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Progress ond*(2380) in a chiral SU(3) quark model
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The experimental information and theoretical predictiong"@2380) are briefly introduced. The salient features of the chiral SU(3) quark
model are presented, and the resultgtf2380) from traditional calculation in this model are shown and discussed. The problems in such
quark model calculations are pointed out, and a revised quark model investigatid(2880) is given. It is shown that thé*(2380) has

not yet been fully understood in quark model.
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1. Introduction Theoretically, we are interested itf (2380) mainly be-
cause of its unusual narrow decay width. It is true that the

In 2011, the COSY Collaboration reported a resonance StruGz+ (2380) is 84 MeV below the threshold ofA, but it is still

ture inpn — dr’n” reaction [1]. Supposing this structure gpove the thresholds ak N, NNxr, and NN. In prin-

is caused via as-channel resonance, the isospiand spin-  ¢jpje, it can decay to these channels via strong interactions.

parity J* of this resonance will bé(J”) = 0(3*), and the  Thys, it is expected to have a large decay width. But the ex-

mass and width of this resonance will Bé ~ 2380 MeV,  perimental decay width is onlj0 MeV. It is even belowt /3

I' ~ 70 MeV. This resonance was callet!(2380). Later, of the decay widths of twa\s. This may indicate that the

this resonance was also observedpin — pn7’7° and d*(2380) has an unconventional structure.

pn — ppm~ 7 reactions [2,3]. ltwas also reported to be ob- 1, jiarature, there are many predictions frA bind-

served in proton-deuteron and deuteron-deuteron fusion rqﬁg energies, and the predicteXiA binding energies are in
actions to helium isotopes [4—7]. _ a rather large range from few MeV to more thz00 MeV

In 2014, the WASA-at-COSY Collaboration and the j, \ari0us models. But before the experimental information
SAID data anegS|s center have reanaly;ed the prou?”being available in 2009 and 2011, only in a few theoretical
neutron scattering data on both cross sections and p°|ar'29v'orks the predicted binding energies are roughly consistent

tions [8]. It was found that with the inclusion of the newly with the mass off*(2380). In the rest parts of the present
observed analyzing power dats, fr(g)m the COSY Collab- 5061 e present and discuss the resultg*¢2380) from
oration, a pole in the coupleth; — 2G5 partial waves can the chiral SU(3) quark model.

be found in the revised fit of the data. The pole position is
(2380 £ 10) — i(40 £+ 5) MeV, in accordance with the mass
and width ofd* (2380).

In 2017, the experiment at ELPH has reported the tota
cross-section data foyd — da%#" [9]. It was shown that
the total cross section data can be better described with t

inclusion of thed*(2380) resonance. However, as only one . . .
data point at thel*(2380) position is available, more high The chiral SU(3) guark mpdel IS an extension O.f thg SU@2)
linear o model which consists of and= as the chiral fields

recision data are needed to further confirm the resonance .
il;formation in this reaction and works well for SU(2) non-strange systems. In the chiral

In 2020, the experiments at MAMI have reported the po-iL:S’]) dgga}[:)k t[]neogce:;;l;?i;:we;? f'.glc?su(azr)]d“nleif'irlz _r:ogsl 2'5
larization dataP, for the reactionyd — pii [10]. It was X ! ' ' 2)

found that the newP, data for polarized neutron are consis- linearo model is extended to the pseudo-scalar nonet fields.

tent with their oldP, data for polarized proton inp — pn The SU(8) chiral field reads

[11], and both sets of data are in accordance with the inclu- 8 8
sion of ad*(2380) resonance. N — Z AOq + i Z AaTa, 1)

In 2020, the lattice results fai*(2380) became available 0 prd
[12]. It was reported that a quasi-bound state corresponding
to d*(2380) is formed with the binding energ3s — 40 MeV  with )y being a unitary matrix andl, (a = 1,2, - - - , 8) being
below theAA threshold for heavy pion masses{ = 679, the Gell-Mann matrix of the flavor SU(3) group. The quark
841, and1018 MeV). and chiral fields interacting Lagrangian reads

