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Mysterious gluons

« How does QCD give rise to hadrons?
« What is the origin of confinement?
« How is the mass generated in QCD?

« Role of gluons in hadrons
« How to access soft gluon dynamics

« Key thing to search for: hadrons explicitly
manifest the gluonic degrees of freedom

* Gluonic excitations: Glueballs and hybrids, which
provide critical information on the strong force and EurPhys.J.A 60 (2024), 173
QCD vacuum




Light hadrons with exotic quantum numbers

 Finding unambiguous signature for exotics
- Efforts concentrate on Spin-exotic
 Forbidden for qq:
JP¢ =07, event~,0odd™

Experiments:

* Hadroproduction: GAMS, VES, E852, COMPASS, AMBER
* pp annihilation: Crystal Barrel, OBELIX, PANDA

* Photoproduction: GlueX(2017-), CLAS
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* Meson excitations similar to quark model
* Hybrid supermultiplet: 0%, 17—, 27", 17
« Lightest spin-exotic state in LQCD: 1~ " hybrid

Mass [GeV]

I'; / MeV
600+
400F

200

30+

20

10 =

I
(1
K*K

*UW

1500

Q" :
|

x

I

|

|

|

I

|

I ¥

| I

| |

| |

| |

| |

| |

L } |

1980 1990 2000 2010 2020 2030

“Constituent gluon”
PC) _ q+-
(7, = 1
M,~1.3 GeV

excited flux-tube

Rept.Prog.Phys. 86 (2023) 026201

3 MIT bag model
|

x  Others
Flux-tube model

|
T |
I . ﬂ: % Elx 3 3 2 QCD sum rules
>4 -
S

x
x I Constituent gluon model

1 I Lattice QCD
I QCD sum rules
-0 I Others

Mass of 1~ hybrid

PRD 103, 054502(2021)

2T

b

p

)T
1

1207

1550 1600 1650

Decay width of 1= hybrid 4

mpg [ MeV



Width (GeV)

ﬂ:‘;eam T X /{11 ﬁ X fll
\/’I” hn

PRI
N n

° ° Target — ™ ——— Recoil
S p I n - eXOt I C m e SO n S RgeViEWZ PRC 82, 025208 (2010), PPNP 82,

1 (2015), EPJC 83 (2023) 1125
- Candidates over 3 decades e e oo

* 11,(1400), m,(1600), ™, (2015) (needs B GAMS
confirmation), all isovetors mp - nnn i
mp—Tnp
* Recent coupled-channel analyses suggest 1 (14000 ™  7o-7'm E852
m,(1400) and m;(1600) as one pole > OO CBAR
P pp — 2nt2m” Obelix
0-.1 o 8,(1320) ’ n~Be - n'm n°Be VES
02 a,(1700) nmr Tp-onTNp E852
0sfE— 0% i n~Be » wn " n°Be VES

0.110F

oriof b,m pp - wrntr 70 CBAR
0.114F 2 T
ool @ 1'[1(1600) T p—> WA TP E852

0.120F n~Pb — 7T+7T_7T_X COMPASS

0.4

0.5

0.6

'NII|IIII|IIII|IIII|II|||IIII|IIII||III

0.122 L L 1_' .I _'
o 7,302 1.304 1.306 1.308 1.310 pﬂ n__p N 71'+T[_7l'_p E852
1 | ' L L 1 | 1 1 L 1 | 1 1 L 1 | 1 1 L 1 | L 1 L 1 | L 1 ! L 1 L 1 L 1
1 1.3 1.4 15 1.6 1.7 1.8 1.9 2.0 — B
Mass (GeV) f]” n_ p— pnf ZT f E852
nm"A->nn n A VES

- - -0
[PRL 122, 042002 (2019), EPJ C 81, 1056 (2021]) m,(2015) fm wpoentwp E852

T T popnminTme



Recent progress on m; (1600) from COMPASS

Spin-exotic J"“=1"" waves at COMPASS
preliminary
Nominal 7(1600) position
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Events/20 MeV/c?

Explore ;(1600) in photoproduction

 m1(1600) - nm expected to be very small
 m1(1600) - n'm potentially dominating the spectrum

GL% Phys. Rev. Lett. 133, 261903(2024)
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Studies of my in x.; » ntn ™
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Observation of m; In Xcl s>’
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e Isoscalar 1~ T is critical to establish the \
hybrid nonet
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* Can be produced in the gluon-rich B
: n; 1°0P9)=07(17%)
charmonium decays n 19gFP9H=0t(17 1)

 Can decay to 1’ in P-wave

PRD 83,014021 (2011), PRD 83,014006 (2011), EPJ P135, 945(2020) ,\ﬂwr
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- Search forn{ (1~ %) inJ/¥Y - ynm' c

[(Jly - yH) ~ O(aa))
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Observation of An Exotic 1~ * Isoscalar State n,(1855)
PRL 129 192002(2022), PRD 106 072012(2022)
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Observation of An Exotic 1~ * Isoscalar State n,(1855)

PRL 129 192002(2022) , PRD 106 072012(2022)

* Inspired many interpretations:
Hybrid/KK,; Molecule/Tetraquark?

