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Introduction — n-mesic bound state

n-mesic nucleus meson (@) v« 2

1,
m= ﬁ(ddﬁ» ul + s5),
4'He' TI g = ﬁ(d5+ Ut — 2s5)

[n >= ngcos@ — msind, 6 = -15.5°+1.3°

main decay channels:

m, =547.86 MeV o2y 399

F:l.31keV T]_)?’T[O ~33%
=105 Nl ~23%
strong interaction (PDG 2020)
- Re(a,y)|>Im(a
mbm; m‘He + m, — BS | Re( nN)l ( nN)

attraction > absorption
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7 interaction with nucleon

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

N* resonance: m}y ~1535MeV T ~150MeV ~ JP

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

1358 MeV M+ M =1486 MeV 1685 MeV

M, =1535 MeV

impossible to create the 7 beams = 1-N studies based on the investigation of 7N scattering
amplitude for the processes like 7N — 1N, YN — nN = N* domination (coupled mainly to n/N
and 7N)

Coupled channel calculations = fit to available experimental data
EMMI, 15.09.22, M. Skurzok
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Attractive and strong interaction between 1 and nucleon

R. Bhalerao, L. C. Liu, Phys. Lett. B54, 685 (1985)
\ LA sal

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 1 meson
support the existence of light 7-mesic nuclei like (*He-7)pound (‘He-1)pound

Bs € (1_40) MeV, I € (1_45) MeV 0.18 fm<Re(ann)<1.03fm
0.16 fm<Im(ann)<0.49 fm

dd — (*He-1)poung — Hepm—: 0=4.5 nb | pd — (*He-1)poung — Xpm—: =80 nb
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Exp. indications of the existence of the 3He-n bound state

; 3 do(0n) _ ow
total cross section pd — “He-n <52 = Z=(1 — acosb,))
00
. 04H o COSY-11
| = ANKE
03 This fit
) Mt% 02h
0' ¢’ 01F
I Smyrski 8 00beca---T 4 S e T
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& dd-ng (x25) L -0.2F
— dp-n He 2 pole fit 03f }
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Q MeV) p, (MeV)
Strong He-7 interaction strong variation of the phase of s-wave

production amplitude with energy
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Exp. indications of the existence of the 3He-n bound state

total cross section pd — *He-n d"(e ) — = Ze2t(1 — acosty)

500
041 o COSY-11

| = ANKE

4001 03 This fit

02F
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I

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

"weakly bound 3He-n state with binding energy of the order of 0.3 MeV and a
width of the order of 3 MeV"”, a,3ne = [-(2.23 = 1.29) — i(4.89 & 0.57)] fm
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184 m circumference cooler
synchrotron

Polarized and unpolarized proton
and deuteron beam

Momentum range 0.3 - 3.7 GeV/c
Stochastic and electron cooling

10™ particles in ring - luminosities
103 - 1032 cm2s71

Ramped beam (search for n-mesic
nuclei)
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WASA-at-COSY experiment

e Forward Detector
» identification of heavier projectiles
and target-recoil particles such as p,
Absorber ToF d and He in forward direction

Solenoid

Pellet line MDC FH FRI
SEC . .
i " » angular information about the

particles provided by FPC

/
cosy » PID based on measurement of
energy loss in scintillators

sen_, it @ Central Detector

Central Detector Forward Detector

» charged particles momenta
reconstructed in magnetic field
o Pellet Target (MDCQ)
» frozen pellets of hydrogen or » PID based on measurement of
deuterium energy loss in scintillators

» photons identified in calorimeter

EMMI, 15.09.22, M. Skurzok Search for n-mesic Helium with WASA



Status of the search for n-mesic Helium at WASA

(*He-1) bound (*He-1) bound
e 2008: dd — 3Hepr~ e 2014:
reaction

- pd — 3He2~(*He6
P. Adlarson et al., Phys. Rev. C87, p € /( € /7)

035204 (2013) reactions

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

decay of the n - meson while it is still "orbiting”

e 2010: dd — *Henn° and

dd — 3Heprm~ reactions around a nucleus

P. Adlarson et al., Nucl. Phys. A 959, _ 0 0
102-115 (2017) - pd — pppr~(ppnr®, dpm®)
M. Skurzok, P. Moskal, et al., Phys. reactions

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

7) meson absorption and excitation of one of the nucleons to an 1 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

= 70000
60000 — simulation threshold dd—3Henn!
50000 ;mﬁ and
s0000F E‘I:H:E:FF dd—(*He-n),—>Henn"
300001
20000 f dd—3Henn!
10000F-
ok dd— (“He-n);—3Henn?

o b b b s b b by by ST
4.21 4.22 4.23 4.24 4.25 4.26 4.27 4.28 4.29 4.3
2
|/S4q [GEV/C?]

