The impact of quark
many-body effects on
exotic hadrons

Sachiko Takeuchi

(Japan College of Social Work)
Makoto Takizawa

(Showa Pharmaceutical Univ.)
Yasuhiro Yamaguchi

(Nagoya Univ.)
Atsushi Hosaka

(RCNP)



Today’s menu

Q: Where and how can we see the quark degrees of
freedom in the low-energy region?
A: By looking into the symmetry.

There are 10 spin-3/2 baryons but the number of spin-1/2
baryons s 8

Some of the two baryon systems have a Iarge short range

| repulsion caused by the Pauli-blocking. \\K/
(Experlments Quark models the Lattloe QCD)

, Two-hadron systems get a Iarge short range attraotlon
‘ because hadrons are composed of multiple quarks (many- body

effeot) Q , ~alsoin the exotic hadrons!)
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Motivation

The interaction between the hadrons originated from the quark
degrees of freedom consists of ...

(a) Pauli-Blocking effects between quarks ‘?{ 52\/ \:\/

gives strong repulsion to some of the two-baryon channels, e.q.,
(consistent with the experiments, LQCD).

(b) Quark many body effects
gives attraction between the hadrons in the scattering states or shallow
bound states. (spectroscopic factor, S-factor)

(c) color-spin interaction (color-magnetic interaction) )@(

The one-gluon exchange or instanton induced interactions that give the
hyperfine splittings, say, N-A, or D-D* mass difference.

For compact states, (c) matters. But for scattering or loosely bound
states, (a) ~ (b) > (c) in size in general. To investigate the mechanism
to bind two hadrons one has to look also into (a) and (b).
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Size of the effects (a)+(b)

B Both of the hadron masses are 1GeV,
all guark masses are equal.

1 4 — v=0
' v=2: H, d*(2380) - y=1/9
o [rad.] [ e y=2/3
22 b I
v=1/9: N2 (1/2 0)
0 e e
3 E[GeV]
—71'/2 i 7/=O |
Forbidden channel
_71' - —

(A):Tcc, cc spin-1 component
(B):Tcc, cc spin-0 component
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Hadron potential from the Quark

antlsymmetrlzatlon (How to derive (a) and (b))

;Suppose quark antlsymmetrlzatlon occurs only wnthm the (Os)”
" Single hadrons

1By = | q%), IM) =1qg) , with (B|B) =1, (M|M) =1

states “ ‘;

m Wave function of two hadron states with the number of antiquarks is O or 1:

|W(hh)) o A3 | hh') & (1 — mny, PEy|0s)(0s| )| hi')

with n, the number of quarks in hadron &, and P{; express the one-quark
interchange between the two hadrons, and |0s) = | (0s)").

Note that P¢"” does not change the orbital (0s)" configuration,

P{;10s)(0s| = [0s)(0s | P{; = PY¢| 05)(0s ],
so the wave function becomes:

| W(hh")) o (T0s)(0s] + 1751 0s){O0s | )| hh')
with v = (hh'Os| o | hi'Os) = (hi'| (1 — myny, PEEY6) | W) g,
Or, operator 1 for the quarks becomes operator N for t

ne hadrons

= (T0s)(0s[ + 0s)(0s|) — N = (T0s){Os] + 7| 0s)(0s] )
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Hadron potential from the Quark

antisymmetrization (How to derive (a) and (b))

Suppose quark antisymmetrization occurs only within the (0s)" states.
s Wave function of two hadron states with the number of antiquarks is O or 1:

Kinetic operator for quarks becomes

(hh'Os| s/Hy = v(hh'Os | Hy, Hos/ Thi'Os) = vI¢ Hy | hh'Os)

