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Abstract In this work, we assume that the observed state
E(1620) is a s-wave AK or £K bound state. Based on
this molecule picture, we establish the Bethe—Salpeter equa-
tions for E(1620) in the ladder and instantaneous approxi-
mations. We solve the Bethe—Salpeter equations for the A K
and K systems numerically and find that the E(1620)
can be explained as AK and £ K bound states with J* =
1/27, respectively. Then we calculate the decay widths of
E(1620) — Em in these two different molecule pictures
systems, respectively.

1 Introduction

The advent of the LHCb, Belle, BESIII, and other facilities
and their unexpectedly successful contributions to hadron
physics have stimulated of hadron studies. With the obser-
vations of some states which do not agree well with the
theoretical predictions in the constituent quark model (like
A(1405), E(1620), X, Y, Z states, and pentaquark states
(P.(4380) and P.(4450) states)) [1], it is important to study
these unusual states, both to probe the limitations of the quark
model and to discover the unrevealed aspects of the quantum
chromodynamics (QCD) description of structures of hadron
resonances.

Up to now lots of nucleons and S = =+1 hyperon res-
onances have been discovered and their quantum numbers
have also been measured. In the charmed baryon sector,
there have been also lots of significant progresses made in
the experimental studies by the LHCb, Belle, BESIII and
other collaborations. For E states, only the spin-parity quan-
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tum numbers of the ground octet state E(1320), the decu-
plet state E(1530), and the excited state E(1820) have been
determined, but for other known E resonances, their spin-
parity numbers are incomplete. For example, the E(1690)
and E(1620) states are cataloged in the Particle Data Group
(PDG) with only one-star and three-star [1], respectively. If
E(1620) has J© as 1/27, it will be similar to the A (1405)
state, which has been postulated as a meson—baryon molec-
ular state or a pentaquark candidate [2]. Determining the
masses and quantum numbers of the E resonances is vital
for us to understand their structures.

The E(1620) was observed through the E(1620) —
Em decay in the 1970’s [3,4]. Although the mass and
the width measurements in the two experiments are con-
sistent, they both have large statistical uncertainties. Tak-
ing into account the experimental errors of all experi-
ments, the resonance mass is found to be in the range
1600-1645 MeV and the width in the range 14-55 MeV
[1]. Recently, the Belle Collaboration reported the observa-
tion of E(1620) via its decay to E~ 7" happened in the
EX — E-mtmt decay based on a 980 fb~! data sam-
ple [5]. The mass and width are measured to be 1610.4 +
6.0(stat) "3 2 (syst) MeV and 59.9£4.8(stat) t3 5 (syst) MeV,
respectively.

On the theoretical side, it has been shown that it is very
difficult to accommodate the E(1620) in the quark models
[6,7]. Since the constituent quark models have predicted the
first excited states of Z to be around 1800 MeV, it is diffi-
cult to explain the structure of the E(1620) in this context.
Instead, it implies that this state could be a candidate of a new
class of exotic hadrons. The meson—baryon scattering in the
strangeness S = —2 sector was also studied in different uni-
tary coupled-channel approaches constrained by QCD chi-
ral symmetry [8—10]. In all these chiral unitary approaches,
the E(1620) is dynamically generated with a relatively large
decay width, and couples strongly to the Ex and AK chan-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-7135-3&domain=pdf
mailto:wangzhenyang@nbu.edu.cn
mailto:qijj@mail.bnu.edu.cn
mailto:xhguo@bnu.edu.cn
mailto:xj2012@mail.bnu.edu.cn

640 Page2of 10

Eur. Phys. J. C (2019) 79:640

nels but very weakly to K and Ex. In addition, the poles
of 2(1620) are below the threshold of AK .

The purpose of this paper is to study the possibilities that
the E(1620) isa AK or ¥ K bound state with quantum num-
bers J ¥ = 1/27 in the Bethe—Salpeter equation approach. We
will also calculate the decay widths of E(1620) — Em in
these two pictures. The Bethe—Salpeter equation is a formally
exact equation to describe the relativistic bound state [11,12],
and has been applied in many theoretical studies concerning
heavy mesons and heavy baryons [13—18]. In this paper, we
will study the s-wave baryon—meson molecular bound state
with the kernel introduced by the vector meson exchange
interactions.

