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Outline of the talk

<« The spectrum and general features of light mesons
<« Experiments and investigation methods

< News on non-strange mesons: ordinary mesons and

exotic candidates
< Search for hybrid mesons and glueballs
< New signhals

< Conclusions
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The meson spectrum as we know it

< Allowed JP¢: ot*+, 07, 11—, 2%+, ..

a,(1970)
Mass K',(2045)
< . PC. _ —+ +— f,(2050)
Forbidden J™*: 077,0dd ™", even ' S
B ] 4TH1%F)
07@"s,) 173%) Z(’:Zggc))) e ﬁ:ng::g) K,(1820) ¢
(1800 5) 1,(1640) 00(1670)
< Meson spectroscopy target: A iy
. . . (1760)
< Characterize observed structures assigning n(z100] (1950 | sl |0y | icteso)
the correct quantum numbers wisss) | [miamoy || 6170 <=
< Disentangle states through angular 0**@,) 172y 271Dy 171D,
distributions in their decays soen e
072"y 17 2%) Ky (1430) || K,
(1300) p(1450) 1,(1270) || f,(1285)
K(1460) || K*(1410) f201525) [ 1:(1420) 4

n(1295) || w(1420)
M(1440) 1){ | $(1680)

a,(1450) [[| b,(1235)
Ky (1430) || K g
1,(1370) , {| h,(1170)
f,(1710) h,(1415) 3)

< Much is known... but much more is not! —

< Three vector 17~ nonets established by PDG .
< One nonet established by PDG in 1t and _ ) 1p(7(;0)s“’ )
1*~ sectors K k@92) | |-1/2

. mn (782)
< The other axial-vector nonets largely unknown | [q (1020)
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Light mesons features

< Light meson mass region (below ~2.2 GeV) very packed

< Several (mostly broad) resonances with the same spectrum of well established states

guantum numbers
< Interfering l

f2(1270)
f2(1525)
f2(2 150)
f2(2220)
f2(2300)
f2(2340)

< Overlapping
< (possibly) mixing
< Decays in the same and/or different channels

220100 f5(1950)

fo(500)
f4(980)
(1450) To(1370)

da.u

1:(1320)

ag Pl =
P 4(1500)

< Difficult identification
< Resonances do not always appear as peaks
< Peaks are not always generated by a resonance!

< The analysis of a single channel is usually not enough to
disentangle and identify states unambiguously 500 1000 1500 2000

Mass [MeV/c?]

< More tools and experimental inputs needed
< Important to exploit as many experimental information as
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Hadrons beyond the Constituent Quark Model

@ < QCD intrinsically allows
for the existence of

ordinary

mesons Z;%?oanrg hadrons formed by
gluons only, or a mixture
non-qq & non-qqg color-singlet combinations Of quarks and gluons
ud Y 6‘3 < Their guantum numbers
¥ 5 ) o \u may be the same as for
d ordinary gq pairs... but
pentaquarks glueballs H-dibaryon diquark-diantiquarks they can also be
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The meson spectrum from Lattice QCD

< State-of-art calculations with

3000 | P=-1 1 P=+1 T exotic ] m; = 391 MeV/C2
- = = = -
/"‘ o = — . .
Sl Ny S = 4——,':\‘4—+ 1 _ — Toms ™= o < Expectations for masses in
— — \ .
I' ﬁ\‘ - ! Sl :: - = ': - ::: - overall agreement with
/ - 4 - - .
wh BT o T A _ observations
. ’"' -— - Sl N < Towers of excited states similar
2 A - 2 o to quark models
s = R + 1 < May include gluonic
e T g contributions
1+ o . .
. < -
wol e I t ey _ Addl’gonal hybrid meson super
e . 24% % 128 multlplet
17" axial B
sl t vector - - | < Lightest |qqg) hybrid state:
. vector isovectors with exotic JP¢ = 177
[Dudek, Edwards, Guo, Thomas, PRD 88 094505(2013)] <

First predictions for hybrid
partial widths
(Woss et al. RRD 103(2021), 054502)
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Sticky fellows: glueballs

< Uniqgque particles with self-interactions
< No valence quark content, gluons only
< Strongly produced in gluon-rich processes

< CGlueball decays:
< Flavor blindness
< rG-nm:KK:qp:mm':n'n’) = 3:4:1:0: 1
< 131’ decay suppressed: important information from J/y - ynn' radiative decay
< 1** could decay like charmonium

