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Abstract. The new BESIII data on J/y — yn(1405/1475) — yKKr is more
precise than before. A three-body unitary coupled-channel analysis of exper-
imental Monte Carlo outputs for J/¢ — yn(1405/1475) — yKKn is intro-
duced. This model does not only fit the KKz Dalitz plot distributions but
also the branching ratios of “yzzn” and “yynn” final states relative to that of
“yKKnr”. After fitting, we successfully extract the 17(1405/1475) pole locations.
The 1n(1405/1475) states are described by two bare states dressed with contin-
uum states. At last, we post predict the distribution of J/y — yn(1405/1475) —
YRR, YRR, YYAT.

1 Introduction

In 1967 [1], from the annihilation pp — KKnnn, the authors first observed an enhance-
ment in the KKn neutral system around the region 1.4 — 1.5 GeV. By using Briet-Wigner
(BW) amplitudes, the authors extracted a light isoscalar pseudoscalar state, later named as
n(1405/1475). Until now, there still remain two main puzzling issues: (i) Is 7(1405/1475)
one or two 1 excited states in this energy region? (ii) What is the internal structure of the
excited state(s)? For the first puzzle, (1405/1475) has been observed in various processes
while the spectrum peak locations are different. Roughly speaking, there is only one peak
in nprr final states [2—6], while there are structures due to two overlapping peaks in the KKx
final state [7-11]. In the conventional quark model, meanwhile, there are only two radi-
ally excited n and n’ states here, corresponding to 7(1295) and n(1405/1475). However, if
n(1405/1475) include two 1" states, what is the extra n state here? Actually, (1405/1475)
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states are coupled with various hadronic channels, two-body and three-body systems, and a
glueball is another interpretation here. The conventional quark model does not account for
these effects.

On the experimental side, it is common practice to use Breit-Wigner amplitudes in the
attempt to extract masses, widths and the number of contributing states. In fact, when a
resonance is close to the threshold of its decay channel or two resonances are overlapping,
the BW amplitude is unsuitable since the unitary is not respected [12]. Here, 7(1405/1475) is
very close to the K*K threshold, and the two possible i* resonances overlap strongly. Thus,
the analysis needs a full unitary model to understand the bump of 1(1405/1475).

Recently, based on 126436 events of J/y — yKsK,n°, BESIII collaboration perform a
partial wave analysis [13], including J¢ = 0%, 1**, and 2**. They used a bin-by-bin anal-
ysis for the K K,n° final state to extract the contribution of J©¢ = 07, i.e., n(1405/1475).
When they build the amplitude of J/y — yn(1405/1475) — yKs Ksn®, they first determined
various two-body contributions such as K*K and ay(980)r at each of K K 70 energies. Such
two-body contributions are described by the BW form which is not appreciated here. How-
ever, since the efficiency correction is almost model independent and pseudo data combining
with the efficiency correction has described the data very well, such pseudo data can be
used for further investigation. We will introduce new results based on a three-body unitary
coupled-channel model. The model is fitted to the K Ksn® Dalitz plot pseudo-data generated
from BESIII’s 07" amplitude. Furthermore, the branching fractions of other final states such
as nr* 7~ and pYy relative to that of KK are fitted to constrain the model.

2 Three-body unitary coupled-channel model

In this section, we will broadly introduce the formalism in that can be found in more detail in
Ref. [15]. The partial decay width of radiative decay J/y — yn(1405/1475) — y(abc) can
be written as,

AL pyoym(1405/1475)>y(abe) _ 2E* Z Z ar (G (E)ij Gy (B, > 0
= *abc S
Mrﬂ—»abc M, X
ij = ! 7l‘v—>abc 5 5
drn*—mbc = Bdeab dmac y (2)
i 1 p
ij _ y )
=y = g%MU‘/’—"IHMHwﬁ@y . 3)

where E is the total energy of (abc) system and m,, is the mass of particle «; [G_,,*(E)] is the
propagator matrix of * with invariant mass E, where its indices indicate the i— and j— n*
states; mgp, and m,, are the invariant masses of the ab and ac subsystems, respectively; p,
denotes the photon momentum in the J/y-at-rest frame; M,y and M,ﬁ_)abC are the in-
variant amplitudes of the corresponding processes. A Bose factor Bis: 8 = 1/3! for identical
three particles abc; B = 1/2! for identical two particles among abc; 8 = 1 otherwise.