Excitation function

(4He—7/)bound existence manifested by resonant-like structure below 7
production threshold
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Search for (*He-1)pound with WASA-at-COSY

Exp. 186.1 & 186.2, FZ Jiilich,

Germany, 2008 and 2010 dd — 3Henn® | dd — 3Hepr~
P. Moskal, W. Krzemien, J. Smyrski,
COSY proposal No. @ Measurement with the deuteron
beam momentum ramped and with

the deuteron pellet target

p [GeV/c] Q[MeV]
2.422 30
2336 % 0

"é‘(&
o
2.127 -70
t=70.3s

one beam cycle

Cyclotron

JULIC Polarized and

Unpolarized @ Data were effectively taken with
lon Source

H A"/ D D high acceptance (58%)
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Search for (*He-1) pound

with WASA-at-COSY

Exp. 186.3, FZ Jiilich, Germany

2014
P. Moskal, W. Krzemien, M. Skurzok,
COSY proposal No. 186.3

Extraction

Fast %
Quadrupole Gy, HE Polarimeter

LE Polarimeter

Cyclotron
J

uLIc Polarized and

Unpolarized
lon Source

H H /D D
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pd — pppr~ (ppnm®, dpr®)
pd — 3He2v (*He6)
@ Measurement with the proton

beam momentum ramped and with
the deuteron pellet target

p [GeV/c] Q[Mev]
1.615 30
1.573 «\Q\‘w 0

‘0@
o
1.468 -70
t=94s

one beam cycle

@ Data were effectively taken with
high acceptance
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Kinematical mechanism of the reaction (via N*)

dd — (*He-n)ps — 3Hepr™

%—% ¢

DEUTERON SCHEME OF REACTION PROCESS oF
FUSION IN WHICH n-MESIC NUCLEUS IS FORMED /
He, PROTON \
@ AND MESON
\ EMISSION
L
CREATION OF
RESONANCE DECAY
1-MESIC NUCLEUS INTO PION AND
PROTON INSIDE
NUCLEUS
ABSORPTION OF  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®

%—% p ¢

DEUTERON SCHEME OF REACTION PROCESS, &
FUSION IN WHICH n-MESIC NUCLEUS IS FORMED / \
Y
“He, NEUTRON \
@ AND MESON 7
EMISSION
8 . »
o p
n°
CREATION OF
RESONANCE DECAY
1-MESIC NUCLEUS 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

EMMI, 15.09.22, M. Skurzok Search for n-mesic Helium with WASA



Simulation of (*He-17)pound production and decay

Breit-Wigner distribution Spectator Model
BS
— _
N4 z e
o] i AV18
e T CDB-2000
threshold z 0/ \
L g f %
N/2 I = / \
= ; 3
5 el
= i ‘x\\
> S TR Y- -a_T o5
Mesre ) Mgty Saa Prormi | GeVic |
1 r2/4 2 9
N (\/Sd ) = 51 7 = |]P)3He| = My,
( de_m(4He_’7)bound) +r /4

m(4He_77)bound = m4He + m77 — BS
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Simulation of (*He-17)pound production and decay

p+m

77+N:>N(1535):>N+7r:{ n 40

o relative N-7 angle in the CM: M7 ~ 180°
o low 3He momentum in the CM

p—t 260000
400005— £ Bound state
E Bound state 50000
35000 r
E Phasespace £ Phasespace
30000/ 40000
25000 £
E 30000
20000 F
15000F 20000
10000 £
E 10000
5000 H
0= 1 I L I e R . 0 i S RN e i 1 | L
20 40 60 80 100 120 140 160 180 200 01 02 03 04 05 06 07 08 09
0,50 [deg] P [GeVic]
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Experiment-May 2008

@ Channel: dd — (*He-1)pound —

Hepr— (norm: dd — Hen) Excitation function

@ Measurement: beam momentum b
180f=
ramped from 2.185GeV/c to e +
' 1a0f-
2.400GeV/c = the range of T e
excess energy Qe(-51,22)MeV m sk e a2
E ID’E,H“E’
. . m;: Background: RG=a40,0+0.0° op BC=o4a,Q
@ Luminosity: L=118-1 B T T ————
nb -50 -40 30 -20 -10 o 10 20
o Q[MeV]
@ Acceptance: A=53%
overall efficiency " g
—— luminosity o F
4 g af
) ) ; zu;é
> 5 > = -E, 20 MeV
5 .2 z
25 o oo P00 o000 00000 2 : E
IO UOT Y I Mev]
50 -40 -30 -20 -10 0 10 20
Q [MeV]
P. Adlarson et al., Phys. Rev. C87 (2013), 035204 RESULT: 044, (4te—n)poung—3Hepn— < 27 nb J
W. Krzemien, Ph. D Thesis, Jagiellonian University (2012) oun
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Experiment-Nov/Dec 2010

@ Channels: dd — (*He-1)bound —

SHepr— ANALYSIS:
dd — (4He—77)bound — 3Henn®

(norm: dd — 3Hen and dd — e Particles identification
PPNspNsp)

@ Measurement: beam momentum @ Selection bound state region
ramped from 2.127GeV//c to
2.422GeV/c = the range of o o
excess energy Qe(-70,30)MeV @ Determination of excitation

® Luminosity: L=12001 functions

@ Acceptance: A=53% o .
@ Determination the upper limit

) . N . ) of the total cross section
about 10 times higher statistics than in

2008
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Search for (*He-n)poung in dd — 3HeN7 reaction | PID

Pellet Target Pellet Target

50 cm 50 cm
scs Moc [ — scs [ RIS

sorber Absorber
cosy ~~ ‘
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II The beam and

targ II AL
ron Yoke FRH ron Yoke FRH
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target P arget
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SEC SEC
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< 0 s00
“—DATA >
0 —DATA . 2 0.018 3,
80000 70 — Simulations: 50000~ Simations n goo He l\m
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Search for (*He-1)pound | Selection criteria