This paper is organized as follows. In the next section,
we will briefly review the Bethe—Salpeter equation for the
bound state of a meson and a baryon. In Sect. 3, we will
discuss the normalization condition of the Bethe—Salpeter
wave function. In Sect. 5, the decay of E(1620) — Ex
will be calculated. The numerical results will be presented in
Sect. 4. In the last section, we will give a summary.

2 The Bethe-Salpeter formalism for the = (1620)

In this section, we will review the general formalism of the
Bethe—Salpeter equation and derive the Bethe—Salpeter equa-
tion for the system composed of a baryon (A or X) and a
pseudoscalar meson (K). Then we will derive the normal-
ization condition for the Bethe—Salpeter wave function in
the next section. Firstly, we define the Bethe—Salpeter wave
function for the bound state | P) of a baryon (A or ¥) and a
pseudoscalar meson (K) as the following:

x (1. x2, P) = (O[T Y (x1)¢ (x2)| P), ey

where 1/ (x1) and ¢ (x») are the field operators of the baryon
(A or ¥) and pseudoscalar meson (K ) at space coordinates
x1 and xj, respectively, P denotes the total momentum of
the bound state with mass M and velocity v. In momentum
space, the Bethe—Salpeter wave function can be defined as

P) — o iPX d41’ —ipx o)
xptri, Py = e [ L), @
where p represents the relative momentum of the two con-
stituents and p = Xopy — Apy (or p1 = AP + p,
p2 = A P — p). The relative coordinate x and the center-of-
mass coordinate X are defined by

X = Ax1 + A2xp, X =Xx1 — X2, 3)
or inversely,
xp=X+rx, x2=X-Aux, “)

@ Springer

where A1 = my /(my +my) and Ay = my/(my +mg) with
my and my being the masses of the baryon (A or X) and the
pseudoscalar meson (K ), respectively.

The Bethe—Salpeter equation for the bound state can be
written in the following form:

d*q
2y K(P,p.q)xp(@)S3(p2),  (5)

xp(p) = Sw(Pl)/
where Sy (p1) and Sz(p2) are the propagators of the baryon
(A or X) and the pseudoscalar meson (K), respectively,
and K (P, p, q) is the kernel which contains two-particle-
irreducible diagrams. For convenience, we define p; (= p-v)
and p!' (= p* — p;v*) to be the longitudinal and transverse
projections of the relative momentum (p) along the bound
state momentum (P). Then, the propagator of A (or X) has
the form

i[((MMA+p) Y+ pr+mi]
MM+p+wi—ie) MM4+-p—w)+ie)
(6)

Sy (M P+p)=

and the propagator of the K meson can be expressed as

i
(MM —p+wr—i€)(AoM—pj—ar+ie)’
(7

where w1(2) = /m%(z) + p? (in which we have defined p? =
—Ppi - po)-

In general, for a baryon and a pseudoscalar meson bound
state, considering pu (v, s) = u(v, s) (u(v, s) is the spinor of
the bound state with helicity s), xp(p) can be written as

Sg(A2P—p)=

xp(p) = (g1 + g2v5 + &3vsh + g4l
+85008" pravg) ®)

where g; (i = 1, ..., 5) are Lorentz-scalar functions. Fur-
thermore, each term in the expansion of xp(p) transforms
exactly in the way that x p (p) transforms under P-parity and
Lorentz transformations, which can help us simplify the form
of xp(p), itis easy to prove that x p(p) can be simplified as

xp(p) = Lfi(p) + f2(p)pelu(v, 5), 9

inwhich fi(p) and f>(p) are two independent Lorentz-scalar
function of p.