2. The chiral SU(3) quark model

h2e'l' The model Hamiltonian
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L1 =—gan(VrI0r + vr3TYL) expressions are
yx 8 Vg = Vidalrig) + Vige(rig). ©
= —gen?¥ (Z OaAa + 175 Z '/Ta)\a) P, (2) ’ ’ 1 ’
a0 a=0 Vit = Ven(ri) + Vici (rij), (10)

with + being the quark spinors ang, the quark and chiral- ith

field coupling constant. By introducing the scalar and pseu-

doscalar fields of Eqg./1j, the chiral symmetry of the La- Ve (ri) =

grangian in Eq.2) is restored, and the constituent quarks

obtain their constituent masses via the spontaneous chiral

symmetry breaking. The Goldstone bosons get their physi- V7 (r;;) =

cal masses via the explicit chiral symmetry breaking caused

by the tiny current quark masses. X [L-(o;+0;)] ()\g)\?) , (12)
In practical calculations, one also needs to consider the

one-gluon-exchange (OGE) potential to describe the short- Ve (i)

range perturbative effects and the phenomenological confine- “ce»*" %

ment potential to describe the long-range non-perturbative ef-

2 2
_ 9ech A Mo,

a2 g, V207 X))

2 2 2
gch A Mg, mo'a

—== Zs(meg,,Tij
A Az_mg.a 4m1mj ( Oa) 'l])

2 2 2
_ Ych A Mrgy mﬂ'a

— Jch Ya(mn, 7
A N2 —m2_ 12mim, 3(maas i)

fects. The OGE potential reads x (- a;) (MA]), (13)
OGE _ 1/0CE(,. OGE (. OGE(,, . g% AN*m., — m2,
‘/13 ‘/cen (er) + ‘/is (TU) + Vvten (rlj)a (3) Vmﬁ("’ij) = ﬁ A2 _ mgra 12mimj H3(m7r,,,7rij)
with . .
Gidi 1 - X (So'i'rijo'j"rij_o'i'o'j) ()\g)\;l) (14)
OGE 1) c c
Ven " (rig) = =% (A7 - X)) {mj = 50(ri) Here
11 4 A
L U A Vi) =) = () YA, 9
X [m?+m?+3mimj (o Uﬂ)}}’ 4) Mg
3
2 2 A
oG Gi0j e oy M T M +4m;m; Y3(mg,r) =Y (mer) — () Y (Ar), (16)
‘/ls E(T’ij) = _% (Az : AJ) : SWiZQmi 3( ) ( ) Mg ( )
A 3
1 : _ (AN
x o [L-(oi+ )], (5) Z3(ma,7) = Z(mar) (m) Z(Ar), (A7)
J A 3
OGE _ 995 (yc  ye 1 1 Hs(mg,r) = H(mgr) — <) H(Ar), 18
ViewB(rij) = == ()\i.)\j)m% 3(ma,r) = H(mar) — (Ar),  (18)
X(30'i"f'ij0'j"f'ij_0'i'o'j)- (6) with 1
_ T
The confinement potential is usually chosen to be of Y(w) = 5 (19)
guadratic or linear type. In the former case, it reads 1 1
conf c c c .2 c0 Z(J}) = (xQ + x3> 6717 (20)
Vi == (AT A9) (afjri; + aff) - ()
Here, in above equations, ;) is the mass of the( j)-th con- H(z) = (1 + 3 + 32) Y (). (21)
stituent quark, and\° is the Gell-Mann matrix of the color rox
SU(3) group. A in above equations is the cutoff parameter in the form fac-
The total Hamiltonian of the chiral SU(3) quark model tor introduced in each quark and chiral-field vertex,
reads
2\ B - (A ) 22)
131'2 P2rn OGE conf F(q B (AQ2> -
! v 2.2. The wave functions of two-baryon system
8
+ Z (V5= +V73*) } (8)  In resonating group method (RGM), the wave functions of
a=0 AA — CC system in six-quark center-of-mass frame is con-

Here V7 and V7" are potential originated from the La- structed as

grangian of Eq.l2), i.e. they are quark-quark potential in- Ve — Alpp (€1, &) dp(€s, &) nea(r)],  (23)
duced by ther, field andr, field, respectively. Their explicit o B:ZM [¢5(&1, £2) #8(84, £5) men (r)]
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whereA is the antisymmetrizing operator, channelC'C is composed of two color-octet states, and it has
the same quantum numbers A\. It was found that the
binding energy oAA single channel is aboit) — 63 MeV,
and forAA — CC coupled channels, the binding energy is
about42 — 80 MeV, which is very close to the experimental
value ford*(2380), 84 MeV. These results showed that the
Hidden-color channel'C is rather important for th A in-
eraction, as it leads tt2 — 17 MeV increment of the binding
energy for theA A system.
After the experimental information ef*(2380) became
9 \3/2 1 /¢ ¢ available, we have restudied the\ — C'C interaction within
¢B(&1,€2) = <37er> exXp {_bz <4 + 3” » (25)  the chiral SU(3) quark model with more refined quark-quark
¢ “ interactions [14, 15]. It was found that the binding energy of
3/2 1 /€2 g2 the AA system is abou29 — 62 MeV, and when the hid-
) *P {_bﬁ (4 + 3 )} - (26) den color channel was further considered, the binding energy
of the AA — CC coupled channels is found to B& — 84
eV. Again, these results showed that the hidden-color chan-
nel CC is very important for the\ A interaction, as it causes
18 — 22 MeV increment of the binding energy for thieA

