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Abstract

The aim of this research work is to investigate the missing mass spectrum of D (K', n) A (1405)
reaction process of J-PARC (Japan Proton Accelerator Research Complex) E31 experiment. This
experiment which was conducted at J-PARC with 1.0 GeV/c incident momentum of K™ on target
deuterium. This reaction is expected to enhance a virtual KN scattering process, where a K" beam
kicks a neutron out of the deuteron target in a forward angle and is slowing down to form a
A(1405) with a residual nucleon. We have calculated the missing mass spectrum of D (K', n) Y
reaction with Green's function method by using YA (Yamazaki and Akaishi) potential for KN
interaction. It is observed that the missing mass spectrum of the D (K", n) Y reaction at a neutron
forward angle has two peaks, one below the K'p threshold and another above the threshold. The
former peak represents A (1405) quasi-bound state while the latter is a quasi-free K'p peak.
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Introduction

An antikaon (K ) and a nucleus may form a bound state (a kaonic nucleus), due to the
strong attraction between K and nucleon in an isospin, | = 0 state. A (1405) resonance state is

nominally accepted as a bound state of K™P system which lies in the continuum region of 7 %,
having strangeness, S = -1, total charge, Q = 0, isospin, | = 0 and spin parity, J°= 1/2".

The PDG value of the mass and width of this A (1405) resonance state or often known as A* is
1405.112 MeV/c® and 50.5+2.0 MeV (Particle Data Group K. A. Olive et al., (2014)) with

27 MeV binding energy with respect to K N threshold.

However, chiral unitary model claims that A (1405) may have two pole structure; one is
mainly coupled to ©¥ state and the other is to K N state which are located at different positions,
(1390-132i) MeV and (1426-32i) MeV, respectively (T. Hyodo and A. Weise, (2008)). As a
consequence, the resonance position of the A (1405) is 1420 MeV/c? and the binding energy is as
shallow as 15 MeV.

In K'p reactions at 4.2 GeV/c, the mass and width of A (1405).resonance were obtained to
be 1400.5+4.0 MeV/c? and 50.0+2.0 MeV from production of A (1405) (R. J. Hemingway,
(1985)) by Dalitz and Deloff (R. H. Dalitz and A. Deloff, (1991)). It is interpreted as a quasi-
bound state of K N coupled with continuum stat of nZ. Esmaili et al.,(J. Esmaili, Y. Akaishi and
T. Yamazaki, (2010), (2011)) analyzed old bubble-chamber of stopped-K™ on “He (B. Riley et al.,
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(1975)) with a resonance capture process, and found the best-fit value of mass and width for the
A (1405) are 1405.1"72 MeV/c? and 24.0"53 MeV.

Maryam et al. (M. Hassanvand, Y. Akaishi, T. Yamazaki, (2015)) have calculated the
A(1405) — (z=)’invariant mass spectra produced in the reaction K +p —>Z+(1660)+ T,
followed by =*(1660)—>A(1405)+ n*— S+ ", processes at p(K') = 4.2 GeV/c.

An experiment which has reported A (1405) resonance state in the reaction K" p—>X 3n

at 1.15 GeV/c was conducted by Alston et al., (R.H. Alston et al., (1961)). The values of mass
and width of this resonance state are 1405 MeV/c? and 20 MeV, respectively.

Another experiment in the reaction of =~ p—>X n K at 1.69 GeV/c " beam has been

reported for searching A (1405) resonance state by Thomas et al., (D.W. Thomas et al.,(1977)).
The mass and width of this resonance state from this experiment are ~1405 MeV/c? and 45 to
55 MeV, respectively.

Momentum Transfer of Emitted Neutron

First, the momentum transfer of the emitted neutron which is an important for A (1405)
formation processes are calculated. The momentum transfer of emitted neutron (n;) and product

kaon (K; ) from the elementary process n (K™, n;) K; are calculated by using Newton-Raphson
method. Then, the missing mass of K p is calculated after having obtained the momentum
transfer of neutron (ny).

