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Exotic Atoms
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Experiment

Preliminary
Results

Outline

e What is an exotic atom
e Kaonic Atoms
e Kaonic atoms and QCD

e The DA®NE Collider
e Physics goal
e Experimental Apparatus

e The First Results
e Kaonic Deuterium
e Future Projects
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EXOTIC ATOMS
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Exotic atoms are systems in which a negatively charged particle stops in a material,
replaces the outermost electron of an atom and bounds to a nucleus.

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

In this talk | will focus on kaonic atoms, and on their connection with low-energy
strong interactions with strangeness.
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Kaonic Atoms: Formation

O e

e ~ Ik
(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-9s - 1e-12s, while z«=1e-8s
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Kaonic Atoms in Low-energy Strong Interactions

X-ray radiation

n
e 1= 1 2 n-1
P
P>
external Auger effect

E o
&« -
2 . Coulomb de-excitation
s« /K
- -
[>)
=
Z

Shift of the level induced by strong interactions.
measured e.m.

Egg = EZp—ls 2p—1s

Width

of the level induced by the small lifetime.
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Kaonic Atoms in Low-energy Strong Interactions

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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Kaonic Atoms in Low-energy Strong Interactions

e From Kaonic Hydrogen, the K-p strong interaction at threshold can be
experimentally probed through measuring shift and width of the 1s level,
and obtaining the scattering length though the improved Deser formula.

e Combining Kaonic Hydrogen and Kaonic Deuterium measurements, the
K-Nucleon isospin-dependent scattering lengths can be probed,
exploring the behaviour of the isospin in these interactions at threshold.

ap + ai
Agp = OKH = 9 Ai, = a1
ap + 3a
aKd:k L 4 1 +C
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Motivations
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THE SIDDHARTA-2 EXPERIMENT
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The DADNE Collider
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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") = 49%

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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3m —

Experimental Setup

Refrigerator target

High vacuum pump Refrigerator SDDs

Vacuum chamber
SDD amplifier

Lead wall
SDD array

Target cooling lines
Cryogenic target
o Veto-1 device

Kaon trigger

arXiv:2311.16144 [physics.ins-det]
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Cryogenic gaseous target in a Kapton
Cell enclosed in a Vacuum chamber

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

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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PRELIMINARY RESULTS
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The Road to KD Measurement

Kaonic Kaonic Kaonic
Deuterium Run1 Deuterium Run2  pDeuterium Run3
May — July October - February — April
2023 December 2023 2024

+ Pre/post test measurement with gaseous (He, Ne) and solid (Li, B, Be)
targets for each run.
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Kt down mean time [ps]

Raw Spectrum and Background
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counts / 50 eV

RUN1 Preliminary Result
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SIDDHARTA-2

—— Data

—— Kaonic deuterium transitions
— K-C, K-0O, K-N, K-Al and K-Ti transitions

—— background
— global fit function

x2ndf = 1.23 _[Ldt =196 pb”

t

C5->4

Axd, ,, - Voigt(Ey_1,0,T1,)+
Axay,, - A

rels.
K'AI8->7 -

K-d K, K-dKs K-dK,

: 3 K-d Kcomplex

- Voigt(E5T; + €1, 0, 1)+
Ak, ,, - Voigt(ELT; + €1y, 0,T7,)+

Aka,,; * Arets_,, - Voigt (BT} + €1,,0,T5,)+
Akdy sy * Arels,, - Voigt(EEST + €15, 0, T1,)+
Akdasn * Arelryy - Voigt(E7T] + €15, 0,T,)

f =poli(E) + exp(E) + Z Gauss(Agi, Ei, 0) + Tail(Ari, E;, B,0)+

rﬂl‘lﬂf_,?«:f" -

4boo

5000 6000
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11000

&1s = E3piis —Esps1s = —816 £ 53 (stat) + 2 (syst) eV
I1s = 756 + 271 (stat) eV
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RUN1 Preliminary Result
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Measurements of kaonic atoms are important in the
framework of low-energy strong interactions, the KD
shift and width measurement by the SIDDHARTA-2
collaboration is going to be revolutionary: it will
permit to fully disentangle the isospin-dependent
scattering lengths.

Kaonic atoms measurements are also important to
study K-multiN interactions and solve one of the
issues highlighted by the PDG: the kaon mass puzzle.

Parallely to the main goals, the SIDDHARTA-2
collaboration is also developing new state-of-art
X-ray deterctors (CZT, SDDs, HPGE)

“The most important experiment to be
carried out in low energy K-meson physics
today is the definitive determination of the

energy level shifts in the K—p and K—d

atoms, because of their direct connection

with the physics of KN interaction and their
complete independence from all other kinds
of measurements which bear on this
interaction”.
R.H. Dalitz (1982)

20
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BACKUP
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More on Kaonic Atoms

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 is important for possible
K-multiN interactions in function measurement of kaon mass and
of the nuclear density. atomic cascades.

