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Hadron spectrum: charmonium(-like)

® Quark model provides qualitative guidance, but the physics is much richer, in particular
for energies close to or above thresholds
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Hadron spectrum: charmonium(-like)

® Quark model provides qualitative guidance, but the physics is much richer, in particular

for energies close to or above thresholds

o Abundance of new states

from peak hunting

* b-hadron (B, Ap)
decays

= ete” collisions

= Hadron collisions

= Heavy-ion collisions

Example: charmonium(-

like) spectrum

F.-K. Guo (ITP, CAS)

Mass (MeV)

= Charmonium spectrum
YA660) )Xo
(300 X (4630) [17+]
3D 4500
4500 - ) X0(4500) 7, (4430)"
45 5 2F
T — y(4415)
v Y 4360) p _3p G X(4350)
3P — —
U 4260) 3p /\"!4250!_
1(4230) Xe1(4274) 2D 2D = R0(4240) 7, (4220)
2D . £
$4160) e 4140) X(4160) T Z.(4200)
IF X@won
= D=D ]
%(4040) X(4050) 2= Y(4055)* -
4000_____I___I____________________________________________.K{JQJJJ,__(—-__)__T____J__ Z.5(3985)~
DD ap . 5p — P X(3940) Z.(4020) -5:5:?19—:5;]—
. " I X 3 + &
Lo ol xaG872) }TO90) oo el
1D _ 0(3860 — y
YRTI0) d i a(3823) #30842)
S
U2S)
1c(28)
Y (1P) fG JFC.‘
he (AP (i (1p) == X(3915) 0 0 TorziT
35007 X(3040,4160) 77
— X (4350) 0 77+
¥eollP) zt 11 i
Reo 1+ 0
X(4020,4055)* 1t 7=
X (4050,4250)F 1~ 77+
S Godfrey-Isgur quark model
discovered before 2003
3000 _ne(lsS) discovered after 2003
L0Y0™) 0T(1T) 0T(1t) ottty ot(1*Y) o*@*) 07 (27) 0°(37) 277 I=1 1=1/2
Exotic hadrons 3



Near-threshold states

® Prominent features: many are narrow and near-threshold; spectrum of explicitly exotic
states is emerging

X(3872)[aka x.1(3872)], Z,(3900)%, 7Z.(4020)%, Z..(3985), ..

Belle(2003) BESIII, Belle (2013) BESIII (2013) BESIII (2020), LHCb (2021)
P. states: hidden-charm baryon T,.: double-charm meson
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data from LHCb, PRL122 (2019) 222001;
fit from LHCb, arXiv:2109.01038; arXiv:2109.01056

M.-L. Du, Baru, FKG, Hanhart, Meil3ner, Oller, Q. Wang,
PRL124 (2020) 072001

F.-K. Guo (ITP, CAS) Exotic hadrons 4



‘Models LR

® Candidates of hadronic molecules
® Other models: compact multiquark state D hybrids hadrocharmonia 4
® >10 reviews in the last 5 years:

O
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H.-X. Chen et al., The hidden-charm pentaquark and tetraquark states, Phys. Rept. 639 (2016) 1

A. Hosaka et al., Exotic hadrons with heavy flavors: X, Y, Z, and related states, PTEP 2016 (2016) 062C01

J.-M. Richard, Exotic hadrons: review and perspectives, Few Body Syst. 57 (2016) 1185

R. F. Lebed, R. E. Mitchell, E. Swanson, Heavy-quark QCD exotica, PPNP 93 (2017)143

A. Esposito, A. Pilloni, A. D. Polosa, Multiquark resonances, Phys. Rept. 668 (2017) 1

FKG, C. Hanhart, U.-G. MeiRner, Q. Wang, Q. Zhao, B.-S. Zou, Hadronic molecules, RMP 90 (2018) 015004

A. Ali, J. S. Lange, S. Stone, Exotics: Heavy pentaquarks and tetraquarks, PPNP 97 (2017) 123

S. L. Olsen, T. Skwarnicki, Nonstandard heavy mesons and baryons: Experimental evidence, RMP 90 (2018) 015003
Y.-R. Liu et al., Pentaquark and tetraquark states, PPNP107 (2019) 237