So, the kinetic operator for hadron m

6
H,—- H,, = (Mh + M,;)N—I— |Os)v}f{l‘fiha)(0s| + l/,fj;f/Tha)(l 1s){(Os| + | Os){1s|) + rest of K,

4
s We take 7w not depend Positive parity baryon resonances
on the flavor because - .
> Light baryons Heavy baryons
1st excitation energies % 1500 ' Takayama et al Prog. Theor.Phys. 101 (1999) 1271
Loy Hyg (2220) —— " F57(2390)
of hadrons are almost 2 oo L Fe000 )
- F17(1990) “P,,(2080) F,,(1950)
1 S P13(1720) Pys(1890)  Fos(2110) & 57 A,(2880)
flavor independent. S B — e P20 PalS0 . g6
g 15 B F(1820) -Fy,(2020) P (1880) F(ZTSO) P3;(1910) —
£ 500 [rrscmrrmmsBenitiilingg il TP (1905) s TR
4 1 (1440) Py (1600) Py, (1810) P, (1660) P, (1840) o o A,(2765) Ec(2970) A_b(6072)
0 P,,(939) P, (1116) P,,(1189) P,3(1385) P, (1232) A (2286) E.(2468) A,(5620)
Hosaka J-PARC HEF-ex WS, JU|y 7-9, 2021 83 8IVS 8 S 8NB 8 S 28NS 4108 4108 A = A
N A ) A c Tc b
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Hadron potential from the Quark .

antisymmetrization (How to derive (a) and (b))

Suppose quark antisymmetrization occurs only within the (0s)" states.
® Sch-eq for the hadron states:
(Hy— E)|¥Y(hh)) =0 — (K,—EN)|hh') =0
Ky, = (105)02 hao(Os | + = hao( | 15)(0s | + | 0s)(1s])) + rest of H,
To remove the energy dependent exchange term, we rewrite the eg
asNI/Z(N—I/ZKhN—l/Z . E)NI/Z | hh’) —0
N* = [0s){(0s| + (U;J;C,)X|Os)(0s|, We can consider |hh’)) = NY?|hh') as the
hadron wave function in stead of |kh’). Then the Sch-eq becomes
(N_l/thN_l/z - E)|an) =0 No effects on the compact states

The matrix element between Os states becomes ;
(hh'0s|N~'2K,N~"2| hi'Os)) = (hh'|v™"?2ho vv™ 2 | hh')) = Jho

Matrix element between Os and 1s states becomes -
(hh'1s|N~V2K, N~V | hi'Os)) = {(hh'| l_l/zéha) w2 | hih'Y) = Tha) y17?2

Effects on the scattering states or loosely bound states
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Hadron potential from the Quark .

antisymmetrization (How to derive (a) and (b))

Suppose quark antisymmetrization occurs only within the (0s)" states.
® Sch-eq for the hadron states:
(Hy— E)|Y(hh)y =0 — (K, —EN)|hh') =0
Ky, = (105)02 heo(Os | + " hao( | 15)(0s | + | 0s)(1s])) + rest of H,
To remove the energy dependent exchange term, we rewrite the eg
asN1/2(N—1/2KhN—1/2 . E)NI/Z I hh’) —0
N* = [0s){(0s| + (U;J;C,)X|Os)(0s|, We can consider |hh’)) = NY?|hh') as the
hadron wave function in stead of |kh’). Then the Sch-eq becomes
(N_l/thN_l/z - E)|an) =0 No effects on the compact states
The matrix element between Os states becomes /=
(hh'0s | N~V2K, N~V | hh'OsY) = (hh'] y‘m%ha) v V2| hi'y) ;j ) |
Matrix element between Os and 1s states becomes — —
(hh'1s|N~V2K, N~V | hi'Os)) = {(hh'| l_l/zéha) w2 | hh'Y) = T6ha) y172

Effects on the scattering states or loosely bound states
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Hadron potential from the Quark .

antisymmetrization (How to derive (a) and (b))

Suppose quark antisymmetrization occurs only within the (0s)" states.
® Sch-eq for the hadron states:
(Hy— E)|¥Y(hh)) =0 — (K,—EN)|hh') =0
Ky, = (105)052 heo(Os | + v hao( | 15)(0s | + |0s)(1s])) + rest of H,
To remove the energy dependent exchange term, we rewrite the eq
ale/Z(N—I/ZKhN—l/Z . E)N1/2 I hh’) —0
N* = [0s)(0s | 4 (U;J;C,)X|Os)(0s|, We can consider |hh’)) = NY?|hh') as the
hadron wave function in stead of |kh’). Then the Sch-eq becomes
(N_l/thN_l/z - E)|an) =0 No effects on the compact states
The matrix element between Os states becomes /=
(hh'0s|N~"2K,N~"2| hi'0s)) = (hh'|v~ "3 2ho b~ % | hh') ;j ) |
Matrix element between Os and 1s states becomes ===
(hh'1s|N~V2K, N~V | hih'Os)) = {(hh'| 1-“1@750) V2 | hi')) , |

