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Recent findings of Exotics: Solution to an old topic
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= Tetraquark: ® d:_s ® 1;(980). 4,(980)
- scalar tetraquark (Jaffe 76)
- Still controversial ® ® K(800)

udsd
But ALICE(Junlee Kim) analysis suggests

f, is most likely a(qg) without (55)

® f(600)

udud

= Dibaryon
E+
- H (ududss) dibaryon (Jaffe 77):

- experimentally not found K~ KEK- E;EE
BNL- E813
E836
@ E885

= Pentaquark
- Pcs (Gignhoux, Silvestre-Brac, Richard 87)
- PCs (udusc) (Lipkin 87)
> Fermilab E791 : not found pcg —>K?K™p

- O+ (Diakonov, Petrov, Polyaov 97)
- LEPS 2003 but not confirmed



Few examples of recent findings that could be probed in HIC

Bound —
Near Threshold

Above
Threshold

Tetraquark Mass Quark 2-body Observed Exp
content Threshold mode
xc1(3872) 3871.65 | [ccqg] | D°D*°(3871.69) | J/Yymmt | Belle ..
X(3872) D~D**(3879.92) | ...
T..(3875) 3875 [ciicd] | D°D**(3875.26) | D°D°xn* LHCb
D*D*°(3876.51)
Tgsl(4ooo) 4003+i(131) | [ccus] T)"DE+ (3977) J/PKt LHCDb
Z,.(3872) J/WK*(3590.58) (BES?)
X(5568) |5568+i(21.9) | [bdus] B°K*(5773) Bt DO
Bnt (5506.49)
4,(2900) | 2908+i(136) | [c5ud] 2251.77 Dimt LHCb
X(6600) [cécc] 6193.8 MeV J/W] /P CMS
X(6900) LHCb




Types of Exotic particles

Compact multiquark Molecule Resonance
‘@D B \ o~ O e ) D f~-..~-1D
Picture :Q G: 'Q :"":e : *®
:@ ©II l\ /' l\ @/' D* T D*
Size (r)y < 0.6 fm (r) >2fm (ry~1fm
Threshold Near threshold or other Near threshold Above threshold or other
width small small large
Unitary approach
Quark Model Meson exchange models
: Quark model
Typical mode
| used

Effective field theory: constants

QCD sum rules: uncertainty

- In some cases, two pictures seem possible. Compact and Molecular

- Yet, there are common features to exotics not seen in usual hadrons




Why are exotics interesting?

- A New color configuration

- Quark-Gluon Plasma



So far only (qq)czl, (qq)C=§ are seen

= Meson: 3x3=1+8

Ty
+

(0o (9T)oss

X

(q)czé X (q)C:S

& Baryon: 3x3x3=(§+6)x3=1+2.8+1o

X X
(@)es® (D)esx (A)cs




A new color configuration of SU(3)

= Usual ground state hadron (aq)._, (a9).; or (99).,

= But Exotics contain additional color configurations with higher degeneracy
For example: Tetraquark state

3><3><§><§=(§+6)x(3+6):3x§+6x6+...

(99)._; ®(qd)., and (aa)._, ©(3q)._,
degeneracy: 3x3  and 6x6

3x3x3x3 =(1+8)><(1+8) =1x1+8x8+...
(99)., ®(ad)., and (a7). ., ®(aqd).,

degeneracy: 1x1  and 8x8



QGP contains all configurations and correlations> Exotics

o. ‘®O f®® \
. .o'. »‘
@ @@

T QGP formation
A ~ .
Tinitial™>~ Hadron production Kinetic freeze-out
Te=T, T —_—
T
> T
| QGP | | Hadron phase |

1 fm/c 5 fm/c 7 fm/c 17 fm/c



What does the quark model tell us about
compact configurations?

