Amplitude analysis



Quantum Chromo Dynamics

F. Wilczek, QCD Made Simple
Physics Today 53N8 22-28, (2000)

The rules that govern how the quarks froze out into hadrons are given by QCD.

Quarks have color charge: red, blue and green.
Antiquarks have anticolors: , and magenta.

Antired

Bound states of quarks are
color neutral, ““white”’.

ntiblue

“White”” can be one of each color:
red-blue-green, - -magenta
or a color and an anticolor:

red- , blue- , green-magenta



http://ctpweb.lns.mit.edu/physics_today/phystoday/QCDmadesimple.pdf

Confinement

@

Big quark-gluon proton & neutron formation of formation of star dispersion of
Bang plasma formation low-mass nuclei neutral atoms formation massive elements
Tuwerse  >107K 10K 10'K 4,000 K K3 K <AK-3K
time 10%s 10%s 3 min 400,000 yr 110 yr >1x 10 yr

From about 10 s on, the quark and anti quarks became confined inside of
Hadronic matter. At the age of 1s, only protons and neutrons remained.

The gluons produce
the 16 ton force that
binds the quarks.

Baryons

Mesons .
Quarks can never be isolated

How does QCD give rise to excited hadrons?

® What is the origin of confinement?

® How are confinement and chiral symmetry breaking connected?
® How is the mass generated in QCD?



Hadron spectroscopy

m Srongcoupng. /M What is the origin of
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pitanee (m Theory Experiment

LQCD
I > Spectroscopy

Models

Testing QCD in the confinement regime
* Revealing the fundamental degrees of freedom |



Light hadron spectroscopy at BESIII

* Meson spectroscopy: What are the nature of QCD
exotics? What's the role of gluonic excitation and how
does it connect to the confinement?

o & &

glueball hybrid multiquark

« Baryons spectroscopy: What are the fundamental
degrees of freedom inside a nucleon? How do the
degrees change with varying quark masses?

cam CQM+flux tubes Quark-diquark
clustering Nucleon-meson
o system



Glueballs

» Glueballs are the most direct prediction of QCD
» Color singlets emerge as a consequence of the gluon

self-interactions

» Unique particles formed by gauge bosons (force)

« Essential for understanding of confinement and
mass dynamical generation

» Theoretical predictions from lattice QCD and

QCD-inspired models mostly consistent
« Light-mass glueballs: J°¢ = 0+*,2**, 0=+

non-qq nature with
ordinary quantum
numbers is difficult
to establish

e
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arXiv:2305.04869

ot

b <1>¢<I> 2 ++ O —+
@
D Ref. [61] (N =2,m, = 490 MeV)
++ Ref. [68] (Ny = 2.my = 650 MeV)
0 D Ref. [68 2,1 = 960 MeV)

@ Ref. [70] (N5 =2+ Ly = 140 MeV)

Yang-Mills glueballs.am l4tice

(quenched and unguetiched)
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Glueball hunting for over 40 years

Supernumerary states w.r.t. quark model gluon-rich processes

Detailed and accurate information about
couplings to production and decay channels
IS required

* A priori, mixed with nearby qq oy
- Assignment of some qg multiplets is difficult (_; i

Strongly produced in gluon-rich processes

Decay: gluon is flavor-blind D

* SU@3)favor SYymmetry expected, but differing
guark masses leads exceptions

» No rigorous predictions on decay patterns | e

« Could be analogy to OZI suppressed decays of AN —
charmonium, as they all decay via gluons [PLB /¥ ey — fradrons Jiy

380 189(1996), Commu. Theor. Phys. 24.373(1995)] £

........

[Phys. Rept. 454 1]
Charmonium decays:
BESIII, MRKIII...

pp double-Pomeron exchange:
WA102, GAMS...

" pp annihilation:

., Crystal barrel, OBELIX...




Some glueball candidates In
the past

 The first glueball candidate, 1(1440), observed in J/y radiative decays in 1980s

 Scalar candidates f,(1370), f,(1500), f,(1710) (Markll in1980s, Crystal Barrel in
1990s)

« Narrow tensor glueball candidate §(2230) (Marklll in 1980s/BESI in 1990s)
* Not confirmed by CLEO, BESII nor BESIII with much higher statistics

And,
« Odderon (odd C-parity) from DO and TOTEM (2021)

“The Physics of Glueballs”’Mathieu, Kochelev, and Vento, 2009

“The Status of Glueballs” Ochs, 2013

“Glueballs as the Ithaca of meson spectroscopy: From simple theory to
challenging detection” Llanes-Estrada, 2021

“The Experimental Status of Glueballs” Crede and C. A.Meyer, 2009

1976 “find t glueball OR t gluonium” 2025



Charmonium decays provide an ideal
lab for light hadron physics

 Clean high statistics data samples
High cross sections of ete™ - |/, |’
Low background

 Well defined initial and final states

Kinematic constraints 10 Ig;mon Iy events by Feb. 2019
» 1(JPC) filter »_1"’3 =
“Gluon-rich” process Ry ST

@) b)

B ol

hadrons hadrons é ,,

9 aag
jﬁg@ hadrons :m adrons

C(J/16 = ~4G) ~ O(aa?), T (J/ = vH) ~ O(aal),

Unique sample for studying
light hadron spectroscopy

BESIII designed J/y stat. has been achieved
—A legacy data set

C(J/ = M) ~ O(aas), T (/¢ = yF) ~ O(aal)

BESIII remains unique for Light hadron physics



Amplitude analysis
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Tasks: \
O Map out the resonances
O Systematic determination of
resonance properties:
spin-parity,
resonance parameters,
production properties,
decay properties, ...
€ resonances tend to be
broad and plentiful, leading
to intricate interference
patterns, or buried under a
background in the same and

\\ in other waves. /




Amplitude Analysis
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* Production Amplitude
produces a state X with
JPC quantum numbers

 Decay Amplitude
describes the decay of X
to final state particles

 Observables are the
four-momenta of the
final-state particles



Amplitude Analysis

The probability to observe the event characterized by
the measurement ¢

P(€ a) — w(&,a)e($)

3§ e , 1 %[ J déw (€ a)e($)
0 o [pmemnos ) ] Differential cross section
D i Tk /H g b d
" \ Himer [ kgo2) _ 40 _ .12
" 200 ;‘\"l '\\ ’/" £ s r'l ) (l)(g, a) - dCD_ |ZLAL |
10| | \ ,\‘// | seoe | ; ]
R PRI (R -S| Standard likelihood
Mg me (GoVret) m,z(:,- m? (GeViict)
v, 7000 r r 2 37 N
3 i) p Sm‘”* @]
uil¥ / L ) L=‘ ‘P(&a)
Lﬁmv{.g,” | 13;- ‘ \ ] i=1
m-. \;_ﬂ;’ 1] 4 ‘g
g IR I . N, . .
e W Perform an un-binned  log-likelihood

fit (fit the data event-by event to high-
dimensional distributions using
complex weights) to make our model
for w agree with the experimental
distribution for w by varying the a.

