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Introduction — exotic systems

Classical nucleus
bound system of nucleons

~Exotic” systems

Hypernucleus

bound system of nucleons
and hyperon (A.X)

Mesic atom
charged meson orbiting
around the nucleus ()

Mesic nucleus
bound system of nucleons

and meson (K,n,n’,®,...)
J
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Exotic systems - discovery
HipernUC|eUS Mesic atom

<
o

d’c/(dQdE) [pub/sr/MeV]

(27Pb-7 ) pound, 600MeV d beam
narrow peak below the 2%8Pb(d,3He) reaction

UL soum
) 5 ZEER

A(uds), ¥~ (dds) threshold
th v 10~ 105 Br(2p)=5.3 MeV and '=0.5 MeV,
N — pr— (7~ 2p states with p; /5 and p3 /5 neutron holes in 2°5Pb)
P Attractive Coulomb interaction between negatively charged pion
AN — NN and lead ion 4 strong interaction.
M. Danysz and J. P”('igg’g;' Phil. Mag. 44, 348 1 v, 1azaki et al., Z. Phys. A355, 219 (1996)
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Exotic systems - discovery

Kaonic bound state: kaonic cluster "K™pp’
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3He(K—,Ap)n, 1GeV/c K~ beam
distinct peak in the Ap invariant mass spectrum of 3He(K~, p)n below my— + 2mp
BK_pp:47:|:3(stat.)f3é(syst.) MeV and '=0.5 MeV,

S. Ajimura et al. (J-PARC Collaboration), Phys. Lett B789, 620 (2019)
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n-mesic bound state

n-mesic nucleus meson (@) w.é -
m = %(da—k uu + s5),
4‘He"' ’7 ng = %(dﬁ+ Ul — 255)

In >= mgcosfl — msinf, O = -15.5°+1.3°

B main decay channels:
[=1.31keV N30 ~33%
=101 nomim ~23%
strong interaction N freGegs)
T
m o =m,, i~ Bs IRe(ar1N)|>lm(anN)
oun e
attraction > absorption

\, J
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7 interaction with nucleon

For low energies 7-N interaction dominated by N~*

N* resonance: mjy, ~1535MeV [ ~150MeV  JF=

N

Main decay channels:
N* — 7N (35-55 %)
N* — nN (30-55 %)
N* — N (1-10 %)

1358 MeV M+ M =1486 MeV 1685 MeV
- I o
" M, c1535Mev |

impossible to create the 7 beams = 7)-N studies based on the investigation of nN scattering
amplitude for the processes like 7N — 7N, YN — nN = N* domination (coupled mainly to n/N
and wN)

Coupled channel calculations = fit to available experimental data
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Exotic bound systems



Attractive and strong interaction between 7 and nucleon
R. Bhalerao, L. C. Liu, Phys. Lett. B54, 685 (1985)

(anne0.28+i0.19 fm)

Possible existence of 7-mesic bound states postulated for atomic nuclei
with A>12
Q. Haider. L. C. Liu. Phvs. Lett. B172. 257 (1986)

Re an\‘ (Im)

oo o & e ¥ o § g § N R R
-60 40 -20 0 20 40 60 -60 -40 20 0 20 40 60
E-E, (MeV) E-E. (MeV)

GW: A. M. Green and S. Wycech, Phys. Rev. C71, 014001 (2005).

CS: A. Cieply and S. Smejkal, Nucl. Phys. A919, 46 (2013).

M2: M. Mai, P. C. Bruns, U.-G. Meissner, Phys. Rev. C86, 015201 (2013).
GR: T. Inoue and E. Oset. Nucl. Phys. A710 (2002) 354.
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Attractive and strong interaction between 7 and nucleon

R. Bhalerao, L. C. Liu, Phys. Lett. B54, 685 (1985) (ar=0.28+0.19 fm)
J e 280

Possible existence of 7-mesic bound states postulated for atomic nuclei
with A>12
Q. Haider, L. C. Liu, Phys. Lett. B172, 257 (1986)

Recent theoretical studies of hadronic- and photoproduction of 77 meson
support the existence of light 7-mesic nuclei like (*He-1))pou00 (*He-1))bound

B. € (1,40) MeV, I € (1,45) MeVY | 218 Mm<Relann)<1.03fm
0.16 fm<im(ann)<0.49 fm

dd — (*He-1)pound — *Hepn—: 0=4.5 nb | pd = (*He-1)pound — Xpm—: 0=80 nb

J.-J. Xie et al., Eur. Phys. J. A 55 no.1, 6 (2019)

J.-J. Xie et al., Phys. Rev. C 95, 015202 (2017)

M. Skurzok et al., Nucl. Phys. A 993, 121647 (2020)

. lkeno et al., Eur. Phys. J A 53 no. 10, 194 (2017)

Ishikawa et al., Phys. Rev. C 105, 045201 (2022)

Sekihara, H. Fujioka, T. Ishikawa, Phys. Rev. C 97, 045202 (2017)

Fix and O. Kolesnikov, Phys. Rev. C 97, 044001 (2018)

Metag, M. Nanova, E. Paryev, Prog. Part. Nucl. Phys. 97, 199 (2017)

Mares et al., Acta. Phys. Polon. B 51, 129 (2020)

. G. Kelkar, H. Kamada, M. Skurzok, Int. J. Mod. Phys. E 28, 1950066 (2019)
. G. Kelkar, D. Bedoya Fierro, H. Kamada, M. Skurzok, Nucl. Phys. A 996, 121698 (2020)
. D. Bass and P. Moskal, Rev.Mod. Phys. 91, 015003 (2019)

. Wycech, W. Krzemien, Acta. Phys. Polon B 45, 745 (2014)

. Wilkin, Acta. Phys. Polon. B 45, 603 (2014)
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Exp. indications of the existence of the *He-n bound state
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R. Frascaria et al., Phys. Rev. C50, 573 (1994)

N. Willis et al., Phys. Lett. B406, 14 (1997)

A. Wronska et al., Eur. Phys. J. A26, 421428 (2005)
A. Budzanowski et al., Nucl. Phys. A821, 193 (2009)
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Exp. indications of the existence of the SHe-n bound state

total cross section pd — *He-n  ~+°He — 3He-p
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J. Smyrski, et al., Phys. Lett. 649, 258 (2007)
T. Mersmann, et al., Phys. Rev. Lett. 98, 242301 (2007)
J.-J. Xie, et al., Phys. Rev. C 95, 015202 (2017)
B. Krusche, C. Wilkin, Prog. Part. Nucl. Phys. 80, 43 (2014)
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Why to search for the 77-mesic bound states?

@ Search for new kind of nuclear matter

@ Investigation of 1 interaction with nucleons inside a nuclear
matter

@ Information about 1 meson structure:
the 17 meson binding inside nuclear matter is very sensitive to the
singlet component (7-n" mixing) in the wave function of the n meson
n-n' mixing = binding increase

S. D. Bass and P. Moskal, Rev. Mod. Phys. 91, 015003 (2019)
S. D. Bass, A. W. Thomas, Phys. Lett. B634, 368 (2006)

S. Hirenzaki, H. Nagahiro, Acta Phys. Polon. B45, 619 (2014)

@ Study of N*(1535) properties in medium (probe of testing different

N*(1535) models)

S. Hirenzaki et al., Acta Phys. Polon. B41, 2211 (2010)
D. Jido, H. Nagahiro, S. Hirenzaki, Phys. Rev. C66, 045202 (2002)

Z.-W. Liu et al., Phys. Rev. Lett. 116, 082004 (2016)
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Forschungszentrum Julich, Germany

JULIC

Forschungszentrum
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CQOoler SYnchrotron COSY

7 4 .
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CQOoler SYnchrotron COSY

_F:II:ITI".'E!J::]_J ....... %,
Electron
Cooler ANKE

LTI

@ 184 m circumference cooler
synchrotron

‘3‘{35 Extraction
Fast 5
Quadrupole

Q‘q.» HE Polarimeter

@ Polarized and unpolarized proton
and deuteron beam

RF Solencid

@ Momentum range 0.3 - 3.7 GeV/c

@ Stochastic and electron cooling

@ 10'! particles in ring - luminosities
1031 - 1032 ecm™2s71

on E—-—LE Polarimeter

Cyclotron S | _ @ Ramped beam (search for n-mesic
JULIC = ! Polarized and ]

Unpolarized n uc|e|)
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H H /D D"
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WASA-at-COSY experiment

_ Pel[e-_i line MDC
Solenoid

FPC
FWC mp /

FVH

50 cm

_—

Central Detector

@ Pellet Target
» frozen pellets of hydrogen or

deuterium

Forward Detector

@ Forward Detector

» identification of heavier projectiles
and target-recoil particles such as p,
d and He in forward direction

» angular information about the
particles provided by FPC

» PID based on measurement of
energy loss in scintillators

Central Detector

» charged particles momenta
reconstructed in magnetic field
(MDC)

» PID based on measurement of
energy loss in scintillators

» photons identified in calorimeter
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WASA-at-COSY Collaboration

Collaboration:

32 member institutionsfrom 8 countries (Germany.
Sweeden, Poland, Russia, India, Japan, China, Bulgaria)

