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The nnA state problem

Experimental suggestion

HypHI Coilaboration at .GSI reported etructure that.may be interbreted

as a bound state of nnA system.

Thebreﬁcalsuggesﬁon

t+m

sol T invariant mass ¢  Theoretical calculation with Gaussian expansion method

: . Ref)) E. Hiyama et al,, Phys. Rev. C 89, 061302 (2014).
Bound state of the nnA is not realistic : :

* Faddeev calculation with S-wave separable potentials
Ref.) I.R. Afnan et al., Phys. Rev. C, 92 054608 (2015).

nn/ could be resonance state when a An potential is 5% deeper

Counts / (2.8 MeV)

than Ap potential (s > 1.()5).

0. . — . T
2.98 3 3.02 3.04 _ : : — = :
Mass (GeV) Existence of the nnA is not established at all
C.R ld et al, (HypHI Collab tion) Phys. Rev. C I
SRebin (231;;. ypHI Collaboration | ys. Re .—> Need mqre precise epectroscopy measurement
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A hypernucler experiment in the (e,e’K") reaction

(e,e'K™) reaction | |
(e - e’ + ") to produce A in the nucleus.
The missing mass of A hypernuclei is

My = +/(Ee + mp — Eogr — Ex)% — (Bg — Do’ — DR)?

AZ(e,e'KNHA(Z - 1)

An experiment in the (e,e’'K*) reaction can achievable high energy resolution (a few
MeV FWHM) and precision (a few hundreds keV) due to use

* primary beam with small beam energy spread

- energy calibration with known mases of A and 2° in the p(e,e’Kt)A/X° reaction

| To search for nnA with high energy resolution and precision,
we performed nnA experiment at JLab with the 3H(e,e’K*)X reaction.
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nn/A search experiment (E12-17-003) at JLab

The nnA search experiment (E12-17-003) was performed at JLab in 2018.
« Two high resolution spectrometers (HRSs) (Ap/p ~ 2.0 X 10‘4)
° Trltlum gas target (84.8 mg/cmz)

The missing mass of the nnA was obtained by
measuring momenta of K and e’ with the HRSs

My =/ (Eo + My — Egr — Ex)? — (Do — Do’ — Dx)>
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; -0 H(e,e'K™ )nnA reaction™

0, = 13.2°

- Target
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Missing mass spectrum in the 3H(e,e’K1)X

Distribution of the A-QF production was estimated by Monte Carlo simulation (SIMC)

BH(e, e'K"')X Spectrum - The M—C distribution- was generated by SIMC with
nhysics effects as

* Fermi momentum of proton in 3H

s r
% 3'3_— .| Exp. data Ref.) R. B. Wiringa Phys. Rev. C 43, 1585 (1991).
S | - Kaon decay effect
2 7 =
2 ol — MC (w/o. FSI) « Radiative effects
S T . .
§ i From missing mass spectrum in the 3H(e, e’K*)X reaction,
nA? . . ot T
- the following physics have been studied

1.  Upper limit of the nnA from an event excess (=B, ~ 0 MeV)
Ref.) K.N. Suzuki et al, Prog: of Theo. and Exp. Phys, 2022, 013D01 (2022). .

I P 1w 1w 2. Anfinal state interaction from the A-QF spectrum (0 <
0 >0 100 -EIEE[]MGU] ot BA < 60 MeV) _
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Previous study of Final State Interaction (F’SI)_ |

The recoil A interacts with a nucleon within a target system (AN scattering)

e SR v
| p(kr)
two-body scattering

»

<dﬂ)w/o EFSI*

Target

Counts/2MeV
g & & g

8

AN final state interaction (FSI) |
- Successfully reproduced the excess events

| HIEI2022'

3He(e,e' K1) X
- (Previous Exp.)

e production

2.99 3 3.01 302 303 304 305 3.06
M, (GeV)
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Calculation of An final state interaction

An final state interaction (FSI) : The recoil A interacts with a neutron within nn system.
FSI can be written with influence factor I(k.¢) as following

(da) w(kr + 8)|° (da) o <da) | 1 <d0> |

Ry SRS | = A\pel) LTy ) i >

() FSI Y (kr) () w /o FSI () w/o FSI U ((erer) | \dQ2 w /o FSI

) 200 B L K~ | In the ERA (kcot§ = 1/a + 1/2r,k?), the Jost function is
V't =¥ +n, written with potentlal parameters