Several different states, all decaying
to the same final particles are
produced, and they interfere
(complex amplitudes)



Partial Wave Amplitude

Positronium e.@

(7, 5) = Rui(r) Y (6, 9) x(5)

=150 =20 n=2F1 n»n=3=0 n=3F1 =32 =40 rdE= r=4E=2 =43

m=0 .

Angular distributions . o
of reactions let you o

determine the spin
and parity of
iIntermediate
resonances

Include spin, S, total angular momentum J: J =L+ S: (S



Isobar model formalism

D° three-body decay D° - ABC decaying through an r=[AB] resonance

C A DO three-body amplitude

s .
Ap (312'313) - aoeI ’ +Zarel&ﬂr (312’ S13)
-— e = r

AB Resonance |—> NR termdirect 3 body decay)

‘o ay, 0y, 8, 8, : Free parameters of fit

A, (512’513) — F[5] FrJ X ME] X B\NrJ

L’ Dynamical function, e.g. Breit-Wigner (BW) propagator

J— L+1 Angular distribution

0—040
0—1+1

0—242

uniform
(14—_(,'2) cos? §
5 3 ) ) : . .
(C2+;) (cos®0—1/3) Blatt-Weisskopf centrifugal barrier
= ~ factor for the D (resonance) decay vertex with radius R,

» Angular distribution: spin formalism




Recap

 Amplitude analysis is a key tool of hadron spectroscopy: A
state-of-the-art way to disentangle contributions from
Individual, and even small, resonances and to extract the
resonance's spin-parity, mass, width and decay properties
with high sensitivity and accuracy

 Event-based fits allow one to take into account the full
correlation between final-state particles

« Amplitude analysis remains challenging in models and
techniques



Challenge: Computing

« PWA Is time consuming
« Large amount of fits (hypothesis tests, systematics)
« Large amount of data (unbinned likelihood fit)

Event-wise ML fit to all observables

simultaneously dynamic  angular

2

do
w@)=55= ‘ ' ciR;B(p,q)Z (L)
L
Event-wise efficiency correction

w(§e(d)

PO = To@meo

Likelihood calculation

n
Llcl;etllf'oo.d,t . [} Ao n ](QI) Mormalisation integral
given n data points a = aver phase space
1 [(Q)IQ)DQ) A overphasesp
Product over data events ~ Detection efficiency
Log likelihood
Independent of it parameters:
Independent of fit parameters: precal- precaloulate
culate; memary @M = M2 - o -
. memary 7 N.... N
log Zlog(;[n V.V AQ)ALQ)) - ) log(V.V. (==, ZAQ)A(Q)))
I= i a0 we 1=
Sum over data events  Sum aver partial waves Mermalisation integral as a sum over MC ewents
-— —— —_— Summing only reconstructed events takes into
Computaticnally intensive: (M = N_ = H_ ] account detection efficiency

Data parallelism: do the calculation for every event simultaneously

10



Challenge: Computing

 High performance computing with GPU, pioneered by
BESIII

PPPRPRPOTPE

teration |s

Time

«
<
<
a
~

GPUPWA

Events

http://sourceforge.net/projects/gpupwa
N. Berger, B. J. Liu, and J. K. Wang, J. Phys.
Conf. Ser. 219, 042031(2010)

ATHOS White paper: Analysis Tools for Next-
Generation Hadron Spectroscopy Experiments [Acta.

Phys.Polon. B46 (2015) 257]

The most promising avenue for PWA is general purpose graphical processor unit (GPGPU)
programming. Making use of the many cores on a GPU, likelihood calculations can be performed
on many chunks of data at the same time. The pioneer approach of harnessing GPU parallel
acceleration in PWA was performed in the framework of BESS-III [171). Presently there ar¢
several hardware-snecific nrosramming madels (CUTDA OnenCL) bt the H‘.-H 18 1n a state of ranid 17




Challenge: Background

« Background modeling
Lsip

« Background subtraction
L¢(data) — Lg(background)

* Recent progress: ML
based multi-dimensional
reweighting

* to obtain data-like MC for
dominate background

120

O 4t 3 100
> : E

& 85: =80

= 3 3 60

S_ 2 5: -

— <9t 1 40

= 2 :

20
\ 1 LS

1715 2 25 3 35 4 45 5
MR(nm)/(GeV/c?)

{’ /nbins=57.7(a ) f /nbing15.3(b)|  =x*/nbins=18.2(c)

i_::;)(g/nbiuszzg (d)  =x*/nbins=L9, (e)  -x*/nbins=2.1 (f)

EPJ Web Conf.CHEP 2018
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Challenge: Resolution

where mass resolution matters

do ‘
— = FA; |? = FF A A = F;F|Tl;T;P Propagator
dod J J J J

Magnitude/Phase
independent of mass

Orbital Tensor
weak dependency on mass

w/o mass resolution PP = f;(x)f/(x) - i(Wfi ) -

w/ mass resolution PP/ = fi(x)f; ()®g(x) - () f; )®g() -
= hyj(x) - hi(v) -

hij(x) = [ filx —m)fj (x —m)g(m)dm = ) w(my) fi(x — my)fj" (x — my)

Events / (0.04 GeV/c?)

