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EXOTIC ATOMS
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Exotic atoms are atoms in which a negatively charged particle replaces the outermost
electron in an atom and bounds to a nucleus.

Exotic atoms with muons, pions, kaons, antiprotons and hyperons were observed.

Predicted by Tomonaga and Araki (phys. Rev. 58 90-91, 1940), Conversi Pancini and
Piccioni (phys. Rev. 68 232-232, 1945, phys. Rev. 71 209-210, 1947), Fermi and
Teller(phys. Rev. 72 399-408, 1947).

Discovered by Fry in 1951 with a bubble chamber on a balloon (phys. Rev. 83 594-597,
1951).

Finally produced and studied exploiting hadronic accelerators.
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Kaonic Atoms: Formation

O e

rbe ~ rbk
(Prog. Part. Nucl. Phys. 61, 512—550, 2008)

H n=1 level ~ KH n=25 level
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Kaonic Atoms: Cascade

The KH de-excitation cascade in its last part is radiative and in the X-ray region.
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Kaonic Atoms: K-N Interaction

Strong interaction

In the last level of the atom kaon interact with nucleus also by strong interaction, and
then interact at threshold with nucleons and is absorbed.
The time to reach the last level is 1e-9 - 1e-12, while z«<=1e-8
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Importance of kaonic Atoms in QCD
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of the level induced by the small lifetime.
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Importance of kaonic Atoms in QCD

Compute o using a potential

for strong interactions coming Measurement of shift and
from different models based widths of kaonic atoms
on yPT theory.

The cross-section at Deser-Trueman Formula
threshold is proportional to

THEORY Scattering EXPERIMENT
Length
(Rev. Mod. Phys, 91, June 2019)
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e From K-H and K-D one can get info on K-p and K-n
scattering lengths.

e Combining K-H and K-D measurement one can

disentangle the two K-N isospin dependent scattering
lengths.
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Importance of kaonic Atoms in QCD (and more)

It is also important to study the kaonic atoms transitions with different Z and n:

e Z, because it is important to have a e N, because itis atest of QED and it
clear picture on the K-N and K-multiN is important for possible
interactions in function of the nuclear measurement of kaon mass and
density. atomic cascades.

hSM+ o
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THE SIDDHARTA-2 EXPERIMENT
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The DADNE Collider

o 4 /_,""" DAMPING [
— = 4 77 RING
LINAC 0
% VA
o > SIDDHARTA
I N p
| 2 B
DAONE N
MAIN L ®
RINGS \e
T T R
- N 22 )

7
4 / / e
DAGONE -3
DEAR
2 CONTROL A o
ROOM ==
o

double ring lepton collider working at the
c.m. energy of ® resonance (P-factory)
(mo= 1.02 GeV)

® decays in a couple of charged kaons
with a BR(® — K*K") = 48%

The kaons are produced almost at rest
(m, =493 MeV = p, =127 MeV, 3~0.26)
with a small boost through the center of
the rings.

The Ks’ momentum spread is almost null
(Ap/p < 0.1%)
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Experimental Setup

°
Refrigerator target

High vacuum pump Refrigerator SDDs

Vacuum chamber

SDD amplifier Target cooling lines

Lead wall Cryogenic target L4

SDD array ot VEt0-1 device
°
°

Kaon trigger

arXiv:2311.16144 [physics.ins-det]
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384 Silicon Drift Detectors (SDDs),
specially developed for kaonic atoms
x-ray spectroscopy, providing a high
energy efficiency (>98%) for x-ray
energies between 5 keV and 12 keV

Cryogenic gaseous target in a Kapton
Cell enclosed in a Vacuum chamber

Kaon Trigger: two fast plastic
scintillators to cut on tof

Complex veto systems: the key
upgrade wrt SIDDHARTA together
with the new, dedicated, SDDs.
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PARALLEL GOALS AND FUTURE

PERSPECTIVE
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Parallel Goal: The CZT Detector

Reminder: it is important to study kaonic atoms with different Z to have a clear picture on the
K-N and K-multiN interactions in function of the nuclear density.

— To study intermediate mass kaonic atoms a new detector is being tested in DA®NE: The CZT
detector

+ Good timing, resolution and efficiency in the
30 keV - 400 keV range at room
temperature.

+ Ideal to build compact and reliable detection
systems (no cooling needed)

- Tested for the first time in a collider by the
collaboration.

Nucl. Instrum. Methods Phys. Res. A 1060, 169060 (2024).
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Parallel Goal: The CZT Detector

Fixed shift and width to the values calculated with
BCN KA-N + phen. multiN model

Total Energy Spectrum with Kaons, delta and peaking time selection
300

: Pb . Ipha : g:::al Fit.lfmcticn
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— Au alpha | Pb beta s v
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Future Perspective: EXKALIBUR

EXtensive Kaonic Atoms research:
from Lithium and Beryllium to Uranium

Two accelerators and many detectors to measure kaonic atoms, with
applications from particle physics and QCD to Astrophysics and Dark
Matter.
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Measurements of kaonic atoms are important in the framework of low-energy QCD, the
upcoming measurement of the KD shift and width by the SIDDHARTA-2 collaboration is going
to be revolutionary: it will permit to fully disentangle the isospin-dependent scattering
lengths, giving theoretician an important input/output on which assess the models.