-1 Final state interaction (FSI)

scattering length (a) and effective range (r,) as:

YI
iB There are three free
] (k ) o rel
, SN e e parameters (a, 7, kpe)
— Tll p—
ny | %Te(a —B) =1, %reaﬁ i _% (a,7) : determined by models

— Need to calculate k,.;
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Neutron momentum calculation

Stopped tritium target - p, + pp; + P2 =0

Mnﬁnl_Mnﬁnz
2My,

Relative momentum was defined as p,; =

> 1 > =
Pni(n2) = — 5 Pp T Pret

2

AN
4 . 2 p — ] = = :
|pn1(n2)| 3 \/lprellz + | Z_| o |p_p||prel|COSH

6: angle between proton and relative momentum

* Proton momentum (p,) : Fermi momentum distribution
' ' ' Ref.) R. B. Wiringa Phys. Rev. C 43, 1585 (1991).

Angle between p, and p,; (8) : Assuming spherical uniform distribution

* Relative momentum (p,.;) : Given by an excited energy of nn system (E;;,,)

E;, was estimated by spectral function of 3H Ref) C. Ciofi degli Atti et al,, Phys. Rev. C, 21 (1980).
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Calculation of the An final state interaction

daldQ,[(nb/sn/1.0Me V]

15

Exp. data

w/o FSI

w/. FSI Julich A
w/. FSI NLO19(600)
w/. FSI NSC97f

(o < —B, < 60 MeV)

0 zn

HIEI2022

40 60

nn/ peak (—Bj ~ 0 MeV):

Brelt -Wigner W|th (=B),T) = (O 55,4.7) MeV
Ref.) K.-N. Suzuki ef al, Prog. of Theo. and Exp. Phys, 2022, 013D01 (2022).

Scaling factors (Wgg;, w,,n) Were determined

by chi-square (0 < —B, < 60 MeV).

Nypin i i 2%
Pyaii- 2 (Ydata WFEsI * YEsI + Wnna - ynnA) :

i
o : Odata

With FSI : Succeeded in producing a
structure (0 < —B, < 60 MeV)

Model _differehce : Small

* Not enough statistic to identify the model
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Search for best (a,r) parameters with chi-square

An FSI : calculated by Jost function with the

(a,r) potential parameters

« Search for the best (a 2) parameters by changlng them

There are four An potential parameters (s hes O 1) =
(@), (] + 2l ) (&) E
ds FSI ]s(krel) ]t(krel) w/o FSI ¥é

In this study, two potentlal parameters (amix, "mix)
were used (mixed spin state of a and r)

(&), (el ).,

]mlx(krel)
Assuming aix = —2. 6 fm
- (Preliminary) ryix = 5.0113 (stat.) fm

(amix Tmix) 1S not directly comparable with the theoretical
models. —» | will consult with theorists and give restriction
on the An potential parameters (a, 15, a;, ;) in this study.

HIEI2022

‘ NSCO7E Sﬂ
NSCO7E S
NLO13[600
NLOA3(600
MNLO19(800

),

i (600)
(600}

NLO19(600)
NLO13(650) '

(650)
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Minimum ¢hi-square
(x? = 59) gt (—2.6,5.0)f

L
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L
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X% = Xmin t1

—12{] -18 -16 -14 -12 -10
Amix [fm]

-8 -6 -4 -2
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Conclusion

Study of the An potential dependence (preliminary)
*  Fitting by chi-square (0 < —B, <60 MeV)
«  NSC97f is the smallest chi-square in seven potential models

An Potential Reduced chi-square (y?/ndf)
w/o FSI (w/o nnL peak) 1.24
w/o FSI 1.09
Julich A 1.40 - 3 J
Jilich B 1.15 (ol ' ' - )
NSCoTt w | ESULRHFIEIfY
NLO13(600) 1.16 .
NLO13(650) 117
NLO19(600) 1.22
NLO19(650) 1.22

Search for the best fit of An FSI (preliminary)
e Minimum chi-square (y* = 59) at (—2.6,5.0) fm
mix = —2.6 fm is comparable with the An potential models

* The effective range (rgis) can be limited for a given ayy.