N. Brambilla et al., The XYZ states: experimental and theoretical status and perspectives, Phys. Rept. 873 (2020) 154

Y. Yamaguchi et al., Heavy hadronic molecules with pion exchange and quark core couplings: a guide for
practitioners, JPG 47 (2020) 053001

FKG, X.-H. Liu, S. Sakai, Threshold cusps and triangle singularities in hadronic reactions, PPNP 112 (2020) 103757

G. Yang, J. Ping, J. Segovia, Tetra- and penta-quark structures in the constituent quark model, Symmetry 12 (2020)
1869

® And a book:

O

A. Ali, L. Maiani, A. D. Polosa, Multiquark Hadrons, Cambridge University Press (2019)
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Challenges

® To reveal the underlying physics, we need to have a faithful spectrum to start with

® In most cases, resonance parameters are extracted using Breit-Wigner

[ Potentially sizeable corrections due to coupled channels and thresholds
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LHCb data: PRL127(2021)082001
Figure from X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41(2021)65
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a\llenges

0 Unitarity: the same resonance may behave completely different in different processes

0 Resonance does not necessarily show up as a peak, may also be a dip
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Line shapes of the same poles in different

processes
X.-K. Dong, FKG, B.-S. Zou, PRL126(2021)152001
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Challenges

[0 Peaks exactly at threshold for S-wave attraction that is not strong enough to form a
bound state: X.-K. Dong, FKG, B.-S. Zou, PRL126(2021)152001
» Virtual state pole
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Challenges

O Unitarity: the same resonance may behave completely different in different processes;

0 Resonance does not necessarily show up as a peak, may also be a dip
v" BESIII: narrow Z.;(3985) PRL126(2021)102001

v LHCb: broad Z(4000), and Z(4200)  prL127(2021)082001
v" A simultaneous fit to the BESIIl and LHCb Z_ data: two virtual states Z..(3990,4110)

Ortega, Entem, Fernandez, PLB818(2021)136382
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Challenges

O A peak is not necessarily due to a resonance

» Triangle singularities
e on shell and collinear intermediate particles
* determined by kinematic variables such as masses and energies
e sensitive to energies and processes

For a review of triangle singularities and threshold cusps,
FKG, X.-H.Liu, S. Sakai, PPNP 112 (2020) 103757

mpg
méC, TS € (mB + mC)zi (mB + mC)2+m_R [ (mR - mc)z—mlz)]
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Challenges

O A peak is not necessarily due to a resonance

» Triangle singularities: E.g., a;(1420) can be well described by either a resonance or

a triangle singularity (TS) effect

™

p P _
W}E{p + + 3
= ~
T - =
P P » . E
p P )
T T 2
i L ;p—(al P4 P+ ~;§5
s T :
P P - 3
P P P g
z.
™ f ™ fo
0
T ay fo
T = p—(f r +
P P T
P p b/
T a; K fO
+ K + ..
ps KT

Relative phase (deg)

Discussions of TS for a;(1420), see also:

Q. Zhao @ Hadron2013;

M. Mikhasenko et al., PRD91(2015)094015;

F. Aceti, L.R. Dai, E. Oset, PRD94(2016)096015
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® Precise data, complementary experiments
® Lattice QCD calculations

® Theoretical methods constrained by symmetry, unitarity and analyticity as a bridge
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Near-threshold structures and molecules



Effective range expansion

_ 1 1 _ k4
fO 1(’€) = a + 57’0]62 —Zk+0 (@)

ay: S-wave scattering length; negative for repulsion or attraction w/ a bound state

positive for attraction w/o bound state

1
Very close to threshold, then scattering length approximation:  f;'(E) = — — i\/2uE

1 o
for £ >0
5 1/a3 +2uF .
| fo(E)]" =1 1
5 for £ <0
| (1/ao + vV—21E) Vo
a= +1fm, =05 GeV
_,f a= +11fm, =25 GeV
® Cusp at threshold (E=0) 15| 1S = —1fm, 4=25GeV |
® Maximal at threshold for positive a, (attraction) =
. . 2 = 1of
® Half-maximum width: —; g NN
Hao = T
virtual state pole at E,itua = —1/(2ua?) 0.5f > / e PR
® Strong interaction, a, becomes negative, pole s i
below threshold, peak below threshold e
see also, e.g., Brambilla et al. Phys. Rept. 873, 1 (2020) E[GeV]
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Effective range expansion

