of Deser-Trueman relation:[7]

Scattering lengths depend on 
isospin status of the system

Expression of akp and akd in terms of linear  superposition 
of scattering singlet (I=0) and triplet (I=1) length  [7]

bound system K- - proton (KH)

bound system K- - deuton (KD)

[7]

[7]

with

lower order approximation of 
momentum (K- scattering on 
free p and n)

Contributions of higher order 
due to three body problem 
(Faddeev equations)

link between complex scattering 
length and optical potential

nuclear phase displacements [8]
a>0 attractive potential
a<0 repulsive potential

[8]
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Kaonic Hydrogen 
Puzzle

How we have learned to perform 
LHA X-ray measurement



The Kaon-Nucleon Interaction at Low Energies [42]

Kbar-N interaction at low energies -> Complex Dynamical Aspects 

Not Simple: K-p and 
K0bar n channels 

Are coupled by charge exchange 

Strongly coupled to Several πY 
channels (Y = Σ,Λ) open at the 
K-p threshold (Ec.o.m.=1432 
MeV)

K-p -> K-p

K-p -> K0bar + n - 5 MeV 

K-p -> π + Σ + 100 MeV 

K-p -> π0 + Λ + 180 MeV 

K-p cross sections for elastic and Inelastic processes

BR for K-p absorption at rest

π Σ invariant mass distribution below the K-p 
threshold, which exhibits the Λ(1405) resonance

The 1s level shift of the K-p atom through X-ray 
measurement

σ(K-p -> π+ Σ-) 

σ(K-p -> π- Σ+) 
lim
k->0

= 2.36±0.04γ =

Available 
Experimental 

data

σ(K-p -> charged particle) 

σ(K-p -> all final states) 
lim
k->0

= 0.664±0.0011Rc =

σ(K-p -> π0 Λ) 

σ(K-p -> all neutral states) 
lim
k->0

= 0.189±0.015Rn =

{
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The Kaon-Nucleon Interaction at Low Energies [42]

Kbar-N interaction at low energies -> Complex Dynamical Aspects 

Not Simple: K-p and 
K0bar n channels 

Are coupled by charge exchange 

Strongly coupled to Several πY 
channels (Y = Σ,Λ) open at the 
K-p threshold (Ec.o.m.=1432 
MeV)

K-p -> K-p

K-p -> K0bar + n - 5 MeV 

K-p -> π + Σ + 100 MeV 

K-p -> π0 + Λ + 180 MeV 

K-p cross sections for elastic and Inelastic processes

BR for K-p absorption at rest

π Σ invariant mass distribution below the K-p 
threshold, which exhibits the Λ(1405) resonance

The 1s level shift of the K-p atom through X-ray 
measurement

σ(K-p -> π+ Σ-) 

σ(K-p -> π- Σ+) 
lim
k->0

= 2.36±0.04γ =

Available 
Experimental 

data

σ(K-p -> charged particle) 

σ(K-p -> all final states) 
lim
k->0

= 0.664±0.0011Rc =

σ(K-p -> π0 Λ) 

σ(K-p -> all neutral states) 
lim
k->0

= 0.189±0.015Rn =

{
Strong 

Interaction is 
repulsive (ε<0) 

[agreement 
with theoretical 

prevision]
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The Kaon-Nucleon Interaction at Low Energies [42]

Kbar-N interaction at low energies -> Complex Dynamical Aspects 

Not Simple: K-p and 
K0bar n channels 

Are coupled by charge exchange 

Strongly coupled to Several πY 
channels (Y = Σ,Λ) open at the 
K-p threshold (Ec.o.m.=1432 
MeV)

K-p -> K-p

K-p -> K0bar + n - 5 MeV 

K-p -> π + Σ + 100 MeV 

K-p -> π0 + Λ + 180 MeV 

K-p cross sections for elastic and Inelastic processes

BR for K-p absorption at rest

π Σ invariant mass distribution below the K-p 
threshold, which exhibits the Λ(1405) resonance

The 1s level shift of the K-p atom through X-ray 
measurement

σ(K-p -> π+ Σ-) 

σ(K-p -> π- Σ+) 
lim
k->0

= 2.36±0.04γ =

Available 
Experimental 

data

σ(K-p -> charged particle) 

σ(K-p -> all final states) 
lim
k->0

= 0.664±0.0011Rc =

σ(K-p -> π0 Λ) 

σ(K-p -> all neutral states) 
lim
k->0

= 0.189±0.015Rn =

{
Strong 

Interaction is 
repulsive (ε<0) 

[agreement 
with theoretical 

prevision]

Attractive!
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What’s going on ...

Three different Experiments on KH saying the same thing...

We didn’t understand 
the right experimental 

method

We didn’t understand 
anything about Strong 

Interactions They 
should 

be here!