For M;jy—y-y, we have,

Mipysnyy = Gapumy €y X &) - Py » “)

where €, is the polarization of particle .
For the My qpc, We have,

cyclic

Mr]lfaabc = _(27()3 ﬂ l6mn;’EaEbEc Z Z 1—‘ab,R TRR (pc’ E- Ec) l:‘CR’,I]? (ﬁca E)’ (5)

abc RR'sj,
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cyclic
abc

where cyclic permutations (abc), (cab), (bca) are indicated by ), . The R — ab vertex

Ik 18 given by

o mRE (PZ)Eb(Pa
abR = (talglplt,|tRTR) SR’XR(p“)\/ER(pC)E OEs(rn )fabR(pu (6)
(L+q°/cl, )77 gt
furr(@) = Gav ok 4 )

mrELQEy(q) M

where the parentheses are Clebsch-Gordan coefficients, and ¢, and £ are the isospin of a
particle x and its z-component, respectively; i (pi = |P%|) denotes a particle a’s momentum
in the ab CM frame. The coupling g.» & and cutoff ¢, £ in Eq. (7), and the bare mass mg in
Eq. (6) are determined by analyzing L-wave ab scattering data [14, 15].

The dressed R propagator Tg g (p, E) is given by

(v (p, E)lrr = [E — Er(P)10rr — Zrr (P, E), ®)

with the R self-energy

zR,R«p,E):Z(rmva, + E) 1Ll + 15)

€))

mRmR’ f ab(q) Bab fR,ab(q)fab,R’ (C])
Er(p)Eg L
R(P) ®r(P) \/M2 Q) +p2 E— \/Mgb(q) +p2 +ie
with M,,(q) = E,(q) + E»(¢); R and R’ in Eq. (9) have the same spin state (sg = sg'). By 18

the Bose symmetry factor with B, = 1 — 1/28,,.
The dressed 177 — Rc decay vertex I:CR,,,; (P., E) is given by

Cergy (Bes E) = (trbotoLltn 60 Ys 53, (—Po) Fryr cr(pes B, (10)

The dressed 777 — Rc vertex function is

Fycr(Pes E) = Frzer(pe)+ Z f quXRUR//(pc,q,E)TR R(qQ,E—E)Fyper(q), (11)
CR'R”

where a bare vertex function includes a dipole form factor as

T+ AP % g
,/8Ec<q)ER(q)mn; et

where C"‘ and A"' are coupling and cutoff parameters, respectively We also have introduced

Fyer(@)=Cl

12)

JFC partial wave amplitudes for cR — ¢’R’ scatterings, X7 “rer(Pe- 3 E), that is obtained by
solving the scattering equation:

PC PC ’
X2 k0 PiE) = Vi (P p,E)+Z f qquVCJ,R,’Efe(p,q;E)T;Q’R(q,E)XCJRCR(q, piE),

R.R
(13)
Pc ’ c,J ey
Vi ol P E) = Zy o0 i E) + 012 (' ). (14)
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¢ Jre . . 4. . HLS,J"C
The Z % g 1s called Z-diagram, where ¢ indicates an exchanged particle. The vz 7

vector-meson exchange mechanism based on the hidden local symmetry model [16].
At last, the dressed n* propagator in Eq. (1) is given by

isa

G,/ B)], = (E = my)oy = Bre ) f 7dq Fery (@R 1 (4. E = Eq)Fyer (g, E). (15)
cRR’l
In our model, since two-body parameters in Eq. (7) have been fixed, we only adjust the

parameters gy, bare masses of n* and CZ}'e in Eq. (12) for the various couplings between
n; and Rc channels. Here we include K*K, kK, ap(980)rr, a(1320)r, fp(980)17 and fo(980)7
channels as Rc. In addition, we also consider the non-resonant amplitudes, and pp channel
for higher n* state, for which details are given in Ref. [15].