=10000: - >25000-
9000F Experiment: r e
E — dd - *Hem® £ — DATA: dd — *Henn
8000F 20000 L
70005 — dd - °Hept’ E — DATA: dd — *Hepr
6000; Simulation: 15000 — Simulation:
5000; — dd — *Hen_ — *Henr® L dd - “Hen, - *Hen®
4000 * 100001
3000;— E
2000: 5000
1000- £
ne L L L ne
0 02 04 06 08 1 1.2 0 005 01 015 0.2 cm 0.3
pay, [GeVie] Eon [GeV]
z =12000
10000 _ . [ —DATA: dd - *Henr®
DATA: dd — *Henn? 100000 i e
8000 — DATA: dd — *Hepr’ [ —DATA:dd - *Hepr
— Simulation: 8000 —simuation:
6000 dd 4y 3 0 E dd dH 3H 0
- *Hen, — *Henr 6000  dd - ‘Hen,_ — *Henr
4000 4000
2000 20001
i £
0 0.1 0.2 03 04 05 06cm07 0.8 ‘100 110 120 130 140 150 160 170 180
Etin, [GeV] 65, [deg]
DATA: dd — 3Hepn— Signal: dd — (*He-n)poung — Henm®

DATA: dd — 3Henn® — 3Henv~y

EMMI, 15.09.22, M. Skurzok Search for n-mesic Helium with WASA



Determination of the excitation function

.=10000¢
T 8000F —DATA: dd — *Henz®
8000 —DATA: dd — *Hepn
E —Simulation:
70001 dd — “Hen_ — *Henx®
6000F ®
5000/
4000F
30001
2000
1000
% 02 04 08 08 1 1.2
\ }:\,‘r’;‘e [GeV/c]

region rich in signal

"

= 6000 = 3000¢
5000 dd->3Henn?® 25000 dd->*Hepm-
SR 3
4000/ - g 2000E et e
3000 15007+ e |
2000 1000F
1000 500/
u-: 1 L 1 1 1 1 1 L L i
%060 -50 40 -30 -20 -10 0 10 20 30

—uiﬂ -60 -50 -40 -30 -20 -10 0 10 20 30
Q [MeV] Q [MeV]
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Determination of the total cross section for dd — 3Henn® reaction

Excitation function

6000

Cross section

2 6000
__N@Q) 5000
"(Q=ro@

N - number of experimental events 3000
2000

L - integrated luminosity 1000

e - full detection efficiency B 40 010" 0 40 g0

Integrated luminosity
dd — ppnspnsp

Efficiency
dd — (*He-1)pound — Henm®

a=(2.73+0.50)10° [nb” MeV ]
b=(-3.64+3.23)10* [nb " MeV'?]
c=(-1.0t£0.06)10" [nb™' MeV']
d=(66.30+0.17) [nb ]

o )

o 9E ~*Geometrical acceptance <

c =

I - Efficiency =

= =

Q — experimental points

8 SR " | — fit pol3: aQ®+bQ%+cQird
Q

I L I I I | | L L
=70 -60 -50 -40 -30 -20 -10 0 10 20 30

%6 80"50 40 30 20 10 010 20 50

Q [MeV] Q [MeV] .
from simulations: ¢ — xacc dd — pp3n5pn5p: L:(1329:i:25taf:I:lOBsyst:i:64,m,m)nib1
'gen dd — “Hen: L=(11024£2t,t 2855t 3107 norm )b
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Determination of the total cross section for dd — 3Hepm~ reaction

Cross section Excitation function

N(Q) = 3000
o Q ==/ 25001~
N - number of experimental events 1500 T |
1000
L - integrated luminosity 500
- | ici O e e o
€ - full detection efficiency R
Efficiency Integrated luminosity
dd — (*He-1)pound — Henm® dd — ppnspnsp
;E - Geometrical acceptance g
-+ Efficiency -:—

— experimental points

— fit pol3: aQ®+bQ+cQ+d
e e e e e | a=(2.73+0.50)10° [nb” MeV ]
b=(-3.64+3.23)10* [nb " MeV'?]
c=(-1.0t£0.06)10" [nb™' MeV']
Fooooooss oo toooeeeo, | 4=(66.30:0.17) [nb"]

Acceptance

Lo Lo L
=70 -ELO -5‘0 -4‘0 -310 -2‘0 -1‘0 6 16 2‘0 30 S}70 -60 -50 -40 -30 -20 -10 0 10 20 30

Q [MeV] Q [MeV] .
from simulations: ¢ — xacc dd — pp3n5pn5p: L:(l?:29:i:25taf:I:lOBsyst:i:64,m,m)nib1
'gen dd — “Hen: L=(11024£2t,t 2855t 3107 norm )b
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Determination of the upper limit of the total cross section

for dd — (*He-1)poung — 3HeN processes at CL=90%

dd — (*He-n))bouna — *Henr® dd — (*He-1) bound — *Hepm™
—12 — 250
-g OGE —= DATA -g s [ —=DaTA
= 1000 o, g o 200 — poz .o
% oo o =
E — — 150 -
Goom Fo
L 100 = S
400 ;
2001 50;,
/6260 50 ~40 30 20 -10 0" 10 20 30 %0 760 50 40 30 20 -10 0 10 20 30
Q [MeV] Q [MeV]

