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|. Introduction

1. Conventional and exotic light hadrons ® ™
_ _ Quark ™

* Quark model sort light hadrons into Model: © -

gq multiplets (mesons) ' - Lo

gqq multiplets (baryons)

Exotic hadrons:
 Gluons are also fundamental degrees of freedom

of QCD, therefore there may exist glueballs (gg ) hybrid (.1 4@ glueball
and hybrids (gqg) .

« Exotic quantum numbers that gg mesons cannot have: % kS 0\-.1 -k‘

1-%,0t7,07,2% "~ etc.
« Thelightest hybrid meson may be the 1~ * state.

B
(=]

2. Experimental candidates for 1~ * hybrids

N
o
T T T T

 Isovector (I°JP¢ =171~ *): m{(1400) (?), m;(1600)
They are now taken as the same state m41(1600).
71(1600) - byw, pm, f1r, n(n")7
- Isoscalar (I°JP¢ = 0%1~*): 1,(1855) . " - "
In 2022, BESIII observed n4(1855) in the decay process ' M(m’)(GeV/c?)
J/Y - yn{(1855) - ynn' 1,(1855), PRL129,192002(2022)

Weight sum/(10 MeV/c?)

o
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3. Formalism of Lattice QCD

« Path integral quantization on finite Euclidean spacetime lattices

QCDfIRE
- ANEREE
7 = fDADII)DJ, eSlAaYy] _[DU det M[U] e SglUl (Monte CarloZE s )
_ _ 1 5[] H H FEQCDIRIAS ()
(O|u,y,y|) =§jDU det M[U] e SslY] o[U] . 1
t t MRSt
, : . Spacetime l
Green’s functions Product of fields discretization IR, BRI S IRLE

 Very similar to a statistical physics system
«  Monte Carlo simulation——importance sampling according to P[U] x det M[U] e 55!Vl

Gauge ensemble: {U;(spacetime),i=1,..,N} mmp (O|U ¢, 9|)= %z oluil + 0 (V%)



Il. Masses of light hybrids from lattice QCD

Experiments: m; observed by E852, Crystal Barrel,
Compass;
BESIII observed n,(1855) in 2022.

PDG (2024) : m,, = 1645%19MeV, T ~37013) MeV
(non-nT mode)
m,, = 18555 MeV, T ~ 188+ 19 MeV

Lattice QCD studies predict:
my; ~1.7—-2.1GeV

m{" ~ 2.1 Gev,

1

(H)
m, = ~ 2.3 GeV

It is puzzling that the lattice predictions of light hybrid
masses are higher than that of the experimental
candidates.

my = 392 MeV

243 x 128
(s
isoscalar W

[
isovector -
1 | 1 2.5GeV
I —
I [
- ot~ 2"~

4 +4 2.0GeV

|715L)) _(cosa —sina) |11)
|71(H)> ~ \sina cosa /\|s5)

1

a~ 22.7°

J. Dudek et al. (HSC), PRD 88(2013) 094505



V. Decays of light hybrids

1. The connection of the lattice spectroscopy with that of the real world
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2. Bound states and resonances from hadron-hadron scatterings on the lattice

State-of-art Approach——LUscher’s formalism S E\\?\é*\\g\
(see R. Briceno et al., Rev. Mod. Phys. 90 (2018) 025001 for a review). | ; R .
Mg g
det|F~1(P,E L)+ M(E)| = 0 T
N )
E, (L): Eigen-energies of lattice Hamiltonian. :
* Interpolation field operator set for a given JF¢ M (E): Scattering matrix.
O;: q1Tqz [q1T1q1[qT2q-] [QIFIQ] [ﬁfzﬁg], « Unitarity requires
e Correlation function matrix —— Observables ql
+ Mab - (:K 1)ab ab 87T Ecm
Cij ()& = <Q|0"(t)oi (O)|Q> « XK is areal function of s for real
_ Z(ﬂlo'lm <n|0-_|-|ﬂ> o—Ent energies above kinematic threshold.
! J « The pole singularities of M (s) in the
n
All the energy levels E, (L) are discretized. Complex_s—plane correspond to bound
states, virtual states, resonances, etc.
= . o o o g gb
F (P, E, L) : Mathematically known function matrix My (s) ~ : a_ -
0

in the channel space (the explicit expression omitted . L
P ( P P * The pole couplings g, will give the

= —L(P) F(P,L) R1(P) partlal decay widths:



3. Two-body decays of 4 in Luscher’s formalism

A.J. Woss (HSC Collaboration), Phys.Rev.D 103 (2021) 054502 , ar Xiv:2009.10034(hep-lat)

Worked on 6 lattices with different lattice sizes

—— many lattice energy levels.

