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K-‐pp	  bound	  state	 
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Theore)cal	  predic)on	 B.E（MeV）	   Γ（MeV）	 

T.	  Yamazaki	  and	  Y.	  Akaishi	   48	 61	 
A.	  N.	  Ivanov,	  	  P.	  Kienle,	  	  J.	  Marton,	  E.	  Widman	 118	 58	 
N.	  V.	  Shevchenko,	  A.	  Gal,	  J.	  Mares,	  J.	  Revai	 50	  -‐-‐	  70	 ~100	 
Y.	  Ikeda	  and	  T.	  Sato	 60	  -‐-‐	  95	 45	  -‐-‐	  80	 
A.	  Dote,	  T.	  Hyodo,	  W.	  Weise	 20	  ±3	 40	  -‐-‐	  70	 
S.	  Wycech	  and	  A.	  M.	  Green	 56.5	  -‐-‐	  78	 39	  -‐-‐	  60	 
M.	  Bayar	  and	  E.	  Oset	  	 15	  -‐-‐	  30	 75	  -‐-‐	  80	 

-‐  The	  a^racDve	  interacDon	  between	  KN(I	  =	  0)	  
	  	  	  	  	  	  is	  expected	  to	  form	  nuclear	  K	  bound	  system.	  	  
-‐  K-‐pp	  is	  the	  simplest	  nuclear	  K	  bound	  state.	  
-‐  TheoreDcal	  predicDon	  of	  B.E.	  and	  Γ	  depends	  on	  the	  KN	  interacDon	  

models	  and	  the	  calculaDon	  method	  .	  
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Previous	  	  experiments	 
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FINUDA	 DISTO	 

ReacDon	 Stopped	  K-‐	  absorpDon	  on	  6,7Li	  +	  12C	 p	  +	  p	  @	  Tp=2.85GeV	 

Method	 Invariant	  mass	  of	  
back	  to	  back	  Λp	  pairs	 

p+p→X+K+	  （missing	  mass）	  
	  	  	  	  X→Λ+p	  （invariant	  mass）	 

B.E	 115	  -‐5	  (stat)	  -‐4	  (syst)	  MeV	 105	  ±	  5	  MeV	 

Width	 67	  -‐11	  (stat)	  -‐3	  (syst)	  MeV	 118	  ±	  8	  MeV	 

M.Agnello	  et	  al.,	  	  
	  PRL	  94,	  212303	  (2005)	 

T.Yamazaki	  et	  al.,	  
	  PRL	  104,	  132502	  (2010)	 

+6	 +3	 

+14	 +2	 



E27	  experiment	 
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π+	 

K+	 

Target	 

K1.8	  Beam	  Line	  
@J-‐PARC	 d(π+,K+)	  reac)on	 

	 Y.Akaishi,	  T.Yamazaki,	  Phys.	  Rev.	  C	  76	  045201	  (2007)	 

Λ	  (1405)	  doorway	 

SKS	 



d(π+,K+)	  inclusive	  spectrum	  (simulation)	 
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Exclusive	  measurement	 
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K-‐pp	  →	 Λ	  +	  p1	 
Λ	  →	 p2	  +	  π-‐	 

K-‐pp	  →	 Σ0	  +	  p1	 
Σ0	  →	  (Λγ)	  →	 p2	  +	  π-‐	  +	  γ	 

π+	  +	  d	  →	 Λ*	  +	  K+	  +	  p1s	 
Λ*	  →	 Σ	  +	  π	 

Σ+	  →	 p2	  +	  π0	 

slow	  !	 

l  K-‐pp	  decay	  (non	  mesonic)	 

l  background	 

We	  can	  suppress	  quasi-‐free	  B.G.	  	  
	  	  	  	  by	  requiring	  2	  high	  momentum	  protons.	 