In Poland:

» Institute of Physics, Jagiellonian University, Cracow

» National Centre for Nuclear Research (NCBJ), Warsaw
» Institute of Nuclear Physics, Polish Acedemy of Science,
Cracow

# Institute of Physics, University of Silesia, Katowice

» Institute of Experimental Physics, Faculty of Physics,
Warsaw University
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Status of the search for 7-mesic Helium at WASA

(4He_n)b°“”d (3He'77)bound
e 2008: dd — *Hepr~ e 2014
reaction 3
- He?2 3
P. Adlarson et al., Phys. Rev. C87, Pd % € /Y( He67)
035204 (2013) reactions

P. Adlarson et al., Phys. Lett. B 802,
135205 (2020)

e 2010: dd — *Henn® and
dd — 3Hepm™ reactions

P. Adlarson et al., Nucl. Phys. A 959, B 0 0
102-115 (2017) - pd — pppr~(ppnm”, dpm®)

M. Skurzok, P. Moskal, et al., Phys. reactions

Lett. B782, 6-12 (2018) P. Adlarson et al., Phys. Rev. C 102,
A 044322 (2020)

decay of the 7 - meson while it is still "orbiting”
around a nucleus

1 meson absorption and excitation of one of the nucleons to an 7 meson absorption and excitation of one of the nucleons to an
N* resonance, which subsequently decays into an N - 7 pair N* resonance, which subsequently decays into an N - 7 pair

Papers available at http://koza.if.uj.edu.pl/publications/wasa-at-cosy
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Experimental method

> 700001
600001 simulation threshold dd—3Henn?"
50000 and
40000 — LT o F dd—’(4He-ﬂ)m—>3 Henn!
30000
20000 — dd—3Henn"
10000

05 ey dd—(*He-1)— Hennt!

4.27 4.28 4.29 4.3
544 [GEV/CT]

Excitation function

(“He-1) pouns existence manifested by resonant-like structure below 7
production threshold

_I:IIII|IIIIIIII|IIIIIIII
4.21 4.22 4.23 4.24 4.25 4.26
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Search for (*He-17)poung with WASA-at-COSY

Exp. 186.1 & 186.2, FZ lJiilich,

Germany, 2008 and 2010 dd — 3Henr® | dd — 3Hepr™
P. Moskal, W. Krzemien, J. Smyrski,
COSY proposal No. 186.1 & 186.2 @ Measurement with the deuteron
oy beam momentum ramped and with
’ gecr [ANKE N\ E the deuteron pellet target
Cavi 5 ‘ W, !
A gﬁ}dmpﬂle OF%%LQ,W HE F’i:::::l p [GeV/ 'C] Q [MeV]
% .-'""--._ EDDA PA%K RF Cavity y 2.422 30
e ---... .,—_Lm—.;,—.m}-.:;mf]r:;—‘x}g}:;—m..z;: AT T A
' —"'—*—'—_g__’ - 2.336- (S i b .0
‘I"":’*""'--':’i'i"#’:!' i "’, e easo
,\f v
2.127 -70
) t=70.3s
one beam cycle

LE Polarimeter

Cyclotron Polarized and . .

SULIC Unpolarized @ Data were effectively taken with
on source .

) HH /D D high acceptance (58%)
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Search for (*He-1)poung With WASA-at-COSY

pd — pppr~ (ppnm®, dpr®)

2014
P. Moskal, W. Krzemien, M. Skurzok, pd — 3He2*y (3He6fy)

Exp. 186.3, FZ lJiilich, Germany

e o : @ Measurement with the proton
T T .':TI:IJTI:I.III'.\L/ ...... g, 5 .
beam momentum ramped and with

Electron ANKE -«.._‘_‘.-L \ %
the deuteron pellet target

Cooler
Extraction

COSY proposal No. 186.3

Cavity

Fast . ¥
G HE Polarimeter

/e p [GeV/c]

Quadrupale
1.615 - 30
1.573 - e 0
&
6‘@
w?®
1.468 -70
t=945s
LE Polarimeter
one beam cycle
Eaﬁllcgron Polarized and
Unpolarized
lon Source : :
ke @ Data were effectively taken with
high acceptance
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Kinematical mechanism of the reaction (via N*)

dd — (*He-n)ps — *Hepm™

%“ %
SCHEME OF REACTION PROCESS,, Vi
o el IN WHICH n-MESIC NUCLEUS IS FORMED

He, PROTON \

AND MESON 1~
EMISSION

CREATION OF
n-MESIC NUCLEUS

RESONANCE DECAY
INTO PION AND
PROTON INSIDE

NUCLEUS

ABSORPTION OF n MESON BY NUCLEON EXCITATION INSIDE
ONE OF NUCLEON INSIDE THE THE NUCLEUS -
HELIUM N* RESONANCE FORMATION
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Kinematical mechanism of the reaction (via N*)

dd — (*He-n)ps — Henn®

% %
BEUTEREN SCHEME OF REACTION PROCESS,
FUSION IN WHICH n—MESIC NUCLEUS IS FORMED

’He, NEUTRON \.

AND MESON 7!
EMISSION

CREATION OF
n-MESIC NUCLEUS

RESONANCE DECAY
INTO PION AND
PROTON INSIDE

NUCLEUS

ABSORPTION OF n MESON BY NUCLEON EXCITATION INSIDE
ONE OF NUCLEON INSIDE THE THE NUCLEUS -
HELIUM N* RESONANCE FORMATION
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Simulation of (*He-1)pound production and decay

Breit-Wigner distribution Spectator Model

N T > 6| N
& o g, o= AV18
it ;f 5 CDB-2000
threshold g f
z s |
LAk] i k:,_
N/2 i B E" j- ‘-_‘_-,‘!-
8 ot 4 %,
s / %
= _ lf \K\\
f— 0 -:’; | O OO .
i > 0 0.1 0.2 0.3 0.4 0.5
+mu 8 Prormi | GeV/c |
N 1 [2/4 P 2 .2
\V/ Sdd) = Pspe|” = miy,

27'(' 2 2
( de_m(4He_77)bound) ul /4

M(4He—n)pound — MHe T My — Bs
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Simulation of (*He-1)pound production and decay

n+ N= N*(1535) = N + 7 = 'D"WO

o relative N-7 angle in the CM: ONV.™ ~ 180°
o low *He momentum in the CM

Z45000F 260000
oon" Bound state 50000 — Bound state
35000 — -

E Phasespace N Phasespace
30000 — 40000 —
25000 -
o 30000—
20000 -
15000 20000 —
10000 — -
= 10000
5000 — u
o: IIIII IIIJI lllll rl:'[|| ]|||||||I|.] L1 ol IIII|III!|I|II|I1IIIl!IIIIIlIIIllIIilIIII
0 20 40 60 80 100 120 140 160 _180 200 0 01 02 03 04 05 06 07 08 09 1
0°™, [deg] pcm [GeVic]
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Experiment-May 2008

@ Channel: dd — (*He-1)bound
SHepr™ (norm: dd — 3Hen)

%

@ Measurement: beam momentum
ramped from 2.185GeV/c to

2.400GeV/c = the range of

o [nb]

excess energy Qe(-51,22)MeV

. . . L 1
@ Luminosity: =118

@ Acceptance: A=53%

0B — = geometrical acceptance]
o6 ;_ overall efficiency s
E —— luminosity =
80 | 4 ; =7
o = 2 —+_— — "'+__ 3 3 —_—
® e +_—+—_+_ P —+ _+_—+—_+_ S =62
5y B0 ?““—*——-——F—*_“—_.;_—'——*—‘——-—-——*—*——a——t——n— « s ;
L a0l 3 E
= E —3 5
Q@ 30— o
= —2
20 e 05 el - N R S i — oy o]
10 =
0355 a6 30 1) 16 76" "26 0
Q [MeV]

P. Adlarson et al., Phys. Rev. C87 (2013), 035204

W. Krzemien, Ph. D Thesis, Jagiellonian University (2012)

upper limit at 90% CL [nb]

Excitation function

240
220
200
180
160
140
120
100

8o Signal: a0 .E,, I A)= 2 =
60 (@B )+ ()
40—

— . RG=u,+a,0+a, Bii=a,+a,
sof | Background or aka, O
u:l....l....l....l ......... EPESTTRRTI ISR |

-50 -40 30 -20 10 0 10 20

Q [MeV]
a0
as Excluded
3o

25

20
E
15[
10F
5F
O 0 15 20 25 30 a5
" [MeV]

R e ————w -y

RESULT Gdd_>(4He_n)bound_>3Hep7T_ < 27 nb l
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2010

Experiment-Nov/Dec

@ Channels: dd — (*He-n)pound —

3Hep7r_ ANALYSIS
dd — (4He—77)bound — 3Hen7r0
(norm: dd — 3Hen and dd — @ Particles identification

PPNsp nsp)

@ Measurement: beam momentum @ Selection bound state region
ramped from 2.127GeV/c to

2.422GeV /c = the range of

excess energy Qe(-70,30)MeV @ Determination of excitation

@ Luminosity: L:1200nib
@ Acceptance: A=53%
Y

functions

@ Determination the upper limit
of the total cross section

about 10 times higher statistics than in

2008
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Search for (*He-n)pound in dd — *HeNr reaction | PID

