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Few words on “Multiquark states”
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Revival of an old topic

= Tetraquark:

- scalar tetraquark (Jaffe 76)
- no direct proof of structure

= Dibaryon

- H (ududss) dibaryon (Jaffe 77):
- experimentally not found

= Pentaquark

- P¢s (Gignhoux, Silvestre-Brac, Richard 87)

- PCs (udusc) (Lipkin 87)
- Fermilab E791 : not found
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Normal meson, compact multiquark, molecules, resonances

Normal
meson

Compact
multiquark

Molecules

Resonance

Geometrical
configuration

o = = —

- o = = ——

- o = = ——

- o = = —

———

U

/
I
I
1
1
I
I
1
1

e | R | OO @

0|

Examples Nucleon, Flavor exotic?| X(3872)? K*, p meson
pion, kaon

- Are Pc, X, d* compact or loosely bound molecular states ?
- Where are the compact flavor Exotics ?
- How can we distinguish compact vs molecular states ?




II: Are there compact Multiquark states ?

A.Park, W. Park, S. Cho, SHL :
PRD92 (2015) 014037, ........ PRC100 (2019) 055201



HAL QCD Lattice : Attractive Baryon-Baryon potential in the Flavor=1 channel
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= Long distance force > 0.5 fm - meson exchange

B, B,

= Short distance force < 0.5 fm - quark dynamics (Oka, Yazaki)
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! ” ks in a compact configurations - quark model =

H ZZN:[m +_2J ZN:(ﬂf.C/If)VijC(ﬁj)—ZN:(i'%F)(Giaj)Vuss(ri,-) ..

i<j i<j m;m

= Color-Color interaction is no important for short range N-N interaction
N

2
> (4°4) = Total color — N (quark charge) =0- 3 N N =Ng +Ng
i<]
= Color-spin interaction for 2 body: Q-Q Q-Q
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Comparison with lattice (HAL QCD) — NN interaction

= NN force in SU(2) spin 1 vs spin 0 channel

A.Park, SHL, Inoue, Hatsuda, arXiv:1907.06351
A.Park, SHL PRC100(2019)055201
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F ave function for X(3872) and Zc(3900) . il

= A tetra-quark state (cC)@(qq)
with quarks in s-wave ‘ @

Se=il

{ v, =(cC),, ® ().,

v, =(cC) ., ®(ad) .,

X(3872) [1°(37¢)=0"(1")

C 4=(cT), ®(al).,

Z.(3900) [1°(37)=1(1") - 4=(cc),®(q0);,

-~ +(S=165=0)
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’ " pin interaction of X(3872) and Z_(3900) . / __

7

X(3872) | 1°(37)=0" (1)

(cT)®(am)
16 1 16 1
2 T 2 0 (1®1), (V®V),,
K 3m. 3 m -
R 0 T ] (828), (v &V),,
3m; 3m; 3 mcmgj C -
> ~-100 MeV
— . 32 1
= K factor for lowest 2-body threshold DD =—-—— ~—60 MeV
3 m.m,
.. L . S=0 _ ,__\S=0 16 1
= K factor in diquark antidiquark picture (cq)__, ®(cq)._, = — —-36 MeV
cq
. . . _\5=1 _\5=0 21 1
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' HII ic term vs additional attraction

> Additional Kinetic term in compact configuration > 100 MeV
- favors more than one heavy quark

2
pcq

pfq ? <2m—cq> @ P czq
2m, \ (@ © .

»  Additional attraction should be strong enough to overcome additional kinetic
energy - favors more flavor

8 8

C Cc

=  Attraction seems not strong enough but only experiment will tell

-2 Heavy Ion collision will have many heavy quarks 3



sc !

20+ A—(28"+E)=8C,+8C,,

A-N=16C,, 2 -3+E —-E=32C,
O, -0, =16C_, =.-%, =16C, ,

i<j m‘mj I<j

Need to Work out (color) x (spin) x (fIavor) wave function (W. Park, A. Park, Cho, Lee)

= H dibaryon channel: Flavor Breaking effect weakens attraction in Flavor 1

2
CE, =% 2100 MeV

A A
2 g
VS

E.. H dibaryon A+ A A Ecs A Ey,
m,q =M, —24C -8C,, —8C,, | -145 MeV | +100 MeV
m, , #m, (-5C,, —22C, +3C_)|-8C,, —8C,, | -61 MeV | +100 MeV
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molecular configurations

P

Less attractive >

& Tetraquark X(qgqcc)

AEg (m,g,mg,m.) = —40 MeV - probably molecular type

w Pentaquark Pc (uudcc) (LHCb)

AEg (M4, m,m, ) =-34 MeV - Can not be a compact state (Park,Park,Cho, Lee PRD95(17))