- Two-body quark force: color-color and color-spin interaction

- Three-body force: from meson to baryon



Quark Model perspectives on Interaction at short distance — color-color interaction

= When brought together need to overcome Additional Kinetic energy >100 MeV

=3 e E S e ()-SR

i i<] i<] mimj

= Color-Color interaction is not important for short range N-N interaction

i<j . N, Ne,
=0 (Ng +Ng, ) = ;(g,,m;)+;(ﬂ,,cz;)
= +

ZN:(&CXJC):%[(%CJF--ﬁ% )2—212—.../1§J N =Ng +Ng
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Quark Model perspectives on Interaction at short distance — color-spin interaction

H = Z(m +—ZJ_Z”:(&%J_C Vi (5 )‘Zn: (oo, )Vijss (%)

i i<]

<]

mimj

= Color-spin interaction for 2 body: Q-Q Q-Q
Color A S A S 1 8 1 8
Flavor A A S S
N Spin A©) | s | st | A0y | o 0 1 1
K=—Z‘,(ﬂf.cﬁjc)(Uisg]?)—> K (8 [[az] 83| 4 |[-16] 2 |163 | 23]
i<]
K <0 attraction; K >0 repulsion
8
= M,-M, =290 MeV — K factors 3{5) - (-8)=16
Delta [S=3/2 Proton | S =1/2

K factorof 1 — 18 MeV

CXXINCTY)




Quark Model vs Lattice comparison : A.Park, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93

= NN force in SU(2) spin 1 vs spin 0 channel: comparison to lattice

QCD HAL collaboration

KZ—N - K6—quark (KlN + KlN ) : A 320 > :
17 3
©owb o I
& E& -
[ e ]
(50 L % %% __________ =k
_ . o i g & ]
2N —-1.29 - comparison F e |
S:l [ A‘E_SO MMM EPEPENE B B 3
2—N =. 0.0 0.5 1.0 1.5 20 3
0 % @ w_._._“.__.&__.g_.__6__13__._9_._.3_.__3__._.5_:
0.0 0.5 1.0 1.5 2.0
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= H dibaryon channel: Flavor 1 vs Flavor 27
500{ 3000 o
Di ] /;)Qi V o
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Full qguark model calculation vs Lattice in SU(3) APark, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93
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Why Heavy quarks are needed for multiquark configuration

= Color-color interaction becomes stronger (Karliner Rosner) e C
2
- O,
He =+ A4 g +e.  Ix E.~-mg*
2! C
F; mg

= Color-spin interaction becomes weaker with heavy quarks

When heavy quarks,
could be compact (Tcc)

520 @
@@

g1

m, M,

When all light quarks
Fall apart into two mesons




Compact multiquarks or loosely bound molecules

Will Look at X(3872) and Tcc(3875)

Can they be compact?



X(3872)

= Color-spin

KX

(3872)

~K, - K,

IG(JPC):O+<1++)

(C=color, S=spin) @ @

~ 4140 MeV

161 16 1 2:1
—\C=1 C=1
3m? 3m2+3mm} ° (6)s. B0

_ c q c'q
- 21 21 4 1 s e
: [Smgsmsgmcmq (@) o)

b~ _20Mev

= Color-color interaction of (ct)._, ®(qq),, is repulsive

To overcome additional kinetic term attraction has to be >100 MeV

Full quark model calculation - Fall apart to two mesons
(W. Park, SHL, NPA925 (2014) 161)
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Tcc(3875)

1°(37)=0"(1")

= Color-spin

0 ©
0 ©

‘—b ~—-100 MeV
r D

1 81 32 1 1 =
8= 42 = 82— C=3 o /==\C=3
m: 3mZ 3 mm, m,m, (ud)s_, ®(cC),,
K amrs) ~ Ko =Ko- =] T a1 1 2 1) s cs
82 m,m, 3 m; +4mf "3 m.m, (ud)s_; ®(CC)gq

- J
L~ 417 MeV

c=3
= Color-color interaction of (ud)__ ®(cCC

)C=3
S=1

is attractive

Full qguark model calculation > Could be compact
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Full Quark Model calculation suggests: ex S.Noh, W.Park, Lee, PRD10(2021)114009

= There is a strong short range

attraction for Tcc > Could be compact,

but depends sensitively on parameters:

= The short range attraction for
X(3872) is very weak

- Can not be compact

K

=3an

ot 1] 0
Bin

200
[MeV/e?]

-2021- Tcc(3875) LHCb coll.