X.-K. Dong, FKG, B.-S. Zou, PRL126(2021)152001

® The situation is similar for coupled channels

® Generally near-threshold structures for
a pair of open-flavor hadrons with
attractive interaction
® The heavier, the more pronounced
structures
» Either threshold cusp or below-
threshold peak

» For cusp: Half-maximum width of

1
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> Perturbative estimate of scattering length: a o< m,, [potential independent of m,];

nonperturbative for strong attraction, near-threshold pole

® Complications due to more channels

F.-K. Guo (ITP, CAS)
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Survey of hadronic molecular spectrum

® Approximations:

» Constant contact terms (V) saturated by light-vector-meson exchange, similar to
the vector-meson dominance in the resonance saturation of the low-energy
constants in CHPT G. Ecker, J. Gasser, A. Pich, E. de Rafael, NPB321(1989)311

» Single channels

» Neglecting mixing with normal charmonia

® The T-matrix:

|4

T=—
1-VG

G: two-point scalar loop integral regularized using dim.reg. with a subtraction constant
matched to a Gaussian regularized G at threshold, with cutoff A € [0.5,1.0] GeV

) b
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® Hadronic molecules appear as bound or virtual state poles
of the T matrix
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Hidden-charm
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X(3872) asa DD* bound Stat s
Negative-C parity partner observed
by COMPASS PLB783(2018)334

DD bound state predicted with

lattice Prelovsek et al., JHEP2106,035

and other models

e.g., Wong, PRC69, 055202; Zhang et al.,
PRD74, 014013; Gamermann et al.,
PRD76, 074016; Nieves et al., PRD86,
056004; ...

. * T k% .
Evidence for a D; D. virtual state
in LHCb data?
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LHCb data: PRL127, 082001
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Hidden-charm
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v' Many more molecular states in other sectors
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Bouble-charm

(1,S,B) = (0,0,0) (1,B) = (0,2)

virtual

bound

bound virtual

| ]
DDy A
- L]
DD,

MO
Y

m (GeV)
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8 4.0F 4 i e .ﬁi:ﬁﬁ:ﬁﬁ .
E | e mg m
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a

[1]
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3.9 — ] o - B R __:
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3.8 1+ 9+ 3+ I 0+ o+ 3+

v' There is an isoscalar DD* molecular state X.-K. Dong, FKG, B.-S. Zou, arXiv:2108.02673
v’ It has a spin partner 17 D*D" state
v' Many other similar double-charm

molecular states in other sectors
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Photoproduction of hidden-charm states



Exclusive photo-production of hidden-charm states

® Estimates of exclusive photo-production of hidden-charm states normally assumes vector-
meson dominance (for a list of refs., see Sec.2 in Anderle et al. Front.Phys.16(2021)64701):

> Estimated events for EicC

:‘ T T I T T T 7T T T 7T T T T 7T T T 7T | UL i
¥ Q E JPAC 7
B ] Exotic Production/decay Detection Expected
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/ E ]
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o E 3
© F ] Xe1(3872)  x.1(3872) = mta—J /9 ~50% 0—90
L i T/ — 1T~
104 E = ep — eZC(3900)+n
E E Z6(3900) ZF(3900) — 7+J /4 ~60% 90—9300
L . T/ — 1=
10—5 | 1 1 1 | | Il 1 | 1 1 1 | 1 1 1
20 30 40 50 60
W, [GeV] Anderle et al. Front.Phys.16(2021)64701
JPAC, PRD102(2020)114010
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Exclusive photo-production of hidden-charm states

® However, vector-meson dominance model might not work well for J /Y and Y

» Open-charm channels easier to be produced than J /Yp, coupled-channel effects could

be important
M.-L. Du, V. Baru, FKG, C. Hanhart, U.-G. MeiRner, A. Nefediev, I. Strakovsky, EPJC80(2020)1053

/‘ 1-4j : . ]
1.22_ qm%x=1.0 GeV _

10" 5

0.8

0.6 -

a(yp-J/yp) [nb]

0.4 -

0.2

Estimated cross section w/ all couplings mmp

taken from literature 8500 9000 9500 10000
Ey [MeV]

» Unique feature: threshold cusps at the ACE(*) thresholds; to be verified with updated
GlueX data

» See also a recent critical analysis of the VMD model using DSE,

Y.-Z. Yu, S.-Y. Chen, Z.-Q. Yao, D. Binosi, Z.-F. Cui, C. D. Roberts, arXiv:2107.03488
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Production of P. and XY Z in semi-inclusive processes

® Production of P. in semi-inclusive reactions:

The cross section can be estimated as

o 7 (2D x |67 X | gegrl?

