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I: Few words on “"Multiquark states”



X(3872)
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—t++ + -+ _+
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Normal meson, compact multiquark, molecules, resonances
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X(3872)
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II: Where are the compact “"Multiquark states”



« Lattice Results : HAL QCD collaboration for H dibaryon in SU(3) symmetric limit

SU(3) flavor 1 state SU(3) flavor 27 state
200 : : —— : :
[ -Fll: .
0F : 2000f V" 100 [T g g m] —— ] ]
; ¢ L=3 [im] —a—
-200 ¢ ; L=2 [fm] s-oaems
= o ) 1500 ¢ sof §
= 600f? (b) .f = 1000} I3
= F r _-E
-800 | : :
1000 : " 500} 500 0 0.5 10 15 2.0
- i 200 b ..:;- 1 1 l-
1200+ | 00 05 40 45 20 ol %
0.0 0.5 1.0 1.5 2.0 25 3.0 35 0.0 0'5 1'0 1'5 2'0 2'5 3'0 35

r [fm] r [fm]

- Flavor 1 channel could give compact configuration

Compact multiquark states could exists if there is a strong short range attraction

The r->0 behavior should be understood from quark model



- Some Previous works have limited Fock space: diquark picture ...

- Hard to picture interplay between various contribution

- Hard to understand SU(3) breaking effects.

- Work out the full (color) x (spin) x (flavor) wave function for all multiquark
configurations at least for the ground state s-wave states



ave function for light dibaryons (W.Park, A.Park, SHL15.)

- Choose the spatial part to be symmetric

- Choose the Color-Isospin-Spin part to be antisymmetric : SU(12)

1° ks = (2L [50]s )@ (L. [64] )@ (ol . i0] )@ (oL, 0] )@ (27 [e].)

(e, [50]2s)= ® .~ Physical State
(8lc, [64]1s)= ®
([{0lc, [10]rs)= ®
([10]¢, [10]15)= ®
([27]c. [6]rs)= ®
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- Dibaryon: 5 Independent color singlet bases

e C,) = {[12),3L[4(56)s L},
516
S C,)={[12),3][4(56)s L}
5[6

g ) ={[12),3L[4(56)s .}

‘ C4> = {[(12 )§ 3]8 [4(56 )§ ]8 }1

C;) = {(12);3}[4(56); ]
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- Pentaquark: 3 Independent color singlet bases w.park, A. Park, s.Cho, SHL PRD95,054027)

BB c,) - {a2),3L[4(s6) L},
Sl
%%\ C,) = {12),3}[4(56), ||
}%é ) =1(12),3L[46): L}
B c,) = {(12);3L[4(5)s | |
416
é % C,) = {(12):3][45)] }




- Heptaquark: 11 Independent color singlet bases (wrark, A. Park, SHL PRD96,034029)

12| =
Ch) = | |34}
C1) 47
5
12]: 1]25
1Cs) = 4| =113 -."737
5 4
L
[C10) = | |2
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’ l model: wave function should follow Pauli ’P;:ihcip! '

7

«  Totally antisymmetric (color x spin x flavor) wave function (s-wave ground state)

Example: QQ inthe Spin=3 channel is highly repulsive because

- Flavor is totally symmetric }

Spin is totally symmetric

Remaining part should be totally antisymmetric »

N 2 2

But color singlet implies

- Hence, assuming all quarks are in the S wave, Pauli principle forbids compact
configuration.

Such forbidden configuration are highly repulsive at r>0 (oka et al quark cluster model)
14



* In Constituent quark model

n 2 n n N\ oo,
p=$[m ) Sleket)- £ )

1) Additional Kinetic energy compared to separated hadrons

s e jooMev g

- ‘

2) Color-color will not add much (ﬂf 4 jg 4 jg)ﬂf =0
J

|
\

A

f
If color singlet

3) Color-spin interaction is important
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«  Color spin interaction

ok W

Color A S A S 1 8 1 8
~ n ﬂ/cif XO-/G/ S5 (/‘ ) Flavor A A S S
~ Vi Vj Spin A | SB) | SB) | A | 1 1

/<) m/'mj

K -8 -4/3 | 8/3 4 -16 2 16/3 | -2/3

- Jaffe (77) : K for Handtwo A

- using Nucleon(K=-8) to Delta (K=+8) mass difference of 290 MeV
AK=-8 corresponds to about 145 MeV attraction > additional Kinetic energy of 100 MeV
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are the compact multiquark states? - Examples.