In general, other kaonic atoms measurement are important to understand the behaviour of
the K-N and K-multiN interactions, with the possible existence of neutron stars with strange
matter in their interior (Hyperon puzzle)

Kaonic atoms measurements are also important to solve one of the issues highlighted by the
PDG: the kaon mass puzzle.

Parallely to the main goal, the SIDDHARTA-2 collaboration is also developing new
state-of-art X-ray deterctors (CZT, SDDs)
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e Theory:

O Fermi, Teller, The Capture of Negative Mesotrons in Matter. Physical Review 72 (Exotic Atoms)
O  Zmeskal, Progress in Particle and Nuclear Physics 61

O Cieply, Mai, Mei3ner, Smejkal, Nuclear Physics A 954

e Kaonic Atoms at DA®NE

O Curceanu C and others 2019 Reviews of Modern Physics 91
O Artibani, Clozza, Toho, et al., Acta Physica Polonica B 55, 5-A2 (2024)
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BACKUP
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Importance of kaonic Atoms in QCD

Why are these measurements so important?

el 4 %F{’s =20’p%ag, [1-20pu(lno—1)ag,+...] e+ %l‘ﬁ =20’p%ag,[1 - 2ap(ina —1)agy + ...]

\ /

Antikaon-nucleon scattering lenghts

1 - 4 my+m
aK—p=§[a1+a0] agn, = 4ap . Ay = [ N K]Q+C
2my +m
/ / N K
Isospin-dependent scattering lenghts: 1 1
either input or output of phenomenological models 0= 5 [a,g,, + al?n] == 2 [ag + 3a,|
on low-energy QCD

= To fully disentangle the Isospin-dependent scattering lengths one needs the kaonic deuterium
measurement

(Rev. Mod. Phys, 91, June 2019)
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Modern Era Experiments

KpX at KEK VS DEAR at DAONE
* Crozs Segction of the Sstup
DEAR
Q8 endguard - - Closed cycle
== T2 counters P refrigerator
" C2 cylindrical chamber Outer Pb shielding
B2 counter B3 and B4 Si(Li) x-ray detectors - |
I C1 cylindrical chamber Turbo Molecular Pump (
=) ’ I ‘ ~
P Veto counters / v e 1 Rod with CDD cooling device
Degrader_ |/ Hatarget [ & _— “Fe source
- Vi \ [ foess TN Dewae B=— —e10 IN2 Target — cooling line
K [ == \ —n_] - resenvolr X X
600 MeVic b b - CCD - cooling line
T1 counters .
Teflon plate with Ti foil Vacuum chamber

Y

Kaon monitor
1_.2 DEAR beam pipe

+

Pion degrader

LCs
’ Light-weight target
L 7 =1 gieegn g

. Inner Pb shielding
= Water Cerenkov counters =

A lot of Statistics e Acceptable statistics

High Background (Rev. Mod, Phys, 91, June 2019) Low Background
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Old Era

Experiments

Table 1
Compilation of K~ atomic data
Nucleus  Transition e (keV) T (keV) Y I, (eV) Ref.
He 352 -0.04 +0.03 ~ - - [15)
-0.035+£0012 0.03 +0.03 - - [16]
Li 32 000240026  0.055+0.029  0.95+0.30 - (1n
Be 32 -0.079+0.021 01724058  025+009  004+0.02 [17]
log 352 -0.20840.035 0810+0.100 - = (18]
g 352 -~0.167+0.035 0.700+0.080 - - [18]
c 352 ~0590+0.080 173040150 00740013 099+020 [18]
o} 453 -0.025+0018  0.017+0.014 - = [19)
Mg 453 -0.027+0.015 0.214+0015 0784006  008+003 [19)
Al 4-3 ~0.130+0.050  0.490+0.160 - = [20)
~0.076+0.014 044240022 055+003  030+0.04 [19]
Si 4-3 ~024040.050 0.810+0.120 - = [20)
-0.130+0.015  0.800+0.033  0.49+0.03 0.53+0.06  [19)
P 43 ~0.330+0.08 1.440+0.120  0.26+0.03 1.89+030 [18]
S 4-3 ~0550+0.06 233040200 0224002  3.10+036 [18)
-0.43 $0.12 231040170 - - [21)
-0.462+0.054 196 +0.17  023+003 29 +0.5 [19)
cl 43 -0.770+040  3.80 +1.0 0164004 58 +1.7  [18]
—-094 +040 392 +099 - - [22)
-1.08 +022 279 +0.25 = - 21)
Co 54 -0.099+0.106 0.64 +0.25 = o [19]
Ni 54 —-0.180+0.070  0.59 +0.21 0304008 59 +23  [20)
—-0.246+0.052 123 +0.14 - = [19]
Cu 54 —0240+0220 1.650+072  0.29+0.11 70 +38  [20)
—-0377+0.048 135 +0.17  0.36+0.05 51 +1.1 (19]
Ag 65 -0.18 +0.12 154 +058 0514016 73 +47  [19)
cd 65 —-0.40 +0.10 201 +044  057+0.11 62 +28  [19)
In 65 —-0.53 +0.15 238 +0.57  0.44+0.08 114 +37  [19]
Sn 6-5 -041 +0.18 318 +064  0.39+0.07 151 +44  [19]
Ho 7-6 -030 +0.13 2.14 +031 = = [23)
Yb 7-6 -012 +£0.10 239 +0.30 ~ = (23]
Ta 76 —-027 +050  3.76 +1.15 - - (23]
Pb 87 = 037 £0.15  079+008 41 +20  [24]
-0.02040012 - = = [25]
U 87 —-026 +0.4 150 +0.75 0354012 45 +24  [24]

