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Kaonic nuclear bound state

Anti-kaon might be bound to a nucleus

due to the strongly attractive KbarN interaction in =0

Assum pt ion 1.Y. Akaishi and T. Yamazaki. Phys. Rev. C 65, 044005 (2002).
l 2.T. Yamazaki and Y. Akaishi. Physics Letters B 535, 70—76 (2002).
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the lightest kaonic nucleus
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dense nuclei are predicted

Density (fim™®) Density (fm?)
0.00 0.07 ).15 0.7

(a) He (b) *HeK ~
A. Dote, H. Horiuchi, Y. Akaishi and T. Yamazaki, Phys. Lett. B 590 (2004) 51

Kaon mass in nuclear medium?

1.5 ------------------------- ]

m;( /mK

p/Po
1.T. Waas et al. Physics Letters B 379, 34—-38 (1996).

T. Hashimoto@MPMBI2015



"K-pp” candidates
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1.M. Agnello et al. Phys. Rev. Lett. 94, 212303 (2005).

back-to-back Ap pair
from stopped K-on 6Li, “Li, 12C

2NA contributions?
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1.P. Kienle et al. Eur. Phys. J. A48, 183 (2012). Missing Mass AM(K) [MeV/c?]
2.T. Yamazaki et al. Phys. Rev. Lett. 104, 132502 (2010).

Exclusive pp— (“K-pp’K+)—=ApK+ channel
larger cross section than A*

Consistency with HADES@T,=3.5 GeV ?
N* contribution? ~ P+P—=p+ N,

N* 5> KTA /

Interpretations are still arguable...
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J-PARC E27

d(rt*, K*) at 1.69 GeV/c (Inclusive spectrum) from Y Ichikawa’s slides
@ strangeness workshop on 20150803

Y* peak; data = 2400.6 + 0.5(stat.) + 0.6(syst.) MeV/c?
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T. Sekihara, D. Jido and Y. Kanada-En’yo, PRC 79, 062201(R) (2009).

* T'ap/Txop =0.92 +8 ii’ (stat.) jg ﬁ’g (syst.). [Theoretical value: ~1.2]

<2proton coincidence analysis>
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Theoretical calculations

Calculated K~ pp binding energies B and widths I (in MeV).

~

A.Gal, NPA914(2013)270

Chiral, energy dependent Non-chiral, static calculations
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> All theoretical studies predict existence of the “K-pp”
> Experimental observation cannot be explained

Further experimental information with different reaction channels is important
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In-flight K- reaction on 3He
K'O
quaS| -elastic
K- 3He OQ

(qua5| -free KN) pS

 —
O -+ QJ s qK~200MeV/c
[ ] -
1GeV/c 0 O 1.2~1.3 GeV/c
. X
PP .
¥ ppK- NG (@0

final goal: 4
detect everything!
| rQ |CDS
7/

v 2NA should be suppressed
v Y decay can be separated
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J- ARC hadron hall
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Primary proton beam: (as of May. 2013)
24 kKW, 30 Tppp with 6s repetition cycle
2s spill length, ~45% duty factor
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J- PARC hadron hall

w8 Features of K1.8BREFE &) -

Bird's eye f: > Low momentum kaon beam
' - <1.1 GeV/c
 stopped K

V > Multi-purpose detector system
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Primary proton beam: (as of May. 2013)
24 kKW, 30 Tppp with 6s repetition cycle
2s spill length, ~45% duty factor
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Experiments at K1.8BR

> All approved experiments
investigate the K*2'N interaction

» » E15: Search for K-pp via *He(K", n) «G»

« E31: Spectroscopic study of A(1405) via d(K-,n
p pic study of A(1405) via d(K-,n) ,_,

» E17(-Ee2) : Kaonic 3He/*He atom X-rays

- E57: K-p, K-d X-rays
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J-PARC K1.8BR spectro
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Status of J-PARC E15

* Production run of ~1% of the approved proposal was
successfully carried out in 2013.

e 2"d physics run will be performed in the autumn of 2015

Exp. | Primary-beam Secondary- Kaons on target
Target intensity kaon intensity (w/ tgt selection)

May, 2013  El5™ 24 kW

’ 9
(Run#49c) ° (30 Tppp, 6s) 140 k/spill 5.3x10
Apr-May, 2015 calibration 76 5 |y |
H | 9
(Run#62) > (33Tppp, 65) 130 k/spill 73 h 3.7x 10
Apr-lVlay’ 2015 calibration  9g 5 k\W .
D | 9
(Run#62) > (33Tppp, 65) 130 K/spill 53 h 2.8x 10
ELS*™ 40 kw
Autumn, 2015 3He 200k/spill ~ 26d 50x10°

(50 Tppp, 65)
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J-PARC E15 1st stage experiment
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Formation channel
Semi-inclusive *He(K", n)