« Dibaryons with 6 light quarks: w.Park, A. Park, SHL, PRD92(2015)014037

n Color spin interaction of 6 quark state and their decays
= — “2lo.o.
K= ;(’1/ 4, XG/"/) 1.9)[(3,0[2.1)](1,2)](1,0)[(0,3)](0,1)
<
Vg | 48 | 22|16 | 8 | 16
o 80 - ,
Kdibaryon - (Kbaryom - KbaryonZ) AV | 32 3 16 | 24 0

m
::.~:-|‘,:—:.1 Lol oo

=  The only non repulsive channel, but also no attraction J
- Strong indication that d*(2380) is a molecular configuration

(A. Gal, PLB769(2017)436 ) s, =(1232- By, /2 - pi,. 5a=(1232- B, /2P - P2,,

- No compact dibaryon in flavor SU(2)
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Perhaps a heptaquark ?: w.Park, A. Park, SHL, PRD92(2015)014037

7K
B ; /77,/77/ CI253_52 heptaquark A+ ¢ + ¢ A Ehyperfine
3 6 122 9.3 7.23 8 32
~ 2 _ _ ~ _ — + _
Mo =5 o mm. m? | m, 3m; °6 MeV




H dibaryon with realistic quark masses: W.Park, A. Park, SHL, PRD93(2016)074007

i<J

m,, =300MeV, m, =500MeV

TABLE III.  The matrix element of —(4{4%5; - o;) for hyperfine potential of the dibaryon with respect to isospin

and flavor.

Isospin Flavor

—(4450;-0;) i< j=1-4

~(Kko;-a;) i=14, j=5,6

(4450, -6;) i=5,]=06

1=0, F! -5/6 -11/4 3
1=0, F7 -13/18 13/12 11/3
Cross terms 1/(6/3) ~1/(4y/3) 1/y/3

lJI = 1. ;’Ij? 4,"{9 ll."f-)' 83'{3
=2 F® 16/5 16/5 16/5
1=2,FY 146/45 —28/15 52/15
Cross terms -2v/2/(15/3) V2/(5v/3) —4/2/(5V3)

- If the SU(3) breaking is taken into account. Color spin with constituent quark mass
2
« Pes_ 100 MeV A -
2 g
VS
vy K :
= m.m,; H dlbaryon A+ A A Ehyperfine A Ekinetic
o o7 ~ 8 B
u.d s /775 mﬁ m,f -145 MeV | +100MeV
I 22 BTz T8 B | 4 mev
sl o mt o omum,  m? me m: m: | T eV




’ “ are the compact multiquark states? - What we nece

1) Need Strong Color spin interaction

- i i (f//)

i<J

—> that survive in the SU(3) breaking limit

2) Need heavy quarks to suppress additional kinetic term

2 .
J O - (1 / S/Zé’)2 Uy ~ mbaryommbafyonZ
2/”83 21”88 m baryont + /7 baryon?

—> both baryons should have heavy quarks

20



 Is Pentaquark (Pc) compact ? W.park, A. Park, S.Cho, SHL, PRD95(2017) 054027

1) Color spin interaction of Pc(4380) 3/2 ~ state ggg cCc

A° K‘

M, = 4380 +8+ 29 MeV . 5/2{
[, = 205+18 +86 MeV [, =39£5+19 MeV

- 2015 -
LHCD
- )

M, =4449.8+1.7+2.5MeV
S=3/2 {

Pc(4380) can be reconstructed from J/l// + 0

K

_;m/m/ PC(4380) J/\V + T A Ehyperfine A Ekinetic
/.88 529 1.41 7.95 8 16 7.79

Tt~ N - ——=t= R -3 MeV | + 70MeV
m; m:  m,m, m; m; 3m: m;