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024
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Parallel Goals: HPGe & CZT

HPGe detector diameter ~60 mm,
height ~60 mm.

Goal: Heavy-kaonic atoms; Goal: Intermediate-Mass
Kaon Mass from KPb. Kaonic Atoms

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024
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Parallel Goals: HPGe & CZT

counts/lkeV
= i 133 Total Energy Spectrum with Kaons, delta and peaking time selection
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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 and probe
K-N interaction, with applications from particle physics and QCD to
Astrophysics and Dark Matter.

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024
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Width Iy [eV]

Scientific Goal
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K-d transition energies predicted by QED (eV)

K & K B Kcmnple:v

2—1 3—1 4—1 5—1 6—1 7—1

7834.0 9280.2 9786.2 10020.4 10147.6 10224.3

Theoretical predictions

Reference €15 (€V) T'ys (eV)

Kamalov et al. (2001) [55]  -1080 1030

Gal (2007) [56] -769 674
Déring et al. (2011) [57]  -779 650
Shevchenkov (2012) [58] -787 1011

Mizutani et al. (2013) [59] -887 757
Revai (2016) [60] -800 960
Weise et al. (2017) [61] -670 1016
Liu et al. (2020) [62] -803 2280
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Kaonic Atoms in Low-energy Strong Interactions

e From Kaonic Hydrogen, the K-p strong interaction at threshold can be
experimentally probed through measuring shift and width of the 1s level,
and obtaining the scattering length though the improved Deser formula.

e Combining Kaonic Hydrogen and Kaonic Deuterium measurements, the
K-Nucleon isospin-dependent scattering lengths can be probed,
exploring the behaviour of the isospin in these interactions.

) ) agp + aq
Ggp = O0gH = 5 Ain = Q1
ap + 3a
a[_(d—-k O L C
4 my + Mg

2mpy + mg
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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 c Ipha gl;hal Fit function
[ K-Al transitions
- e Otheer transitions
250 — KPb 13-12 (?7) KAl 4-3 Background
— Au alpha \  Pbbeta KPb 12-11 (22
00— KAI5-4 ! L4 LA KPb (22)
— =5 =
150 —
: /
100 —
-+ Preliminary
50 i/\ /\
0 : 1 1 I 1 1 L 1 1 1 l 1 Il 1 1 1 1 1 1 l 1 m
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nergy
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Importance of kaonic Atoms in QCD

Why are these measurements so important?

el + %F{’s =20’p’ag, [1 - 2apu(inoc—1)ag,+...] eh+ %l"ﬁ =20 u’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 lag + 3ay]
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
ﬂ* Cross Section of the Ssztup
Q8 endguard \ -
counters
= =
NG cylindrical chamber
B2 counter Si(Li) x-ray detectors pan || S
I 83and B4 C1 cylindrical chamber
s ’
p Veto counters / = - a Rod with
C f L & — “F
Degrader | Hatarget . @ source
K Vi 222 T D= —-10 IN2
800 MeVic L = - ‘-‘—fl"- hode P
T1 counters -
LCs Teflon plate with Ti foil
Pion degrader
’
7 =
)
v [ Water Cerenkov counters !
-Z 0 im

