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Introduction

* Conventional hadrons: mesons and baryons
g

g
* Glueballs: gg, ggg ... g gg

* Multiquark states: tetraquarks, pentaquarks...
g

* Chen et al., RPP80 (2017) 7,076201
* Guo et al,RMP90 (2018) I,015004
* Brambilla et al., PR873 (2020) |54

* Chen et al., RPP86 (2023) 2,026201
* Liu et al., arXiv:2404.06399

« Hybrid: qqqg, qqg ...

q 9

a q
* Hadronic molecules: colorless states q\ , "_\ 4
bound by the residual strong force 7 ‘q Chen et al. RPP86 (2023) 2, 026201
4q




Heavy-light molecular states

BaBar coll. PRL90 (2003) 242001

i
m(D, ©°) GeV/c’

> Heavy-quark spin
partners

D,(2300) originally generated as a low-mass pole until
“double-pole structure” is proposed

Albaladejo et al. PLB 767 (2017) 465 ; Guo et al. EPJC79 (2019)13;
MeiBner, Sym. 12 (2020) 6,981; JMT-R, Sym. (2022)13 (2021), 8, 1400

Chiral SU(3) EFT with heavy mesons
Kolomeitsev, Lutz, PLB582 (2004) 39

Hofmann, Lutz, NPA733 (2004) 142

Guo et al. PLB641:278-285 (2006)

Guo, Hanhart. Krewald, Meif3ner, PLB666 (2008) 251
Tolos, Torres-Rincon, PRD88, 074019 (2013)
Altenbuchinger, Geng, Veise, PRD89, 014026 (2014)

Broken SU(4) EFT
Gamerman et al. PRD76:074016 (2007)

Dominance of hadronic components:
Albaladejo et al. EPJC 78 (2018) 9,722

Other states
Guo, Mei3ner, PRD 84,014013

Liu et al. PRD102 (2020) 091502



Heavy-meson effective theory

Lro =Lro F +(VFHV, HY) —mE(HHY) — (VFH*'V H;1) + mi (H* H;T)
5 * * g * * * * Vo
+ig(H* u, H' — Hu"HT) + %(VM U VRl —VsViuHE e
LxLo = Lxto' — ho(HHTY(x4) + hi(Hx+ H') + ha(HH') (uPu,) + hs(Hu"u, H')
+ hy(V, HV, H) (u'u") + h5(V , H{u",u"}V, H')
+ ho(H* HY (x4) — ha (H** x4 H2Y) — ho(H** H1Y (u¥u,) — hy(H* u¥u, HT)
— ha(V, H**V , H (uPu”) — hs(V, H**{u", u’}V,H:),
h;, h; :NLO low-energy constants \/52
Guo et al. EPJCT9, 1, 13 (2019) I

Kolomeitsev, Lutz, PLB582 (2004) 39 Guo et al., PLB666 (2008) 251

Hofmann, Lutz, NPA733 (2004) 142 Geng et al., PRD82,05422 (2010)

Guo et al, PLB641 (2006) 278 Abreu et al. JMT-R), AP 326 (2011) 2737

Guo, Shen, Chiang, PLB647 (2007) 133 Altenbuchinger, Geng,Weise, PRD89, 014026 (2014)




Heavy-meson effective theory

L=0 partial wave

1

.. 1
1 C-ﬂ‘? ; s—wave .
Vij(p1, p2.p3,pa) = [ LO [(p1 + p2)® — (p2 — p3)*] — 4C¢ ho +2C7 1y Vi p'ivs) = 5 / 1 d cos Opyr Vij(p1, D2, D3, Pa)

2l 4
—2C% (211,2(;02 -pa) + ha((p1 - p2)(ps - pa) + (1 - pa) (P2 -;03)))

+20% (hg(pg - pa) + hs((p1 - p2)(p3 - pa) + (1 - pa) (D2 -p3)))

Lippmann-Schwinger equation for the T-matrix elements

X Arkidk  Vi(q', k;2)Tis(k, q; 2)
(27)3 2w 2we (2 — WHI — W)

Tif(d' q;2) = Vig(d'. ¢ 2) + Z/O
l

/ ~ T, _ - :
\ (P
( \ o A
—_— i
\ (
\ / ¢ /%

On-shell reduction: 1T = V(l - VG)_l




Molecular states as poles of T matrix
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Meson-baryon molecular states

Meson-baryon states with open charm A(2595)

A.(2595), A(2880), = (2800), =.(2970). ..