K™1.0GeV /c

Figure 1 Schematic diagram of the elementary process

Elementary process is
K+n—-n +K; (1)
By the law of conservation of energy, we have

E +E= En1+EK1,

where, E=./p°c®* +m%c’ (2)

Equation (2) becomes,
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2 A2 2 A4 2.2 2.4 2 A2 2.4 2 A2 2 A4
\/pK,c +m. C +\/pnc +M;c =\/pnlc +M;c +\/pKic +m. C

©)
By the law of momentum conservation,
By +Pn= Pyt By (4)
By= PP,
P =Py +P;,—2p, P08 (0)
(%)

By substituting equation (5) in to equation (3), we obtain

\/W +M,= \/pﬁl + M7+ \/(Iof(ﬂoﬁ1 -2p, P, cos (O)+m>. .
\/Pﬁl +M?2 + \/(p,i.+p§1 —2p,._p,,cos (O)+m? — \/pf( +m2 —M,=0 ©)

The momentum of emitted neutron (n;) can be obtained by solving the equation (6) by using
Newton-Raphson Method. This method is numerical method applied to find the root of a function
f (pn1) equal to zero.

Missing mass formula for D (K™, n) Y

The missing mass formula for D (K", n) Y reaction is calculated. If we know the emitted neutron
momentum, we can get the missing mass spectrum.

K +D—>n+Y (Y=A" orK +p) (7)
EZ2 =P c* +M? c* (8)
M? ¢*=E; —PZ ¢? 9)

For a system Y, missing mass is defined as

M, ¢*=E% —PZc? (10)

By the law of conservation of energy,

Einit = Eobs + Ev (12)
Ev = Einit - Eobs (13)

By the law of conservation of momentum,
P_+P,=P +P, (14)
Let ﬁinit :ﬁK, +ﬁD and pn = pobs

ﬁinit = ﬁobs+ﬁY (15)
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er = rjinit - rjobs (16)
By substituting equation (13) and equation (16) into equation (10), the equation (10) becomes
MY C2 :\/(Einit -E obs)2 - (pzi”it + pzobs - 2Pinitpobs cos (e))c2 (17)

We can get the missing mass spectrum by using the above formula.

Differential cross section for D (K™, n) A (1405)

The differential cross section is the most important factor to determine the probability of
the reaction. Therefore, we are going to determine the differential cross section and spectral
function for D (K", n) A (1405) reaction. The differential cross section is defined as the transition
rate per incident flux. According to the Fermi’s Golden Rule, the transition rate Wi,

2 n
W; :§|Tﬁ|28(Ei - E$= )) P(E)- (18)

where, Ty is the transition matrix element, ES(Ei - Eﬁ")) is the energy conservation term and p(E) is
the density of allowed states.

—

The expression for differential cross section with neutron momentum between k

n

and Rn + an and with A (1405) momentum between K and K+dK is written as follows:

2

Lo
vV, h

d° 5 (E, —EP)(=) oK, (=) dR[TY (19)
n 2 2

2 3 3
where, V—g =incident flux, incident kaon velocity, v, = fikC and (Lj d_k'{ij dK = phase
L E, 2n 2n

space.

The differential cross section contains per incident flux, energy conservation term, phase space
and transition matrix element. First, we will calculate the transition matrix element.

Transition matrix element

We considered the elementary process of reaction K™ + D — n + A (1405)

K 1.0 GeV/ch

\ . k, [
:‘ko
N g < I ;
G 4 KY
P = =
& 92 k)
¥(D)

Figure 2 Schematic diagram of the reaction D (K™, n) A (1405)
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Transition matrix for D (K™, n) A (1405) reaction can be described as follows:

T = (final state| T|initial state) (20)

T = (7 (K p)R K,

T“Pi (D),G,RO> (21)
where, T = transition operator, P} (K'p) involves {, anddj, ¥,(D) involves G, and{,.
3
~ - = L2,
Relation n(r nd (Flk|is(r|k)=|—| (T|k].
elation between (lk) and (| s (7] > (Zn} (7| ]
Equation (21) is rewritten in terms of internal coordinates with the aid completeness relation.

TE?)—( ) ([ daddi, dag (%7 (< p).Kds,0.] [do. K, [T, Ko, ][, a[0. 2, 0)  (22)

where, f )@l = IdOI[ j|Q][Q|

By solving equation (21), he final expression of transition matrix element as follows.

TO = [, (¥ (K p)[F) SR +K, —K,) [t .[GoIG,| ¥, (D)) (23)

K™n

After calculating the transition matrix element, we will be calculated the differential cross section
for this reaction. After that, by substituting the transition matrix element into equation (19), the
differential cross section for this reaction becomes,

L3 2n

0

«f (¢ K Pl

d’ = ZS(E E(”’)( )dk( )dKSZ(K+k ~Kk,)

K™n

G a2, 0)) @)

By integrating the above equation (24) with dK ,

do-L 2"2 3 -ENCY ok, [aa (v < ok @ Jalv o). @9

2

k . : . : .
V, = fikqC is substituted into equation (25). The equation (27) becomes
EO

L’E, 2n Lo
=Y §(E,-EM)(=—)dk
hkocz h Zn ( i f)(2’f[) n

d’s =

o (e o< p)afGat, |G o v o)) 29)

K™n
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Equation (26) can be expressed in terms of delta function normalization. The equation (26)
becomes

(2m)’
7K, C?