- Most likely a molecular states
21



« Heavy Tetraquarks ( Spin=1 case)

1) Heavy quark-antiquark: CC

m..m
~ cc'''qq ~ /M -
Hes mbaryom + mbafy0n2 " @
5 K
_;m, m Tetraquark Jy + A Enyperfine | A Euinetic
ce _ 16 16 _16, 16 0 MeV | +100MeV
m°  3m- m, S,

2) Heavy quark-quark: ccC

MMy 1
i ™ v my 2
n K "
- ;m/m/ Tetraquark D D A Epyperfine | A Eginetic
8 7.47 8 8
CC T o + > | F - -97 MeV +50MeV
m;,  3m: m m,m,  3m,m,
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« Heavy Tetraquarks

1) Previous works on Tcc

Z. Zouzou, B. Silverstre-Brac, C. Gilgnooux, ] Richard (86), D. Janc, M. Rosina (04), Y. Cui,

S. L. Zhu (07)

QCD sum rules: F Navarra, M. Nielsen, SHLee, PLB 649, 166 (2007)

simple diquark: SHL, S. Yasui, W.Liu, C Ko EPJ C54, 259 (2008), SHL, S. Yasui: EPJ C (09)

2) Promising final state signals

T. (udcc) > (D°+D") > Kz +K'z 7~

threshold

decay mode

lifetime

A Jr'_,f‘ﬁ, = Jrj_}* + A grj_}
2Mp + My < Mr,. < Mp+ + Mp
Mr,, < 2Mp + My

D°D°%x—
D ~Kta—, D' Ktrtg

hadronic decay
hadronic decay
0.41 % 10~ 12 sec.

- Most likely a compact tetraquark states

23



III:

Exotica production from Heavy Ion Collision

24



Details of coalescence model calculation (ExHIC PPNP.-2017)

T T T T T T T T T
=y = . . i T2 162 MeV, V" ¥=2100 fm’
> Model central rapidity, central collision using Lattice EOS e Mo
5 v Yy 4
o RHIC
:’E —o— LHC
- -
> Heavy quark production (T Song) & 3] .
Table 3.2 = 24 |
Estimates of heavy quark pairs dN /dy at midrapidity in 0%-10% central collision at RHIC and LHC.
RHIC LHC @276 TeV LHC @5.02 TeV . 1
Without shadowing .., O
Ne =N a5 7 23 o e e easss
No=R 0.034 068 12 110 120 130 140 150 160 170
Kili Snzmwmg 41 11 14 T (MeV)
No=N; 0031 044 071
RHIC LHC (2.76 TeV) LHC (5.02 TeV) RHIC LHC (5 TeV)
Sc.1 Sc.2 Sc.1 Sc.2 Sc.1 Sc.2 Refs [14,15]
Ty (MeY) 162 156 175
. . ; e
> Coalescence Parameters: o ) 2 s
s (MeV) 10 0 10 0
3 3 22 39 50 640 158
fit production of normal hadrons X1 2210 33x0
L. Te (MeV) 162 166 156 166 156 166 175
f I | Ve (fm?) 2100 1791 5380 3533 5380 3533 1000 2700
rom StatIStlca mOde o (MeV) 590 508 564 509 564 609 550
@ (MeV) 431 462 426 502 426 502 519
we (MeV) 222 244 219 278 220 279 385
n—1 1 3 ' oy (MeV) 183 202 181 232 182 234 338
ru:-aJ N; 7 ff." vid k.‘ﬁfk.‘]fw (vi. ki) Ny = Ny 320 302 700 503 700 503 245 662
=g 1_[ — N, = N; 183 176 386 347 386 347 150 405
: [ d?yid3k; fi(k;) N, = N: 41 11 14 3 20
i=1 J - Ny = N; 003 044 071 002 08
1.3 \ Tr (MeV) 119 115 125
f {1. k) = 8exp R ﬂ- Vr (fm) 20355 50646 11322 30569
fI 2 —1/ 675 134 142° 3637
faf L ; 50.6 134 1274 3637
20 32 62° 150°
18 28 - -
— 38 65 - -
ad 3 O O M ev 26 44 47 13
037 0862 081 23
15 40 52 10 69
m, = 500 MeV 20 5.4 60 15 10
020 049 0.63 0.19 13
8.1x 107 0.12 0.20 5.3 107 021
124} = 1 500 Mev 1.0 % 102 027 045 1.2 % 102 049
¢ 0.17 036 0.46 - -
02 041 052 - -
= 0.28 056 071 - -
mb 470 O M e\/ Ns, 0.11 025 0.32 0.10 065

* Values contain feed down contributions.