As discussed in the introduction, we will study the s-wave
bound state of the AK and LK systems. The isospin field

doublets ¥ = (y°, 1//‘)T and ¢ = (—¢™, ¢>0)T have the
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following expansions in momentum space:

dp . v
Wl(x)=/—(aw—e_’px+a +e””‘),
3 £ v
()3 2E%
d3
Y2 (x) =/ (a oe”Px —i—awoe"’”‘)

()3 /2150

d3
= [ — =
: (27)3 /2Ei

d3
a(x) = / P

(2m)3 /2Eg

The isospin quantum number of =(1620) is 1/2, so the
flavor wave function of AK and £ K systems can be written
as

ipx tpx (10)
(a¢+e +a ) )

(a¢oe_i”x + a;;oeipx> .

1 = [A%KY), (11)

[P)11 = f|E+K
2°2

Projecting the bound states on the field operators 1 (x),
Y2(x), ¢1(x), and ¢ (x), then we have

|E°K°> (12)

(OITY; (x1)j ()| PY1ty = Cff 1y X (x1.32) . (13)

where x ,IJ is the common Bethe—Salpeter wave function for

the bound state with isospin /. The isospin coefficient CZ 1)
is

c? o =1, (14)

2 1
11 z 22 S -
“d-b \[3 “A-»p="Vm ()

for the LK system.
Then the Bethe—Salpeter equation for the bound state can
be written as

CliyXp(P)
d4q ..
=Sy (A P — KUk (P, p,
v (A1 +p)/(2n)4 (P.p,q)
xC(f 1y Xp(@)Sp(aP — p), (16)
where i (j) and [ (k) refer to the components of the ¥ (¢) field

dogblets. Then, the Bethe—Salpeter equation for the 7 = 1/2
A K molecule can be written as

xp(p) = SA(AM P + p)

d'q  »nm
X/WK “xp(@)Sg(A2P — p), (17

and for the 7 = 1/2 ¥ K molecule the Bethe—Salpeter equation
can be write as

xp(p) =Ss(M P +p)

d*q < 11,11_LK11,22)
Qm)* V2
xp(@)Sg (AP — p). (18)

In the Bethe—Salpeter equation approach, the interactions
between A and K mesons are due to the light vector-meson
(w and ¢) exchanges. There is no p-exchange contribution,
because of the isospin conservation. For the £ K interaction
we will consider the exchanges of vector mesons p, w and
¢. The pseudoscalar meson exchanges are forbidden because
the K meson is also a pseudoscalar meson. The Lagrangians
for the vertices of the strange K meson and one-strange
baryon with vector mesons are [19,20]:

Lxkp =igxxpKp" - 13, K +c.c.,
Lxkko =igkkoKw"d, K + c.c.,
Lxkp =igkkpKP'dsK +c.c.,

= KBB

Lppy = —8BBpB |:yv — ngwap} p, T8, (19)
— KBB

Lo = —gBBwB |:)/” - zm:a”pap] w, B,

_ KBB
Lppy = —&BByB |:)/V — ¢0Up3p] ovB
2m2

where c.c. is the complex conjugate of the first term, 7 is the
Pauli spin matrix. The coupling constants are constrained
by the SU(3) symmetry, 8KKp = 8KKo = g,onn/z and
8KK¢p = gp,m/\/z. The pmm coupling is determined by
8pmn = My/(V2fz) ~ 6.1. ganw = 38NNp (5 — 2)

and gang = —igNNp (2o + 1), where we take the value

o = 1.15based on the w coupling constant given in Ref. [21].
8§55y = §y3w = 208NNy and gx v = —v2(2a — 1 gn N,
8NNy is chosen as g, /2 as in Refs. [19,20], Under SU (3)
symmetry, the kppy (B = A, X) can be obtained with
the relations fapo = %fNNw - %fNNp, fang = _%ﬁ’
INNow— \/LifNNp’ fexp = feso = (fNNo+ fNNp) /2, and
frse = (—fnne + fNNp)/V/2, where fgpy is defined as
fBBp = &BBpkBBp, and kpp, = 6.1 and fyy, = 0 [19].

