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I: Few words on “"Multiquark states”

X(3872), Zc(3900), ... Zb(10610), Zb(10650)
+ LHCb J/yp PRL 115, 072001 (2015)
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F “ multiquark configuration? Not so easy .

() quark
X
© antiquark

- Color singlet configuration: (1C ®1C) or (8C ®80)

- Spin 1 configuration from:  (P@®V)®(P®V) where P(S=0), V(S =1)

C=+ 1c61q6| (\/c6VQG )> Bec 8qq (VCC‘qu )>
!
Color  Spin
C=- 1cr:1qq (PCEqu )> 8c€ 8qG (Pcﬁqu )>
1061qﬁ (Vcﬁ ch‘J )> Bcc 8qq (VCE Pqﬁ )>




F “ multiquark configuration? Not so easy =~ ~
Pey

4 2 P
> H s :Z[m ,+ 7 ) : pfc < 2mcq pgq
/neti/c = / 2/]7 / 2m
© |\ © 2y,

4
> Hotine = Z(/Ifﬂf/)//f (f,/.) . > Favors (1,®1) over (8, ®8,)

</

4 (A8 o
> HCO/Of—Sp/’ﬁ — Z ( //]7/ £G/GJ)V/§5 (/;/)
1</ /! J

: should be strong enough to overcome repulsion from kinetic term
- Otherwise can form molecular configuration



H dibaryon K

i</

VS

TABLE III: The expectation value of —%". __(A{Aie;-a;) for
H-dibaryon with flavor singlet(F') and AA.
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FIG. 1. The mass difference (AE) between the H-dibaryon and
two A baryons as a function of the pion mass in the SU(3) limit.
(Units are MeV.)



> C=+ state

Or X(3872) — molecular bound stateof DD* (Tornqvist 94)

> (C=- state

Or

(Woosung Park, SHL 14)

Ly VeeVoo ) = Iy + @)

ccqq \V ¢t ¥

8.8, (VoVe ) > X(3872)

cC—qq cC " qq

LeLig (Voo P ) Ay +7)
Leelyg (Pcequ )> 7.+ pP)

8,8, (V.cPe)) > Z(3900)
8,84 (PVog ) Z (4430)

Z(3900) - DD" is molecular states

Or Z(4430) is 2s of X(3872) in diquark picture (Maiani, Polosa, Riquer)
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Real compact multiquark states

> A 3-body or 4 body force could favor (8, ®8,)
and lead to compact 4 quark state
or artificially increase diquark correlation

> Color Spin force
: Kqq 3 >S S2

(1 S1 SS
. . Chose m,,m,))m,,m,

> T, T, : real compact flavor exotic tetraquarks
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II:

Particle production in Heavy Ion Collision
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Hadron production in ( p+n—>C+X ) collision

dG‘pﬂme _IGb/ﬂ Xbpa/p jd ‘am%m DC/c(Xc)
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Particle production in heavy ion collision
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Normal meson, compact multiquark, molecules, resonances

Normal
meson

Compact
multiquark

Molecules

Resonance

Geometrical
configuration
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Examples

Nucleon,
pion, kaon

Deuteron,
light nuclei

K*. rho meson
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Production of hadrons near Tc

2,

Multiplicity dN/dy

o
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RHIC — Statistical model (PBM .))

ALICE - Statistical model
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Production of resonances

ALICE (2015 prc)

> Reconstruction
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Rate equation for K* (resonance) production

dN,.

dr

> Destruction:

/ /4
LK

K" —
> Creation

S

» Thermal Equilibrium

~bN,.

b= + o, .vn_

T P
K*tiit<i&

a=o,Vn. + o,vn
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Freeze out condition for a particle

» Two time scale (=cosmology) R
V R ~
Texpz_‘:—' ® o o /. <V> R
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Detailed hydrodynamic calculation - 1

S. Cho, SHL, arXiv:1509.04092; S. Cho, T. Song, SHL, arXiv:1511.08019
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Detailed calculation - 2

S. Cho, SHL, arXiv:1509.04092; S. Cho, T. Song, SHL, arXiv:1511.08019
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Detailed calculation

» Two time scale (=cosmology)

ALICE (2015 prc)
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Production of light nuclear

RHIC/STAR (Yugang Ma) ALICE - Statistical model
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Rate equation for deuteron (bound states) production

dN,

=aN, —bN,

dr
> Destruction: b>< + o4V,

T
N \/
d d ——
N . N
» Creation a=oy,VnNy
N T
\‘/
N
> Thermal Equilibrium /V_d:i oc Sy < > constant
N, b oy
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Non equilibrium

» Number of Ground state particles remain almost constant
|\IN

oY ——
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Comparison

» K* (Resonance) production

o VI\IN
NK*__ OINNVALY N v V =500

= —> N >0
N, I.+o,.vn [.to V-~
Vv

» Deuteron (bound state) production
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Normal meson, compact multiquark, molecules, resonances