Pellet Target Pellet Target

Absorber
/

Absorber

cosy
beam

S

The beam and
FVH target
interaction point

/

The beam and
target
interaction point

FVH

SEC SEC

Iron Yoke FRH E Iron Yoke FRH
Central Detector Forward Detector Central Detector Forward Detector

290000 260000

80000 g_ —DATA = gAT'T
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30000= 200001 0060
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A L AP o B A L Pl e R S I L p— T, ", L eI 1 Ml = 0 RO 11 5 7 T =T S o o S S e
% 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 % 6204 06 08 1 12 14 0""0.05 01 0.15 0.2 0.25 0.3 0.35 0.4
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x10°
> E
% 0. 450
G o 400
g 350
® 0.6 300
(ui 0 250
0 mE
0.3- 150
028 100-
0.1F S0

0.005 0.01 0.015 0.2 0.025 0.03 020 40 100 120 140 160 180

60 80
Edep PSB [GeV] AP, xP, )P, P,,) [deg]
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Determination of the excitation function

Y 03
—~

0.4

—DATA: dd — *Henn®
- DATA: dd — *Hepn”
— Simulation:
dd — 4Herqb — JHenn?
£

08 1.2
p.fl;" [GEWE]

0.6

region rich in signal

" 4

= 6000,
5000
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3000

2000

1000"
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reaction

Determination of the total cross section for dd — 3Hen#®

Cross section Excitation function

N(Q) Z 6000
7(Q)=10)(e) e

N - number of experimental events 3000;—;-+ -

L - integrated luminosity jzzz:

e - full detection efficiency 005050 0 0 2°1°°&°[n§°ev5i°

Efficiency Integrated luminosity
dd — (*He-1)poung — Henm® dd — ppnspnsp
1c =) E
§ 0_9;_ -*-Geomeitrical acceptance :_'E 70;!&_,—_—-—"
G 08F ~- Efficiency — 60p
8 07 — sof .
E E — experimental points
8 0'8; S — e 40E  —fit pol3: aQ’+bQP+cQ+d
Q 0'55_ - a=(2.73+0.50)10° [nb " MeV™|
< 04f 30;_ b=(-3.64+3.23)10" [nb ' MeV ]
0.3¢ 20F c=(-1.0t0.06)10" [nb"' MeV"]
0.2;— ’ OE_ d=(66.30£0.17) [nb ]
L [ e . S S F
%0 60 50 -40 30 <20 -10 0 10 20 30 %0260 -50 -40 -30 -20 -10 0 10 20 30
Q [MeV] QMeV]
from simulations: € = Nacc dd — PPNspNsp . L= (1329:|:25tat:|:108syst:|:64norm)nb
Ngen dd — 3Hen: L=(11024251a 28,5 +107 porm )b
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Determination of the total cross section for dd — 3Hepn™ reaction

Cross section Excitation function

= 3000
o(Q)= ) 2500,
L(Q)e(Q) 20000 .
- E - & - ++++|-.—+
N - number of experimental events 15002 e
. . 100"
L - integrated luminosity s00f-
- full ion efficien %0660 50 -40 30 20 10 0 10 20 50
e - full detection efficiency o i
Efficiency Integrated luminosity
dd — (4He'77)bound — 3Henn® dd — ppnspnsp
I= = =
§ U.Qé— - Geomelrical acceptance g 70;_5_.—————"'
o 08F -+ Efficiency — 605_
o 07 — 50 . |
= E — experimental points
8 0-55_ 40F  —fit pol3: aQ°+bQ+cQx+d
e T S e e e e e e e - a=(2.73+0.50)10° [nb ' MeV|
< 04f 30;_ b=(-3.64+3.23)10" [nb ' MeV ]
0.3 20 c=(-1.01£0.08)10" [nb™ MeV"|
ottt ey o 0=(66.30£0.17) [nb ]
0.1 105—
%6 60 50 40 30 20 100 10 20 30 %0280 50 -40 30 20 -10 0 10 20 30
Q [MeV] Q [MeV] 1
from simulations: ¢ = Nacc dd — ppnspnsp: L=(1329=42stat +108syst +64norm )b~
Ngen dd — 3Hen: L=(1102421at 285yt 2107 norm )b~ *

Seminar, 21.11.24, M. Skurzok Exotic bound systems 30 /108



Determination of the upper limit of the total cross section

for dd — (*He-n)pound — >HeNw processes at CL=90%

dd — (*He-1)poung — “Henm?® dd — (*He-1)poung — “Hepm™
I I
3 1200: —=— DATA o 250: —=— DATA
= 1000 __ pol2 + BW = 200 f—— pol2 + BW
O g00f ~ por - pol2
L . — 150 |
GOUN S -
- 100™ e
400 B
2001 50
06" 60 -50 -40 30 -20"-10"0""10 20 30 %060 50 -40 -30 -20-10 0 10 20 30
Q [MeV] Q [MeV]

2
simultaneous fit with (Q—gsr)2fr2/4 + BQR?+CQ+ D

Breit-Wigner (signal) + pol2 (background)

taking into account the isospin relation between the both of the considered channels:
P(N* — pr—)=2P(N* — nz¥)

Bs,I' - fixed parameters | A, B, C, D - free parameters || 05" 0o, = k - 04, k=1.64 (for CL=00%)
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Determination of the upper limit of the total cross section

for dd — (*He-1)pound — Hepm™ process at CL=90%

upp
. O cl—g0% TOF . . oo o0 for

b I

—h
N
n

) - =)
C L.
= 10 = 1or
S aC Excluded % 8 Excluded
&J, I o i
=) C 2
o 6:— :DO 6
4 4
2 . 2
O5 10 15 20 25 30 35 40 45 50 o ]
I' [MeV] ' [MeV]
RESULT:
dd—(*He—mn) pound —3Hepm —
O dd—s (*He—n) pound— 3Henm0 < 3.5 nb °

P. Adlarson et al., Nucl. Phys. A 959, 102-115 (2017)
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Systematics

Main contribution: momentum distribution for N* inside He

assumption that N* resonance has a
momentum distribution identical to the
distribution of nucleons inside He

model = N*-He potential evaluated by
folding NN* interaction with a nuclear density

$

: —— Details:
0 0.1 0.2 0.3 0.4

—— n_JHf: (Ehz—ggﬁ Me\;}

= 40 . L. . .
S N'—He binding energy N*-3He momentum distribution determined:
& . g the elementary NN* — NN™ interaction
h_ o - .
= =478 MeV constructed within m and 1 meson exchange
£
H
S
.q'-

N. G. Kelkar, Eur. Phys. J. A 52, 309 (2016)
N. G. Kelkar, D. Bedoya Ferro, P. Moskal, Acta
Phys. Pol. B 47, 299 (2016)
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Comparison with N. lkeno et al. model prediction

N. lkeno, H. Nagahiro, D. Jido, S. Hirenzaki, Eur. Phys. J. A 53, 194 (2017)

@ total cross sections for the dd — (*He-1)pound — SHeNT reaction determined based on
phenomenological calculations
the model reproduced the data on the dd — “*He 7 reaction quite well

O =0 conv+0Oesc
Oconv - determined for different parameters Vo and W, of a spherical n-*He optical

potential V(r) = (Vo + iWp) Pa(o) (the total cross section in the subthreshold excess

energy region where the n meson is absorbed by the nucleus)
@ normalization in the sense that the escape part reproduces the measured cross sections
for the dd — *Hen process

(V,,W,)=-(70,20)MeV (V,,W,)=-(70,20)MeV
i= - = - W
> - S 60:— |
> = 500 [
© = © = |
5 =3 S 40F |
[ E — C
< - <<  30F
2 20F
3 100
_. — L L L L i ) T LD
o 15 10 5 0 5 10 15 %5760 750 240 30 20 -10 0 10 20 30
Q [MeV] Q [MeV]
o — Oconv Spectrum convoluted with
Oconv - - the experimental resolution functions
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Comparison with N. lkeno et al. model prediction

4 3 0 4 3 _
dd — (*He-n)bouns — “Henm dd — (*He-1)poung — Hepm
a [— 0 [ — DATA
= 1200 szgﬂ 1a263,1.50 =ML = 2 p=(5.27,3.00)
0N 1000} — signai o - — signal
800 E_ — Signal+Beg(pol2) 1 505 —jgrjalfo(pom)
600, e 1007 T e,
4001 i
: 501
200 -
- | . . s SR SRR cTETONET INCTTONTNL O] (YCTTOPNE WO L0, oy PO ST T
60 -50 —40 =30 20 10 0 10 20 30 660 -50-40-30 20 -10 0 10 20 30
Q [MeV] Q [MeV]

0pr0(Q) = 2A- Theory(Q) + B1Q? + C1Q + Dy
0pr—(Q) = 5A- Theory(Q) + B2Q? + G:Q + Ds
isospin relation between the both of the considered channels

Theory(Q) - theoretical function after binning with the amplitude normalized to unity
B2 Q2 + C1,2Q + D12 - polynomial of the second order

Fit performed for theoretical spectra obtained for different optical potential parameters ( Vo, W)
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Comparison with N. lkeno et al. model prediction

results obtained for different
optical potential parameters

(V07 WO) %0

Vo | Wo | A (fit) [nb] | o5i907 [nb] R
30 | -5 -5.0+3.9 6.5

30 | -20 | -2.2435 5.8 B w0
-30 | -40 | 0.2+3.8 6.3 \ IR
50 | -5 0.14+3.8 6.3 W o &
50 | -20 | 3.3+4.1 6.8 o A\

50 | -40 | 6.0+£4.2 6.9 I : .
70 | -5 6.4+4.5 7.4 Lk | i

70 | -20 | 7.9+4.5 7.4 - Ly e T A,
70 | -40 | 7.543.7 6.1
-100 | -5 6.31+4.5 7.4 Contour plot of the theoretically determined
-100 | -20 6.943.9 6.4 conversion cross section in Vg — Wy plane.
-100 | -40 | 5.3+3.1 5.2

The allowed parameter space (|Vp| <~ 60 MeV and |Wy| < ~ 7 MeV) excludes most optical
model predictions of n—*He nuclei except for some loosely bound narrow states.