1000

500

Jip->mtny
Phys. Rev. D 96, 112012
_p — w mixing

i —— Jly data

— Fit
— NR(17)

I

=—— w(782) 1
I ~(1450) m
--------------- pand NR inter
=== background
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Challenge: Dynamic models
——EXperiment-theory cooperation

K'(K) —p_TT°

11(1440) . 11(1440) / e
R(K &iﬂ > a, 80 Ufo 980)*\\ 17
) f,(980) 71
(a) (b)

Triangle singularity
Original  Atotar = quGYVAUl‘V

Modified: Arotat = €y, €y, (AURY + A" T UHY)

coefficient to be fitted  Loop integral of coupling

20
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. o
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— D n 1++
[ 0t~
EH 0-+

aqq Mesons I Each box corresponds

nonets (2 for L=0)

@ (a) (b)
hadions hadrons
' 99 qag

T
<
O
5
a

K

L exotic

/ nonets (c) (d)

¥ Lattice nﬁj@ hadrons hadrons
Qqqq

1+ 1.9 GeV oQ

o++

] 0+* 1.6 GeV

L=01 2 3 4

C(J/ = vG) ~ (_J(r_rr.}g)_. F(J/ —~yH) ~ O(aad),

F(J/Y — yM) ~ O(c:u}:f’)_. C(J/Y — 4F) ~ O(c'}f}f’)

Highlights: Light meson spectroscopy

« Search for glueballs and hybrids
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Close and Kirk, PLB483 (2000) 345

Scalar glueball candidate

fo(1370) fo(1500) fo(1710)

* Supernumerary scalars suggest additional degrees of freedom ) ' ‘

m o+ dd

* However, mixing scenarios are controversial Cheng et al, Phys. Rev. D74 (2006) 094005

fo(1370)  fo(1500)  fo(1710)

* Measured B(J/y — yf,(1710)) is x10 larger than f,(1500) >
BESIII [PRD 87 092009, PRD 92 052003, PRD 98 072003] ‘ ‘

* LQCD: I'(J/ ¥ = YGo4)/Trotal = 3.8(9) X

[PRL 110, 091601(2013)] 1/ = v, (1500) I/ = vy (1710)
»BESIII: f3(1710) largely overlays with the scalar glueball
ege . . yKK — e o
» Identification of scalar glueball with coupled-channel B/ — 4fo(1500)) ~ 0.20 x 10~
analyses based on BESIII data ym  BU/Y = fo(1710)) ~ 2.2 x 1072,
[PLB 816, 136227 (2021), EPJC 82, 80 (2022), PLB 826, 136906 (2022) ]
* Further more, suppression of f3(1710) — 11’ supports ymm ——
. | o Na‘tl. S.CL Jlleri.IBI, ??(11' n\r\‘/ab1‘98l(21OIZIIJ)I
fy(1710) has a large overlap with glueball | m 10

Branching fractions (10~5)

BESIII [PRD 106 072012(2022)]

22



Overpopulated scalar mesons

£,(1370)

/ \ N S
Scalar mesons AR VYA &
% \ [ 4(1500) | [ f(1710) "v‘

o “““ £(1370) ““w‘ \ » N ¥
J’”/ \\‘ t‘\\_»_’ Jﬁ/"‘ T i
‘f‘ £(600) ‘ ) p e\"@
“‘L‘Ku(1430)‘;‘ ‘:s‘ (980) ‘x“
\f ay(980) \L“} 7 “ ﬁ y A
4 \ 5(1450) N
[ o Ve Glueball
| K(@8o0) | /
. : | K3(1950)) s £,(1700)
G \ ! From M. Pennington . 2
Name Mass [MeV/c?] Width [MeV/c?] g
fo(600) = | 400 — 1200 600 — 1000 E
f,(980) « | 980 + 10 40 — 100 >
fo(1370) « | 1200 — 1500 200 — 500 o
fo(1500) % | 1507 +£5 109 & 7
f(1710) = | 1718 + 6 137 + 8 Mixing scheme::
fo(1790) very controversial and model dependent
0(2020) | 1992 £ 16 44260 f,(1500) , f,(1710), which one has more gluonic
fo(2100) | 2103 +7 206 + 15 7
f(2200) | 2189 + 13 238 + 50 component:

23



Events / 20 MeV/c?

Events /0.020 GeV/c

Amplitude analysis of J/{ = ynm/K3IK2

BESIII PRD 87, 092009 (2013)

a LI T T
r ] Resonance Mass (MeV/c?) Width (MeV/¢?) — yX — Significance
200 |- { . Enusom 1468+ 14423 136741+ (1.65+92+051) x 10-5 8.20 J
- 1 ell710) 1759 + 6714 172 = 10432 (23550177370 X 102 25.00
150 a  fo(2100) 2081 = 1313 273451479 (1Tt 1390
C 1 fas2s) 1513 + 5%, 75380 (3.42708+130) x 1073 1L.0e
100 4 f(1810) 1822129466 229+ 2+88, (5.4013221%33) X 1073 6.40
8 + 1 (f»(2340) 2362530110 33475 00 (5.607062%237) % 102 7.60 )
OF fd E
e e, Brof fp(1710) ~10x larger than f,(1500)
1.5 2 2.5 3
M"" (GeV/cz) Resonance M (MeV/c?) Mppg (MeV/c?) I' (MeV/c?) Ippg (MeV/c?) Branching fraction Significance
K*(892) 896 895.81 +£0.19 48 47.440.6 (62811 0) % 1078 350
BESIII PRD 98, 072003 (2018)  k,(1270) 1272 127247 90 90 + 20 (R4 N) w1077 160
£ e £o(1370) 1350 4+ 9+12 1200 to 1500 231 + 2112 200 to 500 s 250
6000 H fo(1500) 1505 1504 + 6 109 109 + 7 (1:5930154008) %1072 236
E Biinniis [/‘0( 1710) 1765 + 21! 172318 146 + 3+ 139 + 8 2.00108+031) 5 104 » 35,
50001 — Signal MC 7o(1790) 1870 £ 772 146 + 1477, (1] Tsemas 240
4000 f0(2200) 2184 + 54 2189 + 13 364 +£94 238 +£50 (2:7213%+017) 5 104 > 350
g £0(2330) 2411 £ 107 349 + 1817 (4951 9211000y 51075 356
3000 | £>(1270) 1275 1275.5+0.8 185 186.7132 (2:5810%84059) » 1075 336
2000 _ % £5(1525) 1516+ 1 1525+ 5 75+1+1 7318 (7.9913E98) %105 > 350
- P S TR A W (2(2340) 2233 + 3415, 2345530 507 + 3748 322410 (5.541 040" 148) X 107 260 )
1000 . "-., | O+ PHSP : (1.851 505103 ) x 107 260
OE"“_“_Hlmlmlmlmlmlm | 2++ PHSP (5.5 0 ) x 10~ 130
1 12 14 16 18 2 22 24 26 28 3

Mass(KK,) [GeV/c?]