(Amix Tmix) 1S Not directly comparable with the theoretical models.
— | will consult with theorists and give restriction on the An
potential parameters (a,, 1y, as, 1¢) in this study.

do/dQ,J(nblsn/2.0MeV]

10

w
o

no
o

L . O O

: Exp. data

—— wy/. FSI Julich A

———— wy/. FSI Julich B

—— w/. FSINLO13(600)
w/. FSI NLO13(650)

——— wy/. FSINLO19(600)
w/. FSI NLO19{650)

——— w/. FSI NSC97f

NSC97f 'S,
NSC97f °S,
NLO13(600) 'S,
NLO13(600) °S,
NLO19(600) 'S,
NLO19(600) °S,
NLO13(650) 'S,
NLO13(650) °S,
NLO19(650) 'S,
NLO19(650) °S,
Best Fit

Lot b i S S

Minimum c¢hi-square
(x? =59) at (—2.6,5.0)f

Il

Xmin +1

Amix [fm]
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SUMMARY

The information of the AN interaction can be obtained by A hypernuclear
spectroscopy.

The nnA search experiment was performed in 2018 at JLab.

An FS| was studied by fitting the A-QF distribution in the 3H(e, e’ K")X reaction.
. An FSI was calculated with Jost function in the ERA | | |
- NSC97f got smallest chi-Square in the seven potentiél models
. The effective rangé (mix) Were limited for a given iy |
- Assuming a = —2.6 fm, the effective range was obtained as r,;, = 5.0113 (stat.) fm (preliminary)
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Backup
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Monte Carlo Simulation (SIMC)

Distribution of the A-QF production was estimated by Monte Carlo simulation (SIMC)

30—

doldQ, [(nblsr)/ 2MeV]

Exp. data

— MC (w/o. FSI)

HIEI2022

The MC distribution was generated by SIMC with
physics effects as

e Fermi momentum of proton in °H

Ref.) R. B. Wiringa Phys. Rev. C 43, 1585 (1991).
- Kaon decay effect | |

* Radiative effects
60 < —B, < 150 MeV : Good agreement with data
0 < —Bp <60 MeV : There are events excesses

i ESF affect
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Study of the AN interaction from A hypernuclei

In the A hypernuclear spectroscopy experiment, missing mass of A
hypernuclei and A quasi-free (A-QF) productions would be measured.

: Ll : Pyrt 1 2500
JLab exp_enment (E9_1 016) with (e,e’K™) reaction 3He(e, e'K )X

there were excess events (2.99 < My < 3.05 GeV).

22000 (JLab E91

- Black dot points : Experimental data %1500
o=t
o

« magenta histogram : A-QF distribution (simulation) 8 1000

| | | | A-QF
: : : 500 -
. . . roduction
AN final state interaction (FSI) P
— Successfully reproduced the excess events ® 299 3 301 302 303 308 305 306
M, (GeV)
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Study of Final State Interaction (ESI)

The recoil A interacts with a nucleon within a target system (AN scattering)

e i a
ok el k) 7107 ea: 2500

FSI w/o FSI 3 11+
two-body scattering - “He(e,e'K™)X

:

- (Previous Exp.)

v i)

Counts/2MeV
-

-

A-QF

- - - - KT production
The AN scattering in the nucleus make enhancement (blue hist.) -
— By fitting experimental data with A-QF distribution with FSI, 0
information of AN interaction can be obtained

Target

299 3 301 3.02 303 304 305 3.6
M, (GeV)
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Missing mass spectrum in the 3H(e,e’K1)X

The dlfferentlal cross section of A —QF productlon calculatlon was calculated by

QF

<d0QF> ¢ e Xl | 2 1
A0 )~ N Nye 2aer £ el (Bl ) du (B
< 30
§:3H 'KHX i From missi pectrum in the 3H(e, ¢’K*)X reacti
% - (e, € ) [ | \ HH A B QF From missing mass spectrum in the e,e'K reaction,
% ool Spectrum [H MMM [ the following physics have been studied
T L ) i
st [ml \HHN 1. Upper limit of the nnA from an event excess (—B, ~ 0 MeV)
B Hmﬂ HPM I Ref) K.N. Suzuki et al, Prog. of Theo. and Exp. Phys, 2022, 013D01 (2022).
i I T ' m i
10— nni? Hﬂj@ ra p IJ}IEJI ar 2. An final state mteractlon from the A-QF spectrum (0 <
| (K.N. Suzukl) hl eur j nﬂ.@ =10 —BA < 60 MeV) |
0 { Ijy l IlTT lUlTTTlTHTT Tml{l | | | | | llIlIIrIL_ |
-100 0 100 _B,[MeV]

HIEI2022
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The nnA state problem

A nnA IS a heutron-A system with no charge.