Starting from the exact SUg(3) flavor symmetry

with m, = my = my = mg

v' The flavor symmetry decomposition of M;M, system

phys

a simpler spectrum

Ty > MM,
8®1, 18
8R8-108, B8, P10 10" @ 27

v' Possible combinantions of the final states M, M,

n'n®,
n(n')m,

w8n8,
pT,

wiwd wlwd,

pw(eh),

flw® hind, fin®
a,p, bym, fim

(L/as)® x(T/at)| Nvees Netgs Nisres
123 x 96 48 219 24
143 x 128 64 397 16
16% x 128 64 529 4
183 x 128 96 358 4
20° x 128 128 501 4
243 x 128 160 607 4

GfE

035

030+

025F

020

0.15F 52

A

0= 1-© g+

f3 mibhiahanp 3

9+

1+ (53]

1+(*}

The light hadrons involved
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{2}w 011]77 [011]
[

w 001}“[001]

{4} Wlom 001]

Wﬁjm]wﬁjm]
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arsam L 0-5 = 1 (a»
TR o] Cross sections o(a — b) g omcrn
0.3 - etn™ (752 [ #f ™ £3521)
oz R I
. o1 L Gt O et L)) LFFa® (58| Ao Sy
T iFEFE é__%ﬁ_ ?_§ > oas O .ax 0as
E = o S = —
Ie eI = T ()
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T o2
_‘.Fﬂ_ L °e-tr . ! ! Tt EG) (gt [P | RS (S0
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' 043 = 0.a4a 0.as 046 o.a7 0.4as
o8I . . oo 10 L@
Finite box levels o3t
cwoaynd | L o L 1 L I -
.36 - 043 0.44 0.4as 046 o.a7 0.4as
el
12 16 30 24 Lfes 0.2 ': (e)
0.1
B o043 0.aa 0.as 046 0.a7 048
Gt Loem 0.2 [eor®es® [ P} oot e [P )
048 | 0_1': e 2
B 043 Oaa 05 ~—o0.46 0.47 = 048 g Foern
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_ i
a;' = 4.655 GeV an/So = 0.4609(12) £ > 0.0036(15)

|aiCpysp,y| =0 — 0.055 JSo = 2145(6) i%17(7) MeV
|ath8n3{3pl} =0 — 0.060

|a,tcw8w8{gpl} =0 — 0.020 * By assuming the insensitivity to m, and using the physical kinematics

the partial decay widths are estimated to be
|ath1w8{Xp1} 5 0.020

|atcff‘n8{381} =0—0.21 thr./MeV | [P™?|/MeV | T';/MeV
arcpsys g,y =0.21 — 0.41 nr| 688 043 | 01
¥ pr| 910 0203 | 0—20
‘7 t+—1098 0— 173
‘Cnlns{lPl} =0 — 256 MeV biw| 1375 | 799 — 1559 [139 — 529 >
cospsp,y| =0 — 279 MeV KR 38— —0—87 E
1285 1425 0363 | 0—24
‘Cwsws{spl} =0 — 93 MeV i ) ~ ~
pw{'P1}| 1552 <19 <0.03
corwsixpy| S93 MeV p{?P1}| 1552 < 32 < 0.09
w} =0 — 978 MeV pw{°P1}| 1552 <19 <0.03
1420 1560 0
[chsys as,y| =978 — 1909 MeV [420)m B st W i

(T=3,ri=139 50 |)
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4. An alternative method ( C. McNeile & C. Michael, Phys. Lett. B 556 (2003) 177 )

For the two-body decay h — AB, in the space spanned by |h) and |AB) (m; > E 45)

1 0 _ _ /,—aA/2
h) = AB) = oy _ p—afl _ ,—aE (e ax )
|h) (0) |AB) <1> T(a) =e e ax et/
—~ m, Xx — my+ Eyp
1= g,) E=—s A=m-Eu