+

A lot of Statistics

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

DEAR at DA®NE

DEAR

Closed cycle
refrigerator

Outer Pb shielding

CDD cooling device

Target — cooling line

CCD - cooling line

Vacuum chamber

Light-weight target
Inner Pb shielding
Kaon monitor

DEAR beam pipe

e Acceptable statistics
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 352 0.00240026 0.055+0.029 095+030 - (17
Be 322 ~0079+0021 01724058 0254009  0.04+002 [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 4-3 ~0.025+0018  0.017+0.014 - - [9)
Mg 453 ~0.02740015 0214+0015 0784006  008+0.03 [19)
Al 453 ~0.130+£0.050 049040160 - - [20]
~0076+0014 044240022 0554003 0304004 [19] .
si 453 ~0240+0.050 0810+0.120 - _ 120] Table in (NUC/. Phys. A, 579, 518—538,
-0.130+0.015 080040033 049+003  053+006 [19) .
P 453 -0330+008 144040120 0264003  1.89+0.30 [18) October 1994) reportlng the measured
s 43 ~055040.06 233040200 0224002 3104036 [18) . : .
“0A.1010 SN0L000 - - 1] shifts and widths from 10 experiments
-0462+0.054 196 +0.17  023+£003 29 +05  [19] .
a 453 0704040 380 £10 0165004 58 £17 (1] for 25 kaonic atoms.
-094 +040 392 +099 - = [22)
il oM ot _ 1) Nowadays, models are also based
Co 54 009940106 0.64 +025 - - [19]
Ni 5.4 018040070 059 £021  030£008 59 £23  [20) on these measurements
—0.246+0.052 123 +0.14 - - [19]
Cu 54 —024040220 1.650+072 0294011 7.0 +38  [20]
—-037740.048 135 +017 0364005 51 +1.1  [19]
Ag 65 -018 +012 154 +058  051+0.16 73 +47  [19]
cd 65 —040 £0.10 201 +044 0574011 62 +28  [19)
In 65 -053 £015 238 +057 0444008 114 +37 [19]
Sn 65 041 £018 318 +064 0394007 151 +44 [19]
Ho 756 -030 £013 214 +031 - = (23]
Yb 756 —012 £010 239 +030 - - (23]
Ta 76 -027 £050 376 +115 - - (23]
Pb 87 " 037 £0.15 0794008 41 +20  [24]
-00204£0012 - = = [25)
U 87 026 +04 150 £0.75 0354012 45 +24  [24]

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024



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

64000
63000
62000

61000

}II'H‘,!II'

60000

59000 |-

58000 — MIPs

Cow v v b w0 b b b b b e
57088000 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
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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

counts per 80 eV

15001 &, = (- 800 + 30) eV

-t
o
(=]
o

5001

I = ( 750 + 80) eV

SIDDHARTA-2

energy [keV]

800 pb! simulated
luminosity

precision of about 30 eV
and 80 eV respectively on
shift and width obtained
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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
B Shift = 0.177 error: 0.773 Global Fit function
- Width =2.15 error: 2.73 KAl transitions
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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.

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024 3



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!

Francesco Artibani - Discrete2024 - Ljubljana 03 Dec 2024 39



The SIDDHARTA-2 Experiment: Physics Goal
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width [eV]
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The analysis of the full dataset can
potentially improve the statistical
accuracy by a factor 2
(precision similar to kaonic hydrogen
measurement)



The SIDDHARTA-2 Scientific goal

Scientific goal: first measurement ever

.. nic deuterium X-ray transition to the ground state (ls-

level) such as to determlne its shift and wndth lnduced by the presence of the strong interaction,
providing unique data to investigate the QCD in the non-perturbative regime with strangeness

Combined analysis of the
kaonic deuterium and kaonic
hydrogen measurements

“2a’ /15@1 =2ap (na-1

; / ) (M. reduced mass of the K'p system, « fine-structure constant
mimsimin | [— . = Prague (P) U.-G. MeiBner, U.Raha, A.Rusetsky, Eur. phys. J. C35 (2004) 349
vy i T o - W g gz:: Eg:i next-to-leading order, including isospin breaking
12
o (heV) — Kyoto-Munich (KM)
==« « Barcelona (BCN) |
= = = Murcia M = k S
EREEIr R M:, a-.= ;[u" +a,] p— R 7[‘,‘, Lty "]»( - 4|u,, +3q,]+
o J[m =m, ]
a. =a k o ~ M
X n - 2m, <y
e ph Experimental determination of the
Ciepl y. A. et al. From KN interactions to K-nuclear quasi-bound states. AIP
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Severe consequences for nuclear and particle physics
and all the processes in which charged kaons are
involved

= The uncertainty on the charged kaon mass leads to an error of 50 keV (c) on the D® mass

= Large uncertainty on the charmonium spectrum, in particular on precise values of charm-anticharm meson
thresholds

= A particular case is that of D°D*? which lies within the measured width of the best-known candidate for a
hadron-hadron molecule, the X(3872), an improved K-mass measurement would lead to a better
interpretation of the X(3872), and of its radius.

C.Amsler, “Impact of the charged kaon mass on the charmonium spectrum”, workshop, Frascati, |9 April
2021

m Impact on the K-N scattering lengths and sub eV measurement of K-nuclei interaction (kaonic atoms)

A new kaonic helium measurement in gas by SIDDHARTINO at the DAFNE collider Measurements of Strong-Interaction Effects in Kaonic-Helium Isotopes at Sub-eV Precision
D. Sirghi, F. Sirghi, F. Sgaramella, et al., J.Phys.G 49 (2022) 5, 055106 with X-Ray Microcalorimeters, J-PARC E62 Collaboration, Phys.Rev.Lett. 128 (2022) 11, 112503

m Implications for studies in Bound State QED (BSQED)

Testing Quantum Electrodynamics with Exotic Atoms N. Paul, G. Bian, T. Azuma, S. Okada, and P. Indelicato, Phys. Rev. Lett. 126 (2021), 173001
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