J Carlson ef all 1087 |2
B. Silvestre-Brae and C. Semay 1005 |21
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B. A, Gelman aml 5. Nussinov 2008 |24
Jo W ande e el nd |25
D, Jane and M. Rosboa A0 [ M
F. Navarra ef al. T |27
P Y FEN TN (R =TI ]
[r. Elert et al. AT | M
5. H. Lee amd 5. Yasul 200 [
1. TaleE &F @l LIS -'i-l_
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What does the quark model tell us

- Three-body force: from meson to baryon and tetraquark



Quark-Three-body force A. Park, S.Noh, S. Cho, SH Lee, in preparation

= QOrigin could be similar to Nuclear-Three-body force

A A A
o C—(4%)
D L (epe
— Sam(lzﬂa)(azq)

1 2 3 1 2 3 1 2 3
a) b) c)
4 /AENS NSNS ASAS 1 1 1
LC_C — 273 173 172 Qdabc Aa)\b/\r:
123 3( - + — + — + (ATA2A3) - + -~ + -
75-5 _ 1 4 ((o2-03)(A5A5) | (01-03)(ATAS) | (01 02)(ATAS)
123 — 2 + 2 + 2
mimaoms | 3 mi ms ms

abc/ya ¢ 02 0353 Jg1 - 03 g1 -02 i g abe a o 1 1 1
1 94ab (A1A3A3)( — + — + S ) — 2¢;k0 030k f7 )\l)\g/\3( 5+ — + 2)}
my ma ms my my ms

Lc—ke_fl[()\(i)\ﬁ)(@'ﬂfa+01'02)+(/\‘f)\é)(@-az+01-03)+(ASA§)(01-03+01-02)]

123 3 mo maoTng Mot ms malng msmmq mq m1ms mMa1mq

1 : : 1 . i 1 : .
+2dabc(A§Ag)\§)[ ("2 9 L 2 "2)+ (03 02 , 01 03)+ (ol o3 , 01 az)]_

m2 \ ma2ms3 mainy m3 \ ma2ms3 m3msi my \ mims maini
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= Quark-three-body force: from meson to baryon

H

Total

=H, ey +A-L"°+B-L"° +C-L°7°

128 128 256
A—-|B—+C—| ForN
3m, 3m, 3m;
e P
A—+|B—+C—| ForA
3m, 3m, 3m,
Partidia Experimental I\Inst; \";—u'iatimm.l_2 - Experimental Mass Vadaticiial
Value (MeV) (MeV)  Parameter (fm™") Value (MeV) (MeV) | T - (fm_Q)
Tle 2983.6  2996.9 a=13.1 Ae 2286.5  2266.7 (2281.6) a3 = 2.9, as = 3.7
JY 3096.9  3089.6 a=11.1 s 24529  2441.6 (2480.9) a3 = 2.1, ag = 3.8
D 1864.8 1864.1 a=45 A 1115.7  1113.6 (1134.1) a1 = 2.8, az = 2.7
D* 2010.3  2010.7 a=37 b3 1192.6  1196.5 (1231.6) a1 = 2.1, ag = 3.1
139.57  139.39 a=4.6 3 2518.5  2522.9 (2567.7) a3 = 2.0, az = 3.4
P 7511 77549 a =22 Dl 1383.7  1398.9 (1455.2) a1 = 1.9, a2 = 2.4
K 493.68  494.62 a=4.6 p 038.27  980.47 (1005.3) a3 = 2.4, a2 = 2.4
K~ 891.66  888.82 a=28 A 1232 1272.1 (1346.8) a3 = 1.8, a3 = 1.8
The standard deviation is o = 5.86. ﬁ o = 24.44(63.10)

With quark-three-body force
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= Effect of 3-quark-interaction on Tetraquarks : Repulsive

H H,,+A L +B-L"°+C-L"°

Total — 2-body

: | , T—C 5—3 =3
Particle Measured mass (MeV) >, . Liie™ D icicn Lin” Dicicn Li

Tee 3875 -4.84236 0.0319013 20.9444
X(3872) 3872 19.3694 0.0427164 -1.36541
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Can X(3872) be D-D” and Tcc be D-D” Molecules?

