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Revival of an old topic

Scalar tetraquark (Jaffe 76)

L(1 405) (Weise, Oset, Jido, Sekihara..)
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Normal meson, compact multiquark, molecules, resonances
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« Lattice Results : HAL QCD collaboration for H dibaryon in SU(3) symmetric limit

SU(3) flavor 1 state
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Compact multiquark states could exists if there is a strong short range attraction

The r>0 can be understood from quark model
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Quark 'M/e function for multiqguark states (w.Park, A.Park, S.Cho, SHL)

- 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
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Quark"wave function for light dibaryons (W.Park,A.Park; SHE1S5.)

- Choose the spatial part to be symmetric

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

1 ks = (1. [50] )@ (8L [64]s )@ (0] . [10] )@ (oL [i0]s )@ (27 . [6],)

(Ite; [50]15)= ® : Physical State
(8lc, [64]rs)= &
([T0lc, [T0]rs)= ®
([10]e, [10]15)= &
([27]c, [6]1s)= ®
13




- Dibaryon: 5 Independent color singlet bases

B c,)={(12),3L[4(56), ]}
56
51 ) ={[12);3][4(56), ]}
56
e c,) = {12),34[4(56); 1.}
416
SE c,)={[12);3],[4(56); .}
416
M c,)={[12),3][4(56);] }
316
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- Pentaquark: 3 Independent color singlet bases (w.park, A. Park, 5.Cho, SHL PRD95,054027)

\3;% c)={02),314656),1}
Bleh
o SRR (R (TCORN!
Llei
% % C,) = {(12)s3L[4(5): L }
% % C,) = {(12):3L[4(5): |
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model: wave function should follow PauliPrinciple

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

Example: QQ in the Spin=3 channel is highly repulsive because

9

N N/

9

Flavor is totally symmetric }

Spin is totally symmetric

Remaining part should be totally antisymmetric »

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)
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Consti{%nt gquark model

 In Constituent quark model (Can fit experimental hadron spectrum well)

H:Zn:[m,.+20—’?/j—zn:(/1fﬁf)/f(r,j) (A%cX 0,0, l/ss(f//)

/=1 m, /<J /</
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Baryon Mass splitting in a simplified version

%[si-sj]

Mass = Kinetic + confining.. + Z ﬁ—
i,j i

— Example

—————

2&‘

‘ A

ass = Kinetic + conf. — —

. 1
2, Mass = Kinetic + conf. + — =

3 C,
4 m,m,

C:B CB
4 m,my, m,m,

u

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

S

eV, m, =1500MeV, m, =4700MeV

Mass diff M, —M / M,-M, My -M, Mye-M
Formula 290 MeV 77 MeV 154 MeV 180 MeV
Experiment I 290 MeV | 75 MeV 170 MeV 192 MeV
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Meson Mass splitting in a simplified version

T
Mass = Kinetic + confining.. + Z [Si S ] @ ?
1] i
Mass diff M, —M% MM Mp-M Mg.-Myg
Formula | 635 MeV l 381 MeV 127 MeV 41 MeV
Experiment | 635 MeV I 397 MeV 137 MeV 46 MeV

Works very well with 3x Cg=C, =635 m 2




When"‘g&)wed, Where are the Compact multiquark configuration?

 In Constituent quark model (Can fit experimental hadron spectrum well)

H = Zn:(m/ ; ;_Fj S V) -y (x Xa,.a,.)l//];s (")

=1 m; i</ I<j m/m/

1) Additional Kinetic energy compared to separated hadrons

,02
B 56 ~100MeV B
2#35
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sRlallowed, Where are the Compact multiquark configuration?

* In Constituent quark model

-3 m s L) lexet) -3 )00y,

2) Color-color will not add much

2 2
(A +A3+ o ) = 2%, AT + X(A7)
{ J
|

If color singlet

- If a color singlet configuration is possible

2 2 2
Zi<j Kf?yf - = % X Zi(kic) =73 Nrotar = — — 3 (Np1 + Ngz)
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Wihentallowed, Where are the Compact multiquark configuration?