24



Scalar glueball candidate

Flavor-blindness of glueball decays

L(J/¢p = vGo+) = g0 1\}12)' |E1(0)]? = 0.35(8)keV LF(G—)mr:K]?:rm:7777':77'77’) =3:4:1:0:1
I'/To = 0.33(7)/93.2 = 3. 8(9) x 1073 PS.
CLOCD, Phys. Rev. Lett. 110, 021601 (2013) *with chiral suppression
PRL 98 149103
I ’ fn
Experimental results r'(G - nm)/T(G - KK) = ~ 75~ 048

>B(Jhy > £, (1710) > yKK)=(8.5743) x 1074
»BUy > vE,(1710) > yam)=(4.0£1.0)x 10~ \ 4

»B(/y = vf,(1710) = yowo)=(3.1£1.0)x 1074 F(G - KK: ?777) ~ 1.3:3.16:1

P.S.
>B(hy > 1i,(1710) > ymn)=(2.35+313+424)x 10~

= By =2 yf,(1710)) > 1.7x 1073

f,(1710) largely overlapped with scalar glueball



Other iInformation

Two photon couplings B, - J/uf,

“Stickness” is selective for ss
PDG201 PLB 797 (2019) 134789

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) o T | T T T T T T T I T T I T
> LHCb " 080 3
fo(1710) F(i) (y7)/T (total) s Dataand it — 71500 1
r(KK) x M(y7)/T Fala/T 10° KT =
( _) X (77)/ total 1Me/ 2 — /(1270 3
VALUE (eV) % DOCUMENT ID TECN  COMMENT N - }n 1525 -
12+3+221 UEHARA 13 BELL ~v — KQKQ B A
-2—- 8 Y s"s e NR
e o ¢ We do not use the following data for averages, fits, limits, etc. o o @ E 102 =
<480 95 ALBRECHT 906 ARG ~v— KtK— el 3
<110 95 1BEHREND  89c CELL vy — K%K% > ]
<280 95 1 ALTHOFF 858 TASS ~v — KK -
lar i 0,0 10 E
However, a scalarin yy -» m-'n - ]
Belle PRD 78 052004 1
1 1 e 1
0.5 1 1.5 2
TABLE VI: Fitted parameters of the fo(Y) m_. [GeV]
Parameter | Belle(77?) Crystal Ball f,(1370)(PDG) fo(1500)(PDG) Unit
Mass 1470 £% T2, 1250 1200 - 1500 1507 £5  MeV/c? observation of f,(1500) ,
Liot 90 T3 130 268+ 70 150 - 200 109 + 7 MeV .
I B(x’7%)| 11 =3 f?”x 430 £+ 80 Unknown Not seen eV non'Observatlon Of fO (1710)

f,(1370)? f,(1500)?

Assignment requires further study with more sophisticated model 26



Tensor glueball candidate

T(J/9 — ¥Gyr) = 1.01(22)keV

I‘(J/w — ")’Gz-}-)/rtot =1.1 X 10_2
CLQOCD, Phys. Rev. Lett. 111, 091601 (2013)

Experimental results

54237

Br(J/y — f,(2340) > ynn) = (3.8 (¢ ;) x 107
Phys.Rev. D87, 092009 (2013)
Br(J/y — f,(2340) — y) = (1.91+0.14"72)x 10*
Phys.Rev. D93, 112011 (2016)

Br(J/y — vf,(2340) - yKKg ) = (5.5402" ) 10
Phys.Rev. D98, 072003 (2018)

BESII /¥ - yod

NUZSUO I # 0" model independant
l-:; L e IJ model dependent
32000 T - e
= ’ # . 2" model independent
ﬁ‘l 500 ip :*; +_- === 2" model dependent
3 "
E1 DOG N ‘ H*I“:"#;*
Ll 500+ E'l_:-f ‘_‘_.‘.""T'T?'r.‘.k__ el
U '-_‘ .ﬁ.-l¥' *“li..l.‘_ .l-“
2 2.2 24 2 6
(£) M(00) (GeV/c?)

f,(2010), f,(2300) and f,(2340)
stated in ©p reactions are observed
with a strong production of f,(2340)
Consist with central exclusion
production in WA102

It is desirable to search for more decay modes *



Pseudoscalar glueball

The small number of expected pseudoscalars in the quark model provide a clean
and promising environment for the search of glueballs

7
[ 300F J r ' ' ]
6l 1st radial excitation (b)
L L 4 —
5+ ‘ \V4 X(2370) ::; (1405)
§ @ E 1”'
SAr e X(2120) S 200f
Q 3t n(1475) ® e \
% | v n(1760) E
2 B - —
[ n(958) @ £ |
ik e 11(1295)\‘ n(1405) € 1007 MARKII /
L = /
ol O l](548) ,f.lr \\__,;"";!
1 — 2 i 4 s 0 T J
n 0 12 16 16 18 20

mxgn (GeV)

Where is the 0-* glueball
Long standing E-t puzzle
« LQCD: 0-%(2.3~2.6 GeV)
« Does n(1295) exist?
« What' s the nature of the M=14907 143 r=54731+13 Mev /2
outnumbered 1(1405) ?

4T i : 15 :
M = 1416 + 81, r =911 __ "7 Mev/c?

28



Isospin-violating decay of
n(1405) - f,(980) 1"

- o | v f0(980)n
IR 3 e | : J/
3 5 | - T
3 .o g | ” _ 1n(1405/1475)
g 30F S % &
2 20p E - '
3 kg ;|

T E— 18 e T v 11 1.2

M(f (980)n%)(GeV/c?) M(r°n®)(GeV/c?)

BESIII PRL 108 182001

fO(980) is extremely narrow: I' = 10 MeV.
PDG: T'(fO(980)) =~ 40~100 MeV.