The transition takes place at any t’ between 0 and t:
Chap(t) = (©]|045(1)0}(0)|2)

(Q|04plh) = 0 (2|0n|AB) ~ 0 = (Q|045(0)e™ 705 (0)|2)
- —axt e"t%F(0|0,4|AB) (h|0} | Q)

t t' 0
I (Q|04p|AB) =~ (2]|0,4|A)(0|0g|B)
Chap(l) ( 1 2)
Ty - — 1+—(aA
AB (AB|H|n1) h JCR®CA(DOCR(D axt{1+55@de)

= ax

12




Nt scattering and the A resonance o e
G. Silvi et al.,, PRD103 (2021) 094508 (arXiv:2101.00689) and references therein

NXx N, [243x48| ' — s 0 j
ﬁ 3.31 wf . T - g
amya | —009530| | = g o :
amg —0.040 3 [ ; . 02
a[fm] |0.1163(4)| ~*
mx [MeV]|255.4(1.6)| - - - o1
mxL 3.61(2) T — - - J ‘ . . ‘ ‘
Ncanft'g 600 Gy H, (e G o 2)a G 2 4 6 N 8 10 12
e 9600

C. Alexandrou et al.,,
Phys. Rev. D 88 (2013) 031501

J content

1/2

K-matrix rescaled: K = p/2Kp
K relates to the phase shift: K/ = tan oyt

. . o \/EF(S) 4.0e-01 | I _u‘nital‘i-': mm::. a:vor;_tge "% iy
Breﬂ: ngner: K(B/Z’l) — SR unitary, max. mrrﬂs{ﬁ;ﬁ : B
(miw—s)p 3.0e-01 | “ .
3 v
gsw k . LT
F(S) - - =  20e01 | v s T
S = v -
4% v -
Collaboration M [MeV] Methodology _“ma [MeV] JA-xN S el b e
Verduci 2014 [38] 266(3) Distillation, Luscher 1396(19)Bw 19.90(8 - = ool | L
Alexandrou et al. 2013 [37] 360 Michael, McNeile 1535 25 .0(0.6)(1.5) . o
Alexandrou et al. 2016 [39] 180 Michael, McNeile 50(50) 23.7(0.7)(1.1) 0.0e+00 1« = e
Andersen et al. 2018 [41] 280 Stoch. distillation, Liischer 1344(2 )BW 37.1(9.2) 0.00 Lat
1380(7)(9)BwW -1.0e-01 L : : - - \
Our result 255.4(1.6) Smeared sources, Liischer 1378(7)(9) o1 ’ 23.8(2.7)(0.9) 0 2 4 6 8 10
pole o
Physical value [5] 139.5704(2) phenomenology, K-matrix 1232(1)sw, 1210(1)po1e 29.4(3) [79], 28.6(3) [80] '/

C. Alexandrou et al.,
Phys. Rev. D 93 (2016) 114515
13



The effective Lagrangian for the two-body decay h — AB (J. Liang et al, arXiv:2409.14410 [hep-lat] )

v The tree-level amplitudes:

MAD =gapmnér(0) - &5 (k),

MPP ZQQPPEA(ﬁ) -k,

MY D =gy pex(0) - (& (k) x k),
MYXX 261161 (0) - (E X [531

v' The relation between M 45 and x4

Map

Jay 71y E (%,u

LAB =

(8L3mpE4(k)Ep(k))/?

— Onu' 1 + - * +
— .qﬂ-blm’ﬂ'lﬂ-l (b]_hurﬂ- _b]_,j.bﬁ

V2

7%7;'”1 H(n 8 7r)

et

- gfl??nitfl,ﬂn'

v’ After x 45 is derived, we can use the relations above to extract the effective couplings g 45

T'(h— AB) =

8T my.