2
%+BQ2+CQ+D

Breit-Wigner (signal) + pol2 (background)

simultaneous fit with

taking into account the isospin relation between the both of the considered channels:
P(N* — pr—)=2P(N* — nz0)

u

Bs,I - fixed parameters | A, B, C, D - free parameters || Uciigo% = k- 04, k=1.64 (for CL=90%)
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Determination of the upper limit of the total cross section

for dd — (*He-1)poung — 3Hepm~ process at CL=90%

upp
y T ci—g0, for , . PP for
dd — (*He- — “Henr =90% B
| n)ifund dd — (*He-1)pouna — *Hepr
— 12
2 — 12
£ 10 gz
§ Excluded ‘é 8 Excluded
%bo %bd .
4
2
5 10 15 20 25 30 35 40 45 50 05 o5 20 25 50 55 G0 a5
r VeV I' [MeV]
RESULT:
RESULT: . S
dd— (*He— oun —3H -
o-dd_>(4He_7])bound—)3Hen7r0 < 3-5 nb ( € n)b d epm

4

2008: 0 < 27 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

N-"He binding energy
——- E=-36MeV

—— E=—478 McV
n-"He (E,=-20.6 MeV)

47 T(p) [GeV™

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

N*-3He momentum distribution determined:
the elementary NN* — NN* interaction
constructed within 7 and 7 meson exchange
model = N*-He potential evaluated by
folding NN* interaction with a nuclear density

4

Details:

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

606 o

Arbitrary unit

N. lkeno, H. Nagahiro, D. Jido, S. Hirenzaki, Eur. Phys. J. A 53, 194 (2017)
total cross sections for the dd — (*He-1)pound — 3HeNr reaction determined based on
phenomenological calculations
the model reproduced the data on the dd — “He 7 reaction quite well
0=0conv+0Tesc
Oconv - determined for different parameters Vo and Wy of a spherical n-*He optical

potential V(r) = (Vo + iWo)Z"‘ESg (the total cross section in the subthreshold excess

energy region where the 1 meson is absorbed by the nucleus)
normalization in the sense that the escape part reproduces the measured cross sections
for the dd — *Hen process

(VW )=-(70,20)MeV (Vy,W)=-(70,20)MeV
70¢ - e
E c =
60 S 60
E > £
E = s50f
50F s E
E E= E
40 S 4o
= = E
30F < 3o
20 200
10F 10F
= E L L L L L L L
o5 %67760""50 40 30 20 -10 0 10 20 30
Q [MeV]
o — Oconv Spectrum convoluted with
Oconv - - the experimental resolution functions
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Comparison with N. lkeno et al. model prediction

dd — (*He-n)poung — Henm®

4

g 1 200;— - ::I:" 1a-263,1.50)
0N 1000F — signal
800E — Signal+Beg(pol2)
GOOM
400?
200?

680650 46 -30 20 10 010 20 30
Q [MeV]

dd — (4He—77)bou,,d — 3Hep7r_

{8

[ — DATA
2001 pol2 §A=(5A27,a.no)
[ — signal
150 — Signal+Bcg(pol2)
[+
E e bt
100 e |
50F

1 L L 1 TR S = = TN —s N |
076766756 4630 20 10 0 10 20 30
Q [MeV]

Tpr0(Q) = 1A Theory(Q) + B1Q? + C1Q + Dy
Opr—(Q) = 5A- Theory(Q) + B2Q? + G Q + D>

isospin relation between the both of the considered channels

Theory(Q) - theoretical function after binning with the amplitude normalized to unity
B12Q? + C12Q + 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

Wy [MeV]
(V07 WO)

Vo | Wo [ A(fit) [nb] [ oSL-%% [nb]
-30 -5 -5.0+3.9 6.5
-30 | -20 -2.24+3.5 5.8
30 | -40 | 02438 6.3 £
50 | -5 | 0.1+£38 6.3 g
-50 | -20 3.3+4.1 6.8 -
-50 | -40 6.01+4.2 6.9
-70 -5 6.4+4.5 7.4
70 | 20 | 7.9+45 7.4 L i
-70 | -40 7.5+3.7 6.1
-100 -5 6.3+4.5 7.4 Contour plot of the theoretically determined
-100 | -20 6.91+3.9 6.4 conversion cross section in Vo — Wy plane.
-100 | -40 5.3+3.1 5.2

The allowed parameter space (| Vg| <~ 60 MeV and |Wy| < ~ 7 MeV) excludes most optical
model predictions of 7—*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

Measurement: ppea, : 1.468-1.615GeV/c,
Qe(-70,30)MeV

Channels:

Wﬁw @ Via the resonance decay N*:
' i 1) pd — (*He-n)bound —+ pppT
Smyrski 2) pd — (3He'n)bound - ppn7r0

[] 3, 0
% ;;w L 3) pd — ( He'n)bound — dpm
Srsmann
[

doong (+25) |
e poet Aleksander Khreptak PhD
e e fit |
2 i 6 8 0 1 @ Absorption of orbiting 7
Qe 4) pd - (3He'77)bound - 3He 2'7

5) pd — (3He‘77)bound — 3He 6y

O pd—3He—n = 250 dd—s4He—n Oleksandr Rundel PhD

before the reaction after the reaction
About 2 weeks of measurement @"K 'y
allowed us to reach sensitivity of | /-

deuteron target

few nb (L ~ 4500-1)

EMMI, 15.09.22, M. Skurzok Search for n-mesic Helium with WASA



pd — (®He-n)pound — dpm® analysis

Simulations

%

Proton-deuteron
fusion

)

