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Abstract 
 In this research work, the inclusive missing-mass spectrum of 
D(π+, K+)X reaction at J-PARC E-27 experiment have been studied. J-
PARC E27 experiment was conducted to search for the simplest kaonic 
nuclear bound state by using D(π+, K+)X reaction at the beam momentum of 
1.7 GeV/c. In the E-27 experiment, high energy pion is incident upon 
deuteron target and interacts with neutron in the target to produce K , K
and p. Due to the strong attractive force between K and p, Λ* = Λ(1405) 
is formed as a doorway state to populate K pp. The missing mass 
spectrum obtained from E-27 experiment at J-PARC has covered energy 
regions of quasi free Λ-p, Σ-p, Λ*-p, Σ*-p production and ppK  bound 
state.  The missing mass spectrum of  D(π+, K+)X reaction covering all the 
above energy regions have been analyzed by using Green’s function 
method. 
Keywords: Λ (1405) doorway state, quasi-free, inclusive spectrum. 

 

Introduction 
The theoretical predictions of possible existence of deeply bound K  

nuclear states in light nuclei have been proposed theoretically by Akasishi and 
Yamazaki (Akaishi, Y., and Yamazaki, T. (1999)). They constructed K N 
interactions phenomenologically so as to reproduce low energy K N scattering 
data, kaonic hydrogen atom data and the binding energy and decay width of 
Λ(1405), which is asserted to be an I = 0 quasi-bound state of K N. These 
interactions are characterized by a strongly attractive I = 0 part. Yamazaki and 
Akaishi (Akaishi, Y., and Yamazaki, T. (2002) & Akaishi, Y., and Yamazaki, 
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T. (2002)) have predicted the possible existence of nuclear  K  bound states 
with narrow widths in (pp), He3 , He4  and Be8 .  

Moreover, the importance of the three body dynamics in predicting the 
resonance energy of strange dibaryon NNK  has been investigated by Ikeda 
and Sato (Ikeda, Y., and Sato,T. (2007)). The binding energy for NNK  is 
obtained to be 60-95 MeV and width to be 45-80 MeV by employing the 

NK  interaction based on the chiral lagrangian.  
In search for quasi bound states in the K pp system, the three-body  

NNK and πΣN coupled channel Faddeev calculation was also studied by 
Shevchenko et al. (Shevchenko, N.V., Gal, A., and Mares, J. (2007)). It 
should be noted that, even for the simplest kaonic nuclear system ( ppK

system), different computation techniques and different NK interactions, have 
produced controversial results. These controversial theoretical issues have led 
to intensify the experimental search for kaonic nuclear systems.  

Among the number of experimental searches for the simplest kaonic 
nucleus, FINUDA collaboration at DAΦNE (Agnello, M. et al., (2005)) first 
reported an observation of the ppK  bound state. They investigated the 
stopped K  reaction on several kinds of target and observed a number of Λp 
pairs emitted in back to back. They observed a bump structure in the invariant 
mass spectrum of these Λp pairs from the Li6 , Li7  and C12  targets. By 
assuming that this structure is due to the ppK  bound state, the binding energy 
and the decay width were evaluated to be 6

5115 (stat) 3
4

 (syst) MeV and 67 14
11


(stat) 2
3

 (syst) MeV, respectively, which is more binding than the previously 
mentioned theoretical values.  

Another positive result of the ppK  bound state was also reported by 
the DISTO collaboration at SATURNE (Yamazaki, T. et al., (2010)). They 
reanalyzed the data set of the p+ p  Λ + p + 2q reaction at Tp= 2.85 GeV 
and observed a bump structure in  KM  missing mass and MpΛ invariant 
mass spectra in large transverse momentum of protons and kaons. The binding 
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energy and decay width were determined as 103  3(stat)  5(syst) MeV and 
118  8 (stat)  10(syst) MeV, respectively. In this case the level width is 
much larger than that of FINUDA. Very recently, J-PARC E-27 experiment 
was carried out in an attempt to settle this controversial issue. 