— 0 .0 -+
T —|—a,1’#7r —Q—(ZLL“’H‘ )

1 k2.
|M(h — AP)|? :§QAth( 2
Uy}

4

c ke

X[ M(h — AB)[2

|M(h — PP)' 3 PPk(,X1
2

(M(h = VP)[? Z—Q\/pkfx,

4 m2
IM(h = VV)2 =—gp ki —.
3 m2,

14



v" In practice, we use the following functions with the 1y and r, terms accounting for excited state
contaminations.

my, = 1.980(21) GeV m,,,
Chap(t)
Ryp(t) = hAB ~To+Tapt+ 1ot
JEr(®E(DER(D
0.30 .
¥ b k=0 ig%ﬂ
0251 f bimlkP=1 xxzi ﬁ
¥ oAm kP =0 :"x g%%%
0.201 ¥ fAmlkP=1 xx" Xxﬂ
S Fopmlb=1 o =7
< 0.15- e
0.10- Uhal
0.05 - xiz ﬁﬁﬁffﬁﬂﬂ
3¢ % *%**%
0.00 . . . . .
5 10 15 20 25 30
t/CLL

= 2.250(54) GeV

14 decay relevant R, g(t)

TAB =
MY BLImAEA () Es ()P (BPE (—F)
0.08
i 1
o i
0071 5 wm kP —1 #
0061 ¥ fithays, [E2 =0 ; 1{
i f1U7475,|1%|2:1 f i % 3
<0051 % pp k=1 7 = % x
\5_0.04- ¥ ook =2 ) ;:: gg % %
Dég e ;‘s g
0.03 1 §x§?
o ¥ X
0021 A%
X *
0.014 %
0.00 . | |
0 5 10 15
t/at

(A AN
MG e (B)edhn

(k)X (0)

1n¢ decay relevant R, g(t)

20
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Effective couplings g4 for my and i, decays

mode JAB JAB
w1 — bim(k* = 0) 4.81(46) 4.71(52)
m — bhin(k* = 1) 4.61(38)
1 — fin(k? =0) 0.80(6) 0.98(32)
m — fin(k* =1) 1.16(20)
T — pr(k? =1) 4.34(32) 4.34(32)
m — aim(k® = 0) 1.10(28) 1.42(53)
m — an(k?=1) 1.64(25)
m — fin(k® =0) 2.22(62) 2.12(70)
m — fin(k* =1) 2.02(61)
m — pp(k* = 1) 2.76(31) 2.93(60)
m — pp(k* = 2) 3.10(56)

i 1

gap = 5 (9a(p=10) +gaplp=1)),

1 .
0gap = 3 (max(gap +9gap) —min(gap — dgan))

B852 (2005):
B852 (2004):
B852 (2001):

~230
[~ 185 £ 25 1+ 28 MeV

'~ 403 £80+ 115 MeV
'~ 340 £ 40 + 50 MeV

| I'aB (1\»’10\]) I'ar (NICV) [49}
T(m1 — birr) 323(72) 139-529
[(m — pm) 48(7) 0-20
F(’?Tl — KK*) 7.9(1.3 0-2
ST C~ 375(90) | 139-590
byt
ot
400 A f(1285)n
KR™
3 300
=
g
% 200 +H
100 -
gsoo 1550 1600 1650 1700 1750
My, (MeV)
PDG 2024: [~ 370120 MeV
COMPASS (2018): T ~ 580+190 MeV
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5. The partial decay widths of n,(1855) and its mass partner (possible n,(2200) )
J. Dudek et al. (HSC),

 Extension from iSOSpin SU(Z) to flavor SU(3): PRD 88(2013) 094505
Meson nonet, X = H,A, B (11( ~ (uu +dd)/V2, n (S) SS) I e
T isoscalar ‘ I
(1) i
‘?T +7} _|_ _|_ 1 isovector [
“  ™x HKx -- —
X — R I F i ——— 2.5GeV
Tx  Tvmo Bx | - |
Kx K% n¥ | wm ot 2T
T 1 2.0GeV
Obviously, there should be two mass eigenstates of 174, similarton andn’. | | —+ . ©
| a=x22.7°
* The flavor structure of the effective Lagrangian: w z
<|77 )) (cosa —sina <|71()>>
1 _
— (]  \sina cosa ) (s)
a) If C'(A)C'(B) = —, this is the case for pmr, by, K{g K, then 1) 1)
= n3”) (cosH — sin 9) (Im))
(=) 9 |71(H)) sin@ cos@ /\|pl)
'), =2 Tr(H[A, B])
0=54.7" -«

17



b) If C'(A)C'(B) = +, this is the case for fyr,n(n ), a;m,VV, K 4K , then

Lihs = & T(H{A, BY) = gu Tt H Tr(AB)
—gaTr ATv(BH) — g Tr BTr(HA) (a)
+g3 Tr H'Tr A'Tr B,