Creation of

Absorption of 7 meson
by one of nucieon
inside the Helium

P
X )
ke O b
ecay of the pion ]
yof the e
g 1
Beuteron, proonand ' 12F
2 photons omission
o amisson
8
o mesic
J 6
Resonance decay 4
o proton and pon
“naide nucieus 2

N*in N*-d system
—— Eyy=-0.33MeV
Eypq =053 MeV
pinside *He (€,,=-55MeV)

Nucleon excitation
inside the nucleus -
" resonance formation

N. Kelkar et al., Int. J. Mod. Phys. E 28, 1950066 (2019);
N. Kelkar et al., Nucl. Phys. A 996, 121698 (2020)

Events selection

Solenoid

TOF Detector
Tracking Detectors

. Skurzok

"Thin Plastic Scintillators

005 0.1

e
015 02 025 03 035 04
Pe GeVic

Range Hodoscope

Search for esic Helium with WASA

k 0.4 0.5
AE(SEC) [GeV]




Upper limit of the total cross section

B, = -30 MeV

,nb

upper limimit

upp
CL=90%

O,

5 10 15 20 25 30 35 40 45 50

T, MeV

[ I T Detet B ea boensl
240 235 30 25 -20 15 —10 5 0

B, [MeV]

0 <24 nb

(3 He-1)bouna—dpm? —

upp
13 nb < T s

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

Previous result:
COSY-11 O pd— (3He—1) bound — 3Hem® < 70 nb

J. Smyrski et al., Nucl. Phys. A 790 (2007) 438
EMMI, 15.09.22, M. Skurzok Search for n-mesic Helium with WASA




Simulation of pd — (*He-1)poung — He 27y(6)

before the reaction after the reaction

proton beam !

deuteron target
3He-n bound state

/aHespecmcr
@ 3He is spectator |IF’3,,,e|2 = mgHe

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

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

4 (80,20) MeV
_ (Vo Wo) [Mev] | ( B
[ -(90,20) MeV (75.20)  15.1
2 -(80,20) (-6.19,17.39)
T -(90,20) (-11.10,20.59)
o
N§ on wave functions
Z e in p-space
o
- for 3He case

° o 100 200 200 a0 s 500 o0 200 000 1000

p [MeV/c)

@ bound 7 decays to 2v or 37°

EMMI, 15.09.22, M. Skurzok

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

Structure of hypothetical 3He-1 bound state
can be described as a solution of Klein-Gordon
equation:

[—97 + 12 + 20Uepi(r)] () = E36(7)

where: Exc - Klein -Gordon energy, i - 3He-n
reduced mass

optical potential:

Uopt(r) = (Vo + iW0) ”;(:)

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

KG equation solved for several sets of (Vp, Wp)

U
EKG! w(F)

Search for n-mesic Helium with WASA



Search for (3He-n)pouna | Selection criteria

Pellet line TOF Detector

Solenoid

Tracking Detectors

i II
Thin Plastic Scintillators H

EM Calorimeter § soem Range Hodoscope
Reconstructable tracks Identified as 3He
[=4
(o)
3 3
=Q =
: E
w2 w
o
0 100 200 300 0 100 200 300
Errh1. MeV Ergit, MeV
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Events

EMMI, 15.09.22, M. Skurzok

selection - pd — (*He-

Efficiensy, a.u.

Efficiensy, a.u.

Bound state

0.016
0014
0.012

0.01
0.008
0.006
0.004
0.002

T T T
cut

2y required

0.46 048 0.5 0.52 0.54 0.56

3He missing mass - Qapen. Gev/c?

pd->3He2n®
0.007 T T T
0.006 cut
0.005 2y required

0.004
0.003
0.002
0.001

046 048 0.5 0.52 0.54 0.56

3He missing mass - Qapen, GeV/c?

Efficiensy, a.u.

Events, 103

)bound — 3He 27

pd->3Hen
0.035 T |
0.03
0,025
0.02
0.015 NS
0.01 £
0.005 i

T
cut
2y required

046 048 0.5 052 0.54 0.56

3He missing Mass - Qgpen, Gev/c?

Data

250
200
150
100
50

cut
2y required

1
046 048 05 0.52 054 0.56

3He missing mass - Qgpen, GeV/c?
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Excitation function pd — (*He-n)poung — 3He 2y

Events, n.d.

Cross section

__NQ)
7(Q)=1@)x@

N - number of experimental events

L - integrated luminosity

€ - full detection efficiency

pd->3He2y
2500 T T T T
Data —— =
2000 iﬁ%
1500 A
1000 h

Q3Henl MeV

EMMI, 15.09.22, M. Skurzok

Efficiency, n.d.

o 100 3H252f§ b
:g 80 @~=i'fk%|.r-m§%
E 60| o N
3 ﬁmiﬁ
£ 40 E
g 20t g
0 L L L 1
-60 -40 -20 0 20
QaHen, MeV
pd->3He2y
04 T I T T L.
0.35 - Bound state I
0.3 pd->3He
0.25 - pd->*He2n
0.2 - pd->®He3n? H
015 et s
0.1 ' L
0.05
0

Q3Henv MeV
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Excitation function pd — (3He-n)poung — 3He 6

Events, n.d.

Cross section
__N@)
7(Q)=1@)0)
N - number of experimental events

L - integrated luminosity

€ - full detection efficiency

pd->3Heby

1200 T T T T
1000 data ——
800
600
400
200 -
0 #%w%%wwﬁ#¥ !

-60 40 -20 0 20

|
P

Q3Henl MeV

EMMI, 15.09.22, M. Skurzok

Efficiency, n.d.