REPULSIVE ATTRACTIVE

Two Possibilities:

Common point:  LIQUID TARGET!

• small solid angle of Si(Li) X-ray detector,
• the nuclear absorption of kaons from 
higher atomic states (Stark mixing),
• large background originating from high 
energy gamma rays and
• large fraction of kaons stopped in 
materials around the target. [45]

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



What’s going on ...

In 1997 KpX experiment at KeK (Japan) solved the puzzle...

Main difference: the use of gaseous Target! 

REPULSIVE ATTRACTIVE

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



What’s going on ...

During the years several improvement in the technique...

Main Improvements:
REPULSIVE ATTRACTIVE

The use of a               
Φ-Factory to have 
lower background

The use of very fast 
detectors that allow 
trigger improvement

A great precision (∼eV) is needed to disentangle theoretical models! 

Calibration in beam to 
check the stability

Alessandro Rizzo, LNF - INFN and University of Rome “Tor Vergata” Physics @ FAIR, Rez, October 3-7 2011



How to Prevent … 

COLLISIONS

PERVASIVENESS 

Competitor 
Processes

By Setting Carefully P,T of the target (STABLE)!

Function of EA 
MEAN FREE 

PATH

Here we can 
operate!

EA PRODUCTION:

More NP stopped

Density

High Number of EAs

Statistics couldn’t be 
higher: γs can be re-
absorbed

X-ray PRODUCTION

Minimising Collision 
and Pervasiveness

Increasing X-Ray 
Yield

Low Statistic: 
Possibility to enhance 
using magnetic trap 

High LowCompetitor are 
dominant!

Possibility to see 
only BG
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Processes - Rate

Atomic Cascade in Exotic Hydrogen Atoms
T.S. JENSEN AND V.E. MARKUSHIN

Institute of Theoretical Physics, University of Zürich, Switzerland
Paul Scherrer Institute, Switzerland

ABSTRACT

The collisional processes (Stark, elastic, Auger, and Coulomb transitions)
taking place during the exotic hydrogen cascade have been calculated us-
ing the close-coupling method, the semiclassical (eikonal) approximation,
and a classical-trajectory Monte Carlo model.
Based on the resulting cross sections, the atomic cascades in exotic hydro-
gen atoms (muonic, pionic, kaonic, and antiprotonic hydrogen) have been
studied in the extended standard cascade model (ESCM) by calculating
the evolution in the kinetic energy distribution from the beginning of the
cascade.
The results have been compared with experimental data on X-ray yields,
cascade times and kinetic energy distributions.

Motivation
A detailed understanding of the atomic cascade in exotic hydrogen atoms
is essential for the interpretation and planning of new experiments:

Muonic hydrogen. The feasibility of the Lamb shift ( ) ex-
periment at PSI [1] relies on a sufficiently high population and a long
lifetime of the metastable state. The population can be pre-
dicted by a cascade model.

Pionic hydrogen. PSI Experiment R-98-01 [2]. In order to obtain the
strong interaction width of the state in Doppler corrections to
the measured X-ray lines must be applied. A reliable cascade model
is needed for calculating the kinetic energy distribution at the instant
of the radiative transition.

Kaonic hydrogen. New and precise measurements of the strong in-
teraction shift and width of the state are in progress (DEAR ex-
periment [3]). The experiment can benefit from cascade model pre-
dictions of X-ray yields and the structure of the X-ray complex.

Antiprotonic hydrogen. Doppler broadening corrections are needed
in order to obtain the the strong interaction shifts and widths of the
level [4].

Extended Standard Cascade Model
The standard cascade model (SCM) for exotic hydrogen atoms, beginning
with the paper of Leon and Bethe [5], was able to describe the basic fea-
tures of the atomic cascade, and, with the use of a few phenomenological
parameters, provided a fair description of the X-ray yields and absorption
fractions. For the sake of simplicity, the SCM does not take the kinetic
energy evolution into account but uses the cascade rates calculated for a
fixed value of the kinetic energy.
The extended standard cascade model (ESCM) [6, 7, 8, 9, 10] has been de-
veloped in order to meet the challenges of the new generation of exotic
hydrogen experiments. In the present version:

Calculations have been done for , , ,

The evolution in , and the kinetic energy is calculated from the
beginning of the cascade.

Molecular target effects at high are included.

Cross sections for nuclear absorption during collisions in hadronic
atoms are used.

