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The nnA state puzzle

A nnA 1s a A hypernucleus with no charge.

. Thought to be un'bound.

- Experimental result (GSI) - Bound state?? [1]

f b Theoretical models
8oL Invariant mass . ;
S 0 .
2 w0 « Cannot reproduce with the bound nnA
ﬁ : : Ref.) E. Hiyama et al., Phys. Rev. C 89, 061302 (2014).
= 40 * A resonance state may be possible
= Ref.) l.R. Afnan et al., Phys. Rev. C, 92 054608 (2015).
3 20 | | | | |
of Existence of the nnA is not established at all.
T288 3 3.00 3.04 ' '
Macs (Gevs Need more p,reflse spe_ctroscoplc study
[1]C. Rappold et al, (HypHI Collaboration) Phys. Rev. C — (e) e K ) reaCtlon

88 041001 (2013)
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A hypernuclear experiment in the (e,e’K*) reaction

An experiment in the (e,e’K™) reaction enables to

+ Use the primary beam .(sma'll beam energy spread': AE¢/E¢ ~ 10~%) |

- Measure hyperons with p(e,e’K*)A/2° reactions

/ T 800f JLab E05-115 [ : :
5 ’/e' | : 2 700F CH, target Used for energy calibration
4 600 i ol — Achievable high energy
| y* ' | 3 S00F- ' resolution and accuracy

—e'K coincidence JLab E05-115 Experiment (Hall C)
Ref.) T. Gogami Doctoral thesis (2014).

. 3 400f | : :
AP - Quasi-free A, T plee’K)Z?
300;_’ frcl)‘g:"?Ce:ucleus ® MX — MA < 100 kEV/C2
] Sy | AR G N « resolution ~ 1.5 MeV/c? (FWHM)
100 - : ~ :

/ +) :
P(e,e K™)A 9007750 -100 50 0 50 100 150 20

Missing masses M, -M, [MeV/c]

To search for the nnA with the high energy resolution and accuracy,
we performed nnA experiment in the >H(e, e’ K " )nnA reaction at JLab Hall A.
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nnA search experiment (E12-17-003) at Hall A

The nnA search experiment (E12-17-003) was performed at JLab Hall A (2018)
« Two high resolution spectrometers (HRSs) (Ap/p ~ 2.0 x 10‘4)
° Tr|t|um gas target (84.8 mg/cmz)

Electron beam

, = 2.2GeV/c
E, = 4.3 GeV g“” _ 13.9° /
I, =22.5 uA QN
| | ﬂ | &m’m |
Target @ L |

-- ; . A \
Iy e px = 1.8GeV/c
3H(e, e’ K ")nnA reaction O, = 13.2°

By measuring momenta of e’ and K+ with HRSs,
= missing mass of nnA (My) is obtained by
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Precision of p(e.e’ K*)A,X° missing masses

This experiment required high resolution and accuracy.

— We took calibrétion data for (2:0; qb D) pararﬁeters.

|
> -
- missing mass spectrum with
o o % hydrogen target H(e,e'Kt)A/Z°
£ F | T /]
S F | | Resolution ~3.5 MeV/c?(FWHM)
80 | Accuracy ~0.3 MeV/c?
I o -
. 7°| 60:—' ‘H A
' o M
] N o Ik
: N ok
i °l M, - M, [MeV/c?]

) y' [em]
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SH(e, e’ K*)X missing mass spectrum

Cross sectlon of missing mass in the 3H(e e K+)X *1: JLab Hall A/C standard Monte Carlo Simulation

reaction (after mass calibration)