-
o
Is)

Integrated luminosity, nb™!

0.12

0.1
0.08
0.06
0.04
0.02

®
s}

o
o

N
o

N
o

o

T
PPNsp
3Heteta

-60 -40 -20 0 20
Q3Hen, MeV

pd->3He6y

T T T T T
Bound state |

pd->3Hen
pd->3He3ng

QSHer]r MeV
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Determination of the upper limit of the total cross section

for pd — (3He-n)pound — 3He2y(67y) processes at CL=90%

3 3 3 3
pd — (*He-n)pound — “He2~y pd — (*He-n)pound — “Heby
pd->3He2y B=-13.75 MeV; '=28.75 MeV pd—>3He6v B=-13.75 MeV; '=28.75 MeV
@ 40 T T T 43 50 T T T
4 35 data ——— g 45 data ——— _
S bg+signal S 40 - bg+3|gnal _
2 30 b n 2
¥ 25 [l = o : s 37 & ]
3 [ttt 8 30 - # .
£ 2 tﬁ;@ﬂv 1 5 25 - T ﬂ it }*‘ g
E 151 T ml : E 20 - .
2 ol 2 15
-70 -60 -50 -40 -30 -20 -10 0 10 -70 -60 -50 -40 -30 -20 -10 0 10
QaHen MeV Qapjen, MeV
AT?/4

simultaneous fit with Pndscaym + BQR+ C

Breit-Wigner (signal) + pol2 (background)

where Py gecay are branching ratios for n decays:
Py _2,=0.3941, P 0.3268

n—370=

Bs,I - fixed parameters | A, B, C - free parameters || o = A+ k-0, k=164(for CL=90%)

CL:QO%
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Determination of the upper limit of the total cross section

for pd — (3He-1)pound — 3He2y(67) process at CL=90%

upp
O cl—gqy, O

pd — (3He-n)pound — 3He2y(67)
N8

Width = 28.75 MeV

20 T T 1 T
Fitresut +——
Stat. CL=90%
Systematics

Peak position, MeV

RESULT:
O pd—s (3He—n) pound —3He2v (6v) < 15 nb

INDICATION:-)

slight indication of the signal from the
bound state for [ > 20 MeV and
B; € (0,15) MeV
(100 < Vo < 70MeV and [Wp| > 20MeV) |}

However, the observed indication is

within the range of the systematic error
4

we cannot make a definite conclusion

here on possible bound state formation

V.

Previous result:
COSY-11

O pd— (3He —n) pound — 3He® <70 nb

 J. Smyrski et al., Nucl. Phys. A 790 (2007) 438

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

EMMI, 15.09.22, M. Skurzok
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Summary of the search for n-mesic Helium at WASA

(4He'77)bound (3He_7])bound
e 2008: dd — 3Hepr— e 2014: pd — 3He2v and
reaction pd — 3Heb~ reactions

O-dd—>(4He_"7)bound—>3Hep7T_ < 27 nb ) O-Pd_>(3He_7])bound_>3H627(6’7) < 15 nb J

@ 2010: dd — 3Henn® and
dd — 3Heprm~ reactions

e 2014: pd — dpr® reaction
0 dd—(*He—11)poung—Hepr— < [ Nb

4

3 5 b Upd—>(3He—’l7)bou,,d—)dpﬂ'0 < 24 nb
O dd— (*He—1) bound—3Henn® < 3.9 N
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Summary and Conclusions

@ Search for n-mesic helium was carried out using the ramped
beam technique.

@ No bound state signal visible in 2008 data (upper limit of the
total cross section for the bound state production determined)

@ 2010 measurement doesn’'t show a narrow signal of n-mesic
nuclei in dd — 3Henn® and dd — 3Hepm~ channels

@ 2014 measurement doesn’t show a narrow signal of n-mesic
nuclei in pd — 3He2~, pd — 3He6~ and pd — dp7® channels

@ The upper limits for dd — (*He-n)poung — *Hepm™
and dd — (*He-n)poung — HenmCreaction in order of few nb!

@ The upper limits for pd — 3He2~(67) reactions < 15 nb!

@ The upper limit for pd — dp7® reactions < 24 nb!
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Thank you for attention
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Selection criteria

‘g 20;_ + expenmemal points "'é) + experimental points
3 18t MC:pd - (* He-n, o 4T 2 6 MG: pd - (*He-n),__ - dps®
O 16E ---- MC: pd - dpr” &} -- MC: pd - dpx”
B E - M, =0.13497 GeVic® B 50F — cut
— 14 —eut —
12;—
10;*
sF i
6E |
a4 /
0 s g%m ik L I L I L
0 005 041 015 0.2 025 03 0. 54 20 40 60 80 100 120 140 160 180

invariant mass vy, [GeV/c?] Oy [deg]
'g MT + expenmenlalpu\nls 'E 7:_ + experimental poinis
3 .F MC: pd — (Hem),, > dpr’ 3 F MC:pd — (Hen), . — dpp®
O 10 e pd s opr® S BE - MC:pd — dpr’
B [ - My = 1.875 GeVic? =R ——
= 8 —out = 5E
6f- 4
[me-g aE
A= (B Bt~ Eovton B - Bl s
[ , E
2;-(Dbeam+ Pt ™ Poroton ™ Pasuteron~ Dp«") 1;
G: . . 4R GE — T ——
0 05 1 1.5 2 25 0 02704 06 08 1 1.2 4 16 18 2

missing mass (nucleon) [GeV/c?] p,[GeVic]
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Determination of the excitation function

