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Search for the K-pp bound state  
via the 3He(K-,n) reaction at 1 GeV/c"

Tadashi Hashimoto for the J-PARC E15 collaboration
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‣ Introduction"
‣ J-PARC E15 experiment"
‣ Latest result on 3He(K-,n)



T. Hashimoto@SOTANCP3, May 29, 2014

The J-PARC E15 collaboration
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Anti-kaon nucleon interaction at low energy

‣ Kaon: "
• The lightest hadron which contains a strange quark"
"

"

‣ KbarN: Attractive in isospin=0"
• Kaonic hydrogen X-ray measurements"
• Low-energy scattering experiments"

‣ Existence of Λ(1405) below the K-p threshold"
• Difficult to explain by a simple 3-quark state."
• K-p quasi-bound state? Kp-πΣ two-pole structure?"

‣ Open question: how strong attraction??
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Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

STRANGE MESONSSTRANGE MESONSSTRANGE MESONSSTRANGE MESONS
(S = ±1, C = B = 0)(S = ±1, C = B = 0)(S = ±1, C = B = 0)(S = ±1, C = B = 0)

K+ = us , K0 = ds, K0 = d s, K− = u s, similarly for K∗’s

K±K±
K±K± I (JP ) = 1

2 (0−)

Mass m = 493.677 ± 0.016 MeV [a] (S = 2.8)
Mean life τ = (1.2380 ± 0.0021) × 10−8 s (S = 1.9)

cτ = 3.712 m

Slope parameter gSlope parameter gSlope parameter gSlope parameter g [b]

(See Particle Listings for quadratic coefficients and alternative parametrization re-
lated to ππ scattering)

K± → π±π+π− g = −0.21134 ± 0.00017
(g+ − g−) / (g+ + g−) = (−1.5 ± 2.2) × 10−4

K± → π±π0π0 g = 0.626 ± 0.007
(g+ − g−) / (g+ + g−) = (1.8 ± 1.8) × 10−4

K± decay form factorsK± decay form factorsK± decay form factorsK± decay form factors [c,d]

Assuming µ-e universality

λ+(K+
µ3) = λ+(K+

e3) = (2.97 ± 0.05) × 10−2

λ0(K
+
µ3) = (1.95 ± 0.12) × 10−2

Not assuming µ-e universality

λ+(K+
e3) = (2.98 ± 0.05) × 10−2

λ+(K+
µ3) = (2.96 ± 0.17) × 10−2

λ0(K
+
µ3) = (1.96 ± 0.13) × 10−2

Ke3 form factor quadratic fit

λ’+ (K±
e3) linear coeff. = (2.49 ± 0.17) × 10−2

λ′′+(K±
e3) quadratic coeff. = (0.19 ± 0.09) × 10−2

K+
e3

∣

∣fS/f+
∣

∣ = (−0.3+0.8
−0.7) × 10−2

K+
e3

∣

∣fT /f+
∣

∣ = (−1.2 ± 2.3) × 10−2

K+
µ3

∣

∣fS/f+
∣

∣ = (0.2 ± 0.6) × 10−2

K+
µ3

∣

∣fT /f+
∣

∣ = (−0.1 ± 0.7) × 10−2

K+ → e+ νe γ
∣

∣FA + FV

∣

∣ = 0.133 ± 0.008 (S = 1.3)
K+ → µ+ νµ γ

∣

∣FA + FV

∣

∣ = 0.165 ± 0.013
K+ → e+ νe γ

∣

∣FA − FV

∣

∣ < 0.49
K+ → µ+ νµ γ

∣

∣FA − FV

∣

∣ = −0.24 to 0.04, CL = 90%
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Kbar: Anti-Kaon
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A. Doté et al. / Physics Letters B 590 (2004) 51–56 53

Table 1
Summary of the present calculations. B.E.: total binding energy. ρ(0): nucleon density at the center of the system. Rrms: root-mean-square
radius of the nucleon system. ν: width parameter of a Gaussian wave packet used in the calculation. β: deformation parameter for the nucleon
system. ppnK−† and 8BeK−†: AY’s results