Normal
meson

Compact
multiquark

Molecules

Resonance

Geometrical
configuration
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|
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)

@
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Yields
/Statistical
model

< 0.1

~0.5
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Production of resonances

ALICE (2015 prc)

> Reconstruction

B 0.4f oopp 7 TeV B *
%0355_ EHJ --E’E-PbE.?STeV_E K =>K+z, I'>50MeV
o F wnmm Thermal Model
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=0.25¢ H g
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Coalescence model
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Hadron production near phase bounday (T, )

Coalescence model = Statistical model + overlap

dodp, - -
J’PT = gu /HPQH 3El folwa,pi) fu (21205 p1.pn) 6P (PT —ZPT-“;)
1=1

Suppression of p-wave resonance (A" (1520 )/ A)AU_AU
(Muller and Kadana En’yo) (A (1520 )/ A),.. .. <0.5

|
|
|
7/

<

o ey

@

\
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Production of multiquark states are suppressed

Coalescence model = Statistical model + overlap

ANy = opi o dodip; L : _ v 5(2) -
Zp, 9 /U orE, Jo@o ) fH (@ Zniprepn) 07| Pr _Z;pﬁ

1 N, (4%02)3/2

s-wave — —! ~ 0.360

g V [1+2u,T.0?)

12
p-wave 2 4o’ Z“iniz ~ 0.093
g V 3 (1+2u,T.0?)

— oy,

Tetraquark configuration

Normal meson e m @ @ [overlap]<<1

[overlap]=1
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III: Exotics from Heavy Ion Collision

PRL 106, 212001 (2011) PHYSICAL REVIEW C 84, 064910 (2011)
Exotic hadrons in heavy ion collisions

Sungtae Cho.' Takenori Furumoto,™ Tetsuo Hyodo.* Daisuke Jido.” Che Ming Ko.” Su Houng Lee.! Marina Nielsen.®

Akira Ohnishi,” Takayasu Sekihara,>” Shigehiro Yasui.® and Koichi Yazaki*"
(ExHIC Collaboration)
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> large number of ¢ , b quark production

RHIC LHC
N, = Ny 245 662
N. = N; 150 405
Ne. = Nz 3 20
Ve 1000 fm® 2700 fm?®
Teo =Ty 175 MeV 175 MeV
Vi 1008 fm® 5152 fm?®
Vi 11322 fm® 30569 fm®
Ty 125 MeV 125 MeV

> Vertex detector:

weakly decaying exotics : FAIR 104 D2 /month,

LHC 10> D% month

» T, production

threshold

T./D >034x104 RHIC

decay mode lifetime
My, > Mp+ +Mp D*—D° hadronic decay
2Mp 4+ My < My, < Mp+ +Mp DD~ hadronic decay

> 0.8 X 10 -4 LHC My, < 2Mp + My

D Ktg, D Ktete—n—

0.41 x 10712 sec.
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Details.,gf coalescence model calculation (ExHIC PRL, PRC 2011)

>

>

>

>

Model central rapidity, central collision

Introduce charm fugacity

I .
E(Jﬁq'r,ﬂl:_ + *""’Iﬂ{)
0.14 +0.11

N.=Np+Np- +-=

[
{}33
= 1.04 +1.53 +

Np, + Np ) +
0.29
_|_

=3

2

Coalescence model model and Wigner function

h'd;kfﬁ{kf.]f

Wiy, ki)

wum — g 1—[ f"- 1—[ f d
i=l

Parameters to fit normal hadron production including resonance feedown

[ d&*yid’k; fi(k:)

from statistical model
¢ =300 MeV, m =500 MeV, m, =1500MeV o,

RHIC LHC
N, = Ny 245 662
N; = N, 150 405
N. = N, 3 20
Ny = N; 0.02 0.8
Ve 1000 fm’ 2700 fm*
T =Ty 175 MeV 175 MeV
Vi 1908 fm’ 5152 fm”
{Le 20 MeV 0 MeV
fLs 10 MeV 0 MeV
Vi 11322 fm® 30569 fm’
Tr 125 MeV 125 MeV

— kgl a; = 1

F¥ (v ki) = 8exp (—_'1

Configuration Particle RHIC
Coalescence Statistical Coalescence Statistical
Jg w(782) 442 40.2 119 108
p(770) 132 127 358 342
K*(892) 412 472 111 135
K*(892) 412 52.9 111 135
qgqs A(L1115) 29.8* 29.8 80.5 T7.5
(3.0) (6.5) (8.1) (16.5)
A(1520) 1.6 1.9 4.4 4.8
ggQ A (2286) 0.60% 0.60 4.0 36
(0.058) (0.14) (0.39) {0.83)
Ap(5620) 3.6 x 1073% 3.6 x 102 0.14 0.13
(3.6 x 107%) 9.2 x 1074 (0.014) 0.033

=550 MeV, o, =519 MeV, o, =385MeV
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>