A=1-9Py. (24)

The A has isospir8/2 and three quarks are in color singlet
state, and the color stafe has isospin /2 and three quarks
are in color octet statepp (€1, £€2) andgp (€4, &5) are inter-
nal wave functions of two baryons taken as gaussians, witl
&1 and&; being the internal coordinates of one baryon, an
&4 and&; being the internal coordinates of another baryon,

oB(&4,&5) = <37rb%
The spin, flavor, and color quantum numbers are suppress
in Eq. 23) for the sake of simplicitynpp () is the trial wave
function of the relative motion between two baryoB$,
which is unknown and will be determined by the dynamics

_ system.
of the two-baryon system: By extracting the components 6fC in AA — CC sys-
(6Weq| (H — E) [Wg,) = 0. (27) tem, it was found that thé*(2380) has a fraction of hidden-

color channel of about/3. We know that a pure hexaquark
By solving this equation, one gets the wave function and thestate can be expanded as
binding energy or scattering phase shifts of the two-baryon

system. [6],,.1, [33] 05 = \/E |AA) ., + \/g |CC) s - (30)

2.3. The model parameters i )
This means that a pure hexaquark state has a fraction of

In previous quark model calculations [13-15], the model pa:hidden-color channel of /5. Now thed”(2380) has a frac-
rameters are fixed as following. Théd) quark mass is cho- tion of hidden-color 'channel of aboat/?),' thus it is fglr to
sen to be313 MeV, and the size parametky of u(d) quark ~ say that thel*(2380) is a hexaquark dominated exotic state.

gaussian wave function is set to be&s fm. The coupling Once the wave functions are ready, the partial decay
constant for quark and chiral fields coupling is fixed by thewidths of d*(2380) can be calculated straightforwardly. At
relation: the lowest level, the hidden-color components do not de-
9% (3 Bine M2 gy  Cay and thel*(2380) decays tadrm and NN7m via AA
4 (5) 4 M3’ (28) components. Under such assumptions, the partial decay

H * + = * 0.0 * + -
with My being the nucleon mass agd, , /47 = 13.67  Vidths ofd (?dilﬂ T A de;T* = T
taken as the empirical value. The masses of mesons are chb- — P @, d* — ppra—, andd® — nnrz™ were
sen to be their experimental values except forth@eson calculated, and the resul_ts for all the_se decay channels were
whose mass is treated as a parameter to be fixed by the binA[f-und to be consistent with the experimental valges [16’ 1.7]'
ing energy of deuteron. The coupling constant of one-gluo or thed - NNW. decay, the galculated braqchlng ratio is
exchange potential is fixed by the mass splifof- A. The 0.9%, consistent with the experimental upper lindi¥; [18].

parameters in confinement potential are fixed by the stabilit¥ So_it seems that the*(2380) can be well under_sto_od in
condition of N, he chiral SU(3) quark model. The calculated binding en-

OMnN ergy of theAA — C'C system is consistent with th& (2380)
b, =0, (29 mass. The large hidden-color channel components suppress
and the mass i, My = 939 MeV. the decay width ofl*(2380), and consequently, the calcu-

We mention that there is no free parameter when the chil2ted partial decay widths af(2380) are in good agreement
ral SU(3) quark model is applied to study the\ interaction. ~ With the data. Is the situation really so?

3. Results ford*(2380) 4. Problems in previous quark model calcula-

tions
In 1999, theA A interaction was investigated in chiral SU(3)

qguark model by Yuaret al, and the effects of the hidden- In previous quark model calculations in literature, the wave
color channel were also studied [13]. Here, the hidden colofunction of single quark is chosen to be a gaussian wave
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function, and the size parameters of these gaussians are s#tange the internal wave function 4f which is not the so-

to be a constant for all considered baryoagy b, = 0.5 lution of the Hamiltonian as the chosen size parameter does
fm. The problem is, why the size parameter is the same fonot guarantee that the calculatAcenergy is the minimum of

all baryons? We know that different baryons have differenthe matrix element of the Hamiltonian.

