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1. The lowest hybrid nonets and phenomenology

Conventional QM states: Quantum numbers accessible by the quark-antiquark scenario:

States in natural spin-parity: if P = (—1)!"! = (—=1)/.

(L+S)+(L+1) Exotic mesons:
' = — (1) L+ +(L+1) —
Then withS = 1, 0nehas CP = (—1) = +1 ouantum numbere

cannot be accessed by
the spin-orbital
0"-,17%,277,377, ... couplings between a

- Mesons with natural spin-parity but CP = —1 will be forbidden:

+’—\L 3 pair of qq.

- =y Natural: 07",177,2%7%,377, ...
S=1

’ Unnatural: (077), 1*+,277,3%%, ...

L A
+ + - i—y Unnatural: 0=",177,27%,377, ...

S=0




A brief introduction to the flux-tube model

« Lowest gluon fields generate adiabatic potential on which the
guark motion can be described.

« The flux tube may be excited on which the quark motion in the
adiabatic potential of such excited gluon field configurations will
give access to hybrid states.

« The decays of both conventional and exotic hadrons can be well
described by the flux tube breaking mechanism.

Transverse

Flux tube model Hamiltonian:

Collinear
mode

H = Hquarks + Hﬂux tubes

1 =2
_ v2 _
2mg, 1 2myg

I - q.
V;—I—chj, i

H quarks —

2
P by
Hauxtube = boR + E |:2bga + > (vn — yn—b—l)z]

N. Isgur and J. Paton, PLB124 (1983) 247-251; PRL54 (1985) 869; PRD31 (1985) 2910



Adiabatic gluonic potential for the gluonlump in
the flux tube model compared with the LQCD
simulation

V (GeV)

4.5

K.J. Juge et al. Nucl. Phys. Proc. Suppl. 63 (1998) 326;
G.S. Bali and A. Pineda, PRD69 (2004) 094001,

C.A. Meyer and E.S. Swanson, PPNP 82 (2015) 21

E. Klempt and A. Zaitsev, Phys. Rept. 454, 1-202 (2007)

Quantum numbers of the hybrid mesons:

« Parity: P = e(—1)t+A+1

« Charge conjugation: C = en(—1)L+A+S
where n = (PC) 4 A(=0,1,2,... >
%11, A, ...) is the projection of the gluonic
angular momentum onto the qg axis.

« The adiabatic gluonic potential for the
gluonlump is denoted as A’,; (Y = + is the

so-called Y-parity).

Jre Mass (GeV) Adiabatic surface quantum numbers
17— 0.87(15) Zu_, Hul

17 125(16) 1T, X

2__ ]45(]7) Zg_ﬁné‘!Ag

21 1.86(19) ZJF; T, Ay

3t 1.86(18) Zu_”, I, Aji, @,

0+  1.98(18) X,

4__ 2.]3(]8) Zg_,’ Hé-,s A’gii @gv Fg

1=t 215200 x.mI




Lowest hybrid in the flux-tube model Collinear mode Transverse mode

S, =1
. Ly >0
P(C) = -(=)
Jq 1 I ]P(C) o1 2)_(_'_) Sq -
Jg=S,+Ly, = (0,1, L
ng — 1+—
S, =1
Jg© =00 Ly >0
Jg=Sg+Lg + |JPO =17
ng — 1+—

N. Isgur and J. Paton, PLB124 (1983) 247-251; PRL54 (1985) 869; PRD31 (1985) 2910



Recent Compass confirmation of ; (1600)
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* 1m;(1600) has been seen inn'm, f;(1285)m,
b,(1235)m, and pm in various experiments.

* The Compass results favor a single m;(1600), and
do not support the existence of ;(1400).

See Compass Collab., PRD105 (2022) 012005

Recent BESIII observation of n,(1855)
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 1,(1855) isseenin /Yy — ynn' at BESIII with
m,, = (1855 + 9*¢) MeVand T, = (188 +
18%3) MeV.

e Onlyone (I =0,JF¢ = 17%) stateis seen.