B.E. [MeV] ΓK [MeV] ρ(0) [fm−3] Rrms [fm] ν [fm−2] β

3He 7.65 – 0.15 1.54 0.22 0.02
ppnK− 113 24 1.39 0.72 1.12 0.19
ppnK−† 116 20 1.10 0.97

8Be 46.7 – 0.13 2.38 0.21 0.60
8BeK− 159 43 0.76 1.42 0.52 0.55
8BeK−† 168 38 ∼ 0.85

Fig. 1. Calculated density contours of ppnK−. Comparison between (a) usual 3He and (b) 3HeK− is shown in the size of 5 by 5 fm. Individual
contributions of (c) proton, (d) neutron and (e) K− are given in the size of 3 by 3 fm.

24 MeV. The present result is very similar to the AY
prediction: BK = 108 MeV and ΓK = 20 MeV. We
have not considered the decay width from the non-
mesonic decay (K̄NN → ΛN/ΣN ), but according
to AY it is estimated to be about 12 MeV [1]. The
width of ppnK− remains still narrower than that of
Λ(1405), even when the non-mesonic decay is taken
into account.
Surprisingly, the central density (“uncorrelated den-

sity”) of the system amounts to 8.2-times the normal
density due to the shrinkage effect. Fig. 1(a) and (b)
shows a comparison between 3He and 3HeK−. In or-

der to see how the bound K̄ changes the nucleus in
more detail we show the calculated density distribu-
tions of the constituents in Fig. 1(c)–(e). Apparently,
the proton distribution is more compact than the neu-
tron distribution. This phenomenon is attributed to
the property of the K̄N interaction. Table 2 shows
how protons and a neutron in ppnK− contribute to
the kinetic energy and the expectation value of the
K̄N interaction, and also to each root-mean-square
radius. This table together with Fig. 1 can be inter-
preted as follows. Since the K−p interaction is much
stronger than theK−n one, the protons distribute com-

Kaonic nuclear bound state

K-pp : [Kbar(NN)I=1]I=1/2  
the lightest kaonic nucleus

4

1.Y. Akaishi and T. Yamazaki. Phys. Rev. C 65, 044005 (2002)."
2.T. Yamazaki and Y. Akaishi. Physics Letters B 535, 70–76 (2002).

A.	  Dote,	  H.	  Horiuchi,	  Y.	  Akaishi	  and	  T.	  Yamazaki,	  Phys.	  Le;.	  B	  590	  (2004)	  51

1.T. Waas et al. Physics Letters B 379, 34–38 (1996).

dense nuclei are predicted

Kaon in nuclear medium?

Assumption !"
↓

What will happen when anti-kaon is embedded in nucleus?

ppn ppnK
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K-pp few-body calculations

‣ All calculations agree on the existence of the bound state"
‣ Model of the KbarN interaction makes large difference
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chiral & energy dependent Method B.E.[MeV] Γ[MeV]
N. Barnea, A. Gal, E.Z. Liverts(2012) var."

"
16 41

A. Dote, T. Hyodo, W. Weise(2008,09) var." 17-23 40-70
Y. Ikeda, H. Kamano, T. Sato(2010) Fad. 9-16 34-46

Λ(1405) ansatz Method B.E.[MeV] Γ[MeV]
T. Yamazaki, Y. Akaishi(2002) var." 48 61
N.V. Shevchenko, A. Gal, J. Mares(2007) Fad." 50-70 90-110
Y. Ikeda, T. Sato (2007,2009) Fad. 60-95 45-80
S. Wycech, A.M. Green  (2009) var. 40-80 40-85
S. Maeda, Y. Akaishi, T. Yamazaki (2013) Fad." 51.5 61
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Claims of K-pp candidates
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B = 115±6±4 MeV"
Γ = 67±14±3 MeV

Deeper than any theories. Interpretations are still arguable…

1.M. Agnello et al. Phys. Rev. Lett. 94, 212303 (2005).