— EX|stence of nnA IS not establlshed at all.

t+m” HypHI Collaboration at GSI reported structure that may be
invariant mass  interpreted as a bound state of nnA system.

Q0
o
T T I T T T

D
o

Experimental data(GSl)
Invariant mass : m,,A=2994.3 £ 1.1(stat.) £2.2(sys.) MeV/c2

N =
o o

Counts / (2.8 MeV)
=

~ Lifetime : typp = 190 3%(stat.)i36(sys.) ps

— Peak events imply bound state of the nnA

298 3 3.02 3.04 : Gz
Mass (GeV) However, GSI did not measure enough significance.

C. Rappold et al, (HypHI Collaboration) Phys. Rev. C 88 041001 _(2013)
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nnA state problem (theoretical discussion)

HypHI collaboration measured the events which indicate bound state of nnA.

However, theoretical calculations cannot reproduce bound state of nnA.

Theoretical calculation with Gaussian expansion method

AN interaction : NSC97f model including AN — XN coupling effect

The binding energies in 3')‘{H and tHe are reproduced

if: 3V _ng Parameter increase 207%,
nni\ W|ll be bound, but AH will be over bound
— The bound state of nnA is unrealistic

HIEI2022

(1) *Via-nz X 1.00

GE 3V e X120

AT unbound

1/2*

E. Hiyama et al,, Phys. Rev. C 89, 061302 (2014).

—0.054

@ (i)

nni\

—Bj [MeV]
A
172t A
0l _-0.13 S A
£0.05°_5 49 1/2*
—0.43
EXp: (1) (1)
3
AH
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nnA state problem (theoretical discusion)

Faddeev calculation with S-wave separable potentials suggested that nnA could be
resonance state

when a An potential 1S 5% deeper than A_b potential (s > 1.05).

0.0
-Bound state (s > 1.25)
0.2 } :
: Resonance state s = 1 assuming charge symmetry(V,, = 1.0 X V)
—hd L s > 1.05 ol . : : :
g L iriusl stafe Ap interaction has uncertainly
~ —0.6 | g .
| S=10 —e— ModD | The nnA is expected to be resonance state (As > 0.05)
48 | —+— Chiral | within the experimental error.
' —a— NSC97f . . .
—%— Julich04
_10 N 1 2 L 1 L L 1 R L 1 L 2 1 2
02 07 0.0 0.1 0.2

Re[E]

I.R. Afnan et al., Phys. Rev. C, 92 054608 (2015).
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Spectral function of *He | _
One of the nucleon momentum in >H was calculated with spectral function (SF)

However, spectral function of 3H could not reproduced

Mirror system

— Using SF of'3He assum'ing charge symmetry

The relative momentum was written by the
excited energy of residual system

SF(kp, Eqn)
3He

i |ﬁrel|2 :' |ﬁrel|2
.ZM mp .
The proton momentum in 3He

.*
EPP

- 0 7724 L : : :

23He| _ * (3 g etk b * :

75 |‘jmpEW+ g T IPrl(mpEpp)cos6 Assuming charge

symmetry
- 12
= * |p | - |2 * E* — E*
100 | = |p34| = \/mnEpp + % + |pp|(mnEpp)cosH L pp
E;, [MeV]
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Charge symmetry between *H and *He

One of the neutron (proton) momenta in 3H (°He) were calculated by excited
energy.of residual systems (E,,)

The relative error of the nucleon
momentum is expected to be same as one
of the Fermi momentum

TTTTT

Neutron momentum in 3H

T

Proton momentum in 3He

g E
Pau(Pat) — Pape (55?) g B
resi — WAL : o s
| P3He (pgf) | - & .
P (BE") — Pone (7527) |
RFer = P3H (ﬁFer) gﬁ 0_,;_ .......................................................................................................................................................................................................................
) S wE  Relativeerror< 4%
Th e re la ti Ve e rro r 0 f t h e Fe rm i m 0 m e nt u m 3 % _Mgf_ .......................... .‘. ................. g et i S gg—
distribution at each momentum is less than 4% 2
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Calculation of final state interaction

There are three parameters (pp,, a, 1)

HIEI2022 ' ' “March 22nd, 2022 24