Perspectives from the n-exchange

Especially important when

Jy #0 Mixing with D-wave
and

ly <(15+1,-) Mixing is strong



D-wave mixing through = -exchange Tcc: N.A. Tornqvist (94) + Short range attraction (D. Park, et al)

=V (r)—:X(3872): D-D -V, (r)(l Oj$3\/o

0 ~2h

+Tce: D-D° 0 0 \/E 1 4
Central Part=V,, (r) — Tensor Part=+T_(r)
X (3872) T, (3875)
600 ‘ ‘ 600 : :
~ Central Part — Central Part
400 ¢ —Tensor Part |4 400 - ~ Tensor Part -
ool EBinding =0.33MeV, <r>=3.0fm ool /_q_q_\\EBindmg =0.74MeV, <r>=2.1fm
X (3872) / ~
% / VShort (r) - O = T -
2 0 - 2 o e — —
200 N -200 J_,/ ’
/e \yTeo)
-400 F -400 / = VShi)Crt (r)
600 : ‘ ‘ : -600 :
0.5 1 1.5 2 25 0 0.5 1 1.5 2
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= \Wave functions:
Similar to that of Deuteron

= Both X(3872) : D and Tcc(3875)

could be a large molecular configuration

[fm]1f2

06

04r

02

-04

-0.6

X (3872)—wave function

02}/

— S-wave
— — D-wave -
EB' . =0.33MeV, <r>=3.0fm
inding
2 4 (IS 8 10

=

0.4

[Im]l.'t

0.2

[fm]1f’2

Deuteron — wave function (Tornqvisto4)

0.5

0.9

- 38,

0.6

-02r

04

-06

LB B BB BB L R L B - B B B R IR

]
2 4 [ & 10
(ry-ra) [fm)

T, (3875)—wave function

04t /

0.2

— S-wave
— D-wave | -

E = 0.74MeV,

Binding <r>=2.1fm




II: Measuring Exotics in Heavy Ion Collision:

X(3872) must be dominantly molecular

Tcc(3875) could be compact or molecules



Some remarks: in 2008,

IoPscience

Heavy-ion collisions at the LHC—Last call for

predictions

N Armesto’, N Borghini?, S Jeon3, U A Wiedemann?, S Abreu®, S V Akkelin®, J Alam’,
J L Albacete®, A Andronic?, D Antonov'? 4+ Show full author list

Published 18 April 2008 « 2008 IOP Publishing Ltd

Journal of Physics G: Nuclear and Particle Physics, Volume 35, Number 5

Citation N Armesto et al 2008 J Phys. G: Nucl. Part. Phys. 35 054001

10.3. Charmed exotics from heavy-ion collision . .
o ‘ Our contribution to the volume ‘
S H Lee, § Yasui, W Liv and C M Ko

We discuss why charmed multiquark hadrons are likely to exist and explore the possibility of
observing such states in heavy-ion reactions at the LHC.

Multiquark hadronic states are usually unstable as their quark configurations are
energetically above those of combined meson and/or baryon states. However, constituent
quark model calculations suggest that multiquark states might become stable when some of
the light quarks are replaced by heavy quarks. Two possible states that could be realistically
observed in heavy-ion collisions at LHC are the tetraquark T, (udcc) [385] and the pentaquark

nare  |Observation of an exotic narrow doubly charmed
physics |tetraquark

LHCb Collaboration* 27



Original prediction from ExHIC collaboration (Theory) in 2011

Theory prediction
week ending

PRL 106, 212001 (2011) PHYSICAL REVIEW LETTERS 27 MAY 2011

Identifying Multiquark Hadrons from Heavy Ion Collisions

Sungtae Cho,' Takenori Furumoto,”™ Tetsuo Hyodo,* Daisuke Jido,” Che Ming Ko,” Su Houng Lee, '~

Marina Nielsen.® Akira Ohnishi,” T: akayasu Sekihara.™’ Shi gehiro Yasui.® and Koichi Yazaki®*
Coal. / Stat. ratio at RHIC