* In Constituent quark model

n 2 n n N5 oo
p=$[m L) Sleaket)- )

3) Color-spin interaction is important K=z(7“f7‘1g)(ﬁf<5f
i<j

for 2 body, quark-quark vs quark-antiquark

- a
Color A S A S 1 8 1 8
Flavor A A S S
Spin A(T) | SB) | SB) | A1) 1 1 3 3
K -8 -4/3 | 8/3 4 -16 2 16/3 | -2/3

23



«  Color spin interaction - General remarks —2@?7»]?)(6?6]5
i<j
1) Part of a larger group

- Color: SU(3) and 8 generators A°

S

- Spin: SU(2) and 3 generators o

- SU(6) generator: A xo° (24) + A° x1 (8) +1xc° (3) =4 (35 generators)

Therefore SU(6) Casmir of N quarks Cg =Y (4;+ - Ay)*=2 di<jAiAj + N (A)

35 1 1 1
where (4%) = — and 2 YicjAiAj= Xi<jGoio; +5hih; + £ (ko) (ho) ;)

> D A(0i0]) « Cs— NZ =2 (ke — X 07) — 2 (Wotas — ZAF)

l .

total spin—N x(quark spin) , total color-N x(quark color)

24



Color spin interaction - General remarks |l

35 1 3
2 Zi<j(kfk]¢)(gf(5]$) x (g — N? 5 (G%’otal =) GLZ) — (x%"otal ) K12)

2) Color —flavor-spin wave function should be totally antisymmetric. Then

For SUQ) flavor: =% j(ASA))(07a5) = SN(N — 6) + 41(I + 1) + 2S(S + 1) + 2C,

For SU@B) flavor: = X;.;(AA;)(c;0f) = N(N — 10) + 4Cr + %S(S + 1) + 2C,

4
4Cp = (»* +q* +3p +3q + qp)

\( d \ T

q p usingp+2q=N 2>4Cr=MAIUI+1)+N(N+6)/3)

5
For SU@) flavor: = %,;(AA) (i) = =N (N = 2) + 46" +25(5 + 1) + 2€,

25



Color spin interaction

For SU(3) flavor: K= -¥;.;(A;A{)(c;07) = N(N — 10) + 4Cp + ES(S + 1) + 2C,

Nucleon and A > K=-8 even in the SU(3) broken limit
A A

- using Nucleon(K=-8) to Delta (K=+8) mass difference of 290 MeV

- Jaffe (77) : K for H-dibaryon vs two A

AK=-8 corresponds to about 145 MeV attraction > additional Kinetic energy of 100 MeV

26



Wher re the compact multiquark states? - Examples.

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

For SUQR) flavor: k= ¥, (AA)(o7a?) = gN(N —6)+4I(I+1) + 35(5 +1) + 2C,

Color spin interaction of 6 quark state and their decays

L9)[30[@D]12)](1o)]©.3)]0.1)

Vi | 48 SS—D 16 | 8 16 %

7 ¢ 80 - ) 56

Kdibaryon — (Kbaryorﬂ — Kbaryon 2 ) — AV 32 3 16 | 24 0 3
- 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 /2P —pl,. a=1(1232— By /2 - P2,

- No compact dibaryon in flavor SU(2)

- Two body nuclear force is always repulsive at short distance :
(Oka quark cluster model) 27



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

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

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

and flavor,

Isospin Flavor  —(i{40;-0;) i<j=14 —(Ai0;-0;) i=14,j=56 —(Ai6;-0;)i=35j=6
I1=0, F -5/6 -11/4 3

I=0, F¥ -13/18 13/12 11/3

Cross terms 1/(6/3) _1/(4/3) 13

I=1, F¥ 4/9 1/3 8/3

=2 F® 16/5 16/5 16/5

§=32 F" 146/45 -28/15 52/15

Cross terms -22/(15\/3) V2/(5\/3) —4/2/(5\/3)

- If the SU(3) breaking is taken into account. Color spin with constituent quark mass
2
« Pea_ 100 MeV - 4
2 fgg
VS

_y A :

= mm, H dlbaryon A+ A A Ehyperfine A Ekinetic
b B 3 B 3

u.d s /775 /775 -145 MeV | +100MeV
m SmL 3J L1218 8 | o Mev | + 84 Mev

ud = s | T 5 | F P - - - e + e

> M st s un m, _m, s




3Fe are the compact multiquark states? - What we need

1) Need Strong Color spin interaction

- Zn: 7 (f/y' )

i<J

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

2) Need heavy quarks to suppress additional kinetic term

2 .
Bz _ (1 / 3/29)2 Ly ~ MparyontMparyon?
2:“55 2:“15’5 m baryon +/m baryon?