guantum numbers. Then it is difficult to understand that dif-  Apart from the energies of the octet and decuplet baryon
ferent baryons have the same size although their Hamiltoniground states, our new calculation describes quite well the
ans are different due to their different quantum numbers. Théhe N N interactions simultaneously. Figures 2-9 of Ref. [19]
consequence of setting the size parameter for all baryons faresents the partial-wave phase shifts and the mixing param-
be the same is the following. The wave functions of singleeters of N N scattering up to total angular momentuis= 6.
baryons with specified size parameter might not be the solutable Il of Ref. [19] shows the binding energy of deuteron
tions of the given Hamiltonian. In this situation, when oneobtained in our new quark model calculation. One sees that
studies the baryon-baryon interactions with the same quarlall those observables obtained in our new theoretical calcula-
guark interaction, non-physical channels might be needed ttion are consistent with the corresponding data.

change the internal wave functions of single baryons. Thus, We emphasize that our work of Ref. [19] is the first quark
one needs to be very careful to explain the structures of thenodel calculation that describes the masses of octet and de-
bound baryon-baryon states. cuplet baryon ground states, the binding energy of deuteron,

On the other hand, in constituent quark model study ofand the partial-wave phase shifts and mixing parameters of
nucleon-nucleon interaction, the OGE is found to be oneV N scattering in a rather consistent manner.
of the most important sources of the short-range repulsion. Using such a model, we have re-investigated A& —
Therefore, one needs a credible determination of the couc’C system in a parameter-free way. Our preliminary results
pling constants of OGE to get a proper understanding of thehow that the binding energy &fA system isl8 MeV. When
nucleon-nucleon short-range interaction mechanisms. In prehe channel coupling cAA andCC is further considered,
vious quark model calculations, the coupling constants irthe binding energy of the system is found to2ieMeV. This
OGE potential were claimed to be determined by the masmeans that: a) when single baryons and two-baryon systems
splittings of N — A andA — 3. But the masses of all baryons are treated consistently, the binding energy ofAh& — CC
were calculated as averaged values of the given Hamiltoniasystem will be largely reduced, and b) the effects of hidden-
with the spatial wave functions of constituent quarks settingcolor channel are much less important in the new calculation
as gaussians with the same size paranigtein this case the as there is onlg MeV increment of the binding energy when
obtained baryons’ masses may not be the minimums of théhe hidden-color channel is included.
given Hamiltonian. As a consequence, the coupling strengths In previous quark model calculations, the narrow
of OGE potential were not well determined in previous quarkd*(2380) decay width can be explained because of the very
model calculations, and the short-range nucleon-nucleon inarge CC components. However, in our new quark model
teraction mechanisms were not properly understood at thealculation, the contribution of th€C' channel is much less
quark level. important. In this case, it might be difficult to explain the
narrow decay width off*(2380) in this revised model.

We mention that in Ref. [20], the possibility of explain-
ing thed*(2380) as a three-diquark state was investigated. In
Recently, we have solved the above mentioned inconsistendyef. [21], a triangle singularity mechanism was proposed to
problems [19]. Instead of setting the size parameters to be tHexplain the peak of* (2380).
same for all baryons, we let them be determined by variation
principle,i.e. for each baryon, the size parameter is chosen @, Summary
make sure that the baryon mass in the minimum of the Hamil-
tonian. In Fig. 1 of Ref. [19], we have shown the energies ofThe WASA-at-COSY Collaboration has reported the
octet and decuplet baryon ground states as a function of thé (2380) with an unusual narrow decay width [1]. In pre-
size parameter of Gaussian wave functions. The minimum ofious chiral quark model calculation, the binding energy of
each curve should be regarded as the mass of each baryahA — C'C system are qualitatively consistent with the mass
The model parameters are then adjusted to make the theoretf d*(2380) [13-15], and the narrow*(2380) decay width
ical baryon masses consistent with the experimental valuesan be explained by the large hidden-color channel compo-
One sees from this figure that each baryon has different sizeents [16—18].
parameter as one expects. In particular, the size parameters Recently, we have updated the chiral quark model calcu-
for octet baryons are quite different from those for decupletation by treating the single baryons and two-baryon systems
baryonse.g b, = 0.47 fm for N and0.59 fm for A. Ifone in a rather consistent way, and we found that in the new cal-
uses the size parameter fvrto study theAA — CC system,  culation, the binding energy dAA — CC system will be
one needs to be very careful in explaining i€ compo- largely reduced, and the effects of hidden-color channel are
nents of the bound state obtained. TH€ channel might much less important, which makes the explanation of narrow
not be physical one. Instead, it might be partially needed tel*(2380) width difficult.

5. Revised quark model calculations
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