Hadron coalescence

3 2 2
W= _——7—v or Bx h—2 <r2> &
ZluR<r > 2 g8y 2
Particle mMeV) g [ JE 2q/3g/6g 44/5q /8q Mol. ol (MeV) Decay mode
Mesons
fol980) 080 [ 0 o gg.s5(L = 1) ggss KK 67.8(B) m (Strong decay)
ap(980) 080 31 o gL =1) gass KK 67.8(B) nm (Strong decay)
K (1460 1460 2 1;2 0~ g5 qgqs KKK 60.0(R) Kmm (Strong decay)
DA231T 2317 l 0 or ci(l = 1) qcs DK 273(B) Dy (Strong decay)
Tl® 3797 i o0 1+ — gqcc DD+ 476(B) Kfm~+ K m +m
X(3872) 3872 N | I A ci(L =2) ggce DD* 3.6(B) Jrmm (Strong decay)
ZH(4430)° 4430 3ol 0-c — ggcc(L =1) D D* 13.5(B) J rm (Strong decay)
TS® 7123 10 0+ — ggch DB 128(B) Ktn~+K*m~
Baryons
A(1405) 1405 2 0 1/27 ggs(L = 1) qggsg KN  20.5(R)-174(B) T X (Strong decay)
et (1530)° 1530 2 0 1/2%* — ggggs(L =1y — — K N (Strong decay)
KKN® 1920 4 172 1727 — gqgss(L. =1y KKN 42(R) Kx X, myN (Strong decay)
DN® 2790 2 0 1/2- — qqqqc DN 6.48(R) Kfm-an—+p
D*N® 2019 4 0 32 — qqqqi(L. =2y D*N 6.48(R) D + N (Strong decay)
B 2980 4 172 1/2F — gggscil = 1) — — A+ K~
BN*® 6200 20 1/2° — qqqqb BN 25.4(R) K'ma~+at+p
B*N? 6226 4 0 3/2° — qgqgb(L=2) B*N 25.4(R) B + N (Strong decay)
Dibaryons
H* 2245 [ 0 o gqgqss — EN 73.2(B) A A (Strong decay)
KNN® 2352 2 112 0°  gqqqgsil.=1) gqqgqqgs§g KNN 205(T)174T) AN (Strong decay)
Qo 3228 0O o+ S¥555S — Qo O8.8(R) AK- + AK-
Hi+= 3377 3ol o+ qqqgse — EN |87(B) AKnmt+p
DNN® 3734 2 172 o — qqq9qq9q9 g DNN 6.48(T) Ktn~+d. Ktm-n-+p+p
BNN® 7147 2 1;2 0~ — ggqqqq gk  BNN 254iT) K'm~+d.K*m~+p+p
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Fachini [STAR]

Co

Expectations [overlap] at LHC

scence [ Statistical model ratio at RHIC

Te
To
D,(2317)
Z (3900) X(3872)
Z74430)
£,(980)

25(980) -

——ef——F'3

A(1405)
B(1530)
KPURN
Elll'_i-
DPEN
BN

H
K"NN
Qo0

H, =
DP*NN
BNN
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Coalescence /[ Statistical model ratio at LHC

Te.

TS
D,(2317)
X(3872)
Z7(4430)
£,(980)
2;(980)

e . 2q/3q/6q +

Mol

4q/5q9/8q -

A(1405)
67(1530)
KRN
e

s
DN
BN

H
K2 NN
Q0

Hc -_
D" NN
BNN
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Summary

Whats the difference between compact multiquark states and molecular states

- Need heavy quarks to enhance diquark correlation

- Multiquarks will tell us about 3,4-body QCD force

Measurements from Heavy lon can discriminate the structures

Normal Compact
. Molecules Resonance
meson multiquark
Yields
/Statistical 1 <01 1~ 2 ~0.5
model

Flavor exotics will involves two heavy quarks—> Heavy ion can easily produce
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1. Lambda (1405): two poles? A(1405) > +X >a +n+x

A(1405) > 7 +2" 22 571 +p+7°

2. Dibayrons: d*(2323)> A+A H, N-Omega, Hc(uuudsc)

3. Light molecules or tetraquarks ~ £,(980) > 7* 7", a,(980) - nz*

4. Heavy Tetraquarks ~ Z(3900) — J /y + 7+, 2(4430) > J/y+7x*, or y'+rt
X (5568) — BYz*  [bd ]sU]

T (udcb) - (D°+B°) > K7z + K7z~

T (dstb) - (K +B%) > K +K'z~
>z +B) > +)ly+¢

T.(udct) »>(D°+D" ) > K7z +K'z 7z~

5. Heavy Pentaquarks P. >J/y+p
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Back up slides
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M
Hadron production through coalescence — cxexp(—?jx[overlap]

- — oy,

——————

- - — oy,

Normal meson
[overlap]=1

——————

- — oy,

Molecular configuration:
[overlap]=1

[overlap]<<1

Tetraquark configuration v
# Coalescence model at Tc = ratio of yield :£V Molecule J

Mulitiquak
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