NPA 1047 122874(2024); Rept.Prog.Phys. 86 (2023) 026201;
PRD 107 (2023) 7, 074028; SCPMA 65 (2022) 6, 261011;
CPC 46, 051001(2022); CPL 39, 051201 (2022);

PLB 834, 137478(2022); PRD 106, 074003(2022); PRD 106,

036005(2022) ;...
« Opens a new direction to completing the —T
picture of spln—exgtlcs o | { AP ’

« Asa “recent achievements and highlights” in =T w,,,,,.,.mm

The NuPECc

hadron spectroscopy in the NuPECC LRP for

« 50 years of QCD: Exotic mesons, “observation of

an n;(1855) state could be a breakthrough” [eps.c 83
(2023) 1125]

uclear Phys! -




BESIII preliminary

PWA results of J /Y - wnn’
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PWA results of J /9 — wnn’

Resonance  JP¢ Decay mode Sig.(o) Br

fo(1500) ot+ m’ 14.5 (4.40 + 0.087587) x 1075
£5(2020) ot+ '’ 21.4 (2.01 £0.02%%¢7) x 107*
f>(1565) 2+ m’ 8.6 (1.71 £ 0.05%329) x 1075
£>(1810) 2+ m’ 12.4 (4.03 4 0.08%382) x 1075
£>(2010) 2+ '’ 6.1 (2.34 £ 0.06%383) x 107°
£>(2340) 2+ m’ 8.4 (5.32 4 0.10%5:32) x 1075
1n1(1855) 1=+ '’ 23.7 (1.154+0.017332) x 10~*
h,(1415) 1t~ wn 16.7 (2.09 + 0.06%359) x 1075
h,(1595) 1% - wn 16.3 (7.28 £ 0.10733%) x 107>
h;(1965) 1% - wn 19.7 (7.43 £ 0.10%33%) x 107>
w(1650) 1 wn 18.8 (1.59 £ 0.02%)3%) x 107
w(1960) 1=~ wn 20.0 (7.48 £ 0.11%123) x 1075
h,(1965) 1+~ wn’ 14.6 (2.27 £ 0.06139%) x 1075
1*~(phsp) 1+~ wn’ 16.6 (2.15 £ 0.02%3:33) x 107*

BESIII preliminary

For comparison,

B(J /¥ - yn,(1855))
- B(n1(1855) - nn’)
= (2.70 £ 0.417218) x 107°
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J/W - yyod, a ss flavor filter

PR D97 051101 (2018)
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From the amplitude analysis,

Amplitude analysis with
ML techniques for
background subtraction

5

< Fit to mass spectrum

« 1n(1405) is observed, while n(1475) can not be excluded

« X(1835) - y¢ suggests its assignment of n’ excitation

* N — v¢ are observed. The very first radiative decay mode of n,

« Observation of £,(1950) and £,(2200) - y¢
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unfavored their glueball interpretations [PRD 108, 014023, Sci.China Phys.Mech.Astron. 67 (2024) 11, 111012]
- No evidence of X(2370)/1,(1855), well consistent with the predictions for glueball/hybrid

[PRD 107, 114020, NPA 1037, 122683]
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J/U - yyw, a nn flavor filter
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[this analysis]

BESIII Preliminary

[PRD 111, 052011 (2025)]

Resonance J/y¥ — YR — yyw(x107%)  J/y = YR — yyp(x107%) Eﬁ%ﬁg
£1(1285) 1.73 +0.12+0.13 0.29 +0.03*011 35+ 15
£1(1420) 0.88 + 0.10*5-23 0.55 +0.07+)18 1.1+0.7
1(1405) 3.54 +0.20705 3.57 £ 0.18% 2] 0.3+0.1

Me 0.20 £ 0.06700 0.21 +0.03790 0.8+0.5
1(1295) <0.35 < 0.84
n(1475) <0.14 < 0.38
X(1835) <0.11 3.37 £ 0.19*078
" X(2370) <0.04 <0.11
_n1(1855) < 0.33 < 4.74

*B(J/y - yX(2370)) is estimated to be greater than 1 x 1073

The suppression of X(2370)/1,(1855) indicate gluonic content
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Search for n; in x4 = nM’

BESIII CPC 49, 10 (2025)
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ceg hybrids

LQCD predicts similar supermultiplet as light hybrids

1500 - . m L gy =
B = O
— ==
| = T _
< 1000 - T = = =
(]
=3 =----
y == _
= 500 - .
0_ 07+ 177 27+ 17+ 0++ 1+f 1++ 2++

« Y(4230)?