Bound region Unbound region
—Bj < 0 MeV 0 < —Bp MeV

Including fermi momentum, kaon decay,
radiative correlations

Comparing with SIMC *1, there is a structure

3 30 | around the nnA mass threshold (=B, ~ 0 MeV)
= ‘ » H ‘ i Exp. data :
= | H\ | W - Excess events (cannot be explained by SIMC)
E i [ " " g
gL | i | — MC (w/o. FSI) « Not enough peak significance
g | '
T T Upper limit study of nnA (Published)
A K.N. Suzuki et al, PTEP 2022, 013001
o S 140 (B, T) = (0.25, 0.8) MeV N E
i g 12HBreit-Wigner+Responge) | ; EB Zé
- ll%- o 10f * 1 v I Zs s
51 [ Rz /
D:%H:: L nnA? ? ) 2: | + % :
P T BT B | g o 1/ =2
ﬂ 5 ot i SR TS U
—_ = —_ 2_ ) 2 Y Q _4 -3 5 _
By = My (mA + 2m,,) [MeV] e A S 5 -4 -3 2M1e§n1—§z\<§4ev£3 5
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SH(e, e’ K*)X missing mass spectrum

Our group studies three physics from the *H(e, e’K )X missing mass.

Bound region

—B, < 0 MeV
; —
[} -
< 30
o —«
T |
i~
E.. L
= 20—
c: —
k=
B
©

10—

| Exp. data

— MC (w/o. FSI)

1.

2.

Upper limit study of nnA

K. N. Suzuki et al., Prog. of Theo. and Exp. Phys, 2022, 013D01 (2022).

Ann and XNN resonance

B. Pandey et al., Phys. Rev. C 105, L051001 (2022).

An final state interaction

Hall A & C Summer Meeting 2022

“Published two papers!

— | will discuss about the An FSI.
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Final State Interaction (FSI)
Final state interaction : Reaction between a recoil A and a nucleon within a target (AN scatterjing).

This effect (FSI) is known to make an enhancement (—B, > 0 MeV) Ref.) Phys. Rev. C 76, 054004 (2007).

— Better agreement with the experimental data | 2500

: | ~ 3He(e,e'K*)X

<da> _‘1/)(k1”+6)2<d0> - (E91-016 at Hall C )
A0/ ey W (kr) sl w/0 FSI - ‘

:

w/. AN FS| .48

Counts/2MeV
B

SIMC w/o AN FSI

- » A-QF

:

Target production

two-body scattering

: 2.99 3 3.01 3.02 3.03 304 305 3.06
Study of the FSI from the nnA system is expected to M, (GeV)

get information of the An interaction. No An scattering data.
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Estimation of An final state interaction

FSI can be written with influence factor 1(k..) as following

(da)  |wlkr + &) (da) : (1; ) (d(;) ' 1 (da>'
40 = T S rel)\ 74 <3 - -
) FSI () w/o FSI - () w /o FSI i (kre)|* \dQ w/o FSI

Y (kr)
In the ERA (kcot§ = —1/a + 1/2r,k?), the Jost function is

yV'+p-oVY" +K*t - K*

written with scattering length (a) and effective range () as :

—_
&%)

[ —— wi. FSI Julich A
| ——— w/. FSI Julich B
| —— w/. FSINLO13(600)
|~ w/. FSI NLO13(650)
| —— w/. FSI NLO19(600)
| ——— w/. FSINLO19(650)
| —— w/. FSI NSC97f

-kre -l
]l=0(krel) = e

krel—ia

_.
(=]
|

or (0.25'S, +0.75%S))

fact
)
T yr

| %Te(a _,8) =0T, %reaﬁ =

Influence fa

\ : : : :
. : :
- :

odel dependence

0 50 100 150 200 250 300 350 400 450 _ 500
P, . [MeVic]
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' Missing mass spectrum including An ES| by SIMC j

Missing mass with -An FSl is (

| aqQ w/o FSI_

oLl r)

[ —— wi. FSI Julich A
| —— wi/. FSI Julich B
“| —— wi/. FSI NLO13(600)
| ——— w/. FSI NLO13(650)
| —— w/. FSI NLO19(600)
|~ w/. FSI NLO19(650)
| ——— wl/. FSI NSC97f

Influence factor (0.25'S, + 0.757S)

P, . [MeVic]