From the above observations, at the tree level, in the -
channel we have the following kernel for the Bethe—Salpeter
equation in the so-called ladder approximation:

@ Springer
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K3V
K(P,p,q) =cigssvexky | v* + ———0%Pkg
2mz

x(p2 4+ q2)" Aoy (k, my), (20)

where my represents the mass of the exchanged vector meson
(p, w and ¢), and ¢ is the isospin coefficient: c12 =1 — V2,
1, 1 for p, w, ¢ mesons, respectively.

where A, m and k represent the cutoff parameter, the mass of
the exchanged meson and the momentum of the exchanged
meson, respectively.

Substituting Egs. (6), (7), (9), and (21) into Eq. (5) and
using the so-called covariant instantaneous approximation
[13], p1 = q;, we obtain

icigssv8kkvIMM + ppy + pr +mi]

LAi(p) + f2(p) il = [

(M + p)? — 0} +iell(aM — p)? — 0} + i€l
d*q 20aoM — p)yp— B —di — (B — 40 (P} — ¢?

2
VMY 2 m) @) + H@di). (22)

(2m)*

—(pr — 6]:)2 - m%,

In order to describe the phenomena in the real world, we

should include a form factor at each interacting vertex of

filp) =

IgSSVEKKV

Then we obtain the following coupled integral equations for

fi(p) and fo(p):

MM+ pr+ow1 —ie)(MM + pr — w1 +i€) (M — pj+wy —i€) (MM — p; — wy + i€)

(271)4 2

/ d*q { 200M + p)OaM — p)) + p? + pi - qi + (p? — pr - q)(PE — g /m3,

Lmilpe gt g2+ (pr - qr — gD (p? — q?)/m}]
—(p: —C]t)2 —m%,

—(pr — Clt)z —my,

fi(g)

fz(q)}F2<k, my), (23)

—IgS T VEKKV

H(p)p? =

MM+ pr+ow1 —ie) (MM + pp — w1 +i€e)(AoM — pr +wy —i€)(AaM — p; — wr +i€)

2

@m)* —(pr — q1)* — my,

L T20aM A+ p)GaM — pipi i — PEP g + a2 + (e - g — g2 (p? — g2 /m?)]

d*q {ml[p? + P ae + (P2 = pi - q)(p? — g2 /m¥]

fi(g)

—(pr — q1)? —m},

fz(q)}F2<k, my). (24)

hadrons to include the finite-size effects of these hadrons.
For the meson-exchange case, the form factor is assumed to
take the following form [22]:

We notice that in Egs. (23) and (24) there are poles in p; at
—AMM —w +i€, =AM+ w; —ie, \yM + wy — i€ and
Ay M —wy+i€. By choosing the appropriate contour, we inte-
grate over p; on both sides of Egs. (23) and (24) and obtain

A? —m? the following coupled integral equations for f(p,) and
Flb) = ~—5—. Qe
Ac—k H(pr)
filp)) = SYSVEKKV d3q [pt g+ 47 + (pr - ar —43)(p?—qt2)/m2vm]f2(q)
YT 20i(M + o1 +0)(M + o —an) ] @n)3 —(pr —q0)? —m?, ’
—201(M + 1) + p> + pi - i + (p? — pr - g (p? —qP)/m? -
+ T SV fign |[FR k)
—(pr — q1)> —my,
3 2 2 22 2
_ 8YXSVEKKV d’q; [Pt “qr +qf +(pr-qr —q7)(p; —q; )/mvmlfz(q)
200(M + 01 —02)(M — w1 —n) | (27)? —(pr —q0)? —m3, ’
200(M — w2) + p? + pr - qr + (P? — pr - a)(PF — gH)/m3, ~
+ o Tt Y fian | FR k), (25)
—(pr — q1)= —my,

@ Springer
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—8XXVEKKV
201(M 4+ w1 + w2)(M + o1 — w2)

H(p)pIN =

mlfl(Qt)

2

(2m)3 —(pr — q1)* — my,

dq, [ptz + pe g+ (P2 = pe-q)(p? — q2)/m?,

— g (p; —q7)/my]

LM+ o0p-g = PApa +at + (pr-q
—(pr — %)2 —m

+ 83X VEKKV
20(M + w1 — w2)(M — w1 — w3)

J;2(‘]z)i|F2(kt)

2

2n)? —(pr — q1)* —my,

+—2wz(M — @) pr -G — PP - ar + a2 + (pr - qr — q2)(pE — g2 /m3]

dq, |:Pt2 +pr-qr + (P;2 — Dt CIt)(Ptz - %2)/’”%/

mlfl(‘]t)

—(pr — 61:)2 - m%,

fz(qn}FZ(kt), (26)

where fi2)(p) = [dpifi)(p).

