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X-ray spectroscopy of ="-atom

We are aiming for
world first measurement of X ray from Z--atom

— Information on the =A optical potential

 Information on

=—-atom (effective) EN interaction

large baryon mixing?

( small AM(=N-AA)=28 MeV )
« ZEAinteraction

and it’s A dependence
absorption Role of =~ in neutron star?




X-ray spectroscopy of =--atom

Level scheme

X-ray®

of Fe-Z-atom

atomic state

Energy [arbitrary scale]
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nuclear state

lEnergy shift
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>

Coulomb
+Strong int.

| (orbital angular momentum)

Measurement of energy shift and width

— ="Areal and imaginary terms (near surface)

This method has been successfully
applied for negative charged particles

(n7, K7 p,27)



X-ray spectroscopy of E--atom
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Experimental study on the EN interaction

(K-,K*) reaction spectroscopy for Z hypernuclei

é Flag ship experiments at J-PARC K1.8

P. Khaustov, Phys. Rev. C61 (2000) 054603 ] ]
— o Mlssmg mass measurement

stk 24| | with the 12C(K-,K*)12_Be reaction
r o B+ < 8° C
S [ /18 /1 :
A hetl « V= ~=14 MeV is suggested from
32 BNLESSS spectral shape of the unbound continuum
C A 300 SAlE
% LW T * No clear peak structure for bound states
E10f % sof
3 :ND N
'V .
SE 1oL
; : J-PARC | J-PARC
A EO5 E70
Excitation Energy (MeV) Resolution 22
(MeV)

Expected to run

in 2023 ’



Experimental study on the =N interaction

Emulsion image in = nuclear absorption

- Nawa ] FOUNd in J-PARC EO7
B-- of =—-14N system HYP2022 . s
4N 4~ - . WS+ Theoretbree —
a Experimental data Coulomb predictions ]
0 : atomic 3D I D

* o S Lxp.inpul ——

f— I =D lpsn 3
— 2k o¥7) 2f 1 -
> 4 1P or 2F g ;
= -4 = J— ]
é 4._ I 2P 1
- or |

||[] —6 — —_— Isip -
T ¥ ERERCE S IRRAWADDY
| — SI2 ] event
10— RM F7 e -
12 — | “3D—2P” and “2P—1S” X rays should be emitted.
N o T % 5 xr Z T 8§ @ T T T
oo oda ¥ s 2 o o, 9O 9 9 .
- 9 2 5 T S % owouw g o5 o= O Observation of 1s state
5 M B = > =2 2 5 = © suggest.s very weaker |
M. Yoshimoto, et al., Prog. Theor. Exp. Phys. 2021, 073D02 (2021). absor ptl on than P rediction.
3D absorption? (old prediction) For farther discussion,

C. J. Batty, Phys. Rev. C59, 295 (1999)

2P absorption? (recent prediction with HAL-QCD) X ray yields give direct information

E. Friedman, Phys. Lett. B820, 136555 (2021)

1S absorption? (recent emulsion data)

about where is the absorption state.




Impact on old emulsion data

NAGARA | | H. Takahashi et al, Stopped E7s form = C atoms before reaction
t Phys. Rev. Lett. 87 (2001) 6 4
even 212502. 2C + 27|— A\\He + *He + 1

ﬁiHe — iHe +p + 7.

| AB,, = 0.67 % 0.17 MeV
by assuming 3D absorption

Depends on B of =~ C atom [ B = 0.13 MeV ] ]

= C atom

4F

Ex ~ 55 + AE( < few keV/ _
Absorption

3D state?