. Calculated by Jost function

||||i||||i||||illllillllillllillllillllillllillll
0 50 100 150 200 250 300 350 400 _ 450 _ 500

do

-d_ﬂ)Fspz I(k’”el)-(z_g)w/é FSI

. Given by SIMC (w/o FSI)

Red : w/FSI (NSC97f)
Green : w/o FSI (SIMC)

-

Calculating

ﬁAn and I(ﬁAn) _

each event

"Hall A & C Summer Meeting 2022

| :_Successfully reprodut
- the enhancement

B O TN (51
0 10 20 30

June 16,2022

3H(e, e'K™)X
(Simulation)

40 50 60
-B, [MeV]
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Missing mass spectra with An FSI

The structure (—B, ~ 0 MeV) Assumlng resonance state of nnA (F —Bjp) = (4 7,0.55) MeV

SIMC spectra including An FSI and nnA were scaled by chi-square fitting (0 < —B, < 60 MeV)

: I ; 2
i i i
(ydata ~WFSI'YFSI _WnnA'ynnA)

)(2=Zi

i
Odata

Missing mass spectra with FSI :

* Succeeded in reproducing enhancement
structure (0 < —B, < 60 MeV)

« Better agreement W|th the experlmental data

Hall A & C Summer Meeting 2022

doldQ,[(nblsn/1 .0MeV]

15

(Wgrsp, Wnnp are scaling factors)

Exp. data
—— w/o FSI

— wy/. FSI Julich A

—— w/. FSI NLO19(600) ' ‘ ‘ L
—— w/. FSINSC97f ‘ ‘ J‘L

:
il o s |

0 20 40 (insﬂ[me\,q i
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Search for the best An potential parameters

An FSI : calculated by Jost function with the (a,r) potential parameters

- Study of the (a, r)-.dependence of X° (Search for the best (a, r).pararheters).

[1] Eur. Phys. J. A 21, 313-321 (2004).

Using two parameters (a, 7): a=a,=a;, T =1, =1} P T .
v JullchAIS An theoretical
EF Jichd S models @7y 7]
; (dO' ( e 2) Ll : - 9 # mgggg: Ss o Exp. Data [1,]/‘ {
2 = — — | 4 NLO19(650) S, SR
dQ) : k : (dQ) : 8 NLO19(650) °S IR
FSI ] ( rel) w/o FSI — ij Best Fltl{x JI5E5'4C]| oy ol o~ /’J
: : : : 7| —— 15 (°=60.0) -
il [EEPPREE 12=61.0 o
6| —~ — 1*-620 ™
Assuming a = —2. 6 fm ey MR o
= min
(Preliminary) 7 = 5.0%13 (stat.) fm ' E at (-2.6,5.0) fm
: [—— e am et 2T —_—" [
Glaseremr s g TN T —
Preliminary .. ™
| am going to publish this study as soon! v ALY @ |
g g p y - :J'_. I I | I I Exp. D|ata [1] A
12!'.] | I—1*!3I | I—16 | I—14I | I—12I | I—1!'.] -8 I—E -4 —EI -
a [fm]
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Future A hypernuclear experiment

Three other experiments were approved
An isospin dependence study of the AN interaction (E12-15-008)
High accuracy measurement of nuclear masses of 3'1‘{H (E12-19-002)
23 Studying A interattions in nuclear matter with the 2°8Pb(e,e’K+)2°§Tl (E12f20-013)

We are planning to perform them at Hall C at earliest occasion.
— Preparing for these experiments
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Summary

The nnA experiment (E12-17-003) was performed in 2018 at JLab Hall A.

Two papers were published.