After reducing the above coupled integral equations for
f1(ps) and f>(p;) to one dimensional integral equations, we
obtain the following equations:

AUpD)=Aupel, 1g:D) fi(g:D+Apl, 1g:) f(1g:),

LUpe)=A21(pel, 1g:D) F1 (g D+An (1 pils 1ge) f2(1geD),
(27)

where A;; (I p¢l, lg/]) (i, j = 1, 2) are of the following forms:

A11(Ipels lge D)
_ —gxxvgKkKVIgr]
8m?y | prlwiwr(M + w1 — w2)[M? — (w1 + w2)?]
X{ 41 pellge| (A —m3)
[AZ + (Ipe] = 1g:D2IA2 + (Ipe| + |g:)?]

X {Sa)la)zMzm%, + Az(m%,

—1pe* + 19 )M (01 — 02) + (@1 + ©2)?]
+(@1 + @)’ [(pil = lge))* +m3y, Glpi|
+lgi* = 4w102)]

+M (w1 — o) (1 pel* = lg: ) + my Gl pi

+lg:I* +4w1w2)1}

—}—{Sa)la)zMzm%/ + (w1 + wz)z[m%/

+(1pe? = 1a:1?)? + 2m3 (p? + g7 — 201 02)]
+M(w; — w2)[m? + (Ipi|

—lg 12+ 2m3 (p? + g2 — 2601602)]}

A%+ (Ipe] + lg:D?
n—= 2
A2(pil — lgi])
Y + (1pel? = g1 +2m3 (p? + ¢ — 2w1@2)]
+M (@ — o)lm}y + (pil* = g +2m% (p? + ¢?
m%, + (Ipi] + |q,|>2}
my, + (Ipi +1aD? )

- {8w1w2M2M%/ + (01 + ©)*

—2wi wz)]} In (28)

A(Ipel, lg: )
_ —8xxVEKKVM1|g:]
8m3, | pilwiwa(M + o) — 02)[M? — (01 + ©2)]

{ 41 pillge| (A? —m3)
[A2 4+ (Ipe] = 1g:DAAZ + (Ipe] + 1g: D]
HmY + (pe? = g2 + 2m3 (pe* + lge )]

A+ (Ipe] + lgi)?
A2+ (Ipe] — lg:)?

—[mY + Upe? = g2 + 2m (U pel? + 19:1)]

I m3, + (1pi] + |q,|>2}
m3, + (Ipd — g D? )’

(29)

@ Springer
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—gssvekkvmilg | [M (o) — @) + (w1 + @2)?]
8m3 | piPwiwy (M + w1 — w2)[M? — (01 + ©2)?]
X{4|pf||q,|<A2 —mApe* = g1 + A2 (m3, — | pi* + 19:1*) + m3, 2l pi| + g 1)
[AZ + (Ipe] = 1g:D2IA2 + (Ipel + 1g:1)?]
A%+ (Ipe] + lge)?
A2+ (Ip] — lgi))?

A1 (Ipels lge]) =

—[m$ + (Upe P =g |H*42m% (| pe* + 1g:1*)]1n +[mY + (Upe? = gD +2m3 (| pe* + 111

| m3+<|pt|+|qt|)2}

n 30)
m3, + (1p:] — lqi)?

A2(Ipil lar) +mb (1 pe 2 + @102)] + 410 Mm% (m% + | pi 2
A+ (Ipe] + lgi)?

A2+ (Ipd = lgiD?