< 0~* could decay like n, - yrm 0+
< Good place to search: J/y = ynmn’ 1 b $
2500 0++ CI)QD‘D (})@ (i)m ({)CP §
< LCQD expectations: PR 3
< 0™t ground state: 1.5-1.7 GeV/c? ) 0 T
< 2%t ground state: 2.3-2.4 GeV/c? o] D Ry -2m-emn | G
ground state: 2.3-2.6 GeV/c? N %§Z§1E‘iiiﬁi'iii::fiﬁﬂiii
Ref. [63] (Vy = 4.mx = 250 McV)
0]
PR

Ref. [48] (quenched)
0 T T !
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Sticky fellows: hybrids

< Formed by quarks, anti-guarks and excitation gluon fields

< Low lying hybrids can have exotic guantum numlbers 17-,
17+, 2%~ forbidden by gg configuration

< LQCD prediction: lightest exotic 1~ * nonet in the mass range 1.7-2.1 GeV/c?

< Preferred decays: S+P wave mesons
< 0 .
Main mOde- b1(1235)7l' — WTT h_ajsrpe_a Woss, el al. PRD 103, 054502 (2021)

I / MeV

< Other decays expected to be suppressed: or

< Some indications for isovector 1~
7,(1400), 7, (1600), 7, (2015) j

< 1~ *isoscalar? 0 o
< Can be produced in J/4y radiative decays i o o e R

G TGP QUL &




Experiments and
investigation
methods




Experimental facilities for meson spectroscopy

\)

Light quarks

Electromagnetic
probes

7

HADIES

Hadronic
probes
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Meson production mechanisms

Production of
spin 1 lightest
hybrids

pp central
production

Pomeron
and
Reggeons
exchange

two

photons:

:ﬁ-l- =

strongly suppressed:
possible only with
one virtual y

Se=11 'jPC —NpEE Gk

: : WIS Control the c.m.
All reactions induced by radiation Rnerayorthe s o

hadronic probes are gluon-rich _ Balr
processes



Charmonium radiative decays

< |deal environment for glueball X aa? 1/ X aal
searches c
: Y y
< Glueball production rates could be c s
higher than in nO(maI mesons « aa I CM i x aal
< Processes mediated by 2- or 3g c 99 c
. o . . qqqq
< lIsospin filter: final states dominated
by I=0 processes | wGTI0) || p@160) || 4230 + 4260
< OZlrule f 2.9 fb! 3.1 fb! 1.9 fo-!

Spin parity filter: C=+1

J/y

|
»(28)
A Mark-I

4 JPC = o=ttt 2+t =+ 6 I

¥ Mark-I + LGW
B Mark-II
e PLUTO

< Clean environment in e*e” collisions R | e
< BESIll accumulated so far 10 B J/y, 5 R

and 3B y(2S)

3 w|

i f LR,
< World largest data samples of P ini | - | | | L

charmonium resonances




Search for exotic-

spin resonances:
hybrids




The m,(1400)/m,(1600) case in a nutshell

Hints for spin exotics
since the 80's

Two signals observed:
< 7t1(1400) - N

E852: m p - m np and
np - n'nn @18 GeV/c

Observed as
interference

between L=1and L=2

nmamplitudes

350-400 MeV
broad

< E852 (1997,
2007)

< Crystal Barrel
(1998)

< 7'[1(1600) - n'm, pr

COMPASS
(2010)

< E852 (2001)

< VES (1993)

o]

State reported in 'z and pz channels, NO 5z
(COMPASS) and

nmpon ity
np-onnp (E852)

Intensi

- 1 L L L) 1T
()6 08 1 12 14 16 18 2 22 24
Mass of T System (GeV/e))

CRYSTAL BARREL: NN
annihilations at rest

pn - 'y
pn - n°n'n

o,p —» nw and
a,(1320) - nr
decays do not
describe the
data correctly

The presence
of a m,(1400)
meson

decaying into
nris needed

7,(1400)

e

m(n’)

a,(1320)

Crystal
Barrel

. 2.
m(n=’)

p(770) CB, Abele et al,, PLB 423(1998)175
52500 E.

+ 7,(1400)

a,(1320)

WNumber of events
T

1 2 3
ml, [GeVie']



Novel observations of r,(1600) from COMPASS

,o¢ PRD105, 012005 (2002) _—
]

04k 2uszu;
; a,{1260)
03F

0.2 lrrl{lﬁ?ﬂj

< b,(1235)r - wn spectroscopy:

np - wn” ° @190 GeV
< States observed in the b, (1235)n
channel (+others in p~w)

< 17*:7m,(1600) - b,(1235)w

< 2++:a,(1320),a5(1700) = by (1235)7

< Possible additional signals from
< 3t+:4,(1320)
< 4++:q,(1970)

na-

n
naat
bi(1235)n

Events / (5 MeV/c?)
Intensity [a. u.]
) IS
*+++

Mass [GeV/c?]