The J-PARC E-27 experiment has been proposed to search for the K-
pp bound state by using the (π+, K+) reaction on a liquid deuterium target at 
1.7 GeV/c (Ichikawa, Y. et al., (2013) & Ichikawa, Y. et al., (2015)). In this 
experiment, there are many background processes of quasi-free hyperon 
production such as Λ, Σ, Λ (1405) and Σ(1385) and the signal of ppK was 
predicted to be small compared with the background (Yamazaki, T. et al., 
(2007) & Akaishi, Y., Dote, A., and Yamazaki, T. (2005)). It was difficult 
to be observed in inclusive measurements. Therefore, coincidence of a  proton 
from the decay of ppK   was required to suppress these backgrounds. They 
have reported a broad peak structure around 2.27 GeV/c2 in a proton-
coincidence spectrum , which is attributed to the ppK   bound state. Our 
purpose is to interpret theoretically inclusive missing-mass spectrum from the 
E-27 experiment. So, we have calculated missing mass spectrum of the E-27 
production reaction by using Green’s function method.  
 

Mathematical Formulation of Reaction Cross Section 
This section is the mathematical formulations of missing mass 

spectrum of D(π+, K+) reaction. In this section, we have calculated transition 
matrix and differential cross section for this reaction by using Green’s 
function method. A schematic diagram of the reaction mechanism is shown in 
Fig (1). 
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Figure1. Schematic diagram of the X)K,(D  reaction. 
 

Transition Matrix 
We can write transition matrix between the initial state π+ + D and the 

final state K+ + Λ*p of Fig (1). 
 

i0K
nf)n(fi ,0,kTk,K,T  

                                    (1)                                                                                                                          
Equation (1) becomes 

  i21101K1,2nf121
9

)n(fi ,0q,qq,kTq,kqqK,qdqdqd2
LT  



  

                                                                                                                     (2) 
We can write this equation in terms of relative momentum and center of mass 
momentum.

 Therefore, equation (2) is rewritten as 
   0Qqk,qTk,qQ,q~K,qdqdqd2

LT i01K1nf121
9

)n(fi
  




    (3) 

)p( *
f   )H(2

i  

K  

K+ 

K
k
 Λ* 

p 

* 

 
0k

 
1q

2q
 p

 

n 1q
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with relative momentum between neutron and pion 






 mM
qmkMq~

n

10n
1


   

relative momentum between neutron and proton 
pn

2n1p
MM

qMqMq~ 



  

relative momentum between *  and proton 
p

1p2
MM

qMqMq~
*

*








  

relative momentum between *  and kaon 









K

1KK1 MM
qMkMq~

*
*


  

Center of mass momentum of Λ* and proton 12 qqQ  

  
and the center of mass momentum of neutron and proton 21 qqQ    
 

fi ΨandΨ are described by relative momentum only center of mass motion is 
not affected. 
Therefore, equation (3) becomes, 

      


 



4
101K

3
1n1

21
nf121

9)n(fi qkqkq~tq~QKq~qdqdqd2
LT 



   

  65
i 0Qq~                                                                                                  (4)                                                                                          

Equation (4) becomes,    )Q(q~
)qkqk(q~tq~)QK(q~qdqdqdT

i

101K1n1
n
f121

)n(
fi






       (5) 
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By integrating equation (5) with respect to 1qd  , 

  )Q(q~q~tq~qkqKkq~qdqdT i1n1102K
nf

Qdq~d

21)n(fi






         (6) 

After performing the integration with respect to Qd  , we obtained 
    i1n1nf0K

)n(fi q~q~tq~q~q~dkkKT   
                           (7) 

where  1n1 q~tq~ 
 is the two-body t-matrix for the elementary process 

*Kn    . 
 

Differential Cross Section 
Differential cross section of X)K,(D   is calculated as; 

  2)n(fi
3

K
3

n
nfi0

36 TKd2
Lkd2

LEE2
v
Ld 











                               (8) 

where, 6d = the probability of producing this reaction with the emitted 
particle momentum between Kk  and   KK kdk  and with the kaonic 
nucleus momentum between K  and KdK   .  

3
0

L
v  = incident flux,  

0

2
00 E
ckv  = incident kaon velocity 

)Eδ(E n
fi  = energy conservation term 

Kd2
Lkd2

L 3
K

3  








  = phase volume (or) phase space 
 

By substituting equation (7) in equation (8), equation (8) becomes,  
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  Kd2
Lkd2

LEE2
v
Ld

3
K

3

n
nfi0

36 











   

                2
i1n1nf0K

2 q~q~tq~q~q~dkkK   
                    (9)                                       

                                                                                                                          

By integrating equation (9) with ,Kd   we get 
      2

inf
n

nfiK
2

n0202
43 q~q~q~dEEkdtEck

2d  



        (10)                             

by taking an averaged value nt  as an approximation of   1n1 q~tq~ 
 . Now we 

are going to solve the energy conservation term )EE( n
f

n
i  . 