The cross-section measurement for the 3H(e, e’ K *)nnA reaction

Prog. of Theo. and Exp. Phys, 2022, 013D01 (2022).
Spectroscopic study of a possible Ann resonance and a pair of XNN states

| | Phys. Rev. C 105, L051001 (2022)
Study of the An FSI

Assuming a = —2.6 fm, (Preliminary) 7 = 5.0%13 (stat.) fm

Future A hypernuclear experiments

Three experiments (PAC) were accepted (E12-15-008; E12-19-002, E12-20-013).
We are preparing for these experiment to be performed at Hall C.
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Backup
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Estimation of An relative momentum

Influence factor (/) is depending on An relative momentum (l_c)An = DA — Pn1)

Py (p, E

@ .~ Amomentum: P =By + (Be — Be) — Pk
| Pnn(_pp:E;km) |
p )

Fermi momentum (3,)
Ref.) R. B. Wiringa Phys. Rev. C 43,1585 (1991).

=4 =2 =4 =4 o =
|=J|||g| T |Eg|||g| T |f:|||_;| T |$

00 1000
pfe [MeVic]

. ﬁp : Given by Fermi momentum distribution in the tritium.

Spectral function of 3H

* P, P and Py : observables (by CEBAF and HRSs).

Neutron momentum (p,1) : Pp +Pp1 +Pn2 =0

1

ﬁnl(‘nZ) — _E ﬁp + ﬁrel (ﬁrel = Mnﬁnl - MnﬁnZ/ZMZn)

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

— E}.. was given by spectral function of 3H

Ref.) C. Ciofi degli Atti et al.,, Phys. Rev. C, 21 (1980).

Pik.E) (fm*) Sp(kp’ E;n)
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nnA state problem

A nnA is a A hypernucleus with no charge.
* Thought not to be bound

« Experimental data(GSI) —» Bound state?? [1]

_ I t+m _ _
__ 80¢f ¢ Invariant mass |+ Around nnA mass threshold
o ‘ >  Enough lifetime
@ | E _ /T « Not enough peak significance
— — i T Y
Gl NG Bound state ??
_ No data _ -'2 I . _
B T=0  AH Ba=130keV 208 3 3.02 3.04

[1] C. Rappold et al, (HypHI Collaboration) Phys. Rev, C 88 041001 (2013)
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Analyzing process

HRS-R P (Btar Prar, Prar) Was reconstructed with
- backward matrix - -
Detector Plane [ brar e e , ;jz
FP(Xdet Xdet Ydet Ydet,)_ ftar _=< Sl T ) ,
: pzzi Qaq o At \ (Kder) ' (Vdet)’ .(xdet’)k(y(,iét) :

By optimized matrix elements (a;;)
— Achievable high mass resolution and accuracy

Backward matrix : M Calibration data for (0:4r, Ptarr Ztar» Prar)
T=M-FP Zear + Multi-carbon foils target
Target Otarr Drar * Sieve slit o
T(Brar, Prars Zipmr) | . *  Piar : hydrogen target (A and £° missing mass)

My = \J(Ee + My — Eor — Ex)? — (Dg — Dor — Pg)?
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Optimization
Optimization of parameters : (B:4rs Ptar> Ztar» Prar)
Z:qr ¢ Multi-carbon foils target

er, Qiqr : Sleve slit
p:qr ¢ hydrogen target (A and 2° missing mass)

Achieved high mass resolution and accuracy

140

Counts/0.5 MeV

Resoluflon ~3 5 MeV/cz(FWHM)
Accuracy ~0.3 MeV/c?

SS pattern after matrix tuning

[o 0
(=4
‘IIIIIIIIIIIIlllllllllllllllllll

-20 0 20 40 60 80 100
M, - M, [MeV/c?]
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Missing mass spectra with An FSI

do/dQ,[(nblsni1.0MeV]

Exp. data
—— w/o FSI
15 —— w/. FSI Julich A
— w/. FSI NLO19{600)
— w/. FSI NSC97f

Preliminary

40 60
-BA[MEW

Hall A & C Summer Meeting 2022

Any A —QF spectra with An FSI were fitted with
Npin i i
XZ & '(:Vdata — Wrst " Yrs1 — Wana - ynnA)

i

[
O-data

: Wrer, Wnna are scaling factors

Missing mass spectra with FSI :

Succeeded in producing enhancement
structure (0 < —B, < 60 MeV)

Better agreement with experimental data
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