The following table summarizes all well-established cascade processes
which take place in exotic hydrogen atoms and are included in the ESCM:

Process Example
Radiative:
Stark transitions:
External Auger effect:
Coulomb transitions:
Elastic scattering:
Absorption:
Nuclear reaction:
Weak decay:

An advantage of the ESCM compared to earlier cascade models is due to
the use of new cross sections calculated using various quantum mechani-
cal, semiclassical, and classical methods [8, 9, 11, 12]:

Quantum mechanical close–coupling model (n=2-5):

H H

Semiclassical model:

H H

Classical–trajectory Monte Carlo model (CTMC):

H H
H H

Results
The -average rates for muonic hydrogen with the kinetic energy eV
in gaseous target at LHD (79 mbar) are summarized in the following
figure:
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The Coulomb deexcitation ( ) and Stark transition ( ) rates calculated in
the CTMCmodel [9] are shown in comparison with the results of the semi-
classical fixed field model for Stark mixing (solid line ) and Auger deexci-
tation (light dashed line) [9]. The Coulomb deexcitation rate from [13] is
shown with a dash-dotted line.
The dominant deexcitation mechanism in the upper part of the cascade is
the Coulomb deexcitation

with . This process leads to a significant acceleration in the
upper part of the cascade.

The recent diffusion experiment at PSI [14] allows one to study in de-
tail the initial stage of the cascade. The following figure shows the density
dependence of the median kinetic energy in on arrival in the state
(experimental data from [14]):
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The results are calculated both in a model where scattering from H
molecules at high is used and one where the gas is assumed to consist
of H atoms. It is possible to explain the data only by taking themolecular
structure of the target H into account.

The X-ray intensities in depend strongly on the hadronic width of the
state. This is illustrated in the following figure showing the relative vs.

absolute yields in at 10 bar:
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In the ESCM, agreement with the X-ray data from KEK [15] is obtained
for meV. The earlier calculation in the Borie-Leon model
[15] could not explain both observables simultaneously.

Measurements of cascade times reveal information on the strength of the
deexcitation processes. The following figure shows the density depen-
dence of the cascade time in :
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The cascade time is calculated with an initial . The experimental
data from the Obelix Collaboration [16] support fast collisional deexci-
tation at high . The earlier calculation of Reifenröther and Klempt [17]
significantly underestimated this effect.

Conclusions
A good understanding of the atomic cascade in needed for the new
generation of precision experiments with exotic hydrogen atoms.

The cascade in exotic hydrogen atoms ( , , , ) has been
studied in the extended standard cascade model. The evolution in
kinetic energy is followed from the beginning of the cascade.

The model is based on improved cross sections for Stark, elastic,
Coulomb, and Auger transitions calculated using
(1) Quantum mechanical close-coupling.
(2) Semiclassical approximation.
(3) Classical-trajectory Monte Carlo.

Molecular target effects are very important at high . The dominant
deexcitationmechanism is the Coulomb deexcitation H

H or H H with . This dominance of this
process leads to a significant acceleration in the upper part of the
cascade.

The cascade model is in good agreement with most of the experi-
mental data. There are, however, still some problems to be solved:
Molecular target effects at low n.
Hybrid processes (Coulomb + Auger).
etc.
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Testing Chiral Perturbation Theory - Why LKA are so important

Theoretical Approach to Light Kaonic Atoms



QCD phase diagram - 

Perturbative QCD

Color 
Superconductor 

(<qq>≠0)

Hadron Gas (<qq>≠0)

EAs are in The Hadron 
Gas Phase

In This phase, 
massless QCD 

Lagrangian is invariant 
under the full group of 
chiral transformation

Here, we need a 
different realisation of 

QCD (confinement) 

UL(3)×UR(3)

Chiral Condensate (i.e. 
ground state) not 

Invariant under this 
group

SSB - Starting point of 
ΧpT (effecive)
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SSB of the full Chiral Group [43]

The vacuum is not empty!

u,d,s (3 Flavours ΧpT)Chiral Transformation -> Rotations in the flavours space

<qq>≠0 
Applying to the g.s. rotations in the flavours space we 
find different results! So the vacuum is not invariant!

UL(3)×UR(3)

Can be decomposed in: UL(1)×UR(1)×SUL(3)×SUR(3)

UV(1)×UA(1)×SUV(3)×SUA(3)

L∈UL(3); R∈UR(3)
L=R
L=R✝

Can be also 
expressed in therm of:

4 irreducible subgroups 

vector transformation

SSB

axial-vector transformation

Massless 
(mq=0)

Equivalent Decomposition:

S: mq≠0 : Baryon Number Conservation in the Strong Interactions

Noether’s theorem: conserved currents corresponding to the global symmetries

AS: mq=mq’ : Flavour symmetry of the hadronic spectrum

NS: Anomalously Broken at the quantum level (loop) of the theory

NS: octet of pseudo-scalar mesons -> octet of scalar meson parity doubling of the hadron spectrum

SSB of SUL(3)×SUR(3) in SUV(3)Not Observed! Subgroup
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Construction of the Effective Lagrangian [43]

8 Goldstone Boson (GB) spin 0 and odd parity JP=0-SSB of SUL(3)×SUR(3) in SUV(3)

π+, π-, π0, K+, K-, K0, K0bar, ηIn the Hadron Spectrum with JP=0-: Octet of light mesons 

Separated from the rest of the spectrum with a mass gap characteristic for system 
with SSB

Identification! ΧpT as different realisation of QCD: we have moved 
the D.o.F. of the theory from g and q to the mesons!