\)‘\ lPAC
a,(1700)

o L b b Lo SNLe ..|.. ..|...|...|
B 10 12 14 16 18 20 14 d 2]

fev 7, (1600) T e

< 7 spectroscopy: np - n0° @190 GeV
< 1,(1400) - nm
< 1'[1(1600) ->n'n
Coupled channel analysis compatible
with a single pole at high mass

PRL122, 042002 (2019)

< Single pole hypothesis also compatible — O
with coupled channel COMPASS+Crystal ) j: o
Barrel data analysis (EPJC80(2020),453) § - a,(1320)
oz
i 1_
44‘ )‘4 0__053 1.0 1.2 1.'4 18 18 20 08 1!0 B >d
Vs (GeV) 'E[Ga\"}-




Novel observations of 7,(1600) from GIUEX

T
. . . 14 8
< Photoproduction reaction with W% >
polarized photons 00, hy
', wp, P
< nm spectroscopy :
. /\
< Dominant ay(980) and a,(1320) ) N
oy p — (@x7)_p)
< b,(1235)m spectroscopy A
< No clear signhal observed for m;(1600): ‘EEH oty
upper limit set WY
< Use the upper limit to assess a limit ﬁ%
for the relative production to a,(1320) 000 S
m n( ’)T[ M((om)? ) [GeV/e’]
<

m,(1600) could be significant in n'n

< Largely excluded in nr

Events20 MeV/c?

— A++
7xlUK p_)rlﬂ'- A

20

5F

¥ Tl

—Data
a,(1320)
= ,(1600)

M) [GeV/eT]

Fag(1320) 4 0.1 <—1t<03 GeV?
2000 — i
1500 :— t Preliminary
F f
N +
1000 -o(980)
: 0+"‘.| i; Y
5001~ # ‘W '
0:—_||||\||l\|\‘-1.*‘||\| L
1 1.5 2 25 3
M(nz)
oy p— 0TI A)
©
00 | R p
1 14 16 18 20 22 O
o
M) [GeV/ie] ~
o
L rponT AT
N’; 0 —Data 2
e a,(1320) >S
400 o
50 w —7t,(1600) b

M) [GeV/e?]
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“Fake” resonance: the a,;(1420) case

<« mp-onrnnnap @190 GeV PRL127 (2021), 082501

COMPASS 2008
| 0.1 <" < 1.0(GeV/c)? all PWs

<« Clear peak at 1.4 GeV: a,(1420) - PO 2t pm Dowave
< exotic JP¢ =1**in £,(980)% e
< Resonant behavior (also correct phase motion!)
< Not an ordinary meson
<4 Small width, narrower than the ground state
(a;(1260): I'~500 MeV)
<4 Too close to ground state: 400 MeV expected from
radial excitation trajectories

)

L
b
3

2% 10%

1 109

Number of events / {20 MeV /¢

. . L
< Seenonlyin one channel: £,(980)r e ,
0.5 1.0 1.5 2.0 2.5
ma. (GeV/c?)
Intensity of the 17707 for P-wave Interference of 17507 (fow P — pr 5)
COMPASS 2008 COMPASS 2008 H
0.100<t'/(GeV fe)? <0.113[ — TS model 0.100<t'/(GeV /c)2<0.113 T
3000 \ — signal + g .
& ' —— background 100

—-— BW model
+ mass-ind. fit

< |t can be better explained by a three body
rescattering effect: triangle-singularity

mechanism
|

Relative phase (deg)
-

—100

L 4
—200 f=-—-F~




A new hybrid candidate from BESIII: n,(1855) .

y2d.of. = 1:? /7///// l

~

<
8
C

2
g
8

<
3
8

< Evidence of isovector 17" ;(1600) in Y’ - yxc1 (Xc1 = 77 n") [100]
< Analysis in progress

2
8
8

5
&
8

Events / (20 MeV/c?