_ —8xxVEKKVIq]
8miIpPoror (M + ) — 02)[M? — (01 + )2
X{ 41pellgi| (A% — m3)
[AZ + (Ipe]l = 1g: DA + (Ipe| + |g:])?]

3D

+|6]t|2)} In

3 The normalization condition for the bound state
X {4w1sz2m2V(|p,|2 +lail®)
The normalization condition for a baryon and a pseudoscalar

2092 2
+Hw10 A M my, meson bound state is given by [12]
+@1 + 0 [pel = Ipellgr ) i W ol D

—2w1021q:1* + 31 p: *19: )]

+A% (@1 4+ ) [pe* = | pelael?
+m3 (|pe|* — 2w102)]

+M A% (w1 — )| pi]*

—1pePla1* + m3 (1 pe* + 2w102)]

+M (o1 — o)1 = |pellgr®)?
+m% (| pel* + 20102 p|* + 201 a0lq:

+3|Pt|2|Qt|2)]} + {m + ) p)?

+K(p.q. P)1 xp(q) = 2Py, (32)

where I (p, g, P) is the inverse of the four-point propagator
defined as follows:

1(p,q, P) =8Y(p—ISs (M P+ p)™!
x[Sk (P — p)I7". (33)

After some algebra, the normalization condition in Eq. (32)
can be written in the following form as in Refs. [23-25]:

d4
- / P A Telap (p)Bp(p)Sx (p) 1) Sz (p1)Sk (p2)]

—1pellgi % + mb (1 pe 2 = 2w0100) + 2m% (| il (2m)*
z2 ! , t v{p: +Trlap (p)Br(p)(2hapa - €)Sx (p1)Sk (p2) Sk (p2)1)
+g: 1) (Up:|” — wr02)] _op, )

+Mor — oa[(1p: ] = 1 pellge1H)?
+2m3, (I + g 1) (U pe|* + 0102)
+mY (Ip|* + o102)]

wheree = (1, 0),xp(p) and Bp (p) are the transverse projec-
tions of the Bethe—Salpeter wave functions given as follows:

ap(p) =—iSs(p1) ' xp(P)Sk(p2) ™", )

+doraM>m3y (m3y + |pi* + |qt|2>}

A%+ (Ipe] + lgi)?
n-= 2
A<+ (prl = lge)
—1pellgeH?* + m3 (| pe|?
+2m3 (11> + g 1) (Upe | — w100)]
+Mawy — wol(1p® = | pellar®?
+2m3, (I + g1 (Upe* + 0102))]

~ {(wl + o)’ [(Ip:

—2w1w2)

@ Springer

Br(p) = —iSk(p2) "' xp(p)Sx(p2) ™"

Substituting Eq. (5) into above equations, then, one can
derive the parametric forms of ap(p) and Sp(p) as

ap(p) = [hi(p) + prha(p)lu(v, s),

~ - (36)
Bp(p) = u(v, )[h1(pr) + Prh2(po)],
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with
ﬁl(Pt)
d*qi P+ pi-ar + (P = pr-a) (P} —aD)/mi, -
= | @y T Sf2(qr),
52(1%)
d3q; p}+pi-ai+ (7 — p-a) (P} —aH)/my -
= Sf1(qr)-

) @n) PEL(pr — q)? +m ]

(37)

After substituting Eqs. (36) and (37) into Eq. (34), we have

d*p (-
i/ (2711))4 {Ih%(p’))‘l()‘lM"‘Pl)[(MM—kpl)z _ ptz +3m%]

—6h1(p)ha(pr) pPmiry (MM + py)
—h3(pr) PPy G M + pplGa M + pp)?

—pf +3mdt}/femiGam + p)?

—ofPL0aM = pp)? - w31

+20202M = pO{I} (PG M + pp)?

—pi 4 mi] = 41 (p)ha(pr) pim

B3 (PP M + p? = p} -+ mi1}/ 2 [ + p)?