K-‐pp	 



Range	  counter	 
-  idenDfy	  high	  momentum	  protons	  (>250	  Mev/c)	  

-  made	  by	  5	  layers	  of	  plasDc	  scinDllators	  

-  covered	  angle	  :	  39°	  -‐-‐	  122°	  (6	  units)	  

-  acceptance	  :	  ~9	  %	  

	  

8	 
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2.7 飛程検出器による陽子の検出
入射 π 中間子の運動量が 1.5GeV/cで K−pp束縛状態が生成され散乱 K中間子

が前方に放出される場合、K−pp束縛状態の崩壊から生じる二つの陽子の実験室系
での角度分布は図 2.12と図 2.13のようになる（崩壊は重心系で等方分布を仮定し
ている）。ここで、図 2.12は K−pp → Λ + p, Λ → p + π− の場合で、図 2.13は
K−pp → Σ0 + p, Σ0 → Λ + γ, Λ → p + π−の場合である。

図 2.12: K−pp → Λ + pの崩壊モード
から生じる二つの陽子の角度分布。尚、
この崩壊は等方であると仮定している。

図 2.13: K−pp → Σ0 + pの崩壊モード
から生じる二つの陽子の角度分布。尚、こ
の崩壊は等方であると仮定している。

これより、K−pp束縛状態から生成される二つの陽子は K−pp → Σ0 + p, Σ0 →
Λ + γ, Λ → p + π−の場合は途中で γ線を放出しているため少々広がっているものの
ビーム方向に対する方位角において約 30◦ ∼90◦方向に集中するため、標的の側方に
検出器を設置することで二つの陽子を検出することが可能である。E27実験ではこ
の二つの高運動量陽子を検出するために多層のプラスチックシンチレータから構成
される飛程検出器を用いる (飛程検出器の詳細については次章に記載する)。より多
くの陽子を検出するためにはより大きな立体角を覆う方が望ましいが、重水素標的
を冷却するのに使用するクライオスタットや標的後方の超伝導電磁石、SDC1,2と
いった飛跡検出器との位置の問題から図 2.14の様に一体 200 mm[W]×1000 m[L]の
大きさの飛程検出器を両翼に三つずつ設置することにした。このとき、標的から飛
程検出器の一層目までの距離は 50cmで、覆っている範囲は 33◦ ∼93◦の範囲を覆う
ことでアクセプタンスは約 14%を達成している。
粒子の運動量決定には粒子の飛行時間を使用する。具体的にはスペクトロメータ
の解析により標的での反応点を決定し、ビームライン上にあるビームホドスコープ
(BH2)と飛程検出器の時間差と飛行距離から速度を決定する。

23

K-‐pp	  →	 Λ	  +	  p1	 
Λ	  →	 p2	  +	  π-‐	 

θ	  p1	  	 

θ	  
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Data	  taking	 

We	  performed	  data	  taking	  in	  June	  2012.	  
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d(π+,K+)	  @1.7	  GeV/c	  	  :	  	  7.6	  days,	  3.3	  ×	  1011	  π	  
p(π+,K+)	  @1.7	  GeV/c	  	  :	  	  0.6	  days,	  7.6	  ×	  109	  π	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  calibraDon	  :	  	  	  2	  days	 3M	  π+/spill	  (6s	  cycle)	 
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	  	  ⇒	  token	  data	  :	  	  ~10	  %	  	 



Performance	  of	  spectrometer	 
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Resolu?on�

•  p(π+,1K+)Σ+1at1.58GeV/c1
– Missing1mass1resolu?on1=12.41MeV1(FWHM)1

•  Momentum1resolu?on1
–  Beam1line1

•  p/Δp=1.0×10J3(FWHM)�
–  SKS�

•  p/Δp=2.4×10J3(FWHM)1
(E19µΣ+µresolu?on±µE�=�À)1

•  o9�pg1
–  5mrad(FWHM)�ëIpLì�

��

p(π+,K+)Σ	  @1.58	  GeV/c	  (calibraDon	  run)	  
	  
Missing	  mass	  resoluDon	  	  
	  -‐	  2.41	  MeV	  (FWHM)	  
Mass	  
	  -‐	  1188.98	  ±	  0.03	  MeV	  (PDG	  :	  1189.37	  MeV)	  
	 

Cross1sec?on�

•  E27µ-��±{�µ-��µQx�

í�yµÞêÓÈèË´¼�¬¿�´vertex1zG ¤±´Acceptance1tableÆ��§
Â£±¶©¨�Uniform´vertex1zÆB¬�®µAcceptance1tableÆ�Z¦¯�Â��

��

cross	  secDon	  is	  consistent	  with	  old	  data	  
(	  D.J.Candlin	  et	  al.)	  