Effects on the scattering states ortoosety ot d states
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Channel dependence of the effects

Size of the effects can be evaluated by (v - 1) K, =X, |n9)K,,{ms|

s ) —1)<0: (a) Pauli-blocking effect
Os 1s mixing reduces — repulsion ©

- (I/Sfc — 1) > 0: (b) Quark many body effects
Os 1s mixing enhances — attraction
s ). is determined by the color-flavor-spin symmetry
;f;f, = (hh'Os| o | hi'Os) = (hh'| (1 — myny, PEYYC) | BR')
m Examples:
Two baryon systems (¢3-¢%) 0< y}j{f, <2
Pentaquarks (¢3-4¢3) 0 << %
Two meson systems (gg-qg) 0 < y,jf,ff, S%
® ‘taking one hadron out of 2 hadrons’ is different from ‘taking

qqq out of gqqq (+g) or qq out of ggqg.’
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color [222] spin-flavor [33]

Examples =t Pu=-L i or.-2 B

3

spin-flavor [51]

Two baryon systems

s H dihyperon, d*(2380) I(J") = 0(3™)
v =2, strongly attractive.

V(r) [MeV]

-1000 ¢

the color-spin term is also strongly o 1;;]201:0
attraCtive. 2ooo-V(27) 1ocI>- ~' ' I '
. NN(TS) — (10)9 (Ol) izmoo- ° ,
, small effect. i PR
the COIOr—Spln ter‘m IS repulslve 00 05 10 1.5r[fm]2.o 25 30 35

2000

. N(TS) = (.0)

‘/,(SS) 10000 gr——t—r——r——r——r—p—r—————

1500

v =5, strongly repulsive. 2y AN |

0.0 02 04 06 08 10 1.2 14 16

T.Inoue etal, HAL QCD Collab, PRL106(2011)162002 Ty
0 me——-—b
T.Inoue etal, HAL QCD Collaboration, PTP 124(2010)591—

02 04 06 08 10 12 14 15
r[fm]
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Potential, summary

: : L. 1
Harmonic expansion of the nonrela kinetic term, Ekz :
@ The Os state is isolated if =0

B The mixing enhances for v >1

®m reduces for v <l

72'_

0 [rad.]

/2|

::7/:2: H, d*

B).  v=1/9:NZ(1/20)

Forbidden channel

(A):Tcc, cc spin-1 component
(B):Tcc, cc spin-0 component

hw

Potential that gives

this effect has a node.

In the above K, the effects are
written only between Os-1s, but

we performed a full calculation,
which is necessary when mg=mqbar.
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T.. 1(J")=0(1"%)

2 meson system

a8 (Cﬂ)color singlet (Cd)color singlet
v ={(q@qq | (1 = P3)(1 = Py | (g9)(qq)) = ((q@)(qD | (1 + P3Pr)(1 — Pr,) [(99)(99))
= (MM | (1 — Py) | MM)

— (%Aé’ﬁ(l + PI9) + %S§2(1 — P%)) < % for ¢,g, (and ¢;g,) color-singlet systems

isospin 1, J=0: v
isospin 1, J=1: v
isospin 1, J=2: v

=2/3, 4/3
=2/3
=2/3

isospin O, J=1: v

s 7..has two components:

(A) cc spin-1 id spin-0 (good diquark)
v repulsive  CMI more attractive

(B) cc spin-0 iid spin-1

v attractive! CMI less attractive

LHCD,

Many theoretical references

=2/3.4/3 - T,

(A) B)
V repulsive v attractive
cc, qq: cc, 9Q:
color 3 color 6
v=2/3 v=4/3
AA=-8/3 | AA=4/3
CC spin 1 spin O
ud spin O spin 1
isospin O || cmi=-8 '|'cmi=-4/3
ud spin 1 spin O
isospin 1 | cmi=8/3 cmi=4

a if the flavor of ¢, # g5, €.9. biicd, more v =4/3 attractive states
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T.. 1(J")=0(1"%)