M. Skurzok, P. Moskal, et al., Phys. Lett. B 708, 6 (2018)
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Search for (*He-1)poung With WASA-at-COSY

600

Smyrski
Midyer

Mersmann

¢ |l@® |0 |-

3 8 10 12 14
Q (MeV)

O pd—3He—1 ~ 250—dd—>4He—77

About 2 weeks of measurement

allowed us to reach sensitivity of

few nb (L ~ 4500-:)

Seminar, 21.11.24, M. Skurzok

i dd—-nu (XES) |
100 * i
] —— dp>1°He 2 pole it

LId—)I]UtﬁI
I 1 T T T T T T T T | ! | T | E
4

Exotic bound systems

Measurement: ppe,, : 1.468-1.615GeV/c,
Q<(-70,30)MeV

Channels:

@ Via the resonance decay N*:
1) pd — (*He-1)pound — PPPT™
2) pd — (3He'77)bound — ppnﬂ'o
3) pd — (3He'77)bound — dpﬂ'o

Aleksander Khreptak PhD

@ Absorption of orbiting n
4) pd — (3He_77)bound — 3He 2y
5) pd — (3He'77)bound — 3He 6y

Oleksandr Rundel PhD

before the reaction after the reaction
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pd — (PHe-1)pound — dp® analysis

Pellet line TOF Detector -
Solenoid ! Tracking Detectors \ - xperiment
.:COSY —ecdl =

beam

R B 0

! Thin Plastic Scintillators T : 03 0.4 0.5
EM Calorimeter o Range Hodoscope AE(SEC) [GeV]
- : 70
-'3 EII3:_ ! + experimental points -E - 1 experimental points
3 '8E i -MC:pd s (He-m),,,, - dpr’ 3 60F — MC:pd— (‘e — dpx’
O 46F i ——= MC:pd - dp=x - & C ---- MC:pd —s dpx”
B F il —=- M. = 0.13497 GeV/c® b 50 —cut
— 14 II s — C
[ [ 1] cut -
12 Ii t 40
10F Hil suz
i 3
6E M 20F-
4 E
= 10
2 ; § - :
’ Y o INTRTUNTY RO - L ______--1-|"T-I'-“|-| PR T BT | |--| A R | :=-
. 105 02 h e 0™ 20 40 60 80 100 120 140 160 180
invariant mass y_y, [GeV/c?] =y [deg]
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pd — (PHe-1)pound — dp® analysis

Pellet line

Solenoid

CosYy

Tracking Detectors

il

TOF Detector

N

beam —

A

EM Calorimeter

50 cm

B.=-30MeV, I'= 15 MeV

Thin Plastic Scintillators

Range Hodoscope

310[}0_
E 1t experimental data
=. 900F
';' = - BW + pol1
t 800 poli
R A
> 700 i .
- 600F Fhpeny
© = e .
NS00 i Eer
© = g S
E 400:_ T e
g 300;—
200
100
0; |IIIIIIIIIIIIII|||||||||||||||||||||I||||
—BD -50 40 -30 20 —10 O 10 20 30

excess energy [MeV]

Seminar, 21.11.24, M. Skurzok

0.1 0.2 0.3 0.4 0.5

AE(SEC) [GeV]

i B) o + BO+C

Breit-Wigner (51gna|) + poll (background)

B, and I fixed parameters
A, B, C free parameters

PP —Fk.g4, k=164 (CL

ol = 90%)

90%

Exotic bound systems



Upper limit of the total cross section

B, = -30 MeV
0 35_ — = —_—
= = upper limimit % = E T -E
2 30 777 systematic uncertainties = = 52
=3 S E —~ = 3 o %
&3 250 E . X
b m ;_ = i Jb
20F =
5 g
15> =
_.7 =
10¢::_r =
7 g
5 y - # o A ota® ::
B o e ot s e ata pcocn sl I
0 A e e S P s L B o i i i
5 40 -3 -30 -25 -20 15 10 -5 0

B, [MeV]

13 mib = g iP < 24 nb

pd'_:' (3 He-ﬂ) bound‘_}dpﬁo

P. Adlarson et al., Phys. Rev. C 102, 044322 (2020)

Previous result:
COSY-11 0 pd— (3He—n) poung — 3He O < 70 nb

J. Smyrski et al., Nucl. Phys. A 790 (2007) 438 3
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Simulation of pd — (*He-1)poung — “He 2v(6)

before the reaction

o— & | | 8

proton beam
deuteron target

3He-n bound state

3He is spectator |Ps,, |° = m3,_

after the reaction

Y

L]
'

[
11
L]
k3
\
\
!
-+

/ 3He spectator

@ Fermi momentum distribution of the n meson in 3He-n bound system

(VO,W0)=-(75,20) MeV
(80,20) MeV

i (Vo Wo) [MeV] | {B., 20 [MeV]
[ -(90,20) MeV {75.20) (-1.02,15.60)
2 ~(80.20) (-6.19,17.39)
= -(90,20) (-11.10,20.59)
Nﬂ_.
Nﬁ 08 wave functions :
s in p-space
j= 5
= fur 3He case

02
0 . p (MaV/c]
@ bound 7 decays to 2y or 37
Seminar, 21.11.24, M. Skurzok Exotic bound systems
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proton beam

Simulation of pd — (*He-1)poung — “He 2v(6)

after the reaction

&
/ 3He spectator
> =mj

= M3y,
@ Fermi momentum distribution of the 7
meson in 3He-n bound system

before the reaction

° &

deutercn target
3He-1n bound state

@ S>He is spectator |Ps,

(VO,W0)=-(75,20) MeV

14 (80,20) MeV :
(Vo. Wo) [MeV] | (B.,20) [MéV]
= -(90,20) MeV -(75,20) (-1.02,15.60)
-(80,20) (-6.19,17.39)
1 -(90,20) (-11.10,20.59)

E-

wave functions

Iphi(p)|2p2 IMeV 1

in p-space
for 3He case

06 |

o4 |-

[iN-1

1]

1] oo 00 300 i sS00 BOO 7on BO% QO 1000

p [MeW/c]

@ bound 7 decays to 2+ or 37°

Seminar, 21.11.24, M. Skurzok

Exotic bound systems

M. Skurzok et al., Nucl. Phys. A 993, 121647

(2020)

Structure of hypothetical 3He-n bound state

can be described as a solution of Klein-Gordon

equation:

—V2 4 422 + 2Uopi(r) | $(F) = ER9(7)

where: Ex¢ - Klein -Gordon energy, u - 3He-n
reduced mass

optical potential:

Uopt(r) = (Vo + iWO)%)

where: p(r) - density distr. for 3He, pg - normal

nuclear density

KG equation solved for several sets of (Vo, W)

U
Exg. ¥(r)
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Search for (*He-1)pound | Selection criteria

Pellet line TOF Detector

Tracking Detectors \

Solenoid

EM Calorimeter

50 cm

Identified as 3He Data
1800 | o
1600 | cut
= < 1400 - .
¢ 1200 |
< & 1000 |
(1)) & ggg L ) Bound state
s 9 z ! 0.0018 . -
B b aaore —n
T g R—— — 2 0.0014
ko 0 01020304 050607 083 gon’l )
(8T g 0. 1
= invari ) 2 @ 0.0008 :
2y invariant mass - Qapen, GeV/c S 0.0006
E - 1
W 0.0004 - -
o 0.000% L ; )
0 100 200 300 0 01020304 050607 08
i . 2
EFRH1J MeV 2y invariant mass - Qaper, GeV/c
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Excitation function pd — (*He-n)pound — “He 2

Events, n.d.

Seminar,

Cross section

_NQ)
o(Q)=1)(0)

N - number of experimental events

L - integrated luminosity

e - full detection efficiency

pd->3He2y
2500 | | | | -
2000 ~Data — _jﬁﬁﬁ
1500 J{ )
1000 — ;_ _

21.11.24, M. Skurzok

Efficiency, n.d.

Integrated luminosity, nb™!