Anomalously large isospin violation:

Br(n(1405) — fo(980)7" — ntn—x?) .
~ (179 = 4.2)%

Br(n(1405) — ad(980)7" — nnoxY)

_ Br(x,— f,(980)a° = a*n x’)

0_0

 Br(x, —>a,(980)1° —>na’n’)

<1%(90% C.L.)| PRD, 83(2100)022003

Eﬂf
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Isospin-violating decay of
n(1405) - f,(980) 1"

PDG2012

However, the issue remains controversial as to whether two
pseudoscalar mesons really exist. According to Ref. [18] the
splitting of a single state could be due to nodes in the decay
amplitudes which differ in n77 and K*(892)K. Based on the
isospin violating decay .J/1(1S) — 3w observed by BES [19]
the splitting could also be due to a triangular singularity mixing
nrm and K*(892)K [20].

T - b1 £(980)
[ K K- KO KO

T Ko(K+) TC K*
n(1405) _/ St < n(1405/1475)

3,(980) = - 1(980) \ _
=1 KO (K) | =0

£,(980)

096 098 1.00 1.02 1.04
Mz'x (GeV)

—->No need for two pseudoscalars around 1.4 GeV
—>Look for pseudoscalar glueball in higher mass region
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Isospin-violating decay of
n(1405) - £,(980)m°

* Inspired by BESIII's observation, the triangle singularity
mechanism plays an important role in the study of threshold

phenomena
BESIII

K(K) —p_ TT° K*(ky)
N(1440) K(R)//;T |:> a,(1420) L (1260)

U0 fesorn

Hadronic molecules
Rev.Mod.Phys. 90 (2018), 015004

et al., 2016). However, two recent experimental observations
expose novel features in their decay mechanisms which illus-
trate the relevance of their couplings to the two-meson con-
tinua. The BESIII Collaboration observed an anomalously
large isospin symmetry breaking in 7(1405)/n(1475) —
3m (Ablikim et al., 2012), which could be accounted for by
the so-called triangle singularity (TS) mechanism as studied in
Ref. (Aceti et al., 2012; Wu et al., 2012). This special thresh-
old phenomenon arises in triangle (three-point loon) diagrams

COMPASS@CERN

]

—»— I

p I (k)

K~ (ka)

—— 2
fo(980)

Manifestations of TS in various processes
Phys.Rev.Lett. 108 (2012) 081803

Phys.Rev.
Phys.Rev.
Phys.Rev.
Phys.Rev.
Phys.Rev.
Phys.Rev.
Phys.Rev.
Phys.Lett.
Phys.Rev.
Phys.Rev.
Phys.Rev.

D86 (2012) 114007
D88 (2013) 014045
D87 (2013) 014023
D89 (2014), 054038
D92 (2015) 034010
D91 (2015) 094022
D92 (2015) 036003
B753 (2016) 297

D93 (2016) 114027
D95 (2017) 034015

D97 (2018) 096002 sl



Shed new lights on the n(1405)/1(1475) puzzle

0
J/W = YKgKgm BESIII JHEP 03 121(2023)
Mass Independent PWA in bins of M(KsK¢t°) -
to detangle JP¢ components “Z"""““E‘fj"’ ) e B
« Valuable inputs to develop models R -
Mass Dependent PWA with BW to extract T N
E - 0 (KEe, , KYMD) -¢1+ e
resonances AN 7+ - T
Consistency between Ml and MD results ~_2wp +o e @ e e
%10000__ ..... 0"(MD) e E e T R T TR Y-y
g 8000:— (M1 -—"’ --_._ ] M(KgKgn“)(GeV/cz)
S 6000f  TMD) # e = [
Dominated by O 5 w3 S R T '(c)' ;
« Two BWs around 1.4 GeV is needed Camf WE ] Tk 4w YT
0: gt ) I e E [ e 10,007 MD) -
125 13 135 14 145 15 155 16 w 8000F ey -
M(KgKgno)(Gewcz) E;eooo:— mxmk;m -
Coupled-channel analysis P B ]
« PRD 107, L091505 (2023) ; P

o 'l . Ao i N
1256 13 135 14 145 15 155 16

PRD 109, 014021 (2024), M(CK2)(GeV/c?)
arXiv:2407.10234
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0 yield/(0.035 GeV/c?)

J/U — yyod, a ss flavor filter

BESIII PhysRevD.111.052011(2025)

PR D97 051101 (2018) T 1000 /N, = 115.40/80= 1.44 . ---.r?:lzaas)

M A . L > 0 ‘
oo (b) - Amplitude analysis with ML 2 (1405
- . ) © f,(1420)
300~ E techniques for background S I (1510)

r 7 . = 500 !
200 = subtraction = Ot f,(1525)
. . 5 - 1 -- Xx(1835)
100~ sl 5 = T [ f,(1950)
B o e T i Ol ST D] 1,(2010)
1.2 1.4 1.6 1.8 2 . SF N f,(2200)

M(yo) (GeVic?) <Fit to mass spectrum ~ 0 -t 0 M’m’i’rwwvﬁﬂ';’f*\] o,

T 12 14 16 18 2 22

: : M(y_,0) (GeV/c®)
From the amplitude analysis,

* 1(1405) is observed, while n(1475) can not be excluded
« X(1835) — y¢ suggests its assignment of " excitation
* n. — Yo are observed. The very first radiative decay mode of 1.

« Observation of f,(1950) and f,(2200) — y¢ unfavored their glueball interpretations
[PRD 108, 014023, Sci.China Phys.Mech.Astron. 67 (2024) 11, 111012]
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Where is the 0-* glueball

Pseudoscalar sector, a promising window

* Onlyn, n' (& radial excitations) from quark model

Mass

« LQCD: 0+ glueball (2.3~2.6 GeV)

Production

« LQCD: T(J/W = YGo_) /Troral = 2.31(80) x 1074, at the
same level as O-* mesons

Decays

« Possible guidance: OZI suppressed decays of 1,

- 3 pseudoscalar final state is a good place to look
for (0-* - 2P is forbidden)

[PRD.100.054511(2019)]