Ji— M. — M., [E T3 [E +M 1
2/5s — M; — M, | Vs

Vii(s) = Dy

i Vo 'T1TVE)G()




X(3872): Heavy-heavy molecular states

Local Hidden Gauge Lagrangian in SU(4)
X (3872) seems to have

strong coupling to DD*

| ++

Quantum number:

X(3872) X(4014)

Nature still not clear: DD* but also conventional y.,(2P),
1

tetraquark, hybrid, glueball... T(s) = 1 V(s)G(s)

V(s)

Mass very close to DD* threshold. Width extremely small

Molecular description:



X,Y,Z: Heavy-heavy molecular states

State I9(17°)
X (3872) (1)

(1)

1(?")

7a)

7(177)
717

Z.(4430)F 7(1%)
Z.(4200) ?7(1%)

Z.(4050)* 2(7%)
2(7%)

M [MeV T [MeV]
387169 +£0.17 < 1.2

3942049
3886.6 £ 2.4

4024.1+£1.9

4251+ 9 120412

102+ 10
T24+11

181+ 31

4248710

etal, 2017ab) 0F(17+) 4146.5 £ 4.5
2017ab) 0F(17F) 42733+ 8313

2017ab) 0F(0FT)
700)(Aaij et al., 2017ab) 0F(0F7)
Z,,(10610) 11t

4506 + 117]2
4704 £ 10713
10607.24£2.0  18.4+24

S-wave threshold(s) [MeV] d
D"t D™ + c.e.(—8.15 £ 0.20)
DD 4 c.e.(0.00 £ 0.18)

D*D*(-75.1+9)
D*D(10.8 £ 2.4)

D*D*(T.0+24)

me.(—38.24+ 0.1)

Dy D* + e.e.(—85+ 6)
¥(25) fo(980)(—33 £ 21)
ASA(T0 £ 6)
Y(28)p(17113)

xe1p(—37750)

D, D:(—66.17
D:D;(—49.155%)
D3,(2317) D2,(2317)( - 120718)
D3o(2317) D (2317) (6970
BB* +ce. (4.0 +3

Observed exotic candidates [GeV]

*X(4700)

Y(4660) "5

*X(4500)
Z(4430)

Y(4360)e

X(4274)e

4 Z(4020)
*Y(4008)

O+ q*+ 2+ g+ -t Ot -t gt

Thresholds [GeV]

Mass (GeV)

— DD
Z(4020)

—_—
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X(3872): Molecular vs Tetraquark

Insights from Heavy-lon Collisions

First measurement of X(3872) in Pb-Pb
collisions by CMS collaboration:

1.7 nb” (PbPb 5.02 TeV)

1.8
- CMS
1.6 Prompt
;P 14: m PbPb (5.02 TeV)
- T T T T T E . —_ I I 1-6, O'QOQ/CI
107'EF i iE —SEN: yl<
- — Pb-Pb @ 2.76 TeV | T |1 1.2
) S— X3872 I 5 @ - »
1077 — == Molecular [ =
= Tetraquark XZ 2 C
: — i 0.8:— /W pp (7 TeV)
z 107 — £ ook lyl < 1.2 (CMS)
N - g r N pp(8TeV)
i 104 & o04f lyl < 0.75 (ATLAS)
= 2 C
10‘5;
10-5LL I I I SR | p. (GeVic)
0 20 40 60 80 100
Centrality (%)

CMS collaboration PRL128,032001 (2022)
Zhang et al. PRL126,012301 (2021)




Femtoscopy in p+p collisions

Heinz, Jacak, ARNPS 49 (1999) 529-579
Lisa, Pratt,Wiedemann, ARNPS 55 (2005) 357
Fabbietti, Mantovani Sarti,Vazquez Doce, ARNPS 71,377 (2021)

Femtoscopy studies with charm in high multiplicity
p+p collisions @ s'?=13TeV:

DN: ALICE coll, PRD 106 (2022) 052010
D™, DK, DMK: ALICE coll, 2401.1354]

mop1 — M1pP2

mi1 + mo




Examples with charm:

Liu, Lu, Geng, PRD 107

. _— 5
Clq) = N Dsameld) : | " (2023) 7,074019
) q =) - R=1fm
Nimixed(@) z 0 P L e
S 2
1.0 — 10 e mmm————————
095 100 200 300 400 500 . T
- IMeV * = S
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1.2 ——R=1f
| R=11m (c) A — R=2f$
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*_‘1 10'} R=5fm % s R=510m
D, (2317)
09} ———— 04 1 S. 1 N 1 s 1 " 1 .
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k [MeV]

Albaladeio. Ni Ruiz Arriol Kamiya, Hyodo, Ohnishi
aladejo, Nieves, Ruiz Arriola, EPJASS (2022) 7,131