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Exotic bound systems

100

20

|
PPNsp
3He+eta |

0 | | | | |
-60 -40 -20 0 20
QzHen, MeV
pd->*He2y
| | I I T
—- Bound state - -
- pd->3He =
~ pd->3He2n .
~ pd->3He3n’ i
;E_Wiaﬂe“? I e e
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Determination of the upper limit of the total cross section

for pd — (P*He-1)pound — He27y(6) processes at CL=90%

3 3 3 3
pd — (°PHe-1)pound — “He2y pd — (°PHe-1)pound — “Heby
pd->3He2y B=-13.75 MeV; I'=28.75 MeV pd->3He6y B=-13.75 MeV; I'=28.75 MeV
9 40 | | | | | | | 9 50 | | | | | | |
s 35| data ——— | o 45 data —
e 30 bg+signal B S 40 F __ bg+signal _
% % 35 i - B
- 25 = o
5} o 30 =
© © - e
E 15 y E 20| s X -
% 10 | | | | | | | % 15 | | | | | | |
-70 -60 -50 -40 -30 -20 -10 O 10 -70 -60 -50 -40 -30 -20 -10 O 10
Qapen, MeV Qapen, MeV
imult fit with P AT/ L BO 4 C
simultaneous fit wi ndecay (0= B2 17274

Breit-Wigner (signal) + pol2 (background)

where P, s, are branching ratios for 7 decays:
P,_2,=0.3941, P =0.3268

n—3m0

Bs,I" - fixed parameters | A, B, C - free parameters || o

cingo% = A+ k- 04, k=1.64(for CL=90%)
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Determination of the upper limit of the total cross section

for pd — (PHe-1)pound — >He2v(6) process at CL=90%

upp :
; 0 C1—090% for3 INDICATION:-)
pd — ( He_n)b"“”d — H627(67) slight indication of the signal from the
Y bound state for [ > 20 MeV and
Width = 28.75 MeV B. € (()7 ]_5) MeV
20 | | T | T |
Fit resut +—— U
Stat. CL=90% . ] .
5 | Systematics | _ However, the observed indication is
' within the range of the systematic error
‘5 10 . U»
) £, /J |\ ] we cannot make a definite conclusion
y H P S N i A~ here on possible bound state formation
oL ATl
o p:EtS:w =m0 Previous result:
COSY-11
RESULT: 15 nb O pd—s (3He—n) pound — 3He O < 70 nb
O pd— (*He—1)bound —He2y(67) < 42 11 J. Smyrski et al., Nucl. Phys. A 790 (2007) 438

P. Adlarson et al., Phys. Lett. B 802, 135205 (2020)
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Summary of the search for 7-mesic Helium at WASA

(4He'77)bound (3He'77)bound
e 2008: dd — 3Hepr™ e 2014: pd — *He2~ and
reaction pd — >Heb~ reactions

O dd—(*He—n) bound—>3Hepm— <27 nb O pd— (3He—1n) bound—3He2v(67) < 15 nb \
—

e 2010: dd — *Henn® and
dd — 3Hepm~ reactions

e 2014: pd — dpm® reaction
Udd_)(4He_77)bound_>3Hep7T_ < 7 nb

o 3He_ o < 24 nb \
pd— (P*He—n) pounda—dpm
O dd—(*He—n) bound—3Henm? << 3.5 nb
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Kaonic atoms

kaonic atom
atom

electromagnetic
interaction

quarks!

electromagnetic interaction
+ strong!
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K~ interaction with nucleon

The XPT is not applicable to the KN channel due to
the emerging of the A(1405) and the X(1385)

resonances just below the KN mass threshold

= (1385) A (14095)

\ I 1500
— | MeV
An 2x o
K
A(1405) =0 =%

M =(1405.1"13, ) MeV T =(50.5 + 2.0) MeV
decay modes: X1t (I=0) 100%

7(1385) =1 JFP=3/2¢
decay modes: At (l=1) (87.0+1.5)%
Yr(l=1) (11.7+x15%

Possible solutions:

> Non-perturbative Coupled Channels
approach: Chiral Unitary SU(3) Dynamics
> Phenomenological KN and NN potentials

The parameters of the models are constrained by the existing

scattering data
140 R L ) :
TE‘ 120 2 200 )
= 100 . T80 T80
A % f
,'-‘In 60 iy 100 X N L
oy & 5 =
20 - 0 : ' 0 .
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
- e = Phen. Plahl:"ﬂe\'l.JII Plah[MeV! PLH:{M&V}
Y. lIkeda and T. Sato, 80 80
Phys. Rev. C76, 035203 (2007) ~ 70 TR (e
£ 60 g a0\
T 0 = 80 ¥
| Chiiral Lol < 4
30 a %
S. Ohnishi, Y. lkeda, T. Hyodo, k 20 & e
W. Weise, Phys.Rev. C93 She 13 =
(2016) no.2, 025207 500100 150 200 250 0100 150 200 250
Plan (MeV) PLap (MeV)

..but... large differences in the subthreshold extrapolations!
Significantly weaker attraction in chiral SU(3) models than in
Be lin phenomenological potential models.

— Phen. [Y. Akaishi, T. Yamazaki, Phys. Rev. C65, 044005 (2002)]

— == == Chiral [Y.lkeda, T. Hyodo, W. Weise, Phys. Lett. B706, 63 (2011)]

H eeeeee————r 1.0 ——————

Phenomenologic - i) =4 L) L
potential model 2 0
T 4 k¥ E 06
E 1___--""’ - . \‘;t) —5 04"‘--.
;/{:I . -I.' L F
Chiral SU(3) 4L | | e i np
dynamics 1320 1360 1400 1440 T30 1360 M00 1440
PMev] ' MV @
7IMV] KN threshold KN threshold
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K~ interaction with nucleon

The xPT '5.”0t applicable to the KN channel due to A(1405) state is given by the superpositions of two poles of the KN
the emerging of the A(1405) and the X(1385) scattering amplitude

resonances just below the KN mass threshold

= (1385) A (14095)

1500 Broad pole Narrow pole
\ atycoupled to Xn) :
I ' P (m coupled to KN)
i | ‘ MeV | Tl
An 2xn _| Vsl
K
A(1405) =0 JP=%
M = (1405113, ) MeV T = (50.5 + 2.0) MeV
decay modes: 2t (I=0) 100%
L

7(1385) =1 JP=3/2¢ W
decay modes: At (l=1) (87.0+1.5)% 9 ReW

In(l=1) (11.7+15%

[from M. Mai talk at NSTAR19 conference]

Possible solutions: /
> Non-perturbative Coupled Channels

approach: Chiral Unitary SU(3) Dynamics | | e p(1405) is a pure KN bound state with mass M=1405 Ve,
> Phenomenological KN and NN potentials —— binding energy BE = 27 MeV and width r=50 MeV
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K~ interaction with nucleon

K-p! agreement — Kaonic Hydrogen — > SIDDHARTA - constraint at threshold

of N ,
E 1:_ t Kaonic hydrogen
A - - measurement
u;x £ u;:r:
“F [ | mim — + = Prague (P)
B A .14|00. _— .14|50. — .‘[sloo A b P v ! 1 (G AL Bonn (Bz)
- =B B
Kn: di & (M) = ) K\?or}cz—(M4u)nich (KM)
-N: disagreemen
agre ent - + =« Barcelona (BCN)
- : [ — = = Murcia M;
; I — = Murcia M,
05 :
E | Eosf
<00} r |
i w e R T SIDDHARTA-2 goal:
z E PN\ ] R 5
0.5 E s isn 2 - —
: oo iy!
“1.0F . v V. . Kaonic deuterium
1400 1450 1500 1400 1450 1500 measurement
s'? (MeV) s'? (MeV) G
Cieply, A. et al. From KN interactions to K-nuclear quasi-bound states.
AIP Conf. Proc. 2249, 030014 (2020) constraint at threshold
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SIDDHARTA-2 Scientific goal

Precision measurements of kaonic atoms X
about the QCD in non-perturbative regime

-ray transitions -> unique info

in the strangeness sector not

obtainable otherwise

First Preface

“ 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
i of their direct connection with the physics of KN interaction
and their complete independence from all other kinds of mea-
surements which bear on this interaction”

R.H.Dalitz
Proc. Int. Conf. on “Hypernuclear and Kaon Physics”,
Heidelberg 1982.

also cited by

C.J. Batty
Proc. Int. Conf. on “Intense Hadron Facilities afid
Antiproton Physics”, Torino 1990

Seminar, 21.11.24, M. Skurzok Exotic bound systems

Precision measurement of the
shift and of the width

—=> of the 1s level of kaonic

hydrogen (SIDDHARTA)

C. Curceanu, et al., Rev. Mod. Phys. 91,
025006 (2019)

-> the first measurement of the
1s level of kaonic deuterium
(SIDDHARTA-2)

v

extract the antikaon-nucleon
isospin dependent scattering
lengths
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Kaonic atom production

Kaonic atom formation

n ~ sqrtM7my) n’ ~ 25 (for K-p) e-
(M* : K-p reduced mass)

highly-excited state Auger Electron

- 1) Initial capture

stopped in a target medium

oo
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Kaonic atom production

Kaonic atom formation

n ~ sqgrtM7m,) n’ ~ 25 (for K-p) e'
(M* : K-p reduced mass)

Auger Electron

7
=N &
f ggt”
— It A

_"\x)"ﬁl eV
X _F\
A= ci '«r;‘é
. ‘)
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Kaonic atom production

Kaonic atom formation

n ~ sqgrtM7mJ) n’ ~ 25 (for K-p) e-
(M : K-p reduced mass)

Auger Electron

4 a“\‘ésﬁfﬁ
“  X-ray
Shift and
Width e.g- . 1s for K-p, K-d
of last orbit . 2p for K-He
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Kaonic atom production

Seminar, 21.11.24, M. Skurzok

Kaonic atom formation

n ~ sgrtM*“m_,) n’ ~ 25 (for K-p) e'
(M” : K-p reduced mass)

Auger Electron

The strong int. width > Radiative trans. width
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Kaonic atom production

KAONIC CASCADE
n n p d

a Z°

_ : 2
El.ﬁ-‘ = MredC 9

—

Myed
n ~ T
Me

Strong interaction -> shifting of the energy of
the lowest atomic level from its purely
s | electromagnetic value

E,

£y, = Emeasured _ pem. Absorption -> reduces the lifetime of the state,
A i 2p—1ls 2p—ls . S .