—> both baryons should have heavy quarks

29



* |Is Pentaquark (Pc) compact ? W.park, A. Park, S.Cho, SHL, PRD95(2017) 054027
1) Color spin interaction of Pc(4380) 3/2 ~ state qgqag cc

- 2015 -

LaCh A}, -y PK-

M. =4380+8+29 MeV MZ =4449.8+1.7x2.5MeV
1 S=5/2 { .
2

s =iz { [ =205+18+86 MeV =3945119 MeV

Pc(4380) can be reconstructed from J/w + D

L K
_;m/m/ Pc(4380) P+ J/\V A Ehyperfine A Ekinetic
/.88 529 1.41 7.95 8 16 7.79
R ~ - -t |r -3 MeV + 7/0MeV
m; m:  m,m, m; m;  3m; m;

- Most likely a molecular states
30



« Heavy Tetraquarks ( Spin=1 case)

1) Heavy quark-antiquark: CC e 0
MegMyg [P
IUBB - m baryont +/m baryon? - mqq @
L K
- ; m.m, Tetraquark J/\V + T A Ehyperfine A Ekinetic
— 16 16
cC _16 16 -t 0 MeV | +100MeV
m-  3m: m;  3m:

2) Heavy quark-quark: cC O e
m_-Im 1
~ egleg
i My +My 2

7K
_;m‘m/‘ Tetl‘aqual‘k D + D* A Ehyperfine A Ekinetic

/

8 8 .47 8 8
CC T oo + 3/772 ~ - P - + -97 MeV +50MeV

31



 Heavy Tetraquarks

1) Previous works on Tcc

Z. Zouzou, B. Silverstre-Brac, C. Gilgnooux, J 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 7z~

threshold decay mode lifetime
My.. > Mp« + Mp D*—D° hadronic decay
2Mp + My < My, < Mp+ +Mp D°D°x— hadronic decay
My, < 2Mp + My D*Kta—, D* " Ktxta—n—10.41 x 1012 sec.

- Most likely a compact tetraquark states

- Could be measured in high energy Heavy lon Collision (ExHIC coll)

32






Hadron production in ( p+n>C+X ) collision

da‘ p+7CHX ij/”(Xb pa/p .fd ‘a+b—>0+d DC/C(XC)

34



Particle production in heavy ion collision

. ’® f®® \
e« @V @ N
°.° () ®/

Hadron Light nuclei
. Multiquark formation Molecular structure
N formation
P ﬁ
T
Too e
e
> T
| QGP | | Hadron phase |

1 fm/c 5 fm/c 7 fm/c 17 fm/c
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Production of hadrons near Tc

2,

Multiplicity dN/dy

=]

RHIC — Statistical model (PBM .)) ALICE — Statistical model
B !'\ 5 = =, 7] = 1[:]35_ : : ! . 3
e Ay-Au is; =200 GeV ! - KR e Pb-Pb |s)y=R. -
L = = r . _
i ] T 102k i - E
F 3 = = ”Lij s
|| e 1 S8 F FRE 2 ;
[ & ] a 10 W =
| T IR 2 E
=3 o m ¥ © E = L |
i i E E E
- L9 1 o 3
| Data Bl I ;
= D isTAR & P 4 107 2
- [ IPHENIX 1 m Dala, ALICE |0-10% -
L 1 A -3 —
| A IBBAKMS | 10 Statisticalimadel
- Ly = L i _ i T
F——Thermal odel fit, 4/, <35.8/12 | .. . LT Fit: T=1156 M?‘aﬂ i =10 MeV, V+5380 1 N
L | T-163 MpV, n 4 24 MV, V-p1q0 im”} ] - T=164MaV, it =1 MeV [

T KKPPAAZT Qo dd KD A" rr KKKK%S ppAZE IHIH



Production of resonances

ALICE (2015 prc)