~ollGaM — p) ~ w%]z}} =2P. (38)

4 Numerical results for the Bethe—Salpeter wave
functions

In this part, we will solve the Bethe—Salpeter equation numer-
ically and try to search for possible solutions of the AK
and ©K bound states. It can be seen from Eq. (27) that
there is only one free parameter in our model, the cutoff A,
which contains the information about the nonpoint interac-
tions due to the structure of hadrons at the interaction vertices.
Although the value of A cannot be exactly determined and
depends on the specific process, it should be typically the
scale of low energy physics, which is about 1 GeV. In this
work, we treat the cutoff in the form factors as a parameter
varying in a much wider range 0.8—4.8 GeV.

To find out the possible molecule bound states, one only
needs to solve the homogeneous Bethe—Salpeter equations.
One numerical solution of the homogeneous Bethe—Salpeter
equation corresponds to a possible bound state. The integra-
tion region in each integral will be discretized into n pieces,
with n being sufficiently large. In this way, the integral equa-
tion will be converted into an n X n nmatrix equation, and the
scalar wave functions of each equation will now be regarded

as an n-dimensional vector. Then, the two coupled integral
equations can be illustrated as

(fj1(|l7t|)> _ (Au(lptl, gD Ar2(|pel. qu|)> (fjl(|Qt|)>
F2(peD) A1 (Ipels gel) Aa1(pels gD ) \ falge)))’
(39)

where f] () isann-dimensional vector, and A;; (I p|, |g: ) (i, j
=1, 2) is an n x n matrix, which corresponds to the matrix
labeled by p; and ¢, in each integral equation. Generally, | p;|
(and |g;]) varies from O to +o0. Here, |p;| (and |g;|) will be
transformed into a new variable ¢ that varies from —1 to 1
based on the Gaussian integration method,

141

|pt|:e+w10g|:1+y—], (40)

1—1t
where € is a parameter introduced to avoid divergence in
numerical calculations, w and y are parameters used in con-
trolling the slope of wave functions and finding the proper
solutions for these functions. Then one can obtain the numer-
ical results of the Bethe—Salpeter wave functions by requiring
the eigenvalue of the eigenvalue equation to be 1.

In our calculation, we take the masses of the mesons and
baryons from the PDG [1,5],mz 1620y = 1610.4MeV,mp =
1115.683 MeV, my = 1187.354 MeV, mgz = 1314.86 MeV,
myg = 494.988 MeV m, = 139.571 MeV. From our cal-
culations, we find AK and K systems can be E(1620)
state when the cutoff A = 1632 MeV and 1356 MeV, respec-
tively. The corresponding numerical results of the Lorentz-
scalar functions in the normalized Bethe—Salpeter equation,
f1(|p,|) and fz(|p,|), are given in Figs. 1 and 2 for the AK
and £ K systems, respectively

5 The decay of Z(1620) - Ex

After obtaining the Bethe—Salpeter wave functions, we can
calculate some physical properties of the molecular bound
state which can be measured in experiments. One of the most
important properties is the decay width. The bound state
E(1620) can decay to Em via exchanging the K* meson
as shown in Fig. 3. There is no K meson exchange contribu-
tion, as the spin-parity conservation forbids the vertex K K.
In the following we will write down the decay amplitude
and calculate the decay width using the solution of the one-
dimensional Bethe—Salpeter equation obtained in the previ-
ous section. The effective Lagrangian for the BBK* vertex
is [26]
'CBBK* = _gBBK*B ()/“BKZ — %o“”BE),}K;) .
my
(41)

The Lagrangian for the vertex K* K reads

LK*KT[ :—igK*KnK*“(ESM—Bn)-TK. (42)
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Fig. 1 Numerical results for the Bethe—Salpeter wave functions in the AK system
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Fig. 3 Diagram contributing to the E(1620) — E~ 7" decay

where the coupling constants gszk=* —3.52, ks Ek*
422, and gg+kx = —8pmr /2 With gprr = 6.1 [20,26].