- probably molecular type

= Dibaryon d*(2380) (uuuuuu) (WASA at COSY)

AE¢s (M, m;,m;) =0 MeV - Can not be a compact state (Park,Park,Lee PRD92(15))

- probably molecular type
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’ || ompact Flavor exotics? w.park, S. Cho, Lee PRD99(2»619)0%

Most attractive =2 Same origin as P (udust)  color spin of q* :[31]

% Pentaquark Pscc (udscc) | =0, S=1/2 A+J/ly

AE (m,y,m;,m, ) =-124 MeV

= Pentaquark Pccs (udccs) | =0, S=1/2 = +K"

AE (M4, m;,m;) =—-135 MeV

= Tetraquark T(udcc) 1=0, S=1 D°+D™ or D°’+D"

ud? " "'s? ¢

AE (m,4,m,,m,) =—-150 MeV
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III:

Exotica production from Heavy Ion Collision

- EXHIC collaboration (Theory):
PRL 106(2011)212001, PRC38 (2011) 064910, PPNP95 (2017) 279

- X(3872) and Tcc related with S. Cho, J. Hong,
PRC88 (2013) 054901, PRC98(2018)104913
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Particle production in heavy ion collision
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Production of Exotica (ExHIC PRL2011, PPNP 2017)

o P=162 MeV, V" =2100 fm’
=156 Mev, v, ""=5380 fm’

> Model central rapidity, central collision using Lattice EOS 5:

» Normal and compact multi-quark formation at T

V (10* fm?)
-
X
9]

Coalescence Parameters: 24
. - 14 o, i
fit production of normal hadrons “--miif_-fowmwﬁ
ﬂ I I I "—.-.T—.—O-
. 110 120 130 140 150 160 170
from statistical model o)
n— 3 3 ] W 3
Ngedl = g ]_[ = ]_[ [ & yid*ki fiki) £ ¥ (vi. ki)
= L B L L RHIC LHC (276 TeV) LHC (5.02 TeV) RHIC LHC (5 Tev)
j=I .-' =1 i d -'!"'d R"Jﬂ[-’{f} sl Sc.2 sc.1 Sc.2 sc1 5c.2 Refs [14,15]
2 Ty rm}\n 162 156 175
W : I Vy (Fm°) 2100 5380 1908 5152
f., (vi. k;) = Bexp (——r:. R, F ) ;:;:Me\:; 24 0 20 0
; o, =1/./tiw s (MeV) 10 0 10 0
" 22 39 50 6.40 158
" 40 x 107 8.6 x 10° 14 10° 2.2 % 10° 3.3 x 107
m q4 = 300 MeV T (MeV) 162 166 156 166 156 166 175
, Ve (fm?) 2100 1791 5380 3533 5380 3533 1000 2700
 (MeV) 590 508 564 500 564 600 550
—  (MeV) 431 462 426 502 426 502 510
ms =500 MeV o (MeV) 222 244 219 278 220 279 385
@ (MeV) 183 202 181 232 182 234 338
_ Ny=N 320 302 700 593 700 593 245 662
mc =1500 MeV NN 183 176 386 347 386 347 150 405
N, = N: 41 1 14 3 20
_ Ny = N; 0.03 044 071 0.02 08
mb - 4700 MeV Ty (MeV) 119 115 125
Vi (fm?) 20355 50646 11322 30569
Ny 67.5 134 142° 363°
N; 506 134 1272 363
Nx 20 32 62° 150°
: N 18 28 - -
> Molecule formation at v ¥ G i i
Nz 26 14 47 13
. . Na 0.37 062 081 23
Np = N 15 40 52 10 69
kinetic Freeze out Tg o=ty 15 0 2 10 o
. . Np, =N 020 0.49 063 0.19 13
. Ny = N; 8.1 107 0.12 020 53x107% 021
Coalescence size: Molecule radius NN 8.1 1072 o1z 020 s3x1003 021
Nao 0.17 0.36 0.46 - -
Nz, 02 041 052 -
Nype 028 0.56 071 -
Ne 011 025 0.32 0.10 065

* Values contain feed down contributions.



WLECKh CHULLY

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

Identifying Multiquark Hadrons from Heavy Ion Collisions

1 . 2.3 4~ 12 . 5 1.2
Sungtae Cho,” Takenori Furumoto,™” Tetsuo Hyodo,” Daisuke Jido,” Che Ming Ko,” Su Houng Lee,
. . € . . g2 . 27 . . . 8 .. .23
Marina Nielsen,” Akira Ohnishi,” Takayasu Sekihara,”" Shigehiro Yasui,” and Koichi Yazaki

(ExHIC Collaboration)
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Production of compact multiquark state