) = (@

d’c =

E,>. (E,—EM)dk,[(t, . >ﬂ | dal<‘P$”’(Kp)\a><a1|\1ﬂ<D)>\2 (27)

Go).

tK*n

Calculation of Energy Conservation Term

Energy of initial state, E;, E; =E, +M,c”+M_c* —BE

(28)
where, BE is the binding energy of deuteron.
Energy of final state, E¢
) 2 2 - - h2K?
n _ n n 2
EfV=E,+(m, c”+M. )+<‘Pf HK,p“Pf >+—2(mK M) (29)
2, 1 \2
E—E,+Mc>+M ¢ —BE—E, —(m, ¢ +Mc?)— L Ko=Ka)" (30
P K P 2(m  +M,)
2 L \2
where, (o =Ka)" s the recoil energy and <‘I’§“) H, . ‘Pﬁ”)> is the excitation energy of final
2(m _+M,) P
state.
S(E, —EM) = <\P§“> 8 (E - HKp) “I’§“)> (31)

To obtain the S(E, —E®) , the Cauchy’s principle is used.

1 p .
== —ind
X+ig X ' (X)

where, P is the principle value.

8(X)=—1|m 1_
L8 X+leg

And then, we can expressed the energy conservation term as follows:

S(E, —E§"’)=—1Im;_ (32)
T E—HK,p+|8

The equation (27) becomes
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2n) E, - 2 1 ’ 1 n
d%s = (hZ::)z k_;’dkn <tm>‘ x—;lmzn@f( ) m‘\yf( )>
[ o, o (e[ G ) (a W )(¥a). (33)
where, Z\wi”)xwﬁ(“)) =1.
d = (;fc): i—zdkn <tKn>2(—% Im[ dd, | d; (¥ q;)(qlwi)(ﬁ’\ﬁ@) (34)
K™p

where, jdﬂ?)(?\:l_
The equation (34) can be expressed coordinate representation by using completeness relation. It

can be expressed as follows

d’c 2(211)53
deos(9) 7°c? kK,

1

—HK,p+|8

k2dk,

(tn)

In equation (35) contains dk,. To get dk, the energy conservation law and momentum
conservation law are used.

2 1 et gk pan =t _\ gy
(—;)Imjdrdrf (F) (¥ |E |¥)F(F) (35)

2
dk. = YcdY (36)

n E
RA[(1+ E—Y)kn —k,cos(0)

By substituting equation (36) into equation (35), the equation (35) becomes

4% (2nf E, 2 Y 1 FaF
k2|t (==)Im| dr'dr
dYdcos(®) 7' K, <K >‘ (1+EY)k —kycos(0) T j
E n

n

1

E—HK,p +ig

<t (F)(F

| F)(F) (37)

In equation (37) contains two terms. The first term is kinematical factor and the other one is
spectral function.
1

In this spectral function equation, <F’ _—
E-H ko T ie

|?> is the Green’s function.

The energy conservation term will be solved by using Green’s function method.
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Numerical Calculation of Green's Function
Green’s function can be expressed by coordinate representation as follows;
1

G(', T)=(F"|————|T). 38
0= E—HK+is| ) 38)
p
It is satisfies the following equation,
E-H,,)o (F.7)=(F1F) =3 ) (39)
Green’s function and delta function are expressed partial wave expression as
- A G, (), r) A
G(F'T) =X Xy Yo (N ==Y mi (1) (40)
S(F - T) = 520 0, Yoy (1) 20 - Dy () (41)
Radial part of Green’s function G,” (r',r) satisfies the following equation,
d> +1) U,
[K*+ 5~ ~UMIG, (rn) ==58(r"-1) (42)
dr h
21U ~ 2 : . -
k = o U(r)= h—tLVK,p(r) is the potential of K'p system.

In our calculation, we have constructed YA (T. Yamazaki and Y. Akaishi (2007))) potential for
KN interaction.