2.4	  MeV	 
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Σ+	 

Σ*+	 

•  Σ+	  producDon	  
-  ΔM	  =	  3.2	  MeV	  (FWHM)	  
-  Mass	  =	  1188.92	  MeV	  

•  Σ+	  (1385)	  producDon	  
•  Yπ	  producDon	  

Black	  :	  Data	  
Blue	  :	  simulaDon	  
Green	  :	  Σ+(1385)	  
Red	  :	  Yπ	  	  
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d(π+,K+)	  @1.7	  GeV/c	 
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Main	  components	  
-  Λ	  producDon	  
-  Σ	  producDon	  
-  Y*	  :	  Σ	  (1385),	  Λ	  (1405)	  

producDon	  
Overall	  shape	  is	  consistent	  
with	  simulaDon.	  
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Peak	  shiy	  
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Differential	  cross	  section	  
d(π+,K+)	  	  @1.7	  GeV/c	 
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	  	  Black	  :	  simulaDon	  
Green	  :	  π+	  “n”	  →	  Λ	  K+	  
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quasi-‐free	  Y*	  region	 
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Y*�&´�¢Â-��±ÍÞáæêÍâèµQx�

���

comparison	  between	  data	  and	  simulaDon	 

The	  discrepancy	  can	  not	  be	  interpreted	  by	  quasi-‐free	  processes	  .	  

~30	  MeV	 



d(γ,K+π-‐)Y*	  @1.5-‐2.4	  GeV	 
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Figure 1: (color online)(a): Differential cross section of d(γ, K+π−)X,
dσ/d cos θlabK+/d coslab

π−
. Here, bin width is 20 MeV/c2. The error bars

shows the statistical error, and the red boxes show the systematic error.
The discrepancy between the two datasets is shown as the hatched
histogram.

state were searched for with the the Log-likelihood ra-
tio method. In this method, the MMd(K+π−) spec-
trum was fitted under two hypotheses : background
processes only, and background processes and signal
process. The yield of each background process was
considered as a free parameter for the fitting. The
Log-likelihood value was obtained by fitting the sig-
nal and background spectra to the experimental data
where the yield of the signal was increased from 0
to a certain value. Then the improvements of Log-
likelihood from background only hypothesis (−2∆ ln L)
were tested in the search region. It is worthwhile to note
that the raw spectrum was used for the fitting because
acceptance-corrected spectrum has considerable sys-
tematic uncertainties and deteriorates the quality of the
fitting. Four processes were used for the background:
γn → ΛK+π−, γp → Σ+K+π−, γn → ΛK+π−π0 and
γp → Σ(1385)+K+π−. The shapes of the spectra were
generated with the GEANT-based Monte Carlo simula-
tion, where the Paris-potential model was used to de-
scribe the momentum distribution of the nucleons in-
side the deuteron [19]. In addition, a constant offset was
adopted in order to consider the contribution of remain-
ing processes such as hyperon decay. Figure 2 shows
the fit result with only background processes. χ2/ndf
of the fit result is 3.5 in the range from 2.05 GeV/c2 to
2.6 GeV/c2, and approximately 1 in the range from 2.22
GeV/c2 to 2.36 GeV/c2. The tests were performed for
signals with Γ = 20, 60 and 100 MeV, and 15 B.E. val-
ues ranging from 10 to 150 MeV. The signal shape was
assumed to be a Breit Wigner distribution with the fixed
B.E. and Γ , and was generated with the GEANT-based
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Figure 2: (color online) The spectrum fit result for the determination
of the upper limit of cross section. The color and style of line for each
corresponding process are shown in the figure.

Monte Carlo simulation. As a result of tests, significant
improvements of Log-likelihood were not observed un-
der any condition in the search region.

In order to quantify the search results, the upper limits
of the differential cross section were determined. The
signal yield which gave −2∆ ln L = 3.84 was used to
give the upper limit of the yield at the 95% confidence
level. In Fig.3, −2∆ ln L values are shown as a function
of the signal yield for B.E.=100 MeV and Γ =60 MeV
as a typical example. The crossing point at −2∆ ln L =
3.84 is indicated by an arrow.