PRD108 (2023) 1,014020

24 L j ; 1fm —— |
. — ‘ am o]
C'(g) > 1 : attraction . .l 5w
@)= [ @Y w5 g || Clg) < 1: repulsi B |
Clq) = /”" g w; Si(r) [Yi(q:r)|° '(q) < 1 :repulsion i CR=Sfm ] =
] P\ T.(3875)+ f Ll

| b\ x((3872)

—_
w

Koonin, PL.B, 70, 43 (1977)

L)
I
!
|

Correlation function C 0

Pratt, Csorgo, Zimanyi, PRC, 42, 2646(1990) S ] ol Y
- Vidana et al. 2303.06079 | o LN
00— S0 100 150 200 250 300 04 ‘ . ‘ i |
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q [MeV/c|




but

meson correlation

ALICE pp (s =13 TeV
High-mult. (0-0.17% INEL >0)
e D @&Dn

Coulomb (n_=1.77)
B.L.Huang ef al. (n =7.09)

~— LLiuetal. (n =5.87)
Z.H.Guo et al. {Fit-1B) (n_=5.26)
Z.H.Guo et al. {Fit-2B) (n_=5.60)
X.Y Guo et al. (n =5.43)
J. M. Terres-Rincon et al. (n_=8.01)

ALICE pp s =13 TeV
High-mult. (0-0.17% INEL>0)
« DK ®&DK'

Coulomb (n_=2.74)
B.L.Huang ef al. (n =2.93)

—— Lliuetal (n_=1.89)
Z.H.Guo et al. {Fit-1B) (n_=1.91)
Z.H.Guo et al. (Fit-2B) (n_=1.91)
X.Y.Guo et al. (n =2.24)
J. M. Torres-Rincen et al. (n_=2.97)

k* (MeVic)

functions

ALICE pp (s =13 TeV
High-mult. (0-0.17% INEL >0)

s Dn@®Dn

Coulomb (n_=0.86)
B.L.Huang et al. (n =2.81)

—— Lliuetal (n =4.02)
Z.H.Guo et al. (Fit-1B) (n_=4.04)
Z.H.Guo et al. (Fit-28) (n_=3.99)
X.Y.Guo et al. (n =4.27)
J. M. Torres-Rincon et al. (n =4.41)

200
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High-mult. (0-0.17% INEL >0)

Coulomb (n_=0.21)
B.L.Huang et al. (n =0.22)

~——— LLiuetal {n =0.56)
Z.H.Guo et al. (Fit-1B) (n_=0.93)
Z.H.Guo ef al. (Fit-2B) (n_=0.59)
X.Y.Guo etal. (n =0.23)
J. M. Torres-Rincon ef al. (nd=0_40)

100 200
k* (MeVic)




D, and D* meson correlation functions

One should look also
at Ds"'K' channel

Similar situation for heavy-
flavor partners due to HQSS

ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL >0)
e D"mw@®D'm
Coulomb (n_=0.20)
J. M. Torres-Rincoen et al. (n_=5.70)

100 200
k* (MeVic)
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s D''mt@ D'

Coulomb (n_=2.62)
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Charm at finite temperature

D, D; D, D; D, D. D .. D-meson thermal width
- A ,on Y D meson at finite temperature )
[ ) = ® ]
oA N LA Fuchs et al. PRC73,035204, (2006) e work ol
I@i d:jj 'I'.E' (I]j "1:'.5 ?)Fc ‘1]} go| —- Clevenetal.
He, Fries, Rapp, PLB701,445 (201 1) — This work, wia Landau cut
< ... Fuchs et al.
b _ b . D ° D Ghosh, Mitra, Sarkar, NPA917:71 (2013) % Hestel 4
L Cleven et al. PRC96, 045201 (2017) -
aw
] ] JMT-R et al. PRC 105, 025203 (2022)
SD (E q) = ——Im ( )
’ T E? —q* —m§ —TIp(E, q)
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& ol | ol 1920 |
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Thermal evolution of charm molecular states

D2,(2317)*
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X(3872): In-medium exotics

d3 q TS (W', P—q;T) 1
G(E,P;T) = dw | dw 1@, 4 M+ fw; T+ f (W T T(s) = Vs
( Y I ) — W — w + ZE [ f( 7 ) f( ? )} ( ) 1 — V(S*)G(S’) ( )
— D _ D D D
X(3872), X(4014) as molecules melt down around T=110 MeV = > 1T e
)
T
2000 - - : 4100F  mpetmp
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Summary

|. Molecular state is a genuine interpretation , f’x —f:;
for many of the seen charm exotic states | | e e
S
2. Natural option for close-to-threshold £ o
states (weakly bound) - %

I=0

3. Useful information from heavy-ion physics. AR

1 T
FemtOSCOPY (of0] IEIation funCtionS can \

help to identify resonant states

5\‘\ V / N
4. Finite-temperature broadening can affect i ¢

production and decay products in RHICs
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