N -

Excitation function
_ N@)
TS L@

number of experimental events

£ — reconstruction efficiency
L — integrated luminosity

acceptance [%]

Efficiency
pd — (PHe-10)pouna — dp®

100

—=— geometrical acceptance

afficiency

w
S
i B

T L
60 50 —40 —30 —20 —10 O 10 20
excess energy [MeV]

M. Skurzok

c
2
3

integrated luminosity [nb™]

@
€ 4500

Number of events

4000
3500
3000
2500
2000
1500
1000

500

t  experimental points

I I
970 —60 50 —40

Linlainl
80 20 -10 O

765050
excess energy [MeV]

Integrated luminosity
pd — ppnspectator‘

‘%‘L"‘EW‘”‘ FRE

luminosity
systematic errors.
fitting function

aQ" +bQf + 0Q = d

- i
AT

L=(251142 120+ 100) [nb]

a= (238 0.29110° [nb"Me V]
b= (7.58 + 193104 [ob MeV'7]
©=(2.45 £ 0.37110% [nb"Me V']

d=(65560.10) [nb']

E L L L
076280 25040 “a0

Search for n-mesic Helium with WASA

L L
20 -10 0 10 20
excess energy [MeV]




Upper limit of the total cross section

B,=-30MeV, ' = 15 MeV

1000,
900
800k
700
600
500
400)
300)
200
100

t  experimental data
—— BW+palt
polt

3
&

H
'g%
H
¥
f

normalized events [nb]

L L B

=Y

L L L L Il 1 L L
60 -50 —40 -30 20 —10 0 10 20 30
excess energy [MeV]

Fit with a Breit—-Wigner function combined with a first order polynomial:

A
—(Q By = +BQ+C

Breit-Wigner (signal) + poll (background)

B, and T are fixed parameters; A, B, C are free parameters.

g']}, 00% — k A, fﬁ = 164 (CL = QOOL>
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Events selection - pd — (3He-1)pound — 3He 2

Bound state Data
0.0018 T T T 2500 | 1
R 0.0016 |- cut - cut
=4 0.0014 |- - = 2000
S oo 2w
& 0.0008 - 4 £ 1000
é 0.0006 |- 3 L
% 00004 - 1Y s00
0.0002 b
o I
22 24 26 28 3 3.2 34 22 24 26 28 3 3.2 34
2y missing mass, GeV/c? 2y missing mass, GeV/c?
Bound state Data
0.0018 T T 1800 v 1
. 0.0016 |- cut - 1600 cut
= 0.0014 -~ T < 1400
:.\ 0.0012 |- T = 1200
=) 0.001 T o 1000
& 0.0008 - - t 800
o 0.0006 |- T 2 600
£ 00004 - 4@ 400
0.0002 |- | 200
o L 0 .
0 01 020304050607 08 0 0.1 02 0.3 04 05 0.6 0.7 0.8
2y invariant mass - Qapen, Gev/c? 2y invariant mass - Qapen, Gev/c?
Bound state Data
0.0025 450 T
el 0.002 . ‘3‘?,8 ol
el 2 300
E 0.0015 ;_ %gg T
.2 c e
é 0.001 F S Ts0 .
p 0.0005 F =100
A 50 I
0 Sl 1 I I 0 e I I I
-0.1  -0.05 0 005 0.1 -0.1 -0.05 0 0.05 0.1
M3eyyMpd. GeV/c? M3Heyy-Mpd. GeV/c?
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COoler SYnchrotron COSY
)
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Motivation

@ Search for new kind of nuclear matter

@ Investigation of 7 interaction with nucleons inside a nuclear
matter

@ Information about 7 meson structure:
the 1 meson binding inside nuclear matter is very sensitive to the
singlet component (7-1 mixing) in the wave function of the  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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Properties of

7) meson

mass
width
IG(JPC)

7 is an eigenstate to
Clp>=+1|n>

547.862 £ 0.017 MeV
1.31 4 0.05 keV
0t (0—)

P, C, G and CP
Pln>=1[n>

Decay modes

Branching ratio

Charged modes

n— atr— 0
n—mtr g

other modes

Neutral modes

28.10£0.34 %
22.92+0.28 %
4.22+0.16 %
0.76 %
72.91240.34 %

n — 24 39.4140.20 %
7 — 310 32.68+0.23 %
other modes 0.03 %

A Zyla et al. Prog. Theor. Exp s

083C01 (2020).
EMMI, 15.09.22, M. Skurzok

Ko g K
- ‘ n,, .TL‘ \
RRNE) Hnn'/z /41 Iy
Kook

m= %(d? + ul + s5),

ng = %(dd + ul — 2s5).