« Seem to be contradicting with the exp. observation:

o(D*D +c.c.) » a(D*D")
 Transitions between 1=~ and {0,1,2}" %
« Molecule statesof 1" Tand 1=~ ?

[

3t 0F

s

JHEP 07 (2012), 126

Further studied at
BESIII and Belle Il
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Search for 1~ charmonium-like hybrid viaeTe™ — ’yn(’)nc at center-of-mass energies

between 4.258 and 4.681 GeV
BESIII PR D 111, 112007 (2025)
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Search for a 17 molecular state viae"e~ — yD D_(2536) + c.c.

BESIII PRD 112, 032002(2025)
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1=* Hybrids

« How to discriminate hybrid/molecule/tetraquark?
* 1,(1855) — fin, K;K are important
* Tn,—byn/T,on'n 1S NOt available yet

 Where is the n() ?

« Why n’ is the observation channel for m;(1600) and n,(1855) ? U,(A)
anomaly?

« Does K; exist and how to identify it?

« Where are the other J°¢ = (077,)even®~, 0dd™* states? Analog in cc exists?

« New results via various probes are eagerly awaited
Y

Mheam ~a___ X 1 {” p X {I' ﬂ/
: ’ }’ n }I,, i i
u ’, .’1\’ —_/__-—~

—— hp11
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Observation of An Exotic 1~ * Isoscalar State n;(1855)
PRL 129 192002(2022), PRD 106 072012(2022)

. . . . ! < |
* Angular distribution as a function of M(1m’) > 100
2™
expressed model-independently S |
Nk 5 50
(Yl0> = z Wino(COSQé) 4 Data-Sideband % :
i=1 = i
. . . — PWA fit projection (baseline fit) 0
* Related to the spin-0(S), spin-1(P), spin-2(D) . Alternative fit without 7,
. . /
amplitudes in " by: e <
Varn(Y)) = S2 + P2+ P} + D} + D} + D3, E, ’ E
) s o
/—E<S’,10> = 250 cos Op, + %(ZPODO COS((QPO — le)o) + \/§P1D1 C‘OS(OIDI — C)Dl))_ Eg 20-_ E -
\E(YQ‘J):%(14133—7P12+10D3+5D§—10D§)+280D0cosopo. 5 ol %
7v/5 g i 2 -
\/E<}f-30> = \/63—5(\/§POD0 cos(dp, — Qﬁ[)o) — PiDy C'OS(65P1 — gﬁpl)). 115 é 215 é

-
(=]
T —

VIR(Y]) = 2(6D% — 4D} + D3).
» Narrow structure in (Y,
> Cannot be described by resonances in yn(n’)
* 111(1855) —» MM’ needed

—_
o
P T——p——r—1— T

Weight sum/(10 MeV/c?)
o

Weight sum/(10 MeV/c?)

15 > 2. 3
M) (GeVIed)



What about K 7

m 1°JFP9)=1"(17%)
~

K, 160P)=2 (17)

I G PCY— 41—+
n, I°JPH=0*(171) N, "Jgr)=07(17)

Exotic Kaons are difficult to be established,
because they do not have exotic quantum numbers

Decay property is the key

K, (1270)
K, (1400)
K*(1410)
K% (1430)
K%(1430)
K (1460)
K> (1580)
K (1630)
K, (1650)
K*(1680)
K, (1770)
K*%(1780)
K5(1820)
K (1830)

o K;(1950)

K%(1980)

25



Xc1 K+K—77,

PWA with 106 million l/)(3686) PhysRevD.89.074030
35 60
f2(1525) ~ Tl (r]t)asult+Bk|g (a) I K 0(1‘3‘:\?3)) By (p)
-1 (980) 50 -1,(980)
- £(1710) f0(1710) % - 1 (1740)
- f,'(1525) > 40 = £,(1525)
[J Background g [ Background
® 30 } - 2?2 K
; I :J"J]"'! - 1
€ 20 iy
£0(980 : P i
1 | B | L
10 L
i atlaeta,
o LRLELTTEE S e el o UL 0 Uil s s s g aR L,
1121416182222426 1416182222426233

M(K'K) (GeV/c) M(K) (GeV/c?)
Now, BESIII has 2.7 billion ¥(3686). An updated analysis is underworking
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