(ExHIC Collaboration) = - = = ;
2 2 5 Z z Z =
1[}2 3 :-:‘ % 'E:f Ex -EI:I 'Eu:n ;:;
. PHYSICAL REVIEW LETTERS 128, 032001 (2022) \\
Experiment | i ®
= 10° i :
k< | - :
. . . . E L . '..f.&‘. . lga ! )L
Evidence for X(3872) in Pb-Pb Collisions and Studies = 107 |2 " a:“' f it ¥
i i = S 1 at . +
of its Prompt Production at ,/syy=5.02 TeV z .l i i 1
18 1.7nb" (PbPb5.02TeV)  A.M. Sirunyan et al.” 19 :
r CMS Collaboration
- CMS 1072 A |
1.6F prompt . / /1 Normal =+
£ - B PbPb (5.02 TeV) Tl ' T cMs z Z Z ¥ £ 2g/3g/éq +
5|8 14p Iyl < 1.6, 0-90% sl ot Py 13 GeVles EE f:- Zc 4q/59/8q  *
T3 1.2F > §1 ERR P A Mol =
s @ C o T 1E LHCbH - ' = : )
g ‘;;2 Ly % g L pT>5GeV/C ] 0 1 2 3 4
C Vz ES [ 7
2" 0.8F B pp (7 Tev) SFE [ 1 Mass (GeV)
o C Iyl <1.2 (CMS) _x
s 0o u pp (8 TeV) =2 [‘E
& o04f lyl <0.75 (ATLAS) NS
0.2:— - 107 =
G_||||||||||||||||||||||||||| :E*I
10 20 30 40 50 60 70 2<p<4.5 | 1.5<p<4 | -5<p<-2.5 | [<0.9
PP PPb Pbp PbPb 28

p, (GeV/c)



Few points in Coalescence model - |

dN, dN, dN
=C| dxdx,dp,dp, ——=W (X, X,, P;, P, )0 (Pyx — P, — P
dpx j Xl 2 1 2 dpl Vdp2 ( 11 72 1 2) ( X 1 2)
® Normalization conditions Idx dp. an, =N. jdXde (X, p) :(27r)n
'VdpI1 |

2
© Wigner function W(X, p):(Z)n exp{—x—z—ﬁz pz}

O

Should use x, p in CM frame  s. cho, K.J. Sun, C.M. Ko, SH Lee, Y. Oh, PRC101(20)024909

© o = infinity limit 0N, ( de
X =C
dpy dp, |,

dN,
px dpz p2=p7x




Few points in Coalescence model - |l

(® Coalescence probability is suppressed for smaller object when

2

o] 2] W(x)=(2f o0 X 07|

O

dN, 1 C(}/del dN,
- n/2 \/
dpx (1+ 1 Zj \% dp1 plz%x dpz pzz%x
mT o

correction becomes visible when <0.5 fm



A simple fit to Deuteron and 3He using (R, ,V) -

© Deuteron Pt distribution should be determined by that of proton

- Use ﬂ — Rb CINProton

dp dp

d?N

deuteron —

d*p,

d*N

*He —

9.9,

0, (27[)4 y

d*p,

99,9,

I (27[)2 ¥

R,

Measured

2
d N Proton

V

3
2 Ry

d*p,

2
d N Proton

VZ

d*p,

P=

P =

2

Pr

3

Pr

d i N Proton
d*p,

d ? N Proton
d*p,

)

Pr

Po=—-

2

d°N Proton
_Pr d ’ Ps
3

P3=—-



A simple fit to Deuteron and 3He using (R, ,V) - |l

1. Forr>1.9 fm result are similar to o-> infinity result
2. Both can be fit by choosing R,=0.36 > similar to feed-down effects SHM
3. V(2-dim)=608 fm?2

10! 10!
N Pb-Pb, Syny=2.76 TeV o M Pb-Pb, VSyy=2.76 TeV
0

3 10 deuteron, |y|<0.5 - Helium-3, |y|<0.5
7 D

< 107 < 100

S S

~ 107 =

=, >,

g - 3
"_“c 10-3 4 —— r=1.9 fm f_‘z‘ 10-1 F=oco
2 r=o = +  ALICE, 0-20%

Q194 + ALICE, 0-10% )