Ex ~ 154 £ AE( ? keV)

BR(E1:3D—2PN\BR(ABS;3D)

2P

Absorption



Impact on old emulsion data

NAGARA | | H- Takahashi et al, Stopped E7s form E C atoms before reaction
T Phys. Rev. Lett. 87 (2001) > 6 4
212502. e = — : _

i-iil_le — j[—]e + p + 7 . >1 MeV effect
on AB,,

Absorption state?
+ Energy shift?

| AB,, = 0.67 % 0.17 MeV
by assuming 3D absorption

Depends on B_ of =~ C atom [ B = 0.13 MeV ] ]

. = C atom
3D absorption? (old prediction) AF
. C. J. Batty, Phys. Rev. C59, 295 (1999) 554 AE( < f eV
2P absorptlon? (recent prediction with HAL-QCD) Ex~>5 % AB( <few keV) Absorpti
E. Friedman, Phys. Lett. B820, 136555 (2021) 3D p on
1S absorption? (recent emulsion data) state?
Ex ~ 154 + AE( ? keV)

BR(ABS;3D)

. - BR(E1;3D—2P)
Absorption state (+ energy shift) 2P

should be determined by x-ray measurement. Absorption



Our challenges

No = atomic X ray has been observed so far...
We are finding the best method to measure E atomic X rays.

1st try [J-PARC EO7 (-2017) ] | finished SIN ke
 Simple measurement [E C atom] Bad
« ZEstop ID with emulsion [E Br, Ag atom] Good Bad
paper published (PTEP2022 12, 123D01)
limits from
10% statistics run Isi
2nd try [J-PARCEO3 (-2021) ] | ¢ iched emuision
« High statistics measurement [E Fe atom] Bad Good

3rd try [J-PARC E96 ]

« Z stop ID with active target [E C atom] Good



Our first try in J-PARC EQ7

Experimental study of double hypernuclei

Done in 2016-2017 M Emulsion at J-PARC
(H;,;O, Br and AQ) AA hypernucleus

Target ( diamond)| TR @

Target _
K- -1 = hypernucleus

1.8Gev/c | {— f“’f‘-\

Ge detector X-ray from Z~ atom
“Y-ra
® \ ©
/x/\/ \‘

Emul_sion Sheets

Junya Yoshida (Advanced Science Research Center, JAEA)
On behalf of J-PARC E07 Collaboration




Our first try in J-PARC E07

Measurement (1) : Emulsion combined analysis

« S/Nratio O [wecantag = stop in emulsion] B.G.level ~1/170!
* Yield rate X

counts/1keV counts/1keV

counts/1keV

- Low stop prob. (long flight, low density) No clear peak structure

 Mixture target (H, C, N, O, Br and Ag) was observed.

* Not optimum setup for X-ray detector (upper limits were given)
X-ray energy spectrum E+Br ( ~316 keV) E+Ag (~370 keV)

= production

p-stop with Auger electron" . B StOp selection
. | Hﬂ.ﬂiﬂlﬂ [0 HI].H.[L
6 ;_ ........................... ...................................... (c) "G-Stop Wlthout ShOl‘t prongn . E S‘[Op Select|0n
U U U PR SO PP SPPRTRPSPRN E ........... " c -
4 : i | | "p- st.op with AllgEI.‘ electron + absorptlon in
2 = 11 LT 1 I 1 - ........................................................................... heavy nuclei
?00 1 50 200 250 300 350 400

energy [keV]

M. Fujita et al., PTEP2022 12, 123D01




Measurement (2) :

Our first try in J-PARC EO07

Yield rate A

« Low stop probability (low density)
 Not optimum setup for X-ray detector

w/o emulsion info.
S/N ratio X [only SSD hit rejection]

K+

Ge detector

""“S(—ray

Doctoral Thetis, Tohoku Univ. (2019)

Emulsion Sheets

M. Fujita
X-ray energy spectrum
30 —_
% = =+C (~155 keV)
=< 20—
A [
2 r
g 10—
2 C
© [
0

200 400

=+C (~55 keV)

Low sensitivity
for <100 keV

Energy (keV)

Select E production events

Select low momentum Z production events

No clear peak structure was observed.
upper limit: 40% / = stop [narrow width case]

~ Theoretical prediction



Fe = atom measurement [J-PARC EO03]

Iron target
/
K™ R
(1.8 GeV/c) = SICD
~X-ray

4

Advantage of Fe target
[Technical reason]