3 The results of fitting

In this calculation, we fit the KK Dalitz plots over E = [1300, 1600] MeV. We divide the
E-region into 30 bins with 10 MeV width. In each E bin, we divide Dalitz plot spanned by
the K5 Kg and Kgn° invariant mass squared into 50 x 50 bins. The statistical uncertainties are
VN where N is the number of events in a bin specified by the E-bin and the Dalitz plot bin.
Furthermore, we also fit the model to the two ratios below,

RO _ T[J/y — yn(1405/1475) - y(KKm)] (2.8 £0.6) x 1073
U T Ty — yn(1405/1475) — y(prrao)] ~ (3.0 £0.5) x 10~
gew - LU/Y = yn(1405/1475) — y(p’y)]
2 TUJ/w — yn(1405/1475) — y(KKn)]

=68-119, (16)

=0.015 - 0.043 . (17)

Other details of fitting are given in Ref. [15].
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Figure 1. The Dalitz plots (left) and invariant mass spectra (right). Figures taken from Ref. [15].
Copyright(2023) APS.

The quality of fitting with two bare states is quite good as shown in Fig. 1. We also obtain
the contribution of the various processes as shown in Fig. 2(left), where the main contribution
is from K*K channel. The flat structure is mainly from K*K contribution dominated by tree
diagram. The second largest contribution is mainly from triangle diagram of xK, which
was not included in BESIII analysis. We find a((980)r contribution is negligible in our
model while it plays an important role in the BESIII analysis. Actually, the ratio between
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Figure 2. The KK distribution with two (left) and one (right) bare state. Figures taken from Ref. [15].
Copyright(2023) APS.

n* — nam and KKn constrains the contribution from an(980)r, while such information was
not considered in the analysis of BESIII.

In Fig. 2(right), we also show our fitting with only one bare 77" just for the mg, g0 (= E)
distribution. We find that it (a red curve in Fig. 2(right)) cannot reproduce the flat peak
structure. The peaks of kK and aor contributions are around 1420 MeV, while the peak
caused by K*K is 30 — 40 MeV higher than the mentioned two peaks because its threshold
opens at E ~ 1.4 GeV and the K*K pair is in a is in a relative p-wave. However, it is not
sufficient to produce a flat structure with 100 MeV width. Thus, we conclude that two bare
n* states are necessary.

The bare states are mixed and dressed by meson-meson continuum states, forming the
resonance states in the coupled channel model. In concept, the bare states are similar to states
from a quark model or Lattice QCD without two-hadron operators. The lighter bare state
around 1.6 GeV seems compatible with the excited s5. The heavier one is around 2.3 GeV
in our model. To be honest, those in the range of 2 — 2.4 GeV can give comparable fits. It
could be either of a second radial excitation of n(’), a hybrid, a glueball, or a mixture of these
states. We can extract the pole positions of the r*, (1401.6 + 0.6) + i(65.8 = 1.0) MeV and
(1495.0 + 1.5) + i(86.4 + 1.8) MeV on the unphyiscal Riemann sheet (RS) of K*K and the
physical RS of a,(1320)r, and 1401.6 + 0.6 + i65.8 = 1.0 MeV on the physical RS of the two
channels.
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Figure 3. The post prediction of distribution of 77~ (a), n*7~7°(b), 7°7°72%(c) and yx*n~(d) in the
J/y radiative decay. Figures taken from Ref. [15]. Copyright(2023) APS.

At last, by using our model, we can post predict the distributions of J/y —
yn(1405/1475) — yrnn, yran, yynn, as shown in Fig. 3. Typically, for the isospin breaking
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process of n(1405/1475) — nnn, it is just generated from the loop diagram which is purely
re-scattering contributions. In our model, such contributions are included automatically by
respecting the three-body unitarity.

4 Summary

In this proceeding, we introduce the results of the description of J/¢ — yn(1405/1475) —
yKg Kgm with a three-body unitary coupled-channel model. In this model, we systematically
consider various coupled channel contributions. With two bare 7" states, we obtain a reason-
able fit to the pseudo-data generated from the BESIII’s Monte Carlo outputs. We also find
that one bare 1" state cannot explain the current data since the flat structure can not be well
described. The n* pole positions are extracted. The n* lineshapes extracted from the ynnn,
yrrm and yynr final states of J/y decay are calculated within our model, and are all well
consistent with existing experimental data. In the next step, we will extend the present anal-
ysis by including more partial waves such as 17+ and 2**, and directly analyze the BESIII
data of J/yy — yKsKsn.
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