Energy of initial state, )H(BEcMcMEE 22P2n0i   
Energy of final state,  

2
K0

ppK

2n
fp

n
f

2
p

2
K

n
f )kk()M(2H)cMcM(EE **   

  

where  )M(2
)kk(

ppK

2
K02


 

 = recoil energy of the product nucleus 

nfp
nf H   = excitation energy of final state 

Then n
fi EE   is rewritten as;  

nfp
nfnfi HEEE    
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where 
2

K0
ppK

2222nK0 )kk()M(2)H(BE)cMcM()EE(E   

 
)EE( n

fi  is expressed as, n
f

n
fi

n
f

n
fi )EE()EE(   

nf
p

nfnfi iHE
1Im1)EE(
*








 

The following term consists in the right hand side of equation (10) rewritten 
as 

2

n
i

n
f

n
fi q~q~q~d)EE(    =

)r(friHE
1r)r(frdrdIm1

p
*

*










               (11)                                           

where  

4
1

r
)r(ue)r(e)r(f irQi

i
(i r)Kk0k 



  with 
*MM

M
p

p

  

           
 

 
4
1

r
)r(ue)r(e)r(f

*
irQi*

i
(i

* r)Kk0k 


 
           )r(i

  = wave function of the target nucleus 
Substituting equation (11) in equation (10) and it becomes, 

 



















 


 

)r(friHE
1r)r(frdrdIm

1cosd2dkktEck
2d

p

*

kK
2
K

2
n02

0
2

4
3

*




                                (12)
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The final differential cross-section for missing-mass spectrum of the                
D(π+, K+)X reaction is given by 

 


































 




)r(friHE
1r)r(frdrdIm1

)cosk
k1(ME

c
tk

Eck
2

cosddYc
d

p

*

K
K

0
ppK

2

K

22

2
nK

0202
5

K2
2

*





         

(13)

                                      
 

  where the first term 


 





 

K
K
0

ppK

2

K

22

2
nK

02
0

2
5

cosk
k1(ME

c
tkEck

)2(


is the 
kinematical factor and 

 the second term 











  )rf(riεHE
1r)r(frdrdImπ

1
p*

 is the 

spectral functionS(E) .   

The spectral function S(E) contains Green’s function riεHE
1r

p*





 .  

 
Green-function in coordinate representation is 

riεHE
1r)r,r(G

p*





   

where HΛ*p = TΛ*p and VΛ*p. HΛ*p is the Hamiltonian of Λ* p. 
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The coordinate representation of Green’s function )r,r(G   which obey 

  )rr(riHE
1rr,rGHE

p
p **

 



 




  

Green function and delta function are expressed in partial wave expansion as 
follows; 




 


0 M
*MM )r̂(Yrr

r),r(G)r̂(Y)r,r(G







                      (14)                                                                  
                    







0 M
*MM )r̂(Yrr

)r,-r()r̂(Y)r-r(




           (15)                                                                               
 Then the radial part of the Green’s function )r,r(G 

  is satisfied by 
solving the following equation; 

)r-rδ(2μr),r(G(r)U~r
1)(

dr
dk 222

22 




 


                                                                                                                  

2
2 E2k



 ,   )r(V2)r(U~ p2 *



is the potential between Λ* and p. 
We can write the radial part of the Green’s function in the following form; 

)rr(0for(r)uCr),r(Gr),r(G 011  
   

 )rr(for(r)uCr),r(G 22  
                                                     

We have prepared the two solutions of  
0)r(u)r(U~r

1)(
dr
dk 22

22 


   , with the boundary conditions 

0)0(u 0r0  
                           for )r(u 0

  
)kr(hkr)0(u r                  for )r(u 

  
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We have    0)r(uC-)r(uC )(2)0(1  

  

                  2
)(2)0(1

2)r(uC-)r(uC




   
We get two parts of the radial part Green’s function as 

)u,u(W
)r(u)r(u2)r,r(G )()0(

)0()(
21 

 






                                         (16)                                                                                            

)u,u(W
)r(u)r(u2)r,r(G )()0(

)()0(
22 

 






                                        (17)                                                                                                                       

We combine the equation (16) and (17) 

)u,u(W
)r(u)r(u2)r,r(G )()0(

)0()(
2   
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Substituting the equation (18) into equation (14), we get  
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By substituting the above equation into equation (13), we obtained the final 
expression as follows; 
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Results and Discussions 
 