U U

z <

— —

10— . . - - - ; ; 102 . . . . . :
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7

pr (GeV/c) pr (GeV/c)
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Expectation for Molecular configuration of X(3872) and Tcc

1. Use measured D and D* Pt distribution
2. Use R,=0.31 from feed-down effects SHM
3. Use same V(2-dim)=608 fm?2

-4 | F 4
10 X Pb-Pb, ySyy=5.02 TeV

0-10%, |y|<0.5 X(3872)
]~

10—5_

.. Yun, Cho, SHL, PRC107 (2023) 014906
1076} | Tcc if Molecular
structure
10-7}

_ - | Tcc if Compact
107®:  —«— Compact 4q T P

1/(2npr) d?N/(dprdy) (GeV/c)™2

) . multiquark
T-c or X(3872), DD molecule, r=c ~
109+ T or X(3872), DD™ molecule, r=2.2 fm § S. Cho, SHL, PRC101 (2020) 024902
[ZA Te or X(3872), DD™ molecule, r=3 fm
_10 i i i i i i i
01 2 3 4 5 6 71 8

pr (GeV/c)
Large molecules and compact quark states seem to have different Py dependence
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Final Thoughts:

If X(3872) isa D D" S-wave molecule (with S. Noh, A. Park)

T cMs
P> 15GeVieq

P> 5GeV/c E

o, o B (3872) - S ym'x)
van T Bw(2S) S Jyrw)
[S—
I
—
)
O
o

= G
T
i
——
| L L

[ 2<p<4.5 | 1.5<y<4 ;| -5<9<-2.5 | <09
pp pPb Pbp PbPb




Quark Spatial wave function of X(3872) : DD molecule

= S-wave in (qc),(cq) basis b-b° e
X &
Spatial 2 2 2 1
W, oC exp[—alxl — X, — 83X, :|
R .. ~055fm, R__.~4fm
= Transformation into (ct).(dd) basis e yl
Spatial 2 2 2
Wlpala OCexp|:_b1y1 _b12y1'y2 _bzyz _b3y3:| y3
Y,

R_,~401fm, R __ ~4.06fm, R __ ~0.394 fm

(cc) (cc)-(a)

()



Quark Color-spin wave function of X(3872): DD” molecule

= In (qC),(cq) basis

(c€)s
1)=(ct),, ®(aT),,
2)=(cT),, ®(am);. e
(9)s.s
=221+
3 3 —x . —\C=8 —\C=8
5 DD" is mostly composed of (cT)._ ®(qq),
2) =3+ 5512
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Possible explanation of abundant production of X(3872)

= DD’ is mostly composed of (cE)CZ8 ®(qq )C:8

S=1

= R _~401fm, R . ~406fm, R _ ~0

(ct) (cc)-(aq)

()

394 fm

= y(2S) production at high Pt is dominated by (Cé)gj but has to be

multiplied by a small overlap into color singlets: NRQCD

—\C=8
= X(3872) production at high Pt might be a direct recombination of (CC )S:1

—\C=8
with (ad),, in QGP

1.7 nb” (PbPb 5.02 TeV)

1.8
r CMS
1.6 Prompt
e C B PbPb (5.02 TeV)
= 1-4:— Iyl < 1.6, 0-90%
T2 12f
4 |1 C
A
=<
| 0.8 H pp (7 TeV)
o Iyl <1.2 (CMS)
o |
s 06 PP (8 TeV)
%o. 0.4F lyl <0.75 (ATLAS)
0.2
[ i
ol A BRI N T

o

p, (Ge

! i
10 20 30 40 50 60 70

V/c)
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® Most exotics have multiple heavy quark: HIC is an excellent factory

(® Production characteristics can reveal the structure of exotics:
compact vs molecule

® Enhanced productions always are linked to strong correlation and/or

resonance: For example, Hoyle state

- Measurement of exotics in heavy ion collision will reveal new color
configurations, strong correlations and possible resonance structures of

quarks and gluons
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Baryon 2025 A

. or,
Sep 8-12, Jeju Korea N bR | ’