PEP Prog. Theor. Exp. Phys. 2015, 061DO01 (11 pages)
DOI: 10.1093/ptep/ptv076

Letter

Search for the deeply bound K™ pp state from the
semi-inclusive forward-neutron spectrum in the

in-flight K~ reaction on helium-3

J-PARC E15 Collaboration

T. Hashimoto!*7, S. Ajimuraz, G. Beer’, H. Bhang4, M. Bragadi1‘eanu5, L. Busso®’,
M. Cargnellig, S. Choi*, C. Curceanu’, S. Enomoto?, D. Faso®’, H. Fu_iiokalo,

Y. Fujiwara], T. Fukuda'!, C. Guaraldo?, R. S. Hayano', T. Hiraiwa?, M. Tio!2,

M. Tliescu’, K. Inoue'3, Y. lshiguro‘o, T. Ishikawa!, S. Ishimoto'2, K. Itahashi'4,

M. Iwai!2, M. Iwasaki!*19, Y. Kato!'4, S. Kawasaki!®, P. Kienle!®*, H. Kou!®, Y. Ma'4,
J. Marton®, Y. Matsuda'’, Y. Mizoi!!, O. Morra®, T. Nagae'?, H. Noumi?,
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Neutron analysis

NC hit
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Semi-inclusive spectrum

Binding Energy [GeV]
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Semi-inclusive spectrum
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Semi-inclusive spectrum

Binding Energy [GeV]

Charge-exchange
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Semi-inclusive spectrum

Binding Energy [GeV]

Charge-exchange
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Background evaluation

K-+ “N” 2 >+n Binding Energy [GeV]
0.3 0.2 0.1 0 x10?

n'/+]cns eof T, E

W
o

o 140F —+ Data &, 1w,
- Q : Q. 125 =
Z+/ <O 120 BGZ-decay g ¥ %
NC X CSJ 100:_ BGneutral = + J20 =
= O - BG,, +target empty data! . ] 9
O — ' _
a E/ 80 BGaccidental " . +_'__'__,_+'t 15 ;
~ 90% can be reconstructed /| 5 &% 60F : ) P T~
B B B E+ +++H+ _._,...-l-w _: >
very small acceptance for KN—»Armr % = 40F | 15 S
20 U E

: IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII O:_|||'||| VIVIVI?I T 1T 1 I 1T 1 IIII:O
0 .8 AN SR S SR SRS SN SIS S — - !
B ‘ L — Al
S. 103;_ ..................................................................................................................... - -"é :_ ........... K-n%K-n
£ - O _
S e - >F Kp—Ksn
% V v WE St - KN=An()(n)
of Y o F KN S2(0) ()
0.5 10 15 20 25 30 35 40 45 5.0 < - i * : T
1/8 [ = KN—Y n,NKn(r)AK i}
+ n

Y_’N-I-[O,-I-[O_>2Y SRR SR B T

Y S e T
KL decay&reaction in the NC i .
(ebaluateg with MC) *He(K',n)X missing mass (GeV/c?)

19 T. Hashimoto@MPMBI2015




Close-up V|ew “K -pp’ bound region

0 Binding energy [GeV]
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1. Deeply-bound region: no significant structure

2. Just below the K-pp threshold: excess of the yield
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Counts /10 MeV

3He(K', n)Xf

Counts / 10 MeV

Forward neutron specta on p/d/SHe
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Forward neutron specta on p/d/°He
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What is the origin of the excess?

other possibilities are...

1. non-mesonic two-nucleon absorption: A(1405)n branch
- rather large cross-section ~ 5 mb/sr
- U.L. of deeply bound states: 1 ~ 10% of A*n branch?

140 ———r
< ¢ i .1 20 mb/sr @ 6=0
B — Dat - - |
2 120F e b DA oo 3 Breit-Wigner with PDG mass&width
= - Simulation .
—~ 100 AN — — .3 () +.
CIE o : K~ +*He —» Y HNH N,
@ 80 __ 5(1385)N "
o ] spectator
< _f A(1405)N E « Psp
X 603_ — A(1520)N : O
2 w0 - — O Jne
2 20k | - -
Ne - 5 1  AN/ZN branches are negligibly small
© _ _ﬂﬂuAJ e T b A(1520)Nn branch < 2 mb/sr
30 21 22 23 24 25 26 27

*He(K',n)X missing mass (GeV/c?)
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What is the origin of the excess?

other possibllities are...

1. non-mesonic two-nucleon absorption: A(1405)n branch
rather large cross-section ~ 5 mb/sr
U.L. of deeply bound states: 1 ~ 10% of A*n branch?