Study on the Quasi-Free Region with Fermi Motion Consideration 
We have studied the quasi-free regions namely Λ-p, Σ-p and Λ*-p, Σ*-

p of the E-27 inclusive spectrum. In order to understand the origins of quasi-
free Λ-p, Σ-p, Λ*-p, Σ*-p structure, we firstly determine the peak positions and 
level widths by considering the Fermi motion of neutron in target deuteron. 
The neutron momentum distribution is taken into account in determining the 
emitted kaon momentum from which the missing mass of K-pp is obtained 
using the relation 22

obsinit
2

obsinit
2

X c)pp()EE(cM  . We have used the 
neutron momentum distribution in deuteron as Fermi type and neutron is 
assumed to be the off-shell mass as   2

n
22

n
2
pD

2
n* ppMMM  . Our 

calculated peak structures of quasi-free production are shown in Figs. (1 - 4) 
and Table (1). According to our calculations it is found that Λ-p and Σ-p peaks 
are in good agreement with experimental positions but Λ*-p  and Σ*- p peaks 
are quite different from the experimental positions.  
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Figure 1.  Quasi – free Λ-p production 
spectrum due to Fermi motion 

Figure 2. Quasi–free Σ-p production 
spectrum due to Fermi motion 
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Table 1. The experimental and calculated peak positions and levelwidths for 
quasi-free process. 

 

Quasi-free 
production 

Peak position 
Calculated   
(MeV/c2) 

Peak position 
Experimental 

(MeV/c2) 
Level width 
Calculated   
(MeV/c2) 

Level width 
Experimental 

(MeV/c2) 
Λ-p 2083.6 2085 35.8 50 
Σ- p 2171.53 2170 47.5 45 
Λ*-p 2434.85 2389 80 80 
Σ*- p 2408.22 2389 78 80 

 
Inclusive Missing Mass Spectrum of D(π+, K+)X Reaction 

 We have studied the quasi-free regions of the inclusive missing mass 
spectrum for D( π+, K+ )X reaction from J-PARC E-27. We have calculated 
the missing mass spectrum of this reaction by employing YA and DISTO 
potential for Y-p (Λ-p and Σ-p) and Y*-p (Λ*-p  and Σ*- p) interactions. In the 
regions of Λ-p and Σ-p, the following optical potential is used;  2
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V0 = -272.6 MeV, W0 = -47 MeV and fR = 0.5, fI= 0.0 for Λp and fR = 0.9,  
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Figure 3. Quasi –free Λ*-p production 
spectrum due to Fermi motion 
 

Figure 4. Quasi –free Σ*-p production 
spectrum due to Fermi motion 
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fI = 1.0 for Σp. It is found that the missing mass spectrum of quasi-free Λ-p 
production in Fig (5). The peak position and level width are 2083.9 MeV/c2 
and 35.8 MeV. Similarly, Fig.(6) shows the missing mass spectrum of quasi-
free Σ-p production. The peak position and level width are found to be 2167.6 
MeV/c2 and 47.5 MeV. 

  
 
 
 
 
 
 
 
 
In order to see the effect of quasi-free Λ*-p production on the 

formation region, we have switched off the Λ*-p interaction in our calculation. 
We have considered two cases which are (i) without including the level width 
of Λ* and (ii) including the level width of Λ*. Fig.(7) shows the missing mass 
spectrum of quasi free Λ*-p production. The red curve is the missing mass 
spectrum of quasi free Λ*-p production for the first case where the level width 
of Λ* is not included. It can be seen that the peak position is 2435.4 MeV/c2 
and level width is 90 MeV. The blue curve is the missing mass spectrum of 
quasi free Λ*-p production for the second case. The peak position and level 
width of Λ*- p are found to be 2423.4 MeV/c2 and 170 MeV respectively. The 
effect of * is slightly shifting the peak position to the lower mass energy 
region and increasing the level width by 80 MeV. 

And then, we have investigated the missing-mass spectrum of the 
quasi-free Σ *-p region by turning off the Σ*-p interaction. We have found the 
similar characteristics as that of the Λ*-p. The calculated missing mass 
spectrum of quasi-free Σ*-p production is displayed in Fig. (8). The green 

Figure 6.  Missing mass spectrum of  
quasi-free Σ-p production. 
 

Figure 5. Missing mass spectrum of  
quasi-free Λ-p production. 