back-to-back Λp pair 
from stopped K- on 6Li, 7Li, 12C 

B = 105±2±5 MeV"
Γ = 118±8±10MeV

@Tp=2.85 GeV

Exclusive pp→(“K-pp”K+)→ΛpK+　channel

T. Yamazaki et al. Phys. Rev. Lett. 104, 132502 (2010)."
P. Kienle et al. Eur. Phys. J. A 48, 183 (2012).

FINUDA DISTO
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J-PARC E15 1st stage physics run
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Missing mass !
spectroscopy+ +

reaction

K- 3He K-pp n
1 GeV/c 1.2~1.3 GeV/c

formation

‣ Kaon-induced simple reaction"

‣ Focus on the formation channel"
‣ 3He(K-,n)X semi-inclusive analysis"
‣ 3He(K-,p)X semi-inclusive analysis"
‣ Hint of exclusive 3He(K-,Λp)n events"

‣ First physics data taking in May, 2013"
- 24 kW x 4 days, ~ 5 x 109 kaons on 3He"
- < 1% of full proposal ( 270 kW x 40 days )

@ PK=1GeV/c, θlab=0º

(B.E., Γ) 
=(115,67)MeV"
FINUDA

T. Koike and T. Harada. Physics Letters B 652, 262–268 (2007)."
T. Koike and T. Harada. Phys. Rev. C 80, 055208 (2009).

qK =0.2~0.3 GeV/c

- B.E. (MeV)
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Principle of the 3He(K-,n) measurement
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K
-

CDH hit

CVC veto

BVC veto

, n

charge 
sweep out

NC hit

T0

X

‣ Kaon beam analysis :  
   select single-beam events & reconstruct beam momentum "

‣ Neutron analysis:  
   T0-NC TOF with vertex information provided by the CDS

~15 m
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K1.8BR experimental areaJ-PARC K1.8BR spectrometer

neutron counter"
charge veto counter"

proton counter

beam dump

beam sweeping"
magnet

liquid 3He-target"
system

CDS

beam line"
spectrometer

K. Agari et. al., PTEP 2012, 02B011

K-

γ, n p

15m
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Basic performances
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@ 24 kW"
kaon/spill : 150k"
K/π ratio   : 0.45
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Figure 3.24: Reconstructed vertex distribution in (left) the zy and (right) the zx planes.
The fiducial volume is defined as the blue boxes.

3.4.8 K0
s and Λ reconstruction

To confirm the spectrometer performance of the CDS, the invariant masses of π+π− pairs
and pπ− pairs were reconstructed as shown in Fig. 3.25 and Fig. 3.26, respectively.
Clear peaks of K0

s → π+π− and Λ → π−p decays were obtained in the invariant mass
distributions. Their positions are consistent with PDG values within 1 MeV/c2 precision
after an adjustment of the field strength of the solenoid magnet described below.

Adjustment of the CDS field strength

Since we were not able to measure the magnetic field strength of the CDS in the final setup,
the value should be adjusted by using the data. K0

s and Λ peaks are good calibration source
for this purpose. The field strength was changed a little so that the both peak positions
were consistent to the PDG values with in 1 MeV/c2 as shown in Fig. 3.27. We found the
requirement is satisfied when the magnetic field is

0.715± 0.002 T, (3.6)

where the error was assumed to be symmetric.

3.5 Analysis of forward neutrons

3.5.1 Analysis method

A momentum of a forward neutral particle is measured by the time-of-flight method be-
tween T0 and the NC. The velocity of the forward particle can be expressed as,

βnc =
Lvertex−NC

(Tmeasured
T0−NC − T calc

T0−vertex)× c
(3.7)

]2 [GeV/c-/ +/ Invariant Mass of 
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Figure 3.24: Reconstructed vertex distribution in (left) the zy and (right) the zx planes.
The fiducial volume is defined as the blue boxes.