* The flavor SU(3) symmetry indicates

_ L o1 g () =
.qngf-)(Klg); - \/§q - \/5.95171' 7?1 (KlK)(]
3 B .‘7}',‘,],{‘:)(‘.]“,_,T ==
IyParn — \[ 39 —290) = Jarn
1 ~ L = g (=) N+ —
InO g T gl T AeH) = g e I (B KOG
g (s =
9I0® pp = ‘\f(q — 29m) = Jpp N
I (k= R=)d  — \/_(Q— dgp) == \/§q‘°p qng“”(K*K*)g =
(g — 2 )~ ——g
g, :*g_ gH — -..) = —F=g
. wWww 2 \/§ PP Q,q(s)(;s(b —
1 > '
G (1) g = —=g' ' = ——JGpn> _
1 KK \/§ \/§ o gngS)K*K —




* The partial decay widths of 7;(1855) and n4(2200) with respect to the mixing angle a

m(2200) — f1(1420) + 7

18(11) x (0.25sin a — 0.61 cos )?

mode— [i(a) (MeV) i = 22.7°) (MeV)
n1(1855) — K (1270)K 186(42) x cos”(a — 54.7°) + 11(9) x cos®(a + 54.7°) 134(30)
n1(1855) — arm 43(32) X cos? 41(28)
n1(1855) — pp 50(22) x coq2 a 53(19)
71 (1855) = ww 15(7) x cos? a 13(6)
m — K*K 48(7) x cos®(a — 54.7°) 35(6)
n1(1855) — nn’ ~ 20
n1(1855) — f1(1285) + 7 5(4) x cos® a cos® ap o(1)
n1(1855) — K*K* 5(3) x cos?(54.7° + «) ~ 0
( Zq, Fi ~ 2@

n1(2200) — K, (1270)K 443(97) x sin*(a — 54.7°) + 27(20) x sin®(a + 54.7°) +56¢
n1(2200) — K1(1400)K 344(75) x sin®(a — 54.7°) + 21(16) x sin®(a + 54.7°) 117(36)
m T 67(50) x sin® a 10(8)
71(2200) — pp 180(79) x Sin2 o 27(12)
'r}l 2200 60(26) x sin” a 9(4)

78(34) x sin?(54.7° + ) 74(32)
71 (2200 10(5) x cos? a 9(4)
n1(2200) — K*K’ 93(15) x sin’(a — 54.7°) 26(4)
n1(2200) — nn’ ~ 26
n1(2200) — f1(1285) + 7 23(14) x (0.43sin o + 0.36 cos a)? 6(4)

)

__8(5)
Q RVES 435(154))

Here we assume K{(1270) and K{(1400) are mixed from K, 4, and Ky equally.
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6. Implication for BESIII search for 1;(1855) and possible n4(2200)

n,(1855) (I¢JP¢ = 01~ *) observed by BESIII
(BESIII, Phys. Rev. Lett. 129, 192002 (2022),arXiv:2202.00621(hep-ex) )

Partial wave analysis of the process J/y - ynn’

400

Events/(10MeV/c?)

L4 (a) yldof= 1.57
—e— Data
o

ot
— 4 ]
— 17 (n (1855)) -
-

==« PWA fit projection (exclude ﬂ1)
—— PWA fit projection (baseline fit) 4

T rrr7

15 T 3
M(nn')(GeV/c?)

i
o

Weight sum/(10 MeV/c?)

N
(]

o

200

Events/0.05

-
o
(=]

2 25 3 - 6
M’ )(GeV/c?) cosb,

Blue dot lines: PWA fit excluding n4(1855)

Resonance parameters of n,(1855): m, = 1855 + 9*¢ MeV, r, =188+ 1813 MeV
Combined branching fraction: Br(J/¥ — yn, —» ynn’) = (2.70 + 0.41731¢) x 107¢

The first candidate for isoscalar 1~ * hybrid.
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 The radiative decay of J/y into n{from lattice QCD ( F. Chen et al., Phys. Rev. D 107, 054511 (2023) )

(G, €,)

4a |p o
TJ/¥->vym) =55 | (M?(0) + E2(0)) O,u(0.0)  J(F.1)
27 2m;, >
O, (T, t
Extraction of the form factors M4(Q%) and E,(Q?) . « n(71)

T J /(P €) m(py,€r)
1 )
3 — — 7
08 = 2 (04,0, + D6,y BBt +7.1)
T

B *
M,(0) = —4.73(74) MeV
E,(0) = 1.18(22) MeV 5 -
- } it My, 2 =038
8- fit Ky, x2 = 0.7
T(J/¢P - yn1) = 2.04(61) eV -

-0.75 =050 =025 0.00 025 050  0.75 1.00
Q?/GeV?