In the rest frame, we define p| = (Ef, p) and p)
(E,, —p") (p’ is three-momentum) to be the momenta of
and 7, respectively. The masses of E and 7 are m/ and m/,,
respectively. According to the kinematics in the rest frame
of the two-body decay, one has

=
=

@ Springer

where | p’| is the norm of the 3-momentum of either particle
in the final state in the rest frame of the initial bound state and
M is the Lorentz-invariant decay amplitude of the process.

According to the above interactions, the decay E (1620) —
E~n is shown in Fig. 3. We can write down the amplitude
as

_ 8TZEK*8K*K7
2

X (p2+p5) A (k, mk*)us(lﬁzo)fz(k)|k=qupXP(P),

(46)

M:

UBYu
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where ¢' = A2gq; — A1gq; is not the relative momentum
of particles in the final state, A; and A, are defined as
Ai = m;j/(m1 + my), and m| and m» are the masses of the
component particles of the bound states but not of the final
state.

Then, we apply the numerical solution of the Bethe—
Salpeter amplitude to calculate the decay width of E(1620) —
Em. The decay widths are 36.94 MeV and 9.35 MeV for the
AK and T K bound stats, respectively.

In the following we will discuss possible uncertainties in
our method. In our approach, we have taken the so-called
ladder approximation in which we do not consider other
(e.g.,crossed) graphs. The crossed graph contribution in this
work is similar with our previous work which also have been
studied in two-body system using the BS equation approach
[15], where exchange a p meson the ratio of the contribution
from the crossed graph to that from the ladder one is less than
15% (in the case where w is the exchange particle the result
is almost the same while in the where ¢ is the exchanged
particle, the ratio is & 25%).

Another approximation we have taken is the instanta-
neous approximation in which the energy exchanged between
the constituent particles of the binding system is neglected.
Although we cannot give a numerical estimation of the uncer-
tainly this approximation may cause, which would require
solving the BS equation in four dimensions, we expect this
approximation would not cause an error more than an order
since all the theoretical results in our model are consistent
with experimental data so far.

The effect of SU(3) symmetry breaking is at most of the
order mg /A, ~ 15% (where my is the strange quark mass
and A, is the chiral symmetry breaking scale which is about
1 GeV). As to the mass of the E(1620), the latest mass and
width of E(1620) reported by the Belle Collaboration are
1610-£6.0(stat) T 3 (syst) MeV and 59.9-4.8(stat) 725 (syst)
MeYV, respectively [S]. When the mass of E(1620) is taken
as 1600 MeV, the decay widths of E(1620) — Em are
39.73 MeV and 11.12 MeV for the AK and ¥ K bound stats,
respectively.

6 Summary

In this paper, we applied the Bethe—Salpeter equations to
study the possibilities that the is E(1620) is s-wave AK or
Y K bound states with the quantum numbers J* = 1/27.
Considering the interaction kernels based on @ and ¢ mesons
exchange diagrams for the AK system and p, w, and ¢
mesons exchange diagrams for the £ K system, we estab-
lished the Bethe—Salpeter equations in the ladder and instan-
taneous approximations. Because the constituent particles
and the exchanged particles in the AK and £ K systems are
not pointlike, we introduced a form factor including a cutoff

A which reflects the effects of the structure of these par-
ticles. Since A is controlled by nonperturbative QCD and
cannot be determined at present, we let it vary in a reason-
able range within which we examined whether AK and £ K
bound states could be the E (1620) state by solving the Bethe—
Salpeter equations. From our calculations, we found that the
E(1620) state can be treated as the A K and ¥ K bound states
when A = 1632 MeV and 1356 MeV, respectively.

Then, we applied the numerical solutions of the Bethe—
Salpeter wave functions to calculate the decay widths of
E(1620) — Em which are induced by K* exchange meson.
We obtained that the decay widths are 36.94 MeV and 9.35
MeV for the AK and £ K bound states, respectively. Com-
paring the magnitides of these two decay widths, it is obvi-
ous that the E(1620) has a larger contribution from the AK
system than the £ K system. The same conclusion was also
found in Ref. [8] from the chiral perturbation theory. Clearly,
more theoretial and experimental efforts will be needed to
fully understand the nature of the one-star E(1620).
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