[Physics reason]

is suitable for our measurement

Feature of the measurement:
« S/Nratio X

[we can not tag = stop,

but high stopping prob.]
 Yield rate O

 High stop probability

« Optimum detector setup

Enough dense (~7.9 g/cm?3) for higher stopping probability of Z-
Absorption strength (and width) reported in theoretical case study

(5,4) state : AE~T'~ 4keV [W.S. shape potential of -24-3i MeV]

Calculated by T. Koike

— e

Recent Lattice & ChiralEFT calc.
Shows <1/10 smaller imaginary strength




Spectrometer

EXperimental Setup (EO3) for scat. particle

(KURAMA)

—— TOF

reaction-X ray
coincidence experiment

\ KURAMA
= J magnet

B Tag (K*,K*)=" production =5 SET
- Beam line spectrometer SDC1] SAC, PVAC
- KURAMA spectrometer BH?2 — Target
=— BAC W .
E Detect X ray from =~ atom Sos a gg Q13| Ge detector
- Ge detector array | | Q2 array
Hyperball-J or Hyperball-X’
q /\ )

K _(1.8 GeV/c)

Full statistics
run (2"9-phase)

10% statistics
Run (1st-phase) Q11

Q10 Beam line
Data taking | \‘(‘\\‘\ spectrometer
finished P Naer
(2021.4) ¢ 0 5m

= BH1 | | |




Hyperball-X’ for 1st phase

BGO suppressor

“clover-type” Ge detector (4 segmented crystals)

4 detector units
covering up and down of the target

'~1keV case,

Higher energy resolution
has great merit

- better peak significance

- small error on shift & width

- Horizontally wide beam profile and target
- Self-absorption of X ray

| HBX | HBJ
A O

i * slow amp. * fast amp.
High rate | .
el | Sooneisel | = e el
crystal * radiation
hardness
Energy 2.5 keV 4 keV
resolution (FWHM) (FWHM)

Optimum for low (~250kHz) beam intensity



Hyperball-X’ for 1st phase

T AT IR\ RN

BGO Supp™ Ge detector array Hyperball-X’
“clover-typc constructed in the K1.8 beamline

4 detecto I "4
covering

- Horizonte
- Self-absag

'~1keV case,

Higher energy resolution
has great merit

- better peak significance

- small error on shift & width

L
CO g

Target

position &=




E03 preliminary result

Analysis is now on-going

This is very preliminary X-ray spectrum.
( not optimized event selection, background reduction)

S 2400 S ; 13 < i GV Y. Ishikawa,
L b Prel minary..... — L] {cu:rangj?sgnn;f Zsp:imize de} & HYP2022, 2022.6
— - ' *Mn 156 keV .
~ 200 : e WUV W * w/BGO suppression
b o Energy resolution ~ 2 keV (FWHM) for 307 keV
§ 180 j o Energy calib. accuracy ~ 0.3 keV
[} 150:— S ..... i1 756
140 ;_ .................................. .......................... §1_>D7|;EV J‘A ....................... “ 172 keV | ......................................
120 [— | T .
rooF- ~|e2s 1l No clear peak structures
- 284 keV
80— are found at present.
60— M‘J‘yhﬂi i . : :
JPYSIUY TE K SR S S S| Akl we will continue analysis
| S ______________________________________________ __________________________________________________________________________________________________________________________________ ___________________________________________ to obtain good S/N
00_ [ | L1 ] T B 1 1 300
Energy [keV]
~5 BG level is consistent with our expectation

X ray yields are found to be smaller than expectation? in future exp.

E — Good S/N measurement may have advantage <:| _Estop id_entification
than high statistics measurement. Is essential




Future measurement [J-PARC E96]

Next experiment at J-PARC K1.8 TOF
K+ I e
E70: E- hypernuclear spectroscopy 1.37 GeV/c gy
with S-2S and Active Fiber Target Water
(as a carbon target) CETRAkoy
Aerogel |
\ Cerenkov Drift .
Missing mass Particle tracking CHATTDEFS g Q2
spectroscopy of the for energy loss Lo QT
p(K",K*)Z reaction. correction 5D . Tt
Common with E96 Capability of 1.8 GeV/c
N )\ =stoptagging | [N NN
Magnet Configuration QQbD
Golden opportunity Acceptance [msr] 55
for X-ray measurement in parallel HEEEIEUEE ) 15
o Resolution [FWHM] 5.5 x 10
N\ - -
AEH#(ZOZ]‘ 2022) ) Bending angle [deg] 70