Intuitively, gluonsin J/1y radiative decay couple to flavor singlets. Therefore

L e E NN A )]

r(J/% - yni”) = cos? 0 T(J /1 > yn})x™ mngmlpy('h)lS

On the other hand, nn' only appears as a flavor octet, so n(hl)

its octet component:

— nn’ must take place through

N
- r(n® - ny') x g cos? 0

<7171'|H1|71§D> = cos @ <nn’|H,|n§8)> =gcos0 |k(”| ngl)

— - 3

<m]’|H,|ngh)> = sin 0 <nn’|H,|n§8)> =gsin@ |k(h)| |k(h)|
F(n(l) -1 ) x g2 sin® 0

(h)

771

3
® [R0]? 2
_Brg/p oy symy) XK | Mo Ly Ty oc1)
N — 3 -
CBrg/p oy symn) [l gz, Lo Lo
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BESIII observation: Br(J/¥ — yn1(1855) - ynn’) = (2.70 £ 0.417)38) x 107°

If n,(1855) is the ngl), then If n;(1855) is the ngh), then

I'(J/w — yn;(1855)) = (2.0+0.7) eV T(J/y — yn,(1855)) = (5.0 £ 1.6) eV
Br(J/y — yn,(1855)) = (2.1 £0.7) x 107> Br(J/w — yn,(1855)) = (5.4 + 1.8) x 107>
Br(17,(1855) — ny') = (13 £ 5)% Br(17,(1855) = ') = (5.0 £1.9)%

Both cases implies Br(n§ - nm’) ~ 20%,

Br(n,(1855) - nn’)
cosZ 0

Br(n§ - m') ~ ~ 18(7)%

U,(1) anomaly may play arole here (buttoo large a value!) Uy (1) anomaly

L. Qiu and Q. Zhao, Chin. Phys. C 051001 (2022), arXiv:2202.00904 (hep-ph);
H. Chen, N. Su, S.L. Zhu, Chin. Phys. Lett. 39, 051201 (2022), arXiv:2202.04918 (hep-ph)
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Br(J/Y - yny - ynn') = (2. 70 + 0. 41i8;§§) x 107° (21.40)

BESIII Phys.Rev.D106, 072012 (2022)

amplitudes. No significant contributions from additional
resonances with conventional quantum numbers are found.
The most significant additional contribution (4.46) comes
from an exotic 1= component around 2.2 GeV. Changing

L _Brg/poyny symn) N
Br(J/¥ - yni’ - ymy) T

r(n,(2200))
(n,(1855))

~ 1.6 (a=22.7°)

900 A

800 A1

700 4

Total Decay Width (MeV)

200 4

100 A

v' The major decay modes of 17, (1855) are K, (1270)K, pp, a 7, K*K.
v' The major decay modes of 1;(2200) are K;(1270)K, K, (1400)K, K*K*, K*K, and pp.

v We suggest BESIII to search for n,(1855) and n,(2200) in these systems.

v 1fn1(2200) is dominated by a s5g component, a good place to find itis (3686) — ¢n,(2200)

600 A

500 A

400 A

300 4

— m(1855)
— n1(2200)

0 10 20 30 40
a (deg)

a-dependence of the total widths
of n1(1855) and 171(2200).
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V. Summary and perspectives

QCD expects the existence of hybrid mesons

There do exist several experimental candidates for 1~ * light hybrids
such as 7, (1600) and 771 (1855).

We calculate the production rate of 17, (1855) in the J /1 radiative decay.

We calculate the partial decay widths of r;(1600) which are compatible with experiments
and previous lattice results using the Luescher’s method.

We predict the partial decay withs of 71 (1855) and its mass partner (possibly ,(2200) ).

Thank you for your Attention!
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