0.3 0.2 0.1 0.0
1 .O I 1 1 1 1 1 1 I

2. Loosely-bound “K-pp” state 0.9F- CDS taggmg efflc:ency =
- The excess corresponds to 1~2 mb/sr g e vt

~ 10% of quasi-elastic peak
»  Assumptions

Fully attributed to the K-pp state e Kppostp

E : : . e K ﬂeg-c E

° iSOtrOpiC decay K-pp_’/\p/Zp/-l—[zP 01;_ ....... .......... .......... .......... pp ...... Zp_;
0.01 ||||||| |||||i||||i||||i||||.|||

210 2.15 2.20 2.25 2.30 2.35
He(K ,N)X missing mass (GeV/c?)
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Comparison with theoretical spectral functions
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Experimental spectrum is similar to theoretical predictions with a loosely-bound state.

(A(1405) production is not considered)
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Decay channel
Exclusive 3He(K-, Ap)n

pEP Prog. Theor. Exp. Phys. 2015, 00000 (12 pages)
DOI: 10.1083 /ptep /0000000000

Search for S=-1 di-baryonic state on K ~pp
threshold

. Sadal. S. Ajimural. G. Beer?, H. Bhang®, M. Bragadireanu®, P. Buehler®,

Busso®?, M. Cargnelli®, S. Choi®, C. Curceanu’, S. Enomoto®, D. Faso%*,

. Fujiokal?, Y. Fujiwarall, T. Fukuda!?, C. Guaraldo”, T. Hashimoto!!,
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Ap identification
PID by TOF and track curvature
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4505_ Entries 2357
400;— Mean  1.122
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300( A identification in ppmr event
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200} |
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missing neutron ID

120+ 802—
100 + S| 70 H o
- H + _____ iﬂgrﬂﬁns 605— + } “““““ 5232%
80 neutron + H AP E H’HH N
H} Th e S0F m HJ —Apnze
60/ * + mH | % §332n0 40 ﬁ Wﬁ H iﬁﬁﬂnoo
B ok i L,pn2n’ - 3 ; i ,pn 2n0
40:_ H | ropn 3¢ 30? o £,pn 3r
- TR ! 10 |
- N £ T | i{p{ LT ljr + . i T ++ | O:' %++++H e + e HJT JLH{%”%* Jf#“n-ut N
82 06 08 1 12 1_4 16 18 > 21 22 2.3 2.4 25 26 27 2.8 2.9 3
M.M . (Ap) in “He(K', Ap) [GeV/c?] .M. (Ap) in *He(K', Ap) [GeV/c?]

» Simultaneous fit of M.M.(Ap) & |.M.(Ap)
» Events with mare dominant
> Apn ~ 200 events

» contamination of 2%n: ~20%
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Count per 20 MeV/c?

Exclusive spectrum

20 ;_i ' :E%Z ~10 MeV/c?
= o g 0.05 at the K-pp threshold
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16 = z o
14F e
12;_ I — 2 ales 2?61 (E'S) fﬁge%/cz]'8 23
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O/v1

Comparison with Phase space

1 x

n 3
0.9 ;_ + He(K-’Ap)n events 20__||||IllllllllllllllIlllllllllllllllllllllllllllll_-
0.8 | 2 —3NAApn | 3
- kinematical _ N, 185 @ aNAApNAS E
0.7 E boundary PA in CDS S 16F :
- ) C —_— °pn 3
06 ;_ ; +++++ ++ ++|“|q.+++\‘ S 14E 3NAZ"p :
0.5 £ S, R 1% Al
04 E_ I’ +*“+F§j+ $ﬂ§+ $++i++ “ g 105_ T T —E
T E ++++ +‘h{;++ 1 +++*£;+ L I 8; 1.1l 1 E
03 ¢ Ay PN S ©6f .
0.2 = t +++++; 8 4F ‘; ‘; =
= T - ]l H—} { ~|~ E
0.1 Wiy 2F +,H, Jf, J[ J[ H :
. m +++ + ¥ 2NA O||||||||H_H||
O...|...|..+ 7 1eNRA |, 2 2122 23 24 25 26 27 28 29 3
_06 ‘04 '02 (T TO)/[3(())2 04 06 M(Ap) of SHG(K-, Ap)nmisS eventsf//cz]
p-1A
» 2NA reaction K'+’He— A+p+ns seem to be very weak 2NA position

- c.f.) stop K reaction: 10 ~ 20% of total events
» 3NA reaction K'+’He— A+p+n seem to exist
+ ~40 b, (10°~10"° of K'+°He total cross section)
» Enhancement around the K'pp threshold
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Kinematics of the structure

Mom. Trans vs. IM(Ap)
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miss

]

counts

O O N W b 01 OO N

= [TTT1

Ap decay-angle in CM

LAl

08-06-04-02 0 02 04 06 0.8 1

cos0, in Ap flame

cosOn = 1 relative

» low-momentum transfer is enhanced

> |sotropic decay?