J. Myanmar Acad. Arts  Sci. 2018 Vol. XVI. No.2 261  
curve represented the missing mass spectrum of quasi-free Σ*-p production 
which is obtained by giving the level width to be zero. It is found that the peak 
position and level width are 2405.2MeV/c2 and 70.5 MeV, respectively. When 
the level width of Σ* is taken to be 36 MeV, the peak position is 2403.2 
MeV/c2 and its width becomes 90 MeV, shown by orange curve. It is seen that 
the peak position remains unchanged while the level width increases by nearly 
20 MeV.  

           
 
    
 
 
In order to obtain the missing mass spectrum covering all regions of 

quasi-free Λ-p, Σ-p, Λ*-p and Σ*-p as given in the experimental spectrum, we 
have combined the above mentioned spectra into one spectrum Fig (9). 

The upper right of the Fig (9) shows the experimental missing mass 
spectrum to be compared with our calculated spectrum. In the Y-p region, our 
calculated spectrum has a cusp peak in 2130 MeV/c2 at the Σ-p threshold 
which agrees very well with the experimental curve. Our calculated spectrum 
well reproduced the missing mass spectrum of E-27 experiment including the 
cusp peak in 2130 MeV/c2 due to NN  conversion in the Y-p region. In 
the Y*-p region, our peak is about 30 MeV shifted to the higher mass region 
compared to the experimental curve. It can be seen from the experimental 
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spectrum and from the calculated spectrum, there are large quasi-free regions 
which may obscure the small signal of ppK bound state.  

 
 

Figure 9. Missing mass spectrum of quasi-free Λ-p, Σ-p, Λ*-p, Σ*-p 
production. 

We have obtained the missing mass spectrum of Λ*p production by 
employing DISTO potential for Λ*-p interaction. In our calculation, we used 
the Λ*-p interaction which has the following form  
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  where V0= -394.0 MeV,           
W0= -95.0 MeV are potential strength parameter and c = 0.3 fm is range 
parameter for DISTO Λ*-p interaction. The Λ*p DISTO interaction is obtained 
by enhancing the YA interaction by 17% which is attributed to partial 
restoration of chiral symmetry. We have calculated the missing mass spectrum 
of Λ*p production with angular momentum contributions for l = 0, l = 1 to        
l = 4 to study their effect on the production spectrum. Fig. (10) displayed the 
missing mass spectrum of Λ*p. It can be found that the peak position at l = 0 
indicates the bound state region below the Λ*p threshold. The peak position at 
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l = 1 to           l = 4 are found in the energy region above the Λ*p threshold.  
Thus, quasi-free region is dominated by the higher angular momentum 
contributions.  

Similarly, we have calculated the missing mass spectrum of Λ* - p 
production with angular momentum contributions for lmin = 0, l max = 1 to          
lmax = 4. In the Fig.(11), the peak position of the bound state region dominates 
at lmin = 0 to l max = 0 below the threshold while the peak position of the quasi-
free region dominates at lmin = 0, l max = 1 to lmax = 4 above the threshold.  The 
peak at the l = 0 is clearly seen bound state. However, it is almost obscured by 
the large background of quasi-free Λ*p production, which can be seen in               
Fig.(11). The quasi-free Λ*-p production is dominant in higher angular 
momentum contributions.  

 
            
 

 

Conclusion 
We studied the inclusive missing mass spectrum of D(π+, K+)X 

reaction from J-PARC E 27 experiment which covers all energy regions of 
quasi free Y-p (Λ-p, Σ-p), Y*-p (Λ*-p, Σ*-p) production and ppK  bound state. 
In order to understand the origins of these quasi-free Y-p and Y*-p structure, 
we have investigated the nature of the background processes which are quasi-
free regions namely Y-p (Λ-p, Σ-p) and  Y*p (Λ*-p, Σ*-p). In our simple 
consideration, level widths of Λ*  and Σ* are not taken into account which 
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might be the discrepancy between our calculated values and the experimental 
values. It might be conducted that the origin of peak position and level width 
of quasi-free regions are not due to dynamical aspect but kinematical one. Our 
calculated quasi free Y-p and Y*-p spectrum well reproduced the missing 
mass spectrum of E-27 experiment including the ΣN-ΛN conversion cusp in 
the Y-p region. In the proton coincidence spectrum, the broad enhancement 
was observed around the missing mass of 2270 MeV/c2 which corresponds to 
a quasi-bound state of ppK  . Our calculated missing-mass spectrum with the 
DISTO interaction well reproduced this broad bump structure.  
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