2 meson system

a8 (Cﬂ)color singlet (Cd)color singlet

LHCD,

Many theoretical references

v ={(qq)qq) | (1 = P3)(1 = Pop) [ (q9)(qd)) = ((qq)(qq) | (1 + P3Pp)(1 — P>y | (9§)(qq))

= (MM |(1 — P,y) |[MM)

— (%Aé’ﬁ(l + PI9) + %Sg‘g(l — P%)) < % for ¢,g, (and ¢;g,) color-singlet systems

isospin 1, J=0: v =2/3, 4/3
isospin 1, J=1: v =2/3
isospin 1, J=2: v =2/3
isospin 0, J=1: v =2/3. 4/3 — T,
s 7. has two components:
(A) cc spin-1 id spin-0 (good diquark)
v repulsive  CMI more attractive
(B) cc spin-0 iid spin-1
v attractive! CMI less attractive

(A) B)
V repulsive v attractive

cc, qq: cc, qq:

color 3 color 6

v=2/3 v=4/3

AA=-8/3 | AA=4/3

cC spin 1 spin O

ud spin O spin 1
isospin O || cmi=-8 '|'cmi=-4/3

a if the flavor of ¢, # g5, €.9. biicd, more v =4/3 attractive states
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(c) gégc interaction
Assumptions: Vg“(r, r) = (4;. 4)(0;. 6)) ¢, <rzj‘os><05‘rz§'>
s potential between two quarks with relative (0Os).

m proportionalto 1-1c-o

s ¢, S are obtained from each ui, cc, uc meson mass diff.
cg? from n., J/y, D, D* mass diff.
c5(ud) 1s from AN mass diff.

Two free parameters:

s quark mass ratio m /m.

s Scaled size of mesons, x; = mb* = w;’
Xy ~ 0.63 — 0.76fm"?
for nucleon charge rms \m ~b=05-0.6fm
and the excitation energy w, ~ 350 — 500MeV
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Dynamical calculation

Potential to give the S-factor effects has a node, so the
dynamical calculation is necessary (especially those with the
short range attraction).

H,=Hy+ Vg + Vg

Vi = (\/; — D)(]0s){1s]| + | ls)(Osl)@ha) -+ +(a)Pauli (b) Many-body

Vs = co(A - M) (0 - )] 05){0s]| -++(c) CMI

3-channel calculation : D°D™*, D*D™, D**D™ (all S-wave)

OPEP is attractive, but ambiguous results.
B Results No bound : S.Ohkoda etal PRD 86, 034019

p N (2012), and corrected one (in preparation)
no bound state T, I(J*) = 0(1")  |Bound: Ning Li etal, PRD 88, 114008 (2013)

needs OPEP? ---
a bound state for 7,, 1(J") = 0(1") with a BE of 51-77
MeV(x, = 0.6 —0.7), with ~0.2 of the B*B* component.
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charm to bottom

As the mass of charm goes to the mass of bottom---

Mp + Mp.
1500 2500 3500 4500 5500
0 P
Mp + Mp:: wy = 550MeV

—~ -20
%
\2-/_40 a)o — 4OOM€V MB + MB*
&
R 60

-80

Charm Bottom

The quark effects are attractive.
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Summary and Outlook

We study the effects of the quark Pauli-blocking effects and
the quark many-body effects in the multiquark systems.
They can be expressed by the non-local potential with Os-1s
mixing. For compact states, the effects are small, but
scattering states, the effects can be very large.

For example, they explain the attraction of H, d*.

In some of the multiquark systems, like 7,,,, there are color-
spin-attractive, and S-factor repulsive configuration, and
vice versa.

T,o's are interesting. By introducing OPEP, and studying the
decay or production, we can construct comprehensive
picture of the exotic states -
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