34

to the Ap frame
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Counts per 20 MeV/c?
[EEE G U U U — l\)
NRADODOONAOD®O

I\)CD

Assuming Breit-Wigner

SURLELELN BB LU BURLLALE B UL IR I IURLBLRLE LR XZ/NDF=62.3/49
- ] mass difference from threshold [MeV]
3 | — di-baryon E 30 25 20 15 -10 -5 0 5 10
;_ _JZ-'_ ----Multi N abs. _; 140‘...........................,,i,,,,.,,,,.
= I 4 130F
= " q 120F
- [ 4 = 110F
2 M 3 =100f
3 | , ..-Ll-* 37 sof
:Ij ] ] IIIIIIIIII IIIIII-I-IIIIIIIIII I: GO:IIIII i
21 22 2.3 24 25 26 2.7 2.8 29 3 2-35M 2362 2.37 2.38
as [GeV/c“]
M(Ap) of °He(K;, Ap)n,.... events [GeV/c?]

> x2-test with Breit-Wigner and 3NA backgrounds
« assume isotropic Ap decay as a function of mass and width

> ~ 15 pb, a few pyb/sr at 6,,=0

« not contradict with the forward neutron analysis
- < 1~2 mb/sr excess in semi-inclusive neutron spectrum
- theories suggest K-pp—Ap << K-pp—12p
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A(1405)ps— Ap conversion

Chi/NDF 61.087830

I

ity

I

=

1.299741

-
| \|\
-

—3NA Apn
SNAApnnO

—3NAX0pn

- 2NAApn

- L*conv1

Pspectator

(-

—
o
lll|Illllllllllllllllllllllllllllllllll

N

51 2.0 23"2

.M. (

4325 26 27 28 29 3

He(K, Ap)n

[GeV/c?]

missing

ogp

» Difficult to distinguish from the “K-pp” experimentally.

» Should be compared with quasi-free A*N
« < 5 mb/sr from forward neutron analysis

« ~ 0.5 mb/sr from theoretical calc. on K-d

- a few percent conversion probability?

36

further studies are ongoing...
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Outlook - E152nd & near future plan@K1.8BR

N
> E15 2"d-stage physics run >
« x10 statistics, ~10% of full proposal
« EXxclusive analysis v
- Kinematically complete measurement of SHe(K-,Apn) .
>
> E31 pilot run (D2-target)

» E17—-E62: K'He x-ray measurement with TES 7
- TES: novel cryogenic detector, ~5 eV FWHM@6 keV
- Feasibility test was successfully performed at PSI

¢~ L10¢

» E57: K'd x-ray measurement with SDDs
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Kinematically complete measurement

K+p+p threshold

1 4;_ |
3 O 3HeE\K-,Apn) events 3.5 =
0.9 « 35E
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(To-Ta)Y 3Q 2 2.1 2.2 2.3 24 2.5 2.6 2.7

M.M. of 3He(K-,n)X,X—>Ap[GeV/c2]
* Minimum momentum transfer of the 3He(K-,n) reaction
- would enhance the S=-1 di-baryon production
 x100 beam time is required 21
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CDS

NG "K-pp”—=29% decay
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CDS

"K-pp”— (12 )% decay
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CDS acceptance limited. ..
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Summary

Binding Energy [GeV] .
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NC efficiency evaluation

Qaz,éatequesﬂugNC hit)
! . final state selection &
3 5 . calculate neutron direction
Q! : B
.g Jr KS upper sideband
§ } — K? lower sideband
< .
g 4 : abs(Xenc)<120 cm
E n abs(Yenc)<60 cm
5
: : + +
Q. :
Si+ H
: ++, .+
S N - 3 r*:*

12

p(K',nK®) missing energy [GeV]

.8 0.9 1.0 1.1 1
p(K',K®)X missing mass [GeV/c?]
= : : :
i e : | kinematical consistency check
- 20 :
- a o — K upper sideband
- OS]
— 28{}[ — K lower si
L S|
= ,:% ; 1[ enc)<120 cm
- E.U E : abs(Yenc)<60 cm
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_ i:_++ .
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“neutron direction” can be calculated
by incoming K- & K° decay

— 11" KO N (we know where to go)
«— —>
O
check whether
- 9, hit in NC
,/ Nneiuﬁron o Nséietl?r%zd
missN o Nfrzgsesbj%/nd> X RONNC X eoBv‘ggJ%t%VC

estimated by MC ~ 0.9
~09 @H:

~ 0.6 @ 3He

NC detection efficiency can be
evaluated at the precision of ~1%

c.f.) 23 + 4% @ 3He target
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Semi-Inclusive 3He(K-,n/p)X M.M. spectrum
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e 3He(K",p) spectrum looks similar to (K-,n) 8