BESIII, 2202.00621 [hep-ex], 2202.00623 [hep-exX]
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Hybrid nonet and Gell-Mann-Okubo relation

Flavor-blindness of the strong interaction

_ 1 _
ny, 71'(1) udg, diug, —2(u17t—dd)§

V2
| _
(8) _ .
n, . —(uit+dd—-2s5)g
' Ve

| _
n(ll) ; ﬁ(uﬁ +dd + s5)g

K>!<+’ K*O, K*—, K*O:ugg, d§§> Sﬁg, S(jg

Flavor octet and singlet mixing in the I = 0 sector

ML cos —sinf 77(18) cosa —sina
M1H | sin6  cosd ,7(11) | sina  cosa

Gell-Mann-Okubo relation:

dmg. —my —@
tan 6 = ' .

2 \/Z(mm - mK*)

(m]]]H + m]]lL)(4mK* - mﬂ'l) - 3manm]]]L

:8m%@ — 8mg-my, + 3m]2Tl ,

and

Note: With the input of m, and
n,(1855) it is still insufficient for the
determination of 6, m,,  /m, ., Mg~

1)

nin = (uit +dd)/ V2 Ideal mixing: 6 = 0°, @ = arctan(v2) =~ 54.7°



Decays of the 1=(*) hybrid nonet into pseudoscalar meson pair

Decays via the quark pair creation (QPC) model =) & — (uit+dd+ s5)/ V3.

Longitudinal transition mode: M,

Collinear process

Mo = (q139)1,(q332)31,)V1L|q1328) = 811Kl M,

Transverse transition mode:

9~
Recoliling process:
M, Only contribute to the
production of M, as an
(b) Isoscalar.

My = (132w, (@33 m.1VTIq1328) = 221Kl

* For a conventional qq meson decay, M, > M, .
* For a hybrid meson decay, M, = M,



Table 1.

Coupling constants for the 1= hybrid nonet decays into pseudoscalar meson pairs. The couplings for the negative charge

states are implied. The SU(3) flavor symmetry breaking parameter R is also included.

Processes Couplings
|
0 0 : ;
T, > nw T(gl +g2)cosap—Rgarsinap
2
1 .
7'[(1) — n’yro E(gl +g2)sinap +Rgrcosap
N}L —nr’ \/i(gl +g2)cosap —Rgr sinap
7T1+ —n'nt \/§(g1 +g2)sinap + Rg> cosap
, 1 : : .
nmL — nn E(gl + g2)sin2ap(cosa + Rsina) + g> cos 2ap(Rcosa — sin @)
1
mu — E(gl + g2)sin2ap(sina — Rcosa) + g2 cos 2ap(R sina + COS @)
1
K — K*n° Egl

K = KO7T+

K" - K™n

K*+ N K—|— rli

g1

|
81 (% cosap —RSiDG’P) +g2(V2cosap - Rsinap)

1
21 (— sinap +RCOSO’p) + 82( \/ESil’la’p +Rcosap)

V2

ap =~ 42°Is the mixing
angle between n and n’.

R = fr/fx = 093
indicates the SU(3)

flavor symmetry breaking
effects in the production
of the ss pair.

J1,9-, a are the
parameters to be
determined.

Note: n,;, and n,y decays into r and KK are forbidden by the Bose symmetry and G-parity conservation.
They can only access nn’ via the octet and singlet mixing.




2. Production of the JP(©) = 1=(+) hybrid nonet in J /3 radiative decays

The P-wave coupling for three vectors can be described as:

) v it L
Lyyy =igyyv(Vi, Vo3 + Vi V0 V3, + Vo, V30V ,)

With the real photon the Lagrangian reduces to

— H
£J/¢—>yq, = 18J/w771VFﬂVVJ/wV;I/1
where F,, =d,A, -0d,A,

By defining the production potential for the hybrid via the
J/y radiative decay, i.e.