> Reconstruction

G 04F oopp 7 TeV E *
%0355_ EHJ .o EE-Pb 2.76 TeV | K'=>K+z, I'>50MeV
o - wum= Thermal Model 3
o o3fF ! H ............... . ¢ >K+K, TI>5MeV
g I KK H ]
S0.25¢ H ]
all ¥ ] 2

02} | A(1529) > K + N, T >15MeV

0.15 p B i kgt i E'-B_;

0.1F b o/K . STAR collaboration (PRL 2006) find
ﬂ'%;— _ A(1 529)AU+AU ~0.4
A1529),,
(AN /dn)" o
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Production of light nuclear

RHIC/STAR (Yugang Ma)

10° He ¢ *He

d*N/2rp. dp. dy (c%/GeV?)
=)

-6 -4 -2 0 2 4 6
Baryon Number

S/N i conserved (Siemens, Kapusta 79)

Multiplicity dN/dy

—
=)
[

2

=
=

—

ALICE - Statistical model

= Pb-Pb ifsiy=2.76 TeV| | 3
AREuEaREY
- & ".""i:".:._: :
= L. -
; S -
3 t T E
F i ]
m Data, ALICE {0-10% §
Statistical model 5

{4 Fiti T=156 M&V,j =10 MeV V5380 fnfi | i+ 3

: b g

. T=164MeV, i = I MeV T
r KKKK pp AZZE Q0 d 2HIHA
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Detals of coalescence model calculation (ExHIC PPNP.-2017)

T T T T T T T T T
N H - - - - i T %2162 MeV, v, **°=2100 fm’ ]
> Model central rapidity, central collision using Lattice EOS o P
4 M 'TH -
~ 4 RHIC
E —— LHC
> Heavy quark production (T Song) 2 3 1
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 . ] ]
Without shadowing .. ~O-0-g. |
Ne =N; 45 17 23 0 el 2220004
:’f,:hh"d , 0034 = - 110 120 130 140 150 160 170
ith shadowing
N. =N; 4.1 11 14 T (MeV)
N» = N; 0.031 044 071
RHIC LHC (2.76 TeV) LHC (5.02 TeV) RHIC LHC (5 TeV)
Sc.1 Sc.2 Sc1 Sc.2 Sc. 1 Sc.2 Refs [14,15]
Ty (MeV) 162 156 175
- 3 e -
»  Coalescence Parameters: Yo O 2100 5380 1908 S1s
s (MeV) 10 0 10 0
0 = ) 22 39 50 6.40 158
fit production of normal hadrons . 4010 86 x 10° X100 22010 33x10
L. Te (MeV) 162 166 156 166 156 166 175
Ve (fm?) 2100 1791 5380 3533 5380 3533 1000 2700
from statistical model Sae e mOUE m R R
s (MeV) 431 462 426 502 42 502 519
I . (MeV) 222 244 219 278 220 279 385
P n— 1 3 ' » (MeV) 183 202 181 232 182 234 338
ool N; [d yid ki fik) £ (i, ki) No =Ny 320 302 700 593 700 593 245 662
N =gy l_[ 1_[ T k) Ne = N: 183 176 386 347 386 347 150 405
-1 g [ d3v;d*k; £i(k; N. = N; 41 11 14 3 20
i=I =l o - No =N; 0.03 044 071 0.02 08
W 2 . Ty (MeV) 119 115 125
¥y k)=8exp| -2 —kio? Vy (fm?) 20355 50646 11322 30569
P 7 P 675 134 142° 363°
a; g, =1/ /uw 506 134 127 363
20 32 62 150°
18 28 - -
m,q =300 MeV 2 z‘z v s
037 062 081 23
15 40 5.2 1.0 69
/775 = 500 MeV 20 5.4 69 15 10
020 049 063 0.19 13
8.1x 1072 0.12 020 53% 107 021
124 =1500 MeV 19 x 10-2 027 0.45 12x102 049
¢ 017 036 046 - -
02 041 0.52 - -
— 028 056 071 - -
mb 4700 Mev 011 025 0.32 0.10 065