;
1 Reproduced from X(2500)
61 PRD 96 034013 (2017)
5 n(2225)
_ X(2370
—~ 4 X(1835) n((2320))
b 1 1405
E 3—_ n(n(14)75)
NE 2
147
04 7
1 2 4 5
ne. = 3P in PDG
Decays involving hadronic resonances
o n(958)7m ( 1.8740.26) %
[ 17/ (958)KK (1 1.61£0.25) %
Decays into stable hadrons
|_34 KKW (7.0 £04 )%
35 KK (1.32+0.15) %
[ nnta” (17 £05)%

« No dominant decay
« Flavor symmetric
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A glueball-like state X(2370) R i

& 500f b X(2120) X(23f0
}500“(1835} " ( }f: ] }
. . ] gmn A
« Discovered by BESIIl in J/¢ - yn'ntrt in 2011 S 300 /e
« Confirmed by BESIIl in J/{ - yn'nm, yn'KK (new mode) 2 200 iy |
- Not seen in J/{ — yn'nn [BESIII PRD 103 012009 (2021)], toof p T
J/¥ - yyé [BESIII PRD.111.052011(2025)]. Upper limits of BF 01416182022242.62.8
are well consistent with predictions of 0~*glueball M, n(GeV/c?)

- Mass consistent with LQCD prediction for 0=+ glueball B! PRL106,072002(2011)

T T T T T T T
’ 4000F ~ Data '
. F — PHSP MC
J/ - yn'KK BESIII EPIC 80 746(2020) o oHeP MO
200 ] 3 gSOOO o pp threshold
. [ diy—sy KKy, o' on, oy (a) ] 500 Jry—yK'KW, m—yp”, pPanm (b) - 2500 ;—
ri'—l [« Data Chebychev ] “j_g_ [ —— Data Chebychev E 32000 2
%} 130 — Fit resurt “""T:'—:Slpbk ] % 400 F — Fit result mee ?Htslpbk 3 E g
o [ EE Signal X(2370) olatbrg {- ] o | B signal X(2370) catbka & 51500
g 100 "= Sy K"K '+ c.c. o 300 - = K™ K n+c.c. 3 211000 i_ K
= [ ey’ sideband =3 [ == sideband 500 F 3
@ i @ 200f = S
c H c C 3 h
::_I»’ 20F E 100 3 074 16 18 2 22 24 26 28 3
P o f e Mn'x] (GeVic?)
0 g e o, - o] 0 T e
221 22 23 24 3556 o1 % 3 24 25736 27 BESIII PRL 117, 042002 (2016
My (GEV/C) My (GEV/CS) ’ ( )
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A glueball-like state X(2370)

« Spin-parity determined to be 0~ 7

J/W - YW'KJKS  BESIII PRL 132, 181901(2024)

....................

2f(a) Moy 2f (b) T 80 « Almost background free channel
T B Data © < Amplitude analysis in f,(980) region
3 16l
;14 pc = 0-+ with significance >9.80

iy o [M = 2395 +11+26.0, MeV

[ = 188+18.17t124 33 MeV

3 120(0) | S PG w i z;;; ;;n' | (Jw—7X(2370))B(X(2370)—o(980)n") B(fo(980)—KOsK0s)
Emo;— " MH fe E‘“’ ’ m =1.31 = 0.22+285_5g4 x10-°
o 80} “ || || m .:;B:m, 1 1 30} } M“ _
Swl f0 TS h||U| H” , _: Liisie
§ }} i MEN | |l|ﬂ | 5
= 20;_; | | & 10:“ 3 -...... ..:,T.

0-2"22 24 26 28 3 7% 2'5 YT R lasiisnizale RO

MKgKgn.GeV/c2 Mooy GeV/c? 2024

Highlights of ICHEP2024 COLLECTION
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Spin-parity Determination of X(2370) in J/{ - yn'KgK¢
BESIII PRL 132 181901(2024)
Nominal fit solution

+ Data

— MG projostion
[ Background ]
+ o Nomeresonant

X230
X[1835)
X{2800)

1 06 02 02 06

|-

1

state | J*C | Decay mode | Mass (MeV/c*) | Width (MeV/c*) | Significance
X(2370) | 07 | fo(980)y° 2395%]) 188°13 1490
X(1835) | 07 | fo(980) 1844 192 200
X(2800) | 07 | fo(980)' 2799+32 660" 1% 1640

e |07 fo980y | 29839 32,0 > 2000
PHSP | 0~ 0 (KSKS)S -uane --- --- 9.00
0 (KYK)D-wave -——— - 1630

+ X(2370)'sJP¢ = 0+ with 9.8 ¢

» Product branching fraction:

B(J/ U — yX(2370)B(X(2370) - n'K2K?)B(f,(980) - K2K?)
= (131 +£0.22%83)

X 1073
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‘)

(&

v/

M, o0 (Ge

' o sk @) ot :
X(2370) seeninJ/y - ngKgn g0 " S
G 4o 'f
gmﬁ I
S i §
Observation and Spin-Parity Determination of the X(1835) in J/y — yK{Kn 2207 X a o
?mﬁ ™ g \'\
BESIII PRL 115 091803(2015) @' -
u.1,5 18 20 2.2 24 26 28 3.0
AN A U R B Wﬂﬂmwﬂ
2'45 (C) Data e K
2.2r --E&% . .
o0l 1 Similar decay patterns of the X(2370) and 1y,
1.8F P
1.6 41 | clearX(2370) AND 1 signals
14F 2
1.2F S & .
ok [ i ; ] no X(2370) OR y_ signal
16 15202224262330
KEKﬂn (GeV/c?)
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« Mass and production rate consistent with LQCD
- Decay modes X(2370) - n/nm, 1'KK, KK, KIK2n? nn®n’, a)(980)n?,

in analog to n. (M(2320) - nm,nmn [PL B496 145(2000)] could be the same state) .