G=SUL(3)×SUR(3)
H=SUV(3)

Coset Space G/H is isomorphic to SU(3)

φ→φ’=F(g,φ)H⊂G
Real Field                       

(8 component)}8 GB φ(x) g∈G
F = representation of G

[43] GB can be represented with 
operator U(x)∈SU(3)

U(x)=exp(2itaφa(x)/f)
f=pseudo-scalar decay constant in the chiral limit
ta=λa/2 = generators of SU(3)

f measures the strength of meson decay into 
hadronic vacuum via axial-vector current

Physical basis

Equivalence class: A left (right) coset of a group G with respect to the 
subgroup H ⊂ G is an equivalence class of elements in G which only 
differ by right (left) multiplication with a member h ∈ H and is denoted 
by gH (Hg).

SSB 
SUA(3) 

SUA(3) Explicit 
breaking (mass therms)
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Construction of the Effective Lagrangian [43]

Same symmetries of QCD
Lorentz Invariance
C,P,T
SUL(3)×SUR(3)

}

0th order: constant (GB massless ) Only even power of 
derivatives occurs 

Chiral Counting Scheme

2nd order: 
Interaction:

What we need to study KN scattering:

To define and to put sources (connected: W[v,a,s,p])

Till now NO INTERACTION!

v=vector
a=axial

s=scalar
p=pseudo-scalar

Redefinition of covariant derivative [43]

To introduce the lowest lying octet of spin 1/2 baryons: n, p, Λ, Σ+, Σ-, Σ0, Ξ-, Ξ 0

RECIPE

Requiring invariance under subgroup SUL(3)×SUR(3) for the Lagrangian:
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A different approach to QFT

From the representation:

Includes source

Meson field [43]

Bethe-Salpeter equation (from DSE [44])

BSE full scattering 
amplitude Two Particle PropagatorInteraction Kernel

From KH! we are able to 
test Chiral Lagrangian 

(LECs)

axial-vector coupling baryon-meson [43] (LEC)

Baryon Octet mass in the Chiral limit

Iteration solving...

The Idea...

4 point function -> 
Bound State propagator

Rest
Pole of the bound state

Leading order of the meson-baryon Lagrangian



Upgraded DAΦNE

Crab-Waist collisions

Enhance Luminosity through:

reduction of the crossing angle at the Interaction 
Point (IP) between the two colliding beams

reduction of the transverse dimensions of the 
bunch, reducing betatron oscillation near IP 

Pair of dedicated sextupoles (symmetric position 
respect IP)

Choose: Asymmetric collision scheme with only IP

Using 6 new permanent magnet (SmCo) with 
nominal field: Q0 = 6.7 T, Q1 = 3 T

[45]
[45]

[47]

[47]

[45]

[45]

[45]
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SDDs resolution

FWHM = 151 ± 2 eV (@5.9 KeV [Mn Kα]) [33]

Stability ≈ ± 2 - 3 eV [33]
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KH SIDDHARTA results- Comparison with the 
theoretical values 
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  Empty : using  Deser-Trueman formula 
  Full : by including isospin breaking corrections

  Circle : Chiral SU(3) effective field theory
  Rectangle : with fit restricted to the DEAR data

Courtesy of S. Okada
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Comparison with recent theoretical values

SIDDHARTA

B. Borasoy et.al.,
PRC74, 055201 (2006)

… providing a conservative range for the K−p 
scattering length constrained solely from K−p 

scattering data.

Chiral SU(3) unitary approaches

Weinberg-Tomozawa
Weinberg-Tomozawa-Born
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Data taking and calibrations

SDDs 

degrader 

Scintillators 

Production data 

SDDs 

Ti/Cu foil 

X-ray tube 

calibration data 

Removing the cross-talk events

SIDDHARTA experimental setup

Exotic atoms 

Present Results and future perspectives

Calibrations of 144 
SDDs every 4 our

Stability of the response is constantly 
monitored for each detector!

Study of the response function of each 
detector (tails, shelf)

Ti Kα(1+2)

Ti Kβ

Cu Kα(1+2)

Cu Kβ

(≈4.507 KeV)

(4.931 KeV)

(≈8.037 KeV)

(8.905 KeV)

co
un

ts

channel (ADC)
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Kaonic Deuterium: spectrum
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Courtesy of S. Okada

Hints (2 sigma) for: 
shift  about 700 eV 
Width about 800 eV 
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Background: K4He

S/B ≈ 5
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Muonic and Pionic Helium
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