# Values contain feed down contributions.



> Hadron coalescence for molecules at kinetic freezeout point

3 2 2
W ="—"7T"v or Bx N = <r2> ~ a_o
2/‘R<r > 2 ppa 2
Particle miMeV) g I JF 2q/3q /6g dg/5q/8g Mol. ol (MeV) Decay mode
Mesons
Sol980) Q30 I 0 o+ gg,sslL =1) ggss KK 67.8(B) 7 (Strong decay)
g (980) 080 301 o ggiL =1) ggss KK 67.8(B) nm (Strong decay)
K (1460) 1460 2 172 0~ g5 ggqs KKK 69.0(R) K 7w (Strong decay)
DA2317T) 2317 | 0 o ci(L =1) ggcs DE 273(B) Dy (Strong decay)
Tl® 3797 i o0 1™ — ggcc DD+ 476(B) Kfm~+K'm~+m~
X(3872) 3872 i 0 1t cilL =2) ggcc bp* 36(B) J /e (Strong decay)
ZH(4430)° 4430 3ol 0 — ggcd(L =1) D,\D* 13.5(B) Jfurm (Strong decay)
Th: 7123 1 0 0 — qqch DB 128(B) Ktm~ +K'm~
Baryons
A(1405) 1405 2 0 1/27 ggs(L = 1) gggsq KN  20.5(R)-174(B) T X (Strong decay)
et(1530)" 1530 2 0 1/2%F — ggggis(L =1) — — K N (Strong decay)
KKN® 1920 4 1/2  1/2F — gqqss(L. =1) KKN 42(R) Kn X, myN (Strong decay)
DN® 2790 2 0 1/2- — qqqqe DN 6.48(R) Kftma—+p
D*N® 2019 4 0 32 — qqgqc(L. =2y D*N 6.48(R) D + N (Strong decay)
Bl 2980 4 172 1/2F — gggscil = 1) — — A+ K*m~
BN* 6200 20 1/2- — ggqgb BN 25.4(R) K'mm +nt+p
B*N® 6226 4 0 3/2 — ggqgb(L. =2) B*N 25.4(R) B + N (Strong decay)
Dibaryons
H* 2245 1 0 o gqgqss — EN 73.2(B) A A (Strong decay)
KENN® 2352 2 12 0°  gqqqgsiL=1) gqqqqgs§g KNN 205(T-174T) AN (Strong decay)
Qe 3228 1 D o SYSESS — P1Y 98.8(R) AK-+AK-
Hi+ 3377 3ol o qqggsc — E.N [87T(B) AK mtnt+p
DNN® 3734 2 12 o — qqqqqq99c  DNN 6.48(T) Ktn-4d. Ktmm +p4p
BNN® 7147 2 12 0~ — qqqqqq gb BNN 254(T) K'm~+d. Ktn~+p+p
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RHIC (Scenario 1)

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




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 7z~

threshold decay mode lifetime
My, > Mp+ + Mp D= D" hadronic decay
2Mp + My < My, < Mp+ + Mp D°D#— hadronic decay
Mr,, <2Mp + M; D-Kta—, D'~ Ktata 7041 x 10712 sec.

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

> T production T./D > 0.34x10* RHIC
>08x 104 LHC



Summary |l

2]

—— o ——

Measurements from Heavy lon can discriminate the structures
Normal Compact
P Molecules Resonance
meson multiquark
7" " T T TS
1
00
_____ O | 'y
. y T 7 gm T o ~ N | I
Geo.metrlsal : Q | :m Q ! : : |
configuration ! @ : . @ | : . .
\___~ ; '\@ } 7 " : :
| |

—— o

Examples Nucleon, .. Tec, ... Pc, d*, K*, p meson
Production = Statistical | << Statistical | = Statistical < Statistical
rate Model Model Model Model
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IV: Tribaryons
and

Short distance repulsive three body nuclear force
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« Three body nuclear force is repulsive at short distance

30

1) Review by Sakuragi ol
(PTEP 2016,06A106) ol

saturation curve for
symmetric nuclear matter

....... with 3-body force
—— w/o 3-body force

S
2 of
N
w
2) Hyperon Puzzle : slide by Tamura -10p \ |
" T 20k /V L T
Hyperon puzzle” in neutron stars ™/ empria saratonpont
0 0.1 0.2 0.3
B Hyperons (A at least) should appear at p ~ 2-3 p, p(fm™)