8
B8
8

< Evidence for a new isoscalar 1% n,(1855) in J/Y(1S) - yn'n [>190] "o ..
< m = (18554 9%%) MeV, T' = (188 + 18*3) MeV, decay inn'n (s (@evich)
< |soscalar partner of 7;(1600) in 1~ nonet?
< Signature of a tetraquark or molecule?
< Agreement with LQCD expectations

PRL129 (2022), 192002
PRD106 (2022) 072012

4UD'_= T
o [ | (H} xzj"dﬂf = 1.57
T T ™ T T ] g 3{]0 ; —a Data
400F c)y¥m, = 124 . - b) ¥¥m,. = 1.52 ] -
&_;: (c) Amy, ___+ ] W_,_>Q 400: ( )x . E g : +. :
2 300 E 2 a00F- 3 o [ — :* (n,1855)) ]
2 C S C E - 200 o -
o L o~ o ] o — -
"-é’ 2001 -] :'3: 200 3 :@ i «+« PWA fit projection {exclude n,) 7
S - g E ] ﬁ L — PWA fit projection (baseline fit)
3 100F ] o 100F = > 1004 : 3
' ol \ ]
G- b = S _.,‘, . ok = - ]
- r...d’ 'h..‘ o -
Ny (Gevie) " MomGevied) ———

2

4411)‘4& h M{m ](Gew@}




The scalar

pseudoscalar’ ..«

sectors:

glueballs ., «
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The scalar glueball: a bit of history

< Lightest glueball candidate until the y2000: scalar state

< fo(1500) observed by Crystal Barrel and in NN @QLEAR-CERN
pp - K'Kn°

np->ntntn
< Three observed
isoscalars f,(1370)

f0(1500), f5(1710):
< one appears to be
supernumerary

< f0(1500)
Compatible with a
nn structure _
< Enhanced o (1500) - 0 ‘ fo (1500) > mm~
production in
central collisions — 0
. - 51
< Observed in pp —
multiple decay woo| P57
channels

< £f,(1710) mostly ss

44‘1 f0(1500)—>41t i'“m‘

ME [Go |

fo(1500) > KK~

w0 B

a
[ A LK a3r il
K (Gl

pp - K, K;n°




fo(1500) and f,(1710) at BESIII

< J/Y -y

< £,(1500) = nn’ : significant contribution

< £,(1710) - nn’ : not observed

< Jp-vnn, J/Y - vKsKs, ]/ - yr'n®
< Large f,(1710) production (assuming

f0(1810) is the same object)

< f,(1710) can have a large
gluonic content or a sizeable
overlap with the ground state
scalar glueball

bW g

Events /0020 GeV/c?

Jwovm

200 i ynbin=172 7

1s0F

sof

El'

1 1 1
15 ] 2.5 3
(a} My, (GeVic)

caa Loy e b by 1
600260 ‘(€£102) 28a¥d

Events/(10MeV/c?)

BESII

PRL129 (2022), 192002
PRD106 (2022), 072012

4 (a) x’fdof +15ta? BES]]I

—T’[nfsss))
— 1"

«« PWA it projection (exclude n)
—F'Wﬂﬁpjd n (baselin ﬁt}

=~ 5

s 3
MmN’ )(GeVic?)

J/ = YKKs

€002.0 (8102) 86ayd

1 12 14 16 18 2 22 24 26 28

Mass(K.K;) [GeV/ic]

Bl B D



The pseudoscalar and axial vector sectors:
the old E/i1 puzzle

Long standing problem since the 70’s: superimposition of several

pseudoscalar and axial states in the (1.3-1.5) GeV mass region, decaying to KKn
= “E/1 puzzle”

< The KKn decay channel is only possible for J? = (odd)™ or (even)~

® Ppseudoscalar states 0~ ® Axialstates1tt

f1(1285): does not decay to K*K

o) All of them decay to ay(980)n, K*K, KK

e} 1n(1275): First ' radial excitation?

o) f1(1420): hybrid gqg? 4-quark state? K*K molecule?
O 1(1440): likely split in two states ©  f1(1510): not established yet
1n(1405) : true gluonium candidate? ©

+ isovector a;(1420) (COMPASS)
Not observed in yy collisions, large

production in gluon rich environments

(J/w decays, peripheral production, gp
annihilation)

OBELIX, PL B462, 453 (1998)

2
o

(b)

§

Estimated glue content: ~76%

pp - K'K*ntntm

events/0.0125 GeV/c?
g &
o [=]

1n(1475): radially excited & state in K*K ?

1y
8

Observed in yy collision

Not seen in K~ p collisions

b <<« g€

1.2
M(K e 4



1n1(1405)/1(1475) puzzle: BESIII recent results

JHEPO3 (2023). 121

14000

—4— Data —

< JIp > yKKsn® e
< Prominent structures around 145 GeV £ s voniowiz E

< Clear bump about 1.28 GeV I e s E

< Two isoscalar states 1(1405)/1(1475) can fit & amf. =" =

well the data ) ﬂ.;_._..hﬁ_..._.t _________ —

5 ;;___}T:;_“;_-3_5“--?_-:1““1:1-5_.“_1___5.““1__;;:!:;_5

M(KZK2r%)(GeVic?)