9000 Er T T T T T T T T T T T %'m"/lllj_‘)y;]ﬂdﬂ(]" :m E
8000F- S1E E Lo E
% 70005— J/g - VKg Kgno ] - g,:; §:::: 3 ‘ ‘ N e
@ 6000F- 1 | £ sonf- § = - 0 0 ~
gsoouz— % & Ex- § s E]/ll]*]/ao(980)1'[ wW
340002— 11| e o 3
‘c;c':aooni— 1113 " ,
5 2000E L%‘
1000 R 2 M N_d
N i T I T T I R T B . ) —a AN
12 1.4 16 1.8 2 22 24 23 28 3 M 1.5 2 25 3
oo GEVIC? Moo, (GEVIC?)
—— —3 600 T
—f e
g o E =
81000;_ ¢ Data + Data _g 8
% 800F — Fit resuit Fit result ) E ©
£ E .- Signal ---- Signal €
|j>j iggg_ ----- Background X(2370) >> 50' .... Background X(2370) >> 50- L%
2005_ ------------ ‘ S| | B+ S
0=3 I Y S Y ST 3 C — BT BV Y
Myoyero (GEV/C?) Moy, (GEV/C?)
X(2370) observed in the gluon-rich J /{ radiative decays )
+ A first-time determination of JF¢=0"" . .
Consistent with

0~ glueball
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Light hadrons with exotic guantum numbers

« Finding unambiguous signature for exotics € ¢
— — /

- Efforts concentrate on Spin- W”m
exotic +

Hybrids e@A@® qq g)

 Forbidden for qq: n
]PC =0, even+_’ odd™—" Glueballs & gg)
Experiments: , + 5o
Multi- @—@ @—@ |- )
e Hadroproduction: GAMS, VES, E852, COMPASS quarks +
* pp annihilation: Crystal Barrel, OBELIX, PANDA(under g*% L §2$

construction)

* Photoproduction: GlueX(2017-), CLAS L.
J=L+S P=(-D"! C=(-D'
Allowed JP¢: 0+, 0%, 17—, 11—, 2%, ...
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Volume 60B, number 2 PHYSICS LETTERS

] ]
UNCONVENTIONAL STATES OF CONFINED QUARKS AND GLUONS™
I e I ‘ I O I I S R.L. JAFFE" and K. JOHNSON

PRD 88 094505(2013) 3. ‘ ReDt,|I:r0Cl.PhVS. 86 (2023) 026201_ 3 MIT bag model
: ! x Others
I I
000 eXOtiC : : Flux-tube model
— - - %. 2 { : +' L) : jI Xy ) 2 % QCD sum rules
. - - e XA *

2500 = - [ | — )] Yo & ! ﬁ * I Constituent gluon model
' = i - - = = R 1 . | 1

= B e = = - - = x ‘ | T rawiceqen

' = . = = = g+ 47T g+ : ot- 27 i i I QCD sum rules
2000 ; : _T-i -: ] 1+ 0- L [ 1 L 1 -0 I Others

E m = -8 g+ 1970 1980 1990 2000 2010 2020 2030
- -
E 1s00 = - = | _ .
- - - Mass of 1~* hybrid
11’* 1++ 2++
1000 gm0 m, = 302 MV T; / MeV PRD 103, 054502(2021)
= 24% % 128 PN
1- [E] 600

n— isoscalar [l
500 o isovector [ 400 bim

o+ 200

On lattice, r .

* Meson excitations similar to quark model _ |
e Hybrid supermultiplet: 0=, 17—, 2~ F, 1~

1500 1550 1600 1650 mp [ MeV

* Lightest spin-exotic state in LQCD: 1~ hybrid Decay width of 1~ hybrid 1,
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SPIN-eX0tIC MESONS i, wmws2

(€™

- X " P X "
Target Recoll N I
* Over 3 decades, only 3 candidates so far: All -

1~ T isovectors

. T[ip—n‘c;np GAMS
 ,(1400) : mostly in nm o | s

. . ) 1400) nr T p > monn E852
* m;(1600) : seen in pm, n'm, bym, ™ pnomndy  CBAR
pp — mom° CBAR

f, 7, but not nm T

P pp - 2wt 2w~ Obelix

* 1, (2015) : needs confirmation g TBemwntBe  vEs

_)
e . |[PRL 122, 042002 (2019), EPJ C 81, 1056 (2021) ] TP

pop————— can be n~Be —» wn~m°Be VES
o1~ 21320 b, pp = wntr 0 CBAR

o oE et . ,(1600) np-wnn®  E852

$ E o n"Pb - mtn~m~X  COMPASS

£ “E o P nTp-o>ntnTnTp E852
asf- PRL 122, 042002 (2019) P Tp - pyatnTmT ES52

0'72_ 1 1 L | 1 1 1 172- T[_A = T’T[+T[_T[_A VES

Mass (GeV) f:zﬂ' T p— wn_nop
Coupled-channel analysis of COMPASS data ,(2015) _ o g5
bt np-opngmtnTn
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1 HybrIdS Ty IG(]PC)= 1-(171)
e Isoscalar 1~ T is critical to establish the \
hybrid nonet

hN

K, 160P)=~ (17)

e Can be produced in the gluon-rich

/ IG PCy = 0+ 1-+
charmonium decays n 15JP%)= 0+ (17) n g7 =077

* Can decay to 1’ in P-wave

PRD 83,014021 (2011), PRD 83,014006 (2011), EP) P135, 945(2020) Nj\"_,s*"

JAp

- Search forny (1~ *)inJ/P - ynn’ c
[(Jly > yH) ~ O(ag;)
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Observation of An Exotic 1~ * Isoscalar State n,(1855)
PRL 129 192002(2022), PRD 106 072012(2022)

AAOFTT T T T
« Anisoscalar 1-*, n,(1855), has been observed < 3005_ (@) rfdof = 157 :
inJ/¢ - yn' (>190) s} 2 ]
M = (1855 + 9+6) MeV/c?, T = (188 + 1873) MeV/c? 2 200 — T sss) ]
B(J/W = yn,(1855) = ynn') = (2.70 + 0.41+31¢) x 1076 £ oof b Pt prfsction asain
>
° ° ° L C \
« Mass consistent with hybrid on : A narn g
LQCD 05 2 25 3
Mnn')(GeV/c?)
O 40f ,
s | ¥y
D . -1 . .
nn’ in P-waves uniquely indicates 1~ exotic s | without 1, (1855)
quantum numbers |
a |
2 |
2 0
<) i
2

15 2 25 3
M(m')(GeV/c?)
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Observation of An Exotic 1~ * Isoscalar State n,(1855)

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

* Inspired many interpretations: n I5(P6)= 1-(17)

Hybrid/KK, Molecule/Tetraquark? \ N -
K: I*(J%)=- (17)

NPA 1047 122874(2024); Rept.Prog.Phys. 86 (2023) 026201; 2

PRD 107 (2023) 7, 074028; SCPMA 65 (2022) 6, 261011;

CPC 46, 051001(2022); CPL 39, 051201 (2022); 0, IJP9= 0t (1)

PLB 834, 137478(2022); PRD 106, 074003(2022); PRD 106, N 16079 =0t(1™")

036005(2022) ;...