EQS’s with hyperons or kaons too soft => cannot support M>1.5M_
B Heavy NS’s (~¥2.0 M_,_) were observed.
=> Unknown repulsion at high p
B Strong repulsion in three-body force

\ including hyperons,
NNN, YNN, YYN, YYY ?
MPA1

MSD
2'5| 2 PALY Chiral EFT is successful in NNN force.
" \ Extension to include hyperons requires

high quality YN scattering data.

sun

1.9740.04 M

4-2230 (2010)
8-0432 (2013) 2

01£0.04 M.,

Ve

B Phase transition to quark matter ?

n ) > g
é i sifomarce (quark star or hybrid star)
n We need to know YN, YY,
S K**'N interactions
Quark matter both in free space and
007 8 9 10 1 12 13 14 15 in nuclear medium

NS radius (km)

0+ ™0 elastic scattering
SN . E/A=T0MeV

A R
----- Ny=10—-Ny=16 \ & ™
107 ——MNy= 1.2 —=Ny=1.8 SO
CEGO7a (w/o TBF) \ﬁ\
\
0 10 20
8. m. (deg)
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«  Color spin interaction - General remarks —z(xfkf)(ﬁfﬁf
Tribaryon configuration (Aaron Park) i<j

1) SU(2): Three nucleons

4 4
For SUQ2) flavor: = ;.;(A ) (c;0f) = NIN=6)+4II+ 1D +-S(S+1) +2C,
For nucleon K=-8, But But Tribaryon (N=9) K>>0 _— Y AT,
2) SU(3): Including hyperons e
35 10
35 40
64 56
v 24 | 24 | -8 8 24
4
For SU(3) flavor: —Zi<j(xfkf)(cfcf) =N(N —10) +4Cr + ES(S + 1) + 2C,

With one strangeness: least repulsive state is S=3/2, Flavor antidecuplet

1 -

K:20+23—0( )+24 > 0

ms

All tribaryon channel is very repulsive

- Three Baryon force should be repulsive with or without strangeness "



Effects of intrinsic quark three-body force

ifPYFY

20°8 4 doPTEY,

ifoPYEY
Lioa oo

(= —% i e e T —% Vil T 2 T

11
d*PYFeFBEY = Cy(2C, — =

S 11
= dPTFeFBEY = _Cy(2C) — F)




-  f—type intrinsic quark three-body force i g

1) Consider N, quarks and N, antiquarks so that N= N,+N, .

we want to calculate 7= > *7FFF] , where the subscripts denote “” quark

1#j#k

N
Start from 7 =3¢

5 21 21 S

( '1 - ([_"1 ) = _%j-nd",[_w} ]_1[_~ — __.’?Iff]'j':, 1_-,—1]_._31_._'
3" ¥ T By o B Y
SCi(N) = Y F*PFRF; B
& ijk
— - + ) .f'ri.'i"‘, F:[]_—-:';F:y _
<!§f}.‘ !u‘uu)Ze qual f;f.' ! ; - T1 + T1'2 + T1-3
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f —type intrinsic quark three-body force
> SR ]
ik

(2 + B+ 3 jrrm

i#j#k two—are—equal i=j=k

=P (f""’F.-"FfFZ' PR+ f“”"’F;?EPF?)

= X (foEEE R + O ERELE] + (R REE

- X s (ertRy)

1 1
= 3 g (GReER) + PR )17
= 3 BV feeFL ]

Y SEE

i#k

o (F2 — Z F?)
2 2

- 5(am-vaw)

= Z faﬁvF:IFgﬂF‘lZ
i#j#k

2, PEpELE]




. d —type intrinsic quark three-body force dPeFAFP S

1) Consider N, quarks and N, antiquarks so that N= N,+N, .

we want to calculate 7,= ) 7 FeFPF], where the subscripts denote

EE
Start from F*=> F7 Cy = d*PYFeFFFY = C1(2C — —)
6
| Brpaghn 11
Cy = d PP R :_(1(2(1_?)