The observed 7 particle is the combination
of the n; and ng states:

|n >= ngcosf — ny1sinf, 6 = -15.5°+1.3°
Hadronic decays (37) (isospin breaking:
my — md)

Radiative decays (yy (77))

(Semi-) leptonic decays (/ / (7))

n—ere

n—rere ere
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Exp. indications of the existence of the 3He-n bound state

total cross section pd — 3He-n  ~°He — 3He-p

500

e)
=
©
0.2 l
L)
+ COSY-11 01
= ANKE
4 ANKE-corrected
— This fit
Il Il Il Il L 0
2 4 6 8 10 12 600 625 650 675
Q (MeV) E,[MeV]

4

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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Simulation of pd — (*He-1)poung — dpm®

A

90— w
Decay of the pion
Proton-deuteron
fusion
0
a Deuteron, proton and
2 photons emission

Creation of the mesic
nucleus ‘He-n

Resonance decay
into proton and pion
inside nucleus

Absorption of n meson Nucleon excitation
by one of nucleon inside the nucleus -
inside the Helium N* resonance formation
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Simulation of pd — (*He-1)poung — dpm®

Breit-Wigner distribution N* momentum distribution
i B, % 206 -~ proton inside *He (B, 55 MeV)
N.1Z % 18- N* in N°-d system:
2k . 18E/ Eyeg=-0.33 MeV
/ 3“14; \ —— Epog= 0.53MeV
/ 2 o\
Nowf2 7 8 85
/ = s
/ 4
) ol
— —_— 0 L L = TR e | |
b 005 01 016 02 025 03 035 04
M3y +My ISpa Pe GeVic

= /4

N(\/3pa) =
r ( /Spd — (My + Mag, — Bs))2 +I?a
B, € (0,40) MeV:T € (5,50) MeV

N. Kelkar et al., Int. J. Mod. Phys. E 28, 1950066 (2019);
N. Kelkar et al., Nucl. Phys. A 996, 121698 (2020)
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indications of the existence of the *He-n bound state

20 10
Theoretical constraints: model for
- 5 the ndHe scattering amplitude in
- nuclear medium based on excitation
15 = oF of N*(1535) and its modification in
g 5& medium J
) I
<10 o -0
© « SPES4 = -15;
= SPES3 % .20
5 4 ANKE
Ful fit & -25;
-30F
B N A R 35,
30/-25 20 -15 10 -5 0 5 10
Q (MeV) Im(V) (102 MeV'")
0.07 Bump structure below
threshold related to the fast
o~ 008 _— increase of the dd->4Hen
L 005 cross section close to the
g 0.04 reaction threshold
o 0.08f LoeemomeenTTTTTTT T
]
F 002f. .. et
£ oot ReV=-0.14 ImV=-0.13 MeV"'
= 000 ReV=-0.10 ImV=-0.13 MeV"'
0.01 ReV=-0.08 ImV=-0.12 MeV"'
ReV=-0.07 ImV=-0.12 MeV'
-0.02 - V‘E‘VV‘D.Q—"T‘.V.U.‘z—\?uurlu\—‘
10 -8 © -4 -2 0 2
Q (MeV) \U«

J.-J. Xie et al., Eur. Phys. J. A55 no.1, 6 (2019)
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before the reaction

o — &

deuteron target

Analysis of pd — (*He-1)pound

( 03”

3He-n bound state

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

(B.,20) [MeV

(-1.02,15.60,

(-6.1

(-11.10,20.59

wave functions
in p-space
for 3He case

, 15.09.22, M. Skurzok

a00

. Hirenzaki, H. Nagahiro, Private
communication (2016)
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T0m

® Pyt prre =
distributed isotropically
o P

mnbound =

— 3He 2~ process

after the reaction

8 -
/ 3He spectator

@ 3He spectator

2 2
m3He + pfermi’

=P, + Py — Py =

’ Pnbound |




lkeno et al.

(V. W) [MeV] (Bs. Typs) [MeV] BRY ,, _—
—(75.20) (4.06. 15.66) 330 1073 273 % 1073
—(90.20) (11.16.20.65) 250 x 1073 207 x 1073
—(75.1) (5.96.0.76) 678 x 1074 5.62x 1074
—(90.1) (12.67.1.02) 506 1074 420x 1074
00! (75,20) MeV r 0
“(19,2U) MeV == —2y /937"
(75,1 MoV === x BR* | s nz%‘
£(00,20) MeV A (T T
0.008 | ~(90,1) MV ------
_ - Ty =0.3941 x 1.31 keV = 0516 keV
]
Z 0006 T30 =0.3268 3 131 keV =0.428 keV
z
)
= 0004 1 .
5 \ (p)= —/("p" (F)dr ,
= o ESEE 4
0.002 ,
A\ the normalization condition / [R(p)|” pldp =1
0 L L L ‘
0 200 400 600 800 1000

p [MeV]
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Events selection - pd — (*He-

Efficiensy, a.u.
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W, [MeV]

40 35 30 25 20 15 10 5 0
f T T T T

50nb
20
40nb
40

=
3
60 <
80
100 n’?
L 100
Purple and - predictions based on the few body formalism with an optical model, where

the complex n-nucleon scattering amplitude is obtained from (GW) a K-matrix description of
the pN, ppN, 7N and yN coupled channels and fit to existing data (purple dot) and (CS) 7N
amplitudes calculated within a chirally motivated separable potential model with the
pa-rameters of the model fitted to N—Nand N—Ndata. (green dot).

N. Barnea, B. Bazak, E. Friedman, A. Gal, Phys. Lett. B, 771 (2017), 297

Blue- results obtained for a class of potentials including Gaussian, exponential and Hulthen (at
E=0, I>0).

Red dots - predictions of very narrow and weakly bound states of 4He-7, with binding energies
and widths in the range of ~2-230 keV and ~8-64 keV respectively, that are found by solving
the Klein Gordon equation. These states correspond to the optical potential parameters | V| in
the range from 58 MeV to 65 MeV and Wy = 0.5 MeV.
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