Production rate
normalized to
statistical model

RHIC (Scenario 1)
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Progress in Particle and Nuclear Physics 95 (2017) 279-322
Exotic hadrons from heavy ion collisions
Sungtae Cho?, Tetsuo Hyodo‘J Daisuke Jido*©, Che Ming Ko d Su Houng Lee®
Saori I\/laedaT Kenta Miyahara?, Kenji Morita®, Marina Nlelsen

Akira Ohnishi”, Takayasu Sekihara', Taesoo Song' Shigehiro Yasm
Koichi Yazaki (EXHIC Collabmatlon)
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Some detail: Coalescence model

M

=C|[ f,(p,)f

pd XW +pd)
@ C @
pd pu 4

+pd+pu

pin ratio

P, dependence of ratio

|||||||
. e[ — with s+h Au+AU@200AGeY
L = without s+h (Centra”

Greco, Ko et al
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! |§ . dependence of Ratio : Coalescence model >

dN dN. dN
dpxx =C| dxldxzdpldpzd—pll dpjw(xl,xz, P, P,)3(Px —Pi—P;)  CMKo
> Simple approximation W(pl, p2)0c5(p1— pz),
dN
X() - O an, ( aN, ], where p, =p, = e
dpx dpl Vde 2
dNX(n+1)
dN. 1 d
For L= \ P
0 dp;  (p, +b)a dNX(H)
\ dp
—>
WLevai PRL (2003) H K
as a pea
P > P
g g p=bn(n+1)
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Example: X(3872) 2 quark vs compact 4 quark

>

2
X, —X 2
Full calculation: W (X11X21 P15 pz) oc EXP —%—UZ(Q - pz)
0_3
Coalescence probability is smaller for smallo as 0= 2.1/ mT )2 can provide

suppression factor of 2 for each quark when size decreases by a factor 2
- compact multiquark states are suppressed.

Peak structure still correct : Sungtae Cho, SHL arXiv:1908.08333

0.25 ] 1 1 1 2 I 1 ]
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VI: Remark on X(3872) measurement by CMS
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Comments on Recent CMS measurement of X(3872)
- details will come, but consider it a DD* molecule

Molecules will form at kinetic freeze-out: can use final D D* p; distribution

Simple approximation W (p,p,)cs(p,—p,)
AN, (o5 dN
T o U] DY m_, (1864.83) + m_ (2006.85) = 3871.68 MeV
dp, dp, ( Vdp,.
~p .~ Px
Po ~ Py ==

One step further, note M, (1864.83) +Mm, (1864.83) =3729.66 MeV ~m,. (3686))

de-(Ds)_ O,dND(dNDj P
0 2

dp, " dp, \Vdp, B

Ratio R=N___. /N o =>(0xN_)/(O'xNy)

(oD’)

26



>

R=N

D*+/DO

Alice data at 2.76 TeV

x(Dﬁ*)
No change in R=0.2 from pp to Pb-Pb
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ly| < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)
m Prompt ly| < 0.75
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T

O 1+2uTc?
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- o' 2ulT o
-
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Need to go down in p;
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= Quark model candidates on compact multi-quark states: But not conclusive

Pie(udccs) > A K'K'z* Note ZEF - A K z'z" ornote P (E;K+ or A.D; )
T.(udcc) »>(D°+D") > Kz +K'z 7z~
P (udsct) > A+ /y

= Production yield and p; dependence can discriminate structures

= May be we are already seeing proof that X(3871) is a molecule but need more
data at lower P;

= Most compact multi-quark candidates have more than one heavy quarks
(hidden or open)
But now experiments can observe them

- Heavy Ion collision could be an EXOTICA FACTROY !
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Production of light nuclei
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Exotic hadrons from heavy ion collisions”

Coalescence model

Sungtae Cho?, Tetsuo Hyodo”, Daisuke Jido¢, Che Ming Ko ¢, Su Houng Lee ®*,

Saori MaedaT Kenta Miyahara®, Kenji Morita®,
Akira OhmshlIJ Takayasu Sekihara', Taesoo Song' Shigehiro Yasui',

Koichi Yazaki* (ExHIC Collabmatlon)

Freezeout condition from hadronic gas

Marina Nlelsen}
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F I """B; dependence of Ratio : Coalescence model

dN,
dpy

dN, dN
l ZW(pl’pZ)é‘(pX_pl_pz)

=C| dx.dx,dp.d
[ dx,dx,dp, T

2
> Next approximation W(pl, pz)ocexp(—x—z—azkzj
o

(247o)
dN, _ o dN, dN )
dpxx =C— | dpldpzd—pll dp22 exp(~k*a?)5(px — P~ P,)

(E] i, 0 00

0P 3 5(P.—P,)8(Px — P —P,)

2 3
%:epr—ﬁj — (2) =7 Lype corrections
dp, mT <1+ mTGZ)
> Formula by C. M. Ko N ~ 3N,
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