>

Hadron coalescence for molecules at kinetic freezeout point

3 2 2
O=_——"F7x% or Bzh—z, <r2>~ﬁ
Z'UR<r > 2 1ig@yg 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 69.0(R) Kmm (Strong decay)
D2317 2317 l 0 or ci(l = 1) qcs DK 273(B) Dy (Strong decay)
Tl® 3797 30 1" — ggCe DD+ 476(B) Kfm~+ K m +m
X(3872) 3872 N | I e ci(L =2) ggce DD* 3.6(B) Jrmm (Strong decay)
ZH(4430)° 4430 301 0-* — ggcc(L =1) D D* 13.5(B) J frm (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)
S 2980 4 1/2 172t — qqgst(L = 1) — — A+ Ktm™
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 12 0" gggggsiL = 1)  gqgggqg sd ENN 20.5(T-174(T) AN (Strong decay)
Qe 3228 I 0 o SE55ES — Qg 98.3(R) AK-+ AK-
Hrte 3377 301 o Jqqgsc — 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~ — gqgqqqqb  BNN 254(T) K'm~+d.Ktm~+p+p
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Fachini [STAR]
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RHIC (Scenario 1)

T T T T
. Ngrmal - 2
g @ z 8 ~ oz > z & 5 0q /oggg A
r o $ § X £ Q Z Z 3 Z 5 z 2 multiquark * 4
“ -z E 3 %% g8 & % E 9 % ¥ Hadonic © ]
L ¥ TR azdR 2o £ X LN
e 14 ] ,\
< 3% 83§
[=2} o =t
o 2 7
N Nu CLU n_o
@ ¢
| | 1 | |
1 2 3 4 5
Mass (GeV)

Progress in Particle and Nuclear Physics 95 (2017) 279-322
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Summary |

1] Compact multiquark states can be understood from color spin flavor wave function:
- A strong attractive short range interaction is needed in the SU(3) broken limit
- Heavy quarks are needed to reduce extra Kinetic energy
—> Tcc could be strongly bound

T. (udcc) > (D°+D") > Kz +K'z 7~

threshold decay mode lifetime
Mr., > Mp+« + Mp D*=D° hadronic decay
2Mp + My < Mr,, < Mp+ + Mp DD~ hadronic decay
M., < 2Mp + My D Ktg—, D' Ktrtr—a—]041 x 10712 sec.

- Vertex detector: weakly decaying exotics : FAIR 104 D% /month,
LHC 10> D% month

> T..production T./D >034x10 % RHIC
>08x 10+ LHC



Summary |l

2]

Measurements from Heavy lon can discriminate the structures

Normal
meson

Compact
multiquark

Molecules

Resonance

Geometrical
configuration
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Examples Nucleon, .. Tec, ... Pc, d* K*, p meson
Production = Statistical | << Statistical | = Statistical < Statistical
rate Model Model Model Model

29



Back up slides
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1. Lambda (1405): two poles? A(1405) > 7" +%X > x +n+71
A(1405) > 7 +2 2 S +p+7x°
2. Dibayrons: d*(2323)> A+A H, N-Omega, Hc(uuudsc)

3. Light molecules or tetraquarks ~ ,(980) = z*7~, a,(980) - nr*

4. Heavy Tetraquarks  Z(3900)— J /w + 7", Z(4430) > Jly+7*, or y'+rt
X (5568) — Bz*  |bd]5u]

T (udcb) - (D°+B°) > K7z +K*z~

T. (udcc) > (D°+D") > K*'z +K*'z 7~

5. Heavy Pentaquarks P. > J/ly+p
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