. ! so X-ray transitions to this final atomic level are
broadened
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SIDDHARTA-2 Scientific goal

To perform precision measurements of the width and shift for kaonic
hydrogen and deuterium

Energy shift £ and line width I' of 1s state are related to real and imaginary part
of the S-wave scattering length (Deser-Trueman formula) :

[
£1s + Er” = 2a3p?ag_,|1 - 2ap(lna — Dag_,+... |

i
15+ I, =2a3p?ag_4[1 — 2au(lna — Vag_g+...]

Scattering lengths can be expressed in terms of KN isospin dependent isoscalar
a, and isovector a; scattering lengths:

1
4‘[mN T mﬁ'] & a’f{—p = E [aﬂ + a1]

Ag_a =

1 Ag-n = Aq
' \ 4
the determination of the isospin dependent KN scattering lengths

with a precision of few % !
Seminar, 21.11.24, M. Skurzok Exotic bound systems
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K™ deuterium predictions

To perform precision measurements of the width and shift for kaonic
hydrogen and deuterium

Energy shift £ and line width I' of 1s state are related to real and imaginary part
of the S-wave scattering length (Deser-Trueman formula) :

‘ o theoretical predictions
E1s T+ Erls = A B0
LsH]
- o Liu 2020
I = 2050
— 4
T _r15 = .5 1900
2 =
1750
Scattering lengthscan k1600 r
apand isovector a; scat 1450
1300
4 my + m
a K-d = 1150 | Kamalov 2001 Shevchenkov 2012
[2my+m 000 | @ +® A
355 Revai2016 Weise 2017
e m Gal 2007
Q = — [aK—p + aK_n] = Mizutani 2013 8
2 550 Déring 2011
. . 400
the determinatit -1100 -1050 -1000 -950 -900 -850 -800 -750 -700 -650 -600

Shift £, [eV]
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DA®NE in LNF
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DA®NE in LNF

DADONE @ LNF

\ 5

* monochromatic low momentum
Kaons =127 Mev/c Ap/p=0.1%
* back to back K K*topology

" = small hadronic background due to
. the beam

Suitable for low-energy

kaon physics: kaonic atoms

kaon-nucleons/nuclei
interaction studies

Seminar, 21.11.24, M. Skurzok Exotic bound systems
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Kaonic atoms experiments at DAFNE LNF-INFN

The medern era ef light kaonic atom experiments

DEAR SIDDHARTA SIDDHARTA-2
2002 2009 2022
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SIDDHARTA experiment

SIDDHARTA Setup

127 MeV/c
Ap/p=0.1%

/'_
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SIDDHARTA experiment

SIDDHARTA Setup

Inside vacuum

127 MeV/c e o <
Ap/p=0.1% '& A m__ 0 MeV/c

.‘ 1
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SIDDHARTA experiment

- AR — T—

SILICON DRIFT DETECTORS

SIDDHARTA Setup

Inside vacuum

— | 127 MeV/c L\ | '~7 —~

1 i
t} .
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SIDDHARTA experiment

Silicon Drift Detector - SDD

SIDIDs — Einal layouk

SDD JFET

S
Used for the first time as energy detectors integrated FET G

e very fast and triggerable

e cnergy resolution of 160 eV (FWHM) at 6
keV

e drift time (timing resolution) below 1 ps

48 SDDs, each with 3 x 1 cm? cells

e thickness of 450 um

field strips

h.l
>

back contact
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SIDDHARTA experiment

SIDDHARTA INSTALLATION

’!!.‘.'—'—— ‘:.l- p=—=gun )
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SIDDHARTA experiment

Results for Kaonic Hydrogen

x10° Kaonic hydrogen
> ) RN LR R B R AR R
0] x10°} ' h =
= N igher ]
g 12 > [ 2p>1s : ]
£ 10 B er E
3 e E ]
o < L i
8 51.0+ —
O b —
@ [ ]
. 0.5 } .
? g et
of g
I: i
1 1L l 11
02 4 10 11
x1 04 Energy [keV]
E_ _ Residuals of K-p x-ray spectrum after subtraction of
8 5 fitted background
g 0 ; 4 \ /L 1 i = . .
3 7, = 3 - . o dag =3 €, —283 £ 36(stat) = 6(syst) eV
Energy [keV]
I';= 541 £ 89(stat) = 22(syst) eV
(400pb?)
Only exploratory first measurement for Kd, no
measured g, I" values obtained (100pb) M. Bazzi et al.. 2011. (SIDDHARTA Coll.), Phys. Lett. B704, 113
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SIDDHARTA experiment

Results for Kaonic Hydrogen

Kaonic hydrogen

x102'*"|""| e B I ]
= t 2p->1s ! higher ]
Bw L) L L] L ] L] L] L ] I I L] L] L I ] L] L] L) I L] 1 T L) —:
I SIDDHARTA E
600/~ N . :
s | : \ H .
D, ) 2
< 400 Q 4 Illln." Ifhdl | ,'J!
= : iy
=2 : A
g I~ =1 i1 1 L1 1L I i1
200 - 9 10 11
i KEK-PS 1 Energs_/ [keV]
- KpX DEAR - uals of K-p x-ray spectrum after subtraction of
- : : ; : 7 fitted background
o0 400 o0 200  -100 0
Shift £1s [eV] 25— —283 + 36(stat) £ 6(syst) eV

I';= 541 £ 89(stat) = 22(syst) eV
(400pb-?)

M. Bazzi et al.. 2011. (SIDDHARTA Coll.), Phys. Lett. B704, 113
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SIDDHARTA experiment

Energy (keV)

xm"’_{}' BRI SR S LB RS S SR s 6 7 8 g 10 1 12
S‘ : a K_pK -1 {_I LA L S A I Y L O B L | T T T T |__
- EM ualﬁe - KG (5] 3
o 1.5 g - FB—5 p (a) 1
E L ! n E 'd'm FB—6 K-CI —

1 o ; b KN KC K‘G 3
Ei0 1 ® 300 F | ™6 45 755 6 J;. E

3" 1 : [fa B A

(] 7 'E zm I H ¥ + y \,_\ ‘dl ‘ ?f—r? 1

S 1 3T FEAD (3) W i A -
1O 100 B 4Lt tﬁ%mﬁﬁwm #ﬁuﬁuﬁ
D ------ U ; T + 1|- T : T L | T | T | LI I : T :!
3 K-*He La b

. > OF f- (3c—2p) (®) %

x10? ; -
2| ©) ryarogen Pl e |7 oL 2
i e ! | - K-3He LB K-3He Ly | E
v oL 5 NSl - N A | E
2 10+ Kaomc hydrogen [ - o 3 .Jl"' E

3 i Kixl Kpg higher ﬁ:' T = gl ané

&l L U'i B transitions | | 0 i e R S

I : f |- 1 - 100 — i K<He La (c) é
6 | o C (3d—+2p) E
LR Nodi e /il | g _/ :
e ) ! ™ £ | ~ = K-4He Lhihh =]

4 ;&__,;. P LM, ,@i”ﬁ N, 2 [ ] 2 9f . o o
e s asn? | o d € 4ot K-4Help KHely | -
51 III |'l| i MTl_,i % 5 = 2! -".. | '=II =
|ﬂ'|I II 1 ! | 1| | o ED - ‘I'{ E

gl | I| 1 e i1 L A1 -
ol SN b N PR LN 0 f"d.l"‘*"' il 11 i_I

x19'] (c) Deuterium ¢ : 3
= A S 100 F =
o, N Region of interest 1.? |- - =
= " of K-d X-rays [ o 8oL R
w2 ¥ : T I -FI : — Te) B -
-~ *e - - -~ - ]
£ ol e oSN St vt prgtengm s | S d w60 ¢ E
o I ¥ e .l P ;
o 4 5 6 7 8 9 1ol T 11 S B \ [ ]

| | | | Energy [keV] 20 | %_w‘ _ NoFT =

g 77 T2 7 I o B J--"’f&%ﬁ“?ﬁ‘# e S

FE 85 28 5 g&= R
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SIDDHARTA experiment