Integrating equation (44) with [dr from ' —gto '+¢ will give,

rr[kz f(f+1) U(I’)]G (r r)dr+I G (r I’) hH J'S(r —r)dr

(43)
The first term of left hand side vanishes since it is continuous. The second term gives
d ../, d ../, 2
EG[ (rr),.. —aGé (rr),.. =7 (44)

Green’s function G,”(r',r)is divided into two regions G“*(r’, r)and G, (r',r) with

G (r,r)=cu®(r) (0(r(r)

G r)=Cul(r)  (r{reo).
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u'(r) and u'")(r)satisfies

, AP U0+~ ) 0) 50
[k teE U(n]u'®(r)=0 with boundary condition at original  u'”(0)—=2-0.
d> (+1) ~, .
[k + a7 —% ~UMU(r)=0 with boundary condition at asymptotic region,
ut(r)—=2=krh* (kr) (45)

where, hj(kr) is the spherical Hankel function.

According to the continuity of Green’s function,
Cu(r), =Cul(r).. (46)

Discontinuity of Z—G gives
r

, X 2
cu(r), ~Cul (), = h—’;t . (47)

By solving equation (48) and (49), the values of C; and C, are obtained.

0 i)
c ;g_“yo' 20 u(r)
4
PO a0 72 Wi, uf (48)
Il
ugo)(r,)o
- 2u
C _ U(VO) (r )h7 B 2” UEO)(F')
2 ugo)(r,)_ung)(r,)J AW UEO),U(;) '
)
where, W(UEO), U(,,+)) is Wronskian. (49).

After comparing the value of r and r ', we used the smaller part is r< and the larger one is rs.

The final expression of the differential cross section for missing mass spectrum by using
Green's function method as shown bellows,
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d’sc  (2n) E, .

Kal(ti)

dYdcos(6)  A* k, "

z Y
(1+ EY)kn _k,c0s(6)

n

;H( jlm[z 2£+1Idrdr i(Qru, (r)] (50)

YA Potential for KN Interaction

The radial form of YA potential for KN interaction is as follows:

VE2(r)=(V, +iW0)e_(bj where, Vo = -597.0 MeV, W, = -140.0 MeV, b = 0.66 fm.

It is a Gaussian type complex potential with strength parameters (Vo and Wy) and range
parameter (b), where imaginary part represents decay into r channel.

Results and Discussion
Missing Mass Spectrum of D (K", n) A (1405) Reaction

We have calculated the differential cross section for the missing mass spectrum of the
D(K’,n) A (1405) reaction (J-PARC E31) (Noumi et al.,) by using Green's function method. In

our calculation, we used the YA potential for K'p interaction which reproduced the binding
energy and the level width of A (1405) quasi-bond state.

By using equation (50), we have analyzed the missing mass spectrum of A (1405) for
various angular momentum contributions. The calculated missing mass spectrum of
D(K’,n)A(l405) reaction for individual angular momentum contributions for/ =0,¢ =1,
¢ =3 and ¢ =8 are shown in Figure (3). In the energy region below the K'p threshold, it can be
seen that KN bound state is mainly contributed by ¢ = 0. In the continuum region, the higher
angular momenta dominantly contribute to the quasi-free peaks. The total angular momentum
contributions to the missing mass spectrum converge at /. =8 as shown in Figure (4).
According to these two figures, it can be concluded that the peak position is found to be clearly

dominant at #=0. The mass and level width of A (1405) is 1407.9 MeV/c? and 48 MeV,

respectively. The updated PDG value of the mass and width of this A (1405) resonance state or

often known as A* is 1405.1']5 MeV/c? and 50.5+2.0 MeV (Particle Data Group K. A. Olive

et al., (2014)). The calculated result of the mass and level width of A (1405) is nearly consistent
with that of the updated PDG (2016) data.
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Figure 3 Missing mass spectrum of A (1405) with individual angular momentum; the red color
solid curve represents ¢ =0only; the green color solid curve represents ¢ =21only;
the orange color solid curve represents ¢=3only; The violet color solid curve
represents ¢ =8only
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Figure 4 Missing mass spectrum of A (1405) with total angular momentum the violet color
solid curve represents the summation of total angular momentum ¢=0to 8; the
green color solid curve represents the summation of total angular momentum ¢ =0
to 1; the orange color solid curve represents the summation of total angular
momentum ¢ =0 to 3; the red color solid curve represents the angular momentum
¢=0only
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Conclusion

We have analyzed the missing mass spectrum of D (K™, n) A (1405) reaction at the
incident momentum of K™ 1.0GeV/c. The calculated result of the mass and level width of A
(1405) is nearly consistent with that of the updated PDG (2016) data.
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