( "2(‘\') = Z (’".'1-.""‘- [_‘jr.'l ]_*j" [_}:

17k

= 2T JrREE o T,

i#i#k two—are—equal i=j=k
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Effects of intrinsic quark three-body force e O e

('.)(j\") — Z (I_QB“,' Fio Fjj F;:’

ijk

- ( Y g )'{ahFﬁFng =Ty + Ty + Tag

i#j#k two—are—equal i=j=k

T,, should be divided according to quark and antiquarks

(a) All quarks are quarks. The we can divide it into three terms depending on where the different quark

appears
2—1Ind = » (d“""F;‘FfF;! +d"PFeFPF? +«I“"‘-’F,f.‘FfF{’) (37)
= % (F,.“Ff‘F,g') (38)
= 3Zd“3”( Ton i = {F“F’j}) (39)
_ 321&5’( siigas 4 .;_,za-*pff)F; (40)
— 32( 6% 21 Y +%m”"' iﬂfﬂFﬂF“) (41)
= 32( s F +%§M’F"F ) (42)
=Y (%{S“J"“VF,:’ + :EF[’F,:,') (43)

| O

- ¥ (§oery) + 3 (- ) (44)
N1 3
s Z(GjulanJF )Jr

| et

(ca(‘\a) - .\'1c'1(q)) (45) !



(b) All quarks are antiquarks.

2—2nd = 3 ( §Ud*FY — —dﬂﬁ’fd“ﬁPFPF”)

= 32 ( il QU 5—6‘7PF”F7)

= (25"&“71:’; -3 Fg)

Na

F
5 ( I F’r) B g(F 5 F?) > (%Ji*d““‘YF,Z) . g(cl(Ng) s N2cl(‘1))

(¢) Two quarks are quarks.
2-3nd = Z( Sd*VEY + d"ﬁ'fdﬂﬂPFPF“)

o5 (St + Kerey)

= (rens s

(d) Two quarks are anti-quarks.
2—4nd = 3) ( FEAETF — —dﬂﬂmﬂﬁPFPF“)
= Z(gﬁidﬁmﬁg‘iﬁyﬁg)
all 9 5
ond = Z (66“d"“”1‘;¢7) A (CI(NI) - Nlcl(Q))
5
2

5 (CI(NQ) NQCI(Q)) +X, ( -
all

= & (gﬁ‘d"““'FZ) +g(C1(N1) CI(N2)) —g 1(q) (N1 N2)




Y d*P( FPFPF) + FRFPFY
i=j=k

(1 - N)a(a) (261(0) - )

Summing all the contributions, we find

1 = o200 - 5 ) - 5 (G100 - ) ) - 4 - M) (2630 - ) - 3 (gt

When we take the matrix element, the last term vanishes. Furthermore, for color singlet states, C'1(N) = 0, and also,
the color state of quark and that of antiquark should be the same as the total is a color singlet. Therefore, we have

T, =~ - M)Gi(a) (20100 - 5 ). (69)

Therefore, for pentaqurk, it is the same as the baryon. For tetraquark, it is zero.




Summary - from quark picture

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
- Pc, d*, X(3872), Zc: unlikely to be compact multiquark states as there are no

strong attraction in these channels at compact configurations

> Tcc could be strongly bound  T! (udec) - (D°+D") > Kz +K 'z 7"

threshold decay mode lifetime
Mrt.. > Mp+« +Mp D~ D" hadronic decay
2Mp + My < My, < Mp+ + Mp D'D"x hadronic decay
Mr.. < 2Mp + My D ~Ktr—, D" Ktrtr 7~ (041 x 1072 sec.

2] Thee body nuclear force must be repulsive at short distance
- Magnitude of repulsion for given quantum number can be calculated

- Related to nuclear matter, Hyperon puzzle in neutron star



p*f nmary : constituent quark model and compact Multiquark

Recently discovered Multiquark states, D*, Pc, X(3872), Z are most likely
molecular states

A compact multiquark candidate: Tcc (cc ubar dbar)

Nuclear two-body and three-body repulsion can be understood from
Pauli Principle and color spin interaction

Exotica measurements from heavy ion collision could discriminate the
structure between a compact multiquark and a molecular
configuration
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