Table in (Nucl. Phys. A, 579, 518-538,
October 1994) reporting the measured
shifts and widths from 10 experiments
for 25 kaonic atoms.

Nowadays, models are also based
on these measurements
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KAONIC ATOMS EXPERIMENTS
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The Kaonic Hydrogen Puzzle

Repulsive-type Attractive-type
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From Rev. Mod. Phys, 91, June 2019
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Kt down mean time [ps]

Experimental Setup: The Importance of Timing

MIPs

5708g'....|....J.H.|....|...‘\....\‘..‘
000 66000 67000 68000 69000 70000 71000 72000

KT up mean time [ps]

Time difference between DA®PNE RF and
signal on kaon trigger, a window of slower
particles (kaons) is clearly distinguishable

from background

1400 F T LS EE OO e B l"":

synchronous time
window

kaon induced ]
signals and
background

Counts / 100 ns
o)
8

-
continuous background in |
asynchronous time region 1

]

1 1

2 3 4 5 6 7
SDD event timing from kaon trigger (us)

Time difference between a signal on the kaon
trigger and a signal on SDDs, a clear signal due to
the kaon induced events is distinguishable from
uniform bkg.
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Experimental Setup: The MC Simulation

15001 &, =(-800 = 30) eV SIDDHARTA-2
I = ( 750 + 80) eV

e 800 pb?simulated
luminosity

-t
o
(=]
o

counts per 80 eV

® precision of about 30 eV
and 80 eV respectively on
shift and width obtained

5001

6 7 8 9 10 11 12
energy [keV]

R IIII——
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Counts/2.0 kev

Parallel Goal: The CZT Detector

Total Energy Spectrum with Kaons, delta and peaking time selection

300 B ' ——— Data
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Experimental Setup: The MC Simulation

The MC simulation is essential to:

e Study the material thickness (~100
um can reduce a lot the statistics)

e Study the expected results (other
kaonic atoms can be a background
themselves)

e Study the yield of the transition,
almost unknown.

e Study possible cuts on timing and
position exploiting veto systems.
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Parallel Goal: The Kaon Mass Puzzle

WEIGHTED AVERAGE

493.664+0.011 (Error scaled by 2.5) e The two most precise measurement

_ of the kaon mass exploits kaonic

Values above of weighted average, error,

and scale factor are based upon the data in atoms, but the measurements are

this ideogram only. They are not neces- . .

sarily the same as our “best' values, not Compatlble, propagatlng the

obtained from a least-squares constrained fit . . .

utilizing measurements of other (related) large uncertainty in other particle

quantities as additional information.

2 physics observables (DO mass)
---------- DENISOV 91 20.5 . .
R R R GALL88  KPb 98 226 Aims of the collaboration:
---------- GALL 88 KPb 11-10 0.2
------ GALL 88 KW 9-8 0.4
—  +—= GALLS88 KW 11-10 2.2 “ . ”
........... LUM 81 02 1. Reproduce the “pathological
----------- BARKOV 79 0.0 ;
____________ e E 2e Bk 58 g measurement of GALL88 using
------------ CHENG75 KPb 10-9 0.1
AAAAAAAAAAAA e oo B HPGe detectors and K-Pb
-+ - CHENG 75 KPb 12-11 3.6 transitions

-+ - CHENG 75 KPb 13-12 0:8
~~~~~~~~~ BACKENSTO... 73 0.4

52.6
2

(Confidence Level 0.001) Do an independent measurement
J

4935 4936 4937 4938 4939 494 explo[tlng K-Ne transitions —’Al
my+ (MeV) techniques to control systematics.
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The SIDDHARTA-2 Experiment: Physics Goal

+ From SIDDHARTA exploratory measurement, combining data and
Monte Carlo simulation, it turned out that the expected yield must
be Y(K, KD) ~ 0.1%

An accurate control on background is needed!
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The SIDDHARTA-2 Experiment: Physics Goal
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