K—He - €ap = D = 3(stat) = 4(syst)eV,
M. Bazzi et al., Phys. Lett. B681, 310 _— _ : " .
(2009). K "He : T's, = 14 &+ 8(stal) + 5(syst)eV,
{thTB,?]ZZI el Flysatail,; B8, 189 K *He : €op = —2 &+ 2(stat) = 4(syst)eV,
M. Bazzi et al., Phys. Lett. B714, 40 If_SHe - [y = 6 :|: G(qtat} :|: 7(syst)eV.
(2012). Ui s .
~ 300 E E
@ F j
D ot E
-t | i T = g
5 " e l1: é
— I o
2 10 Kaonic hydrogen ﬂrl SIE. R :j%
=] - higher il 7 P
&l L KU'E KB transitions | _ 0 S
I : f |- 1 - 100 K~He La (c) é
61— 14 4 . il — @ r (3d—+2p) 3
L ¥ P fly 1 8 o < K~He Lyign
PR W LA IRILE A o
il N S ... wm_,_ w540 F . 3
2 1l III i II1 I. I o an B '_jii ; i
R ) o - hrel E
gl hilohe § o M oy paiiaeg 0 B Efrs !
102 l!' - ]
X5 L (c) Deuterium i - - K-He La (d) 3
E i Region of interest 1.? - 100 3 {3d—2p) E
= o of K-d :-{—rays I o F = Ex
-2 S ' . iy | & B8O e =
— LX) »r L — r 3
*'E "’%ﬁﬁh"vaﬂ.wmwﬁ; e £ 6. E
0 Pt Ty Ay ol i g b ey A g F H
S 4 5 6 7 8 ‘s 1ol T 11 E 0 B ]
N | enegypen' © 2o :
SE 7F SR S ot e o
= E ©r~ © 5 ~ D 9 10 11 12
tg  E° B BE Erom
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SIDDHARTA-2 experiment

LNF-INFN, Frascati, Italy
SMI-OAW, Vienna, Austria

SRR R P

[FIN —HH, Bucharest, Romania
TUM, Munich, Germany
RIKEN, Japan

Univ. Tokyo, Japan

Victoria Univ., Canada

Univ. Zagreb, Croatia

Univ. Jagiellonian Krakow, Poland
ELPH, Tohoku University

Istitute Maziomale di Tisica Mucleare

Labigeater| Nazloirall df Fraseatl

STRENG-YEI

L HIrzz

Croatian Science
Foundation

LLI F Der Wissenschaftsfonds,

e s
£ Farnesina
e ‘-'.';f Ministero degll Aar] Extenl

e welia Conperazions intemazionaly
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SIDDHARTA-2 facility

First exploratory measurement for
Kd by SIDDHARTA (100pb™1)

300

i':.f b
= | £
= -
> 200 o
w | |
w0 " - - 2
P F : - 3 £ )
- - 2%
*E 100 - & . X P £ =
: 1 .: = 4
8 "4 ; ¥

1ID 1.2
X ray energy (keV)

Yield of a factor about

10 times smaller than

Upper limits of yields
(90% C.L.):

‘ for KH (estimated to be
from 1 to 2% for K_)

2

SIDDHARTA-2: enhancement by one order
of magnitude of the S/B ratio

Y(K,.) <0.0143

Y(K_) <0.0039

Seminar, 21.11.24, M. Skurzok

&

upgrade of SIDDHARTA detector

48 Silicon Drift Detector arrays with 8
SDD units (0.64 cm?)
for a total active area of 246 cm?
The thickness of 450 pm ensures a high
collection efficiency for X-rays of energy
between S keV and 12 keV

details in: F. Sirghi, et al., JINST 19 (2024) P11006

Exotic bound systems
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Siddharta-2 setup details

SDD detectors

4x25DD array

covering a solid angle for stopped kaons in
the gaseous target of ~ 2m, 5mm from the
target

BC-408
Scintillator tile

48 monolithic SDD arrays will be around the
target with a total area of about 246 cm?

the large active to total area of about 75%
(compared to 20% for the SIDDHARTA SDDs)

3000 T T ; 1

*Fe spectrum ! Eﬁcx::ﬁgzﬁ T e single unit: 4x2 SDD array (48 units in total)
2500 -
e SDD
2000/ 1 o external CUBE preamplifier (MOSFET
- input transistor)
E 1500 P o larger total anode capacitance
< o better than FET performances
tooer o standard SDD technology
o area/cell = 64mm?
= o T=100K
o J J k / _\ O Thickness 0.45 mm
45 5 *  EnergyKev] 78 8 o drift time<500ns
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Siddharta-2 setup details

cop

ul
Al

cooling

\ ~Sep— yyer Vacuum chamber
vacuum cham e r_‘rr‘f__r T

ultra pure Al bars to cool target cell
(T;c= 30K) and SDDs (T,;p= 100K)

Seminar, 21.11.24, M. Skurzok

e Working temp. and pressure: 30Kand 0.3 MPa

e Target cell wall is made of a 2-Kapton layer
structure (<100pum)

e HPH Deuterium generator and heavy water

e almost double gas density with respect to
SIDDHARTA (3% LHD)

e X-ray transmission 85% at 7keV

Exotic bound systems
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Siddharta-2 setup details

kaon monitor e with the new position only those kaons which
are reaching directly the entrance flange of

| | the vacuum chamber will be selected
e reduction of the hadronic and e. m.
Veto-1 counter — i —— background is expected comparing to old
" - | SDDs geometry
5 | spD-
Kaon monitor  ~ 'd electronic
upper scintillator B /E fet
Veto-2 counter "~ 7 DI’ ::;ei:;ction

Kaon monitor K| Kaonstopper:

lower seintillator \'E/ KK discrimination

~ veto-1 system

New Setup

e outher barrel of
scintillators

e toidentify the products
of K" absorption on gas
nuclei

Protection/Support plasticring — 2 Gloverni Fogo@ gt |
1 . A N

| Cesidio.Capoccia@Infinfn.it
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Siddharta-2 setup details

veto-2 system

Time Resolution
243 2435 244 2445 45 2455
400 | 1 L 1 ] L 1 1 1 l 1 1 L 1 | L L 1 1 | ' 1 1

1| — Gaussian Fit:
FWHM 47.7 ps

T T T T '| LI | T L} [ T T T T | T T T 1 | L} T T T
243 2435 244 2445 245 24,55
Delay Laser Pulse - SiPM (ns)

e aninner ring of scintillator tiles (SciTiles)
placed as close as possible behind the
SDDs

e for charge particle tracking
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SIDDHARTA-2 way

SIDDHARTA-2 measurements

2.01410
NA: 0.0115%

ISOTOPE.Cg
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The Kaonic 4He measurement (2021-2022)

g, =E2P S = —1.9£0.8 (stat) £ 2.0(sys) eV
2= 3o T B = no sharp effect of the strong interaction on the 2p level
[y = 0.01 £ 1,60 (stat) £0.36(sys) eV
; new data to enrich the kaonic
| K-He L, o

S B SIDDHARTA-2 atoms transitions database

1] =

o 9500 — = Data

- n K-He Ly — K-He L-series transitions Transition  Energy [eV]

£ : K-He M-series transitions KC (605 55460 % 5. (stat) & 20 }

2 L : 4 . C (625 5546.0 + 5.4 (stat) £ 2.0 (syst

2 : — K-C, KN, K-0, K-Al, K-Ti transiti !

S 2000 — KL, o T KO (75)  8890.0 4 13.0 (stat) + 20 (syst)
B . b K-C (5-4) 102166 + 1.8 (stat) + 3.0 (syst)
| i i g K-C (6-+4)  15760.3 + 4.7 (stat) + 12.0 (syst)

1500 — q L g Dss J I K-0 (756)  6014.8 £ 8.4 (stat) + 2.0 (syst)
B . ; K-0 (6-+5)  0965.1 £ 6.9 (stat) £ 2.0 (syst)
C o 1 o ind = 1.27 K0 (5—4)  18361.1 4 5.4 (stat) £ 12.0 (syst)
1000 — K-He M = § o K-N (6-+5) 75811 4 16.0 (stat) + 2.0 (syst)
- , Ko :K-C:-as KN (5—4)  14008.0 + 6.0 (stat) + 9.0 (syst)
TI o 3 KAI Tizg 9 KAl .
— ' L 87 K-Al (8-7) 104410 + 8.5 (stat) + 3.0 (syst)
50,3_' My Jh | KNess A L — i m,,q K-Al (7-6)  16083.4 £ 3.8 (stat) + 12.0 (syst)
1 18 e L-complex H j
.ﬂ ' ! ﬂle ; ehess | - m._-,,,, K-Ti (10-9) 147903 4 16.6 (stat) + 9.0 (syst)
m.’ ! iJ W‘mlwll ﬁl]}r.., £\ W,_;w-.'fw
WAL A fLg 1R i) v G| '».l | |
0- 4000 6000 8000 10000 12000 14000 15000 13034[} . ngmella F, etal, 2023, Eur. Phys. 1. A, 59 (3) 56
g
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The Kaonic 4He measurement (2021-2022)