3.4.8 K0
s and Λ reconstruction

To confirm the spectrometer performance of the CDS, the invariant masses of π+π− pairs
and pπ− pairs were reconstructed as shown in Fig. 3.25 and Fig. 3.26, respectively.
Clear peaks of K0

s → π+π− and Λ → π−p decays were obtained in the invariant mass
distributions. Their positions are consistent with PDG values within 1 MeV/c2 precision
after an adjustment of the field strength of the solenoid magnet described below.

Adjustment of the CDS field strength

Since we were not able to measure the magnetic field strength of the CDS in the final setup,
the value should be adjusted by using the data. K0

s and Λ peaks are good calibration source
for this purpose. The field strength was changed a little so that the both peak positions
were consistent to the PDG values with in 1 MeV/c2 as shown in Fig. 3.27. We found the
requirement is satisfied when the magnetic field is

0.715± 0.002 T, (3.6)

where the error was assumed to be symmetric.

3.5 Analysis of forward neutrons

3.5.1 Analysis method

A momentum of a forward neutral particle is measured by the time-of-flight method be-
tween T0 and the NC. The velocity of the forward particle can be expressed as,

βnc =
Lvertex−NC

(Tmeasured
T0−NC − T calc

T0−vertex)× c
(3.7)
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Figure 3.28: 1/β distribution of the forward neutral particles detected with the NC. Right
hand side of the dotted vertical line is identified as neutrons, while the hatched area
represents the γ selection.
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neutrons

quasi-free"
KN→NK



T. Hashimoto@SOTANCP3, May 29, 2014

)2,n)X missing mass (GeV/c-He(K3
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7

b 
/s

r/M
eV

)
µ (

C
D

S
 A×

/d
M

 
Ω

/d
σ2 d

0

20

40

60

80

100

120

140

160
Binding Energy [GeV]

0.00.10.20.3
+p

)
Λ

M
(

)π
+p

+
Λ

M
(

)π
+N

+
Σ

M
(

+N
)

Σ
M

(

(1
40

5)
+p

)
Λ

M
(

M
(K

+p
+p

)

Semi-inclusive spectrum

11

θlab= 0° @ pK= 1 GeV/c"
biased by the request of charged track(s) in the CDS

①K-pp signals??

quasi-free peak"
KN→NK

preliminary
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What is the origin of the excess?
naively understood with attractive & absorptive potential"
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What is the origin of the excess?
naively understood with attractive & absorptive potential"
other possibilities are…  "
1. non-mesonic two-nucleon absorption: Λ(1405)n branch"

• rather large cross-section ~ 5 mb/sr needed"
• somehow suppressed Λ(1520)n branch < 2 mb/sr
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CHAPTER 4. SPECTRAL ANALYSIS 107

system when the neutron is requested to be detected with the NC. We can see almost
all the fast neutrons are associated by a decay pion within the CDS acceptance.
If the decay pion is out of the CDS acceptance, the other pion produced at the Σ
production should be detected with the CDH to be triggered. Then Σs which cannot
be reconstructed is further halved as shown in Fig. 4.3(right).

A realistic analysis of the simulated data successfully reconstruct Σs and remove
fast neutrons from their decays with a rejection efficiency of 85∼90% at below the
K−pp mass threshold as shown in Fig. 4.4. Here the Σ± signal region was defined
as |IM(nπ±)−mπ± | < 12 MeV/c2, which corresponds to about ±2σ of the invariant
mass resolution.

Removal of neutrons from Σ decays

Now let us remove the fast neutron contribution from Σ decays in our experimental
spectrum. Figure. 4.5 shows the relation of the nπ± invariant mass and the neutron
missing mass. We can see a vertical line at the mass of Σ, while there is also
horizontal line made by pions from K0

s decay after the charge-exchange reactions.
Thus the contributions to be removed have the quasi-free peak to some extent as
shown in Fig. 4.6(left).

Figure 4.6(right) is the neutron missing mass spectrum after the removal of fast
neutrons from Σ decays, which is used in the rest of this section.