Event generators

The method has been used to estimate the X(3872) production at hadron colliders
Artoisenet, Braaten, PRD83(2011)014019; FKG, MeilBner, W. Wang, Z. Yang, EPJC74(2014)3063

o(pp/p—X) [nb]Exp. A=0.5 GeV A=1.0 GeV
Tevatron 37-115 7 (5) 29 (20)
LHC-7 13-39 13 (4) 55 (15)

Albaladejo, FKG, Hanhart et al., CPC41(2017)121001

F.-K. Guo (ITP, CAS) Exotic hadrons 24



Production of P. and XY Z in semi-inclusive processes
7. Yang, FKG, arXiv:2107.12247 -
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® Considered machine configurations
COMPASS EicC US-EIC
lepton energy (GeV) w200 e 3.5 e : 20
proton energy (GeV) 0 20 250
luminosity (cm 2s71) 2 % 1032 2 x 1033 103
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Production of P. and XY Z in semi-inclusive processes

Z. Yang, FKG, arXiv:2107.12247 =g

® Order-of-magnitude estimates of the semi-inclusive lepto-production of hidden-charm
hadronic molecules (in units of pb)

constituent CONMPASS EicC US-EIC
X (3872) DD* 19(78) 21(89) 216(904)
Z.(3900)° DD* 0.3 x 103(1.2 x 10%) 0.4 x 103(1.3 x 10%) 3.8 x 103(14 x 10%)
Z.(3900)* D*+ DY 0.2 x 103(0.9 x 10%) 0.3 x 103(1.0 x 10%) 2.7 x 10%(9.9 x 10?)
Z.(4020)° D*D* 0.1 x 10%(0.5 x 10%) 0.2 x 10%(0.6 x 10%) 1.7 x 10*(6.3 x 10?)
Z, DD 8.3(29) 19(69) 253(901)
Zr D*D*~ 6.2(22) 14(51) 92(679)
P.(4312) >.D 0.8(4.1) 0.8(4.1) 15(73)
P.(4440) >, D* 0.6(4.3) 0.7(4.7) 11(79)
P.(4457) S.D* 0.5(2.0) 0.6(2.2) 9.9(36)
P.(4380) S¢D 1.6(8.0) 1.6(8.4) 30(155)
P.(4524) SED* 0.8(3.6) 0.8(3.9) 14(67)
P.(4518) SrD* 1.2(6.6) 1.2(6.9) 22(123)
P.(4498) SrD* 1.1(9.3) 1.2(9.8) 21(173)
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Production of P, and XY Z in semi-inclusive processes  { o]
Z. Yang, FKG, arXiv:2107.12247 P

® Not in conflict with all previously reported photoproduction upper limits
® From our estimate, at GlueX o(yp — P.) X B(P;* = J/yp) would be at most a few pb,
difficult to detect
® At EicC, considering luminosity 50 fb™!
> taking o(e”p — X(3872) + anything) =~ 40 pb, then ~2 X 10° events; taking
B(X(3872) » J/yrntn™) = (3.8 +1.2)%,B( /P - £T¢7) = 12%, then ~10* events
> taking o(e p — Z.(3900)* + anything) =~ 400 pb, ~2 X 107 events;
assuming B(Z, = J/ym) X BJ /Y — £747) = 0(1%), then ~2 x 10°events
> taking o(e”"p — P. + anything) ~ 2 pb, then ~10° events; assuming B(P. = J/yp) X
B(J /Y - £1£7) = 0(0.1%), then ~10? events

» Open charm final states can have much larger branching fractions
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Summary and outlook

® Many new discoveries, calling for an overall understanding of the hadron spectroscopy
® Hadron spectroscopy in a controlled manner
O Complementary experiments

[0 Sophisticated analysis tools taking into theory constraints: unitarity, analyticity
(including triangle singularities)
for an early analysis of light mesons, e.g., Anisovich, Bugg, Sarantsev, B.S. Zou, PRD50(1994)1972

O Lattice formalisms for coupled channels

Thank you for your attention
Stay safe



Conventional and exotic hadrons

® Hadrons are colorless; what types of color singlets should exist?
® Confinement: clue from hadron spectrum?