BESII

ArXiv:2401.00918

< J/Y - vyyed

< (Clear observation of n(1405) [18.96] < 1onof 74Ny, = 115.4080= 1.4 (a) S [
< 1n(1475) cannot be excluded - ‘ | I
g £00 --1,(2010)

P -1,
< The nature of n(1405) is still unclear E e
0 o 3 i : - X(1835)
= g _ahe &&ﬁﬂ'%t”?rw q’!,’v"; ;..‘.‘; -- :221 950)

5

) 7] --1,(1525)
4 4 1 1.2 1.4 1.6 1.8 2 22
<44 o B oo




X(2370): a pseudoscalar glueball?

< A wealth of pseudoscalar “X"
states observed by BESIII,
starting from the 10B

J/Y -yt ' sample

< X(2370) observed in several
gluon-rich decay channels:
< p'ntn,n’'KTK~,nK¢Ks, n° KK,
nn°m°, ay(980)m°
< Analog ton, decay pattern

< ]PC — O—+
< Mass and production rates

consistent with LQCD

expectations for the lightest

glueball

bﬁ:dﬁ}n‘

PRL106 (2011

), 072002

LI I B I B B B e

T T

BESII

PRL117 (2016), 042002

ks F B
500 k X(1835) = 4000 [ —+Data
a X(2370) 3 E —PHSP MC
§ 400 N . E = 3 Bl Background i
2 'E 800F i e pp threshold
sz 300 o 2500 |- i
X(1835) '
S E 2000 E- # x(2120)
5 E E . X(2370)
Z 2m == E * o )
§ ] EOE SR Nl
2 100 3 100f ; &
= E £, (1510,
A B~ . 500 ;—f il ,.,_.3'
e I L L I 1 = F a
ok
14 16 18 20 22 24 26 28 14 16 18 2 22 24 26 28 3
M(ﬂ:*n"l]')(GcVI cz) Mn'n'n’] (GeV/icY)
Lyu, ICHEP2024
- mooE J.v‘v—)TK:K,nﬂ E sk %:::::E J/ — yr°n’y E "b::_ wa—}'\'ﬂoﬁnﬂ_g
éx —data | T & vl ] | Bt E
. ] &4 3Ol g
> 4000 3 ] s E - E
%m E § a0~ YB3 g4 23 6 28 QIT & oot E
o 2000 4 g / ey (GG 3 E
1000/ = s 200~ o . . ) ) ) N
06 08 1 12 14 16 18 2 22
e s v s | . . : , 2
12 14 16 !'smiﬂéﬁv?cé 26 28 13 i ‘-SM thewoz] o5 : a0
iy hbSCIO
2200 E o
1 = B
gmoc : E §200 L. ™
- 1200 = w
Emm 3 100 e
2 g D=t 22 F ST
“ 400 » My o, (GVIE)
[ — T —- S . . a,(980) signal region
: gee Gy 2° : R [ Mo, — 0.98] < 0.05 GeV




Indications for tensor glueballs

< f2(1950) «
< QObserved by several experiments,

beyond the known f,(1270) (in) and

f2(1525) (Ss)
< GAMS (1995): £,(1950) - rrr

Expected decay width:
rg/y¥ - y6,,) = 1.01(22) keV

« ]/t/) - y£,(2340) decay modes:
f2(2340) > 1

4
< Ground state of the Pomeron? : 282183 4%(5
f2(2340) - n'y’

* [2(2340) R ey
< Large pp - ¢¢ production (JETSET) EZODG'— Fi o oo et
< Large cross section inm™p - ¢én S1500 * M o on. 2 oo dependen
< Observed by BESIII in J/Y — yop¢ ST I W

Relatively narrow 21000 ; s,
< Several decay channels = _ 3 \ '*‘*“,__
< Mass substantially lower than LQCD 500 ;f"F W,
predictions 02:* w';; .i_.2.:;. __t:;gﬂl

b W€ b TN

PRD93 (2016), 112011

M(00) (GeV/c?)
> | | |




Conclusions

< Over the last 30 years a significant amount of data was collected and analyzed,
but still many unsolved questions
< Lots of broad and overlapping signals observed

< Acomplete and unambiguous identification of all the component of gg multiplets is
still missing

< More sophisticated approaches needed for light mesons coupled to different
production and decay channels
< unitarity is violated by simple single-channel approach

< Most significant recent observation: spin exotic 1-* wave

< g @1.4 GeV, 5T @ 1.6 GeV in pion diffraction, observed also in photoproduction and J/y
decays

< Mostly important: match and combine observations for high statistics
experiments in as many production and decay channels as possible

SR F )y Oy VY
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