TIT17 REBNHZRAVET FARFXRS A



= stop tagging with AFT

Active Fiber Target (AFT) gives
E track information — E stop tag

T

E~ hypernucleus &
= Decay

7 / e 3
SN /]y o g s f

S g P
pa oo

S
SRS

SRS [/

S )

B
TR
S =

S

LR,

Active Fiber Target
(for J-PARC E70)

Energy loss correction for mass spectroscopy

Merit for

X-ray measurement

Feature of the X-ray measurement:
« S/Nratio: Good [we can tag E- stop]
* Yield rate: Not so bad

 Low stop probability (low density)
* High intensity beam & setup




= stop tagging with AFT

(a) = stop event [signal]

— 80
E [ : T [ A . —_
%so} Kq Stop point .g.so:— K 3 ‘ >90% Of emltt6d —
W o " p— will decay before stop in target
. . BRI
2 oy 201 SR
o:— 07_ SRS
i P E stop selection
ot ~oE S Flight path:
-6of- TK‘ >40 mm
_goLu saa Ly _80‘,“1L.LJL.£1.1.1“,1,“411“11., .
-80 XG([JmmB]O -80 -60 0 20 0 20 0 y?:)nmleo Energy deOSlt.

> 15 MeV @ stop point

(b) = decay event [background]

o + decay point, £ R
i i = '\. : . 40:— s hsenseesseced .
: pres— ~95% B.G. reduction
5 71 SRR . . .
I e with 70% survival ratio
I SRR
. g for stop event
B SRR
_a0l- SRR . .
I S/N will be greatly improved.
: .




Expected result with E70 beam time

Expected spectrum

X-ray @ X-ray @
| [4—3 transition] [3—2 transition]
%14; %10
BGOCounter-;/_ Beam :12I' ; 9 '| (r=0 keV case)
Ge crystal” % - 2,
310- 3 ,
8 6. [
;_ 5: . .
6? ! af | T : |
By mSta”mg Ge detectors % 40 45 50 55 60 65 70 75 135 140 145 150 155 160 165 170 175
near AFT system X-ray energy [keV] X-ray energy [keV]

parallel data taking We have chance to observe X ray

can be done in E70 beamtime
[expected to run in 2023]

We submitted the proposal and got “stage-1”
(requesting “stage-2 approval” in 2023.01)



Timeline of X-ray spectroscopy of =-atom
at the J-PARC K1.8 beam line

finished
2016 :
EO7: Emulsion exp.
2017 [X-ray spectroscopy: C, Br, Ag-atom]
KURAMA
2018 £03 Pilot run spectrometer
E40: Xp scat. exp.
2019
Analysis on-going
2020
EO03-1st: & Fe-atom X-ray spectroscopy
2021 E42: H-dibarion search
= J-PARC
2022 Submit E96 proposal ) long shutdown
coming soon! J

2023
E70: E hypernuclear spectroscopy $-2S
E96: X-ray spectroscopy: C-atom spectrometer

——




Preparation for the next measurement

Photo of K1.8 beam line (2022.12)

2022.1 S-2S magnets were mstalled /
in K1.8 /{

2022.11 All S-2S detectors were
Done
- installed and aligned
2023.2 Installation of near target
detectors (AFT and Hyperball-X’)




Summary

We are aiming for
world first measurement of X ray from E--atom

— Information on the =ZA optical potential

» First try in J-PARC EO7
[X-ray spectroscopy: C, Br, Ag-atom]

» EO3 (E Fe-atom measurement)
1st-phase data taking [2020-2021] finished

» Future measurement in S-2S exp. (J-PARC E70/E96)
[X-ray spectroscopy: C-atom]
coming soon _7

Thank you for your support!
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