4.2.2 Non-mesonic two nucleon absorption

Kaons may be absorbed into multi nucleons. Actually, many events without pion
emissions were observed in the stopped kaon experiment, such as,

K− + “NN ′′ → Y +N.

The total non-mesonic multi-nucleon absorption rate was obtained in the exper-
iments with bubble chambers to be 0.16 ± 0.03 on 4He[62], but only ∼0.01 on
deuteron[63]. Larger targets yields the rate as large as 0.2 in the emulsion ex-
periment. Although various interpretations to this behavior were reviewed in [64],
the mechanism of non-mesonic multi-nucleon absorption process is still not well-
understood. In the case of in-flight experiment, the reaction cross section of multi
nucleonic processes should be considerably small since the de Broglie wave length
of kaon is much shorter compared to the distance of two nucleons. However, multi-
nucleon process can produce fast neutrons. Then their possible contributions are
worth to be examined.

First, we consider the non-mesonic two-nucleon absorption reactions (2NR), in
which not only ground state of Λ,Σ but also hyperon resonances such as Σ(1385),Λ(1405)
and Λ(1520) can be populated as,

K− +3 He → Y (∗) +N +Ns. (4.2)

ΛN/ΣN branches are negligibly small

n
Λ* pspectator

NC

20 mb/sr @ θ=0"
B.W. with PDG mass&width

preliminary
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naively understood with attractive & absorptive potential"
other possibilities are…  "
1. non-mesonic two-nucleon absorption: Λ(1405)n branch"

• rather large cross-section ~ 5 mb/sr needed"
• somehow suppressed Λ(1520)n branch < 2 mb/sr"

2. Loosely-bound K-pp state"
• The excess corresponds to 1~2 mb/sr"

• decay mode assumption: K-pp→Λp/Σp/πΣp"
• cf.) Theory:"

• Pheno. pot.: a few mb/sr 
T. Koike and T. Harada. Phys. Rev. C 80, 055208 (2009)."

• Chiral pot.: a few hundreds μb/sr 
J. Yamagata-Sekihara, et. al., Phys. Rev. C, 80, 045204 (2009).

What is the origin of the excess?
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①K-pp signals??

②DISTO/FINUDA

quasi-free peak"
KN→NK

preliminary

θlab= 0° @ pK= 1 GeV/c"
biased by the request of charged track(s) in the CDS

After BG subtraction
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Upper limits for deeply-bound states
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Figure 4.18: Upper limits of the formation differential cross section at θlab = 0◦ for strange
dibaryon state decaying into Λp final state.

obtained to be ∼ 0.3 mb/sr and ∼ 0.4 mb/sr for the K−pp states FINUDA and DISTO
claimed, respectively. The results also contradict the theoretical calculation by Koike and
Harada[4], where potentials obtained from the results of FINUDA and DISTO make a
distinct peak structure in the 3He(K−, n)X missing-mass spectrum at θ = 0◦, with more
than 1 mb/sr cross section in the bound region as shown in Fig. 1.6(d).

95% confidence level

DISTO

200 ~ 300 μb/sr (θlab=0°) upper limits in the 3He(K-,n) reaction 
for FINUDA/DISTO peaks

preliminary
FINUDA

B.E.$(MeV)� Γ$(MeV)� 95%$C.L.$(mb/sr)�
FINUDA� 115� 67� ~0.2�
DISTO� 103� 118� ~0.3�
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Conclusion

‣ J-PARC E15 searches for the “K-pp” bound state"
• 1st physics data with 24 kW*4 day running (< 1% of full proposal)"
• All the detector subsystems are working well with the good 

performance as designed"
"

‣ 3He(K-,n)X spectrum was obtained for the first time"
• Semi-inclusive condition"
• We observed a tail component in the K-bound region which is 

hard to be explained by ordinary processes"
• Deeply-bound state claimed by DISTO and FINUDA was not seen 

as a significant peak.  
Its upper limit was determined to be 0.2~0.3 mb/sr."
"

‣ First publication is coming soon!
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