Yield of Signal
0 50 100 150 200 250 300

ln
L

Δ
-2

0

2

4

6

8

10

lnL = 3.841Δ-2

(95% C.L.)
Upper Limit of Yield

Figure 3: (color online) Typical −2∆lnL as a function of the sig-
nal yield. The B.E. and Γ is assumed to be 100 MeV and 60 MeV,
respectively.

Thus, the upper limits of the yield were determined
for signals with Γ = 20, 60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The obtained yields
were converted to the differential cross section by divid-
ing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance was deter-

4

arXiv:1306.5320	 

•  Spring-‐8	  LEPS	 

Peak	  shiy	  is	  not	  observed	  for	  Σ	  (1385).	  	 

can	  be	  fi^ed	  



1	  proton	  tagging	 

16	  

Quasi-free Y productions Non-mesonic decay from K-pp 

Proton	  distribuDon	  is	  different	  between	  quasi-‐free	  process	  and	  	  
K-‐pp	  non	  mesonic	  decay.	  
	  	  ⇒	  1	  proton	  tagging	  method	  will	  work	  well	  !!	 



1/β	 

PID	  funcDon	  (	  ≡	  (dEi	  +	  dEi-‐1)α	  -‐	  dEiα	  ×	  cosθ	  )	 

P	 
π	 

proton	  is	  well	  separated	  from	  pion	  	 

cut	  parameter	  	  
-  stop	  layer	  
-  1/β	  
-  PID	  funcDon	  

(dE/dx)	 

stopped	  	  at	  4th	  layer	 

i	  :	  stop	  layer	 

escape	  
before	  stop	  

Performance	  of	  range	  counter	 
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Coincidence	  study	 
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1	  pion	  coincidence	 

1	  proton	  coincidence	 

p	  cut	  :	  π	  or	  slow	  p	 
p	  cut	  :	  proton	  (p	  >	  280	  MeV/c)	  

We	  studied	  coincidence	  
data	  by	  using	  RC	  cut.	 

_	 



1	  pion	  tagging	  spectrum	 
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Rπ	  =	  (Pion	  coincidence	  spectrum)	  /	  (Inclusive	  spectrum)	  
	  	  Rπ	  ∝	  (π	  emission	  BR)	  x	  (π	  detecDon	  efficiency)	 

QFΛ	  and	  QFΣ	  emit	  1	  pion	  
QFY*	  and	  πYN	  emit	  2	  pions	  
	  
Rπ	  reflects	  π	  emission	  probability,	  
therefore	  the	  raDo	  in	  QFY*	  +	  πYN	  
region	  is	  higher	  than	  those	  in	  the	  
other	  regions.	  
	  

Rπ	  is	  almost	  constant	  at	  each	  
region.	 
	 
	 



1	  proton	  tagging	  spectrum	 
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ΣN-‐ΛN	  Cusp	  is	  clearly	  seen.	  
	  
K-‐pp-‐like	  bump	  structure	  is	  
observed.	  
	  
We	  should	  take	  account	  of	  
the	  tagging	  efficiency	  of	  RC	  
carefully.	  
	  
Analysis	  is	  on	  going.	  



2	  proton	  tagging	  spectrum	 
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2	  proton	  tagging	  rate	  is	  very	  low.	  
An	  excess	  seems	  to	  exist	  at	  ~2.26	  GeV,	  but	  the	  number	  of	  events	  is	  small.	  



Summary	 

ì  We	  performed	  p(π+,K+)X	  and	  d(π+,K+)X	  measurement	  
by	  using	  1.7	  GeV/c	  π+	  beam	  in	  June	  2012.	  

ì  ΣN-‐ΛN	  cusp	  structure	  and	  peak	  shiy	  of	  	  Y*	  are	  
observed	  in	  d(π+,K+)	  inclusive	  spectrum.	  

ì  K-‐pp-‐like	  bump	  structure	  is	  observed	  in	  1	  proton	  
tagging	  spectrum.	  

ì  2	  proton	  tagging	  event	  is	  too	  low,	  therefore	  further	  
combined	  analysis	  is	  necessary.	  
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"Study	  of	  kaonic	  nuclei	  by	  the	  d(pi+,	  K+)	  reac;on	  at	  J-‐PARC.”	  	  Yudai	  Ichikawa	  	  
@	  HADRON	  2013	  	 