HemlJ /)

g0 =(qg8)1-

We have { 87wy = 80( V2cosa — Rsina)
&Iy = &0 V2 sina + Rcos )

J/

The relative production rate for n,; and n;y can
be obtained
RT]]L/U]H
. 2 (2 2

_( gL )3 (V2cosa —Rsina)? My, (M5, +m;, )

[gul) (V2sina +Rcosa)? m%m(m?r/w +m; )
y ( e )'* (FHmnm )2

|kH| FmeL

[(1 +6&)tan2ap(cos a + Rsina) + 26(Rcos a — sin@)]?

[(1+06)tan2ap(sina — Rcosa) + 25(Rsina + cosa)]?



The relative production rate for n,; and n,y in J /¥ — (yn1./¥n1yg) — yYnn' can be expressed as

RU]L/U]H —

|

q1 |

(V2cosa —Rsina)?

2
mT]lH (m

2
I/

Note that the phase

|qH|

)3

(V2sina + Rcosa)?

m

2
Lo

(m

2
Sy

+m

) ( K )3 (FHm )2

space factor actually
enhances the ratio.

) \lknl

[(1+0)tan2ap(cosa + Rsina) + 26(Rcos @ — sin@)]?

[(1+40)tan2ap(sin@ — Rcosa) +26(Rsina + cos)]?

0= 92/91

H 3

—> 2

M,

M,

Hybrid: [6] ~ 1

Conventional meson: |§| « 1

« Mixing angle «a is correlated with the undetermined masses of K* and n4;/n1y.



Two schemes for the nonet

Correlation between a and mg-

Scheme-I: |
Assuming that n,(1855) is the higher state,
N1, and K*(1680) is the strange partner 8 o
with mg+ = 1718 + 18 MeV. We have g
my,, = 1712.5 + 8.7 MeV.
Imposing the experimental observation, O g
BR(J/y — — ’
Ry, /ni(1855) = U = ym = yim) — < 10%
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1.0 o — 2loe
06 —= 6=-1.0

> o %I

a [degree] a[degree]

Hybrid nonet

| masss) E—

-
=
w
[=]

-
=]
(=1
o

-
~
w
o

1650 1

Mass with uncertainty(MeV)

a=30°+13°
6 ~—-1.0



Scheme-ll:

Assuming that n,(1855) is the lower state,
N1z, one finds that K*(1680) is no longer
suitable to be the strange partner. We
thus impose the experimental observation
as a constraint:

Ry, /mi(1855) =

—

=

—

BR(J/Y — yniu — ynn')

BR(J /Y — ym1(1855) — ynn’)

@ =35 +10°
my+ = 1.83 ~ 1.90 GeV
m, = 2.4 GeV

6 =1.0
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3. Predictions for J /Y - VH

The coupling for J /Y — VH can be parametrized as:

gp = {qqli [qg8l-\VplJ /)

Then, the coupling constants for different decay
channels can be expressed as:

—_—

EJ/ptn; =8P>

81wy, =8PCOSA,
8J/yén. = — gPRZ sina >

2
gJweny, =8PR”cosa

giwKk-+K; =8PR , |
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Py s wmL i wmn e gmn s KK
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4. Discussions and summary

« The gluonlumps will finally convert into quark-antiquark pairs. M,
Phenomenologically, how to distinguish these effective degrees of freedom
from other scenarios?
M,

» The hybrid also favors strong couplings to an axial vector plus a pseudoscalar
[Burns, Close and Dudek, PRD 77 (2008) 034008]

* Why only one state n,(1855) is seen? Are we expecting its partner in the nonet?

> If n,(1855) is associated with K;(1400)K, should we expect to have n,(1763) associated with
K,(1270)K ?

» Broad width of K;(1400) may cause problems in the molecular scenario.

« The width of n,(1855) is about 188 MeV. What are the dominant decay channels?

> In the hybrid scenario n;(1855) cannot be a pure ss5§ or nng. The S-wave decays into vector and
pseudoscalar pairs may not be suppressed [Close and Dudek, PRD70 (2004) 094015, The 'Forbidden’
decays of hybrid mesons to pi rho can be large]

* More open questions ...



Thanks for your attention!
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