« Opens a new direction to completing the
picture of spin-exotics

« Asa ‘“recent achievements and highlights” in
hadron spectroscopy in the NuPECC LRP

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

of an n,(1855) state could be a breakthrough”
[EPJ.C 83 (2023) 1125]




PR D84 112009 (2011)
2.6 x 107 Y(3686)@CLEO — ¢
250: @ a,(980)x
i a,(1320)n
200f e (RT)GN
[ - 1,(1270)m

Studies of 11 IN X¢q

150}

— 1,(2050)n

n "

100f

50

No evidence of
Ty =N

M(nr) [GeV/c?

05 10 15 20 25 30 35

60

| © coeeees 8,(9BO)TC
a,(1320)n

I s (RN

a0l - (1270 \
I — n,(1600)7

20+

0 I | 7:‘-‘—-";:"..,""m"‘fll.?:l-;‘ﬂ--ﬁ- "\- -

» Evidence of m; - n'm

phase motion)

M(n'n) [GeV/c?]

0.5 1.0 1.572.0 25 3.0 35

(without significant BW

Events / (20 MeV/c?

PR D95 032002(2017)

44.8 x 107 U(3686) @BESIII

600_ N Y (980)n
% Fa) a,(1320)
e ay (1700
S 500f . azm g’
% 400 E - f(1273)r|
P g - {20500
T 300F
® F
5 200
= F
@ 100}
0 e mesre S e pepn g e e S T
0.5 1 1 5 2 25 3 3.5

M(nr) [GeV/cY

2.7 x 10° W(3686)@BESIII [New]

x?/d.of. = 1.45

e e i I \ ) n v
1.2 1.4 16 1.8 2 22 24 26 28

M) (GeV/c?)

_ 1m1(1600) observed>100

-with a significant BW
phase motion

-JPC=1-* better than other
assignments well over 100
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Observations of y; and n4 in charmonium decays provide a new path to study

—+
1 A M
pes ' : P x__o " ' 7“1 L _‘|/x E
™ T ; - n \‘\ )-‘r ' ‘I .Jj" /"‘-‘.‘ —'»-"‘I‘ MJ
Ii | i \__/ \_7, / E
Target — ™ Recoil N — len N — T N 3
I'(Jly - yH) ~ O(aay)

000 —IT“;II' = Gl% BGS]]I

 Measure the properties of m{(1600)

* Confirm n4(1855) and measure its properties in
more processes

* |[dentify the expected ng') partner

« Other exotic quantum numbers: 0~ , 2%, ......
« Analog in cc
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Landscape of light glueball has changed

/Scalar: Overpopulation

« LQCD : ground state 0+ glueball
~1.7 GeV, first excitation ~2.1

v’ Strong production of
f,(1710)/f,(2100) in J /¢ -
y nm/KK/nm, the pattern
consists with LQCD' s
prediction

~

_ GeV )
4 v Strong production of
Tensor: large uncertainty =N 21(53)?1)0) Izg/nlljis_t)syvmt/\KK/

« LQCD: 2**(2.3~2.4 GeV) LQCD’ s prediction
\ J
\

Pseudoscalar: very little known
above 2 GeV, puzzles in low mass |:>
region

« LQCD: 0*(2.3~2.6 GeV)

\

v Trajectory:
 f,(1285), no n(1295)

« n(1405) /n(1475) can be

one resonance
O Above 2 GeV: X(2370)?

/




Hybrids

Lattice QCD Predictions:

2.5Gev|

*-ll

-~

13(3)°

2.0Ge\l

Nokn

exotics

" PRD 83 111502 (2011)

Pt x
" Tn.p.m.P, ...
GlueX@JLab
BESIII = =
¢ —p]

n, 16(IPC)=1-(1")

——

K, 15(JPC)=12 (1)

|n’1 15(JPC)=0*(1")

ny 19(3F€)=07(17)

® Lightest hybrid is with exotic JP¢=1-+

Not observed yet

® [soscalar 1-*is critical to establish the nonect

® |/ — vy + X, synergies between other

experiments with different production mechanism

® y., decays can be another source
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BESIT  Amplitude analysis of y.; = nu*n™

Xc1 provides another suitable environment to look for 1-*

 m1(1600) studied in y.4 decays by CLEO-c
 only m{(1400) has been reported decays to nm

Properties of ay and a, still need further studies

o 10_,%
c:lSz a)
E 8- e 0 . a,(980)
= | i _ a,(1320)
B 6 i s, y £,(1270)| -
R % ..a,(1700) ~
= 4 ' )
,,,,,,,

0‘ il

- M) [GeVIc?

072 4 6 8 10, »x

20
18
16
14
12

10
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600 2) i} - 2,(980)x
-a) ¢ 1320
N, o ::Eﬁcnm}i RS
L 5opk L
:. | e Sl'ﬂ(—axr:n }
o F s e
= 4005 - W2i0n =
(-] - (]
T 300F Ry
§2 - o
g “°F 3
> - >
® 100F O
U C
0.5

600
500
400
300
200
100

----- 980
b) b (1320

= ]
e, (1270)
—m £5(2050)m

-------

M(t*) [GeV/c]

Most of resonances are BW'’s
Dispersion integrals for

a,(980): PRD78,74023

™1 S-wave: N/D approach PRD84 112009

* Clear evidence for a,(1700) in x.,decays

* First measurement of g,,, # 0 using a,(980) — nm line shape
» Measured upper limits for m;(1~ ") in 1.4 - 2.0 GeV/c2 region
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Summary and outlook

 Light hadron spectroscopy: Map out light hadrons as
complete/precise as possible

- Provide critical information on the quantitative understanding of
confinement

« Amplitude analysis is a key tool. Experiment-theory cooperation is
Important

« BESIII collected 10 billions of J/y and will continue to run for more

years. Data with unprecedented statistical accuracy provides great
opportunities to map out light meson spectroscopy and study QCD
exotics



Thank you