® Quark model: conventional and exotic hadrons

Conventional hadrons Exotic hadrons
X 20, 02 g"a
> %0 00
baryon tetraquark pentaquark hybrid
0 %
@ D
meson hadronic molecule glueball

F.-K. Guo (ITP, CAS) Exotic hadrons 29



Clue to confinement mechanism?

® Different flux tube configurations

Conventional hadrons | | Multiquarks vs hadronic molecules

baryon compact tetraquark
meson hadronic molecule
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I ———
Survey of hadronic molecular spectrum

i 2:0; v’ Y (4260)/9(4230) as a DD, bound
[ I N |
Q.0; state
54| - . = - 00, | v Vector charmonia around 4.4 GeV
- L ) unclear
Chach v . — e .
] B m Evidence for 17~ A_A, bound state in
52} Il I I = BESIII data
] I 25! *  Sommerfeld factor
Il B B . * Near-threshold pole
sof Hy T EE Hg oy m - Different from Y (4630/4660)
=5 350 ——— T : T T T
H i, H B |
% .. .. 300 —
g % - "_\-L
g oy S N
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o} if
] E
DD, T ol
| | | || [ ] [ ] [ | DDy |
I I BN S e . ' ool | o data i
4.6 AA, R i — 1/ag= — 220 — 100i MeV
- ﬁgf wr _ EEF Cimsmev |
I I * Dy P | . | . .
- - - - - [ | i*gl ! 4575 14580 4.5;{53 E(Mzis;t)) 4595 4600
4.4F - - - - - - 1
i Data taken from BESIII, PRL120(2018)132001
DD,
HEE N DD,
HE N
ol -
0t 0~ 1t 1 2+ 27 3+ 37"
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Hadronic molecules & tetraquarks

® Different models predict distinct mass spectra and decay patterns, e.g., charmonium-like

» P = + states in a molecular model » P = + states in a tetraquark model
N.A. Tornquist, ZPC61(1994)525;
C.-Y. Wong, PRC69(2004)055202; - . el
E. Swanson, JPCS9(2005)79; H 2KCIC(SCI Sc T Sg Sc)

J. Nieves, M.P. Valderrama, PRD86(2012)056004;

, , Spectrum similar with molecular model
FKG, C. Hidalgo-Duque, J. Nieves, M.P. Valderrama,

PRD88(2013)054007; from fixing Kgc USING
V. Baru et al. PLB763(2016)20;... Iy Iy M v
Heavy-quark spin symmetry: Z¢(4020) Z¢(3900) ~ D D
My, (p 5+ — MX(3872) ~ Mp+ — Mp
OSSOSO . 4050
4.0 [ N E. - — S50 —
- X,: candidate reported | TRl
: by Belle, 2105.06605 w00l x(3872) £¢(3200)
3.9r1 X(3872) X(3872) S — "
| - i - é 8O-
I § 3800 -
3.8 i = 7% mmme=mes
[ o
O | o
> sl — = = =
ot+ 1++ 1t+- 9+ + 1 - 1
X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41(2021)65 L. Maiani, F. Piccinini, A. D. Polosa, V. Riquer,
PRD89(2014)114010
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Hadronic molecules & tetraquarks

» P = — states in a molecular model » P = — states in a tetraquark model
L(L+1)
oo M Met B
] o D.D.
D.Da +a[lL(L+1)4+S(S+1)=J(J+1)]
B B B N P W orp — /=
 HE N BN BN B B +Kegls(s +1) +5(5+1) = 3.
DD,
B . oD, Lo B TEY
B T
a2} I T
0+t 0~ 1+ 1 27+ 27~ 3+ 37" S 441 — -
§ T Y (4290) -
Mol. spectrum using a VMD interaction S 42 Y(4260) _
X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41(2021)65 403 rEs) - — _
0~ 1 27" 37 0" 17+ 2"
JPC
M. Cleven, FKG, C. Hanhart, Q. Wang, Q. Zhao,
PRD92(2015)014005

using inputs from
L. Maiani, F. Piccinini, A. D. Polosa, V. Riquer,
PRD89(2014)114010
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