Visa-free entry to Jeju Island: using direct flight to Jeju
https://overseas.mofa.go.kr/sg-en/brd/m 2435/view.do?seq=761394&page=1

Indico
https://indico.cern.ch/event/1339154/



https://overseas.mofa.go.kr/sg-en/brd/m_2435/view.do?seq=761394&page=1
https://indico.cern.ch/event/1339154/

Quark Model perspectives on Interaction at short distance — Kinetic term

H — Zn:(mi +p_i2]_zn:(ﬂ1c/1;: )Vijc (rij )_Z”: (/%Cif)(ffiaj )Vijss (rij)

<] i<j M,

m, =300 MeV, m; =500 MeV, m, =1500 MeV.

= When brought together need to overcome Additional Kinetic energy

2
Pee . 1 1 j00mev
gy 2fdgg (O-6fm)

B B
)  —

- To have a compact configuration, short range attraction should be larger than 100 MeV
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X(3872) : W. Park, SHLee, NPA924(2014) 161

(9q) - (C =85S =1) cc =

X(3872) {(CE_)%(C:&S:” H =za£za1j ? ? o
©/) \@

Color-Color (X(3872) lf(if)%[(ﬁf +28) = —(/15)2}

1 1 4
ZAZ:C:g(p2+q2+pq+3(p+q)) C(p=Lq=1)=3, Cf(pzl,qzo)zg

If cc is in (C =85S =1) z;(zj)zg[s—zg}%w

No additional attraction from color-color interaction

> X(3872) can not be compact multiquark state
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Tcc(3875) : W. Park, SHLee, NPA924(2014) 161

Tcc(3875) {(Ud)_)(CZB’S:O) H =/1a[/1a&) ? g %

a a 1 a a : 2 a :
Color-Color (Tcc) 2 (A )25[(% +28) =2 - (%) ]

Z/lz :C:%(p2+q2+pq+3(p+q)) C(p=0,q=1)=

Hence there is additional attraction

- Tcc(3875) could be a compact multiquark state



Quark Model perspectives on Interaction at short distance — color-spin interaction

when two spin is pointing in the same direction
outside H =-u,-B,=s,-B, =5s,-5,>0 Hence repulsive

\_j inside H=-u,-B, =s,-B, =—s,-5,<0 Hence attractive
= Color-spin interaction for 2 body: Q-Q Q-Q
Color S A S 1 1 8
Flavor A A S S
N Spin AO) | s | s | A0 | o0 1 1
K== (4 4)(0i0])— [k (e [en]en | « [e] 2 [ren][2n]
<]

K <0 attraction:

when two spin is pointing in opposite direction

K >0 repulsion

outside H=—-u,-B =s,-B, =s,-5<0 Hence attractive
inside H=-u,-B =s,-B,~-s,-5,>0 Hence repulsive
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Integrated yields for loosely bound molecules

= For Deuteron and *He, Nucleus| N3gse s N2, | NNucleus NP
results are similar SHM d 9.07 % 10~3 8.84 x 1073
3He 2.68 x 107° 2.03 x 10°°

TABLE II. The yield ratio of light nucleus with proton in Pb—
Pb collisions at \/sSyny = 2.76 TeV. For deuteron and *He the
centralities are 0-10 % and 0-20 %, respectively.

= For X(3872) and Tcc, yields for molecular configurations are larger
no feed down for D*

Tetraquark dNcoar /dy Ncmg/Ngéfﬁ?) NCOQE/N;EE;}C
DD* molecule|(2.45 4+ 0.71) x 107*| 2.474+0.716 [0.806 £ 0.234 X (3872) (28) _
molecule | ( )—4 S } Nee /N =0.326
Compact 4q 6.2 x<10 6.25 x 10 0.204

TABLE III. The first column shows the total yield of the
tetraquark depending on its structure calculated by the co-
alescence model in Pb-Pb collisions at /snn=5.02 TeV
at 0-10% centrality.. The remaining columns show their
ratios to the statistical hadronization model with charm
(SHMc)[28]. Here we used dN,25)/dy = 3.04 x 10 and
Nx(;.]g?g) /Nw(gs} = 0.326 obtained in SHMec.
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