Study of yield density dependence
for the K-*He La transition

Density 2.25 + 0.11 g/] '
-
. e ; A0G (gys L Thi rk
L, vield 0,075 4 0.003 (stat) "o o ) § i e
iy o) g | | ¥ siooHaRTa
Ls / La (.190 £ 0.027 (stat) s ol |
e Bty 2 g Hear—
L, / L, 0.082 + 0.012 (stat) St ]
% -
- 3.2_—
Density 190 £ 0.10 g/I (.82 4 0.08 g/l - - .
¥
Lo vield  0.148 0,027 (stat)*fggove) 0126 40023 (stat)ggpetre  “F S ‘ |
Lg [ L, 0.193 + 0.042 (stat) 0.133 4 0.037 (stat) § ¢
L | Ly 0.0035 £ 0.015 (stat) not detected 0.1
- b
0.051—
Sgaramella ., et al 2024, Acta Phys. PolB Proc. Suppl 17, 1-A8 T T TR 7 S G T R,
Gas density (g/)
Sirghi D.L., Shi H., Guaraldo C.. S llaF., etal, 2023, Nucl. Phys. A,1029 122567
s DL, A, Seamueld B, Sal, 2000 ek A First observation of the stark effect in kaonic helium-4
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The Kaonic Ne measurement

2023

r- o ey ."{: I -

K—-Nel8 27 = Bs . Eog = (Mar+ Ko + Gasys)
K — Nel™ 2 Ae = ;I' 5 ;

— Ne(7T— 6) = s Ep = (mrog - Kyass + Gro6)

Kaonic Ne energy transition as function
of kaon mass (MCDFGME code)

— X = X
z . 3 98] .
= 61304 1 ” = r.
= X {5 e X
w b = 4
L s1303 PE 945039
] & = 94502 P
= ’ = p
psoz]| oy
x. T T T % T T
49367 49368 45359 49367 49368 49369
Kaon mass [MeV/c?] Kaon mass [MeV/c?]

energies of circular transitions and electron screening in kaonic
atoms. Physical Review A.71.10.1103/PhysRevA.71.032501.

Measurement
DENISOV 91 [23]
GALL 88 [22]
LUM 81 [114]
BARKOV 79 [115]
CHENG 75 [116]
BACKENSTOSS 73 [117)

Kaon mass [MeV]

493,696 £ 0.007
493,636 = 0.011
403,640 £ 0,054
. + 0.029

57 £ 0,020
193.601 + 0.040

This work

193,694 £ 0.015 {stat) £ 0,060 (svst)

> =
5 10000 omm + KeNerss SIDDHARTA-2 )
N — KN transifons ) J , Ne density: 3.60+-0.18 g/I
P — K-C, K-D, K-N, K-Al transitions | ILdt =125pb’
= [~ — background | K-Neg.q i
8 8000 — giobal fit function - § o fmdi=137
._ 1 } Transition Energy [eV]
= K-Ne (9 — 8)  4206.35 - 3.75 (stat) £2.00 (syst) eV
6000 — [E=Ne (8 = 7) 613056+ 0.71 (stal} £L50 (syst) eV |
t i K-Ne (10 = 8) 719121 % 4.91 (stat) £2.00 (syst) eV
= [E-Ne (7= 6] 9450.08 £ 0.41 (stat) X150 (syst) eV |
L K-Ne (10 = 7) 1335230 £ 10,07 (stat) £3.00 (syst) oV
4000 — K-Neg. [K-Ne (650 15673.30 & 0.52 [stat) +0.00 (svst) eV |
| = ; 1
F ' Transition Yield
B KeCoss t .
2000 — o ”[. K-Ne (10— 8)  0.01040.001 (stat) £0.001 (sys)
P ﬂ K-Ne (9 —8) 0.137+0.012(stat) £0.010(sys)
e 4 "E Felesgos K0 K-Ne(8—7)  0.228+0.004 (stat) £0.011 (sys)
i i B a7 AN K Ne(7-+6)  0.277+£0.002(stat) £0.014(sys)
4000 6000 13020{ K-Ne (6 -+5)  0.308+0.003 (stat) £0.015(sys)
WEIGHTED AVERAGE
493.6770.013 (Error scaled by 2.4)
-W Ea¢l~c'|9 Da{a Group’ 2020’ VALLIE [MeY) DOCUMENT 1D TEEN  CHE  COMMENT
| 083C01 (2020] 493.677+0.016 OUR FIT Error includes scale factor of 2.8,
493.677+0.013 OUR AVERAGE Error includes scale factor of 2.4, See the ideogram
_below
[ 493.696£0.007 UDENISOV 91 CNTR —  Kaonic atoms
__— | [®@3emw+o0n ZTCALL 88 CNTR Kaonic atoms
e 493.640 0054 LUM 81 CNTR — Kaonic atoms
s 2 493.670+£0.029 BARKOV 79 EMUL + efe — Kk~
|l e . 493.657+:0.020 2 CHENG 75 CNTR —  Kaonic atoms
T DENISOV 91 CNTR 7.7 493.691+-0.040 BACKENSTO.73 CNTR - Kaonic atoms
GALL 80 CNTR 136
LUM 81 CNTR
BARKOV 79 EMUL 0.1 ;
CHENG 75 CNTR 10 Large uncertainty — 26 p.p.m,
/ BACKENSTO..78  CNTR _0.1 compared to charged pion:
4
J \ (Gofdenca Lovel =0 D008} My = 139.57061 + 0.00023 MeV, 1.6 p.o.m
I | N | \"‘--;—._ l |
49355 4936 493.65 4937 493.75 4938 49385
m. (MeV)

Seminar, 21.1

PRELIMINARY
E oz“ |

BACKENSTOSS 73

CHENG 75
- !
BARKOV 79
bk
Lum &1
49356 49358 4936 49360 49364 49366 G936E 4937 4E3T2 49374 49ATE
Kaon mass [MeV/c*]




Kaonic deuterium Run

May - July

October -
December 2023

events /40 eV

BilL,
Cu K,
Bi L;
oot

Seminar, 21.11.24, M. Skurzok

Exotic bound systems

The first kaonic deuterium measurement (2023-2024)

The SIDDHARTA-2 collaboration aims to perform the first measurement of the strong interaction induced
energy shift and width of the kaonic deuterium ground state with similar precision as K-p !

 First run with SIDDHARTA-2 optimized setup for 200 pb! integrated luminosity: May — July 2023
* Second run - October — December 2023: 345 pb! Fourth run - May - July 2024: 200 pb!
* Third run 2024 - February — April 2024: 435 pb!

Total integrated luminosity of 1200 pb!

Kaonic deuterium Run2 Kaonic deuterium Run3

February — April Run1 data analysis and
2024 preliminary results

- -Asynchronous background: the EM shower

produced in the accelerator pipe invested by e-/e+
lost from the beam overlaps the signal; the loss rate
contribution comes from Touschek effect. — Kaon

Trigger and SDDs drift time ;
ge -Synchronous background, hadronic background

from kaon absorption on materials nuclei, or other
@ decay channels and from X-rays produced in
higher transitions of other kaonic atoms, formed in
the setup materials;

— Veto systems
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Kaonic atoms measurements at DAFNE perspectives

E. Friedman et al. / Nuclear Physics AS79 (1994) 518-538 Ea |
Present status: old and very old measurements _—
o - Compilation of K~ atomic data
with low precision s T TR
- = He 32 — 04 +0.03 - - - 115}
We propose to do precision measurements along o= R R N 3 e
L 3—-2 0002 + 0,026 0,055 + 0029 0951030 - [171
L * Ba 32 = 0079 40,021 01724058 025 4+ 0,09 0.04 £0.02 1
the periodic table at DAFNE for: %5 323 oalroms omoselw oo RO N
g 32 = 0,167 + 0035 0,700 4+ 0,080 = - [§E:1]
[+ A2 — (1550 4 0,080 1.730 0,150 0.07+0.013 0.99%0.20 [18)
Q 43 ~ 0025 + 0018 001740004 - - na
i o Mg =3 = 0027 40,015 0214+ 0.015 0.78 £ 0.06 0,08 & 0.03 12}
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Kaonic atoms measurements at DAFNE perspectives

E. Friedman et al. / Nuclear Physics AST® (1994) 518-538 21
Present status: old and very old measurements _
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Summary and Conclusions

@ study of exotic systems in the form of mesic nuclei and kaonic
atoms is extremely important for a deeper understanding of
elementary meson-nucleon interactions at low energies

@ Investigations of exotic bound states: n-mesic helium search
using the ramped beam technique at WASA-at-COSY and
kaonic atoms measurements with SIDDHARTA-2.

@ The upper limits for n-mesic helium production in pd/dd

collisions and decays into different channels obtained few -
order of 20 nb!

@ Kaonic He, Ne, deuterium measurements in SIDDHARTA-2
experiment: new data for kaonic atoms transition database, first
result for kaonic deuterium 1s level shift and width
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Thank you for attention
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