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Exotic States Beyond the Quark Model

QCD allows for many different types of cealarriziiirzl ee)fsieis

Meson : qq qqqq (tetraquark), ggg (hybrids), glueballs, ...

Baryon: gqq qqqqq (pentaquark), gggqqq...
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* Typically appear near two-particle thresholds

* Dominantly decay into their consistituent two-
particle channels
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The representative candidate for a hadron molecule is y,.;(3872)

]G(]PC) — O+(1++)

Xcl

lts mass is very close to the D’D™ threshold:

M

e

T (mDo ml‘)*o) = —0.09 £ 0.28 MeV

It dominantly decays into this channel:

Consistent with the characteristics of hadronic molecules

B(y,.,(3872) = D°DY) > 34 %

QM candidates:M(23P1 cC) ~ 3950 MeV
M, 6 = 3871.84 MeV
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Exotic states with an heavy flavor : DS>‘6(2317), D*(2400), ...
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Fully heavy tetragquarks :

T

cecece

(6900)



Mass [GeV]

4.6 1

4.4

4.0 1

3.8 1

0(4700) A
X 0( ) Xcl(4685) A

1 (4660) @
X (4630) A
X00(4500) A
Tcé 4430 [ )
! ) ¥(4415) @
w4300} @ X (4350) A
X01(4274) ([ )
T.+(4250) A
¥(4230) @
Tcél(4200) A
(4140) @ ¥(4160) @ X (4160) 4
Xcl
¥(4040) @ T:::(4050,4055) A
Tcé(4020> o
Tez51(4000) A
(3915) @ X2(3930) @ X(3040) 4
- T21(3900) @
X (3860) A X1(3872) ®
»(3823) @
0++ 1++ o+ 1+ P pm n
JPC

Multi-quark candidates

Observed multiquark can

D. Lohse, Nucl. Phys. A516, 513

FV P Y VN IrrY VV T Wb | ]
ré. Janssen, PRD52, 2690 DG:

S. Clymton, PRD110 9,11

« Low-lying scalar mesons : a/ (O), (O), 112195)...

Exotic states with an heavy flavor

- D*(2317), D*(2400), ...

Exotic ¢C or bb states : y.,(3872), T..( IO HEELZGh 10), ...

Open heavy-flavored states :

Fully heavy tetragquarks :

T worw
TCCEE(6900)



Mass [GeV]

4.6 1

4.4

4.0 1

3.8 1

0(4700) A
X O( ) Xcl(4685) A

1 (4660) @
X (4630) A
X00(4500) A
Tcé 4430 [ )
! ) ¥(4415) @
w4300} @ X (4350) A
X01(4274) ([ )
T.+(4250) A
¥(4230) @
Tcél(4200) A
(4140) @ ¥(4160) @ X (4160) 4
Xcl
¥(4040) @ T:::(4050,4055) A
TCE<4020) o
Tez51(4000) A
(3915) @ X2(3930) @ X(3040) 4
- T21(3900) @
X (3860) A X1(3872) ®
»(3823) @
0++ 1++ o+ 1+ - - n
JPC

Multi-quark candidates

D. Lohse, Nucl. Phys. A516, 513

Observed multiquark canqio o aniaies e 2DG:

. Janssen, PRD52, 2690 S. Clymton, PRD110 9,11

« Low-lying scalar mesons : a/ (O), (OO), 112 b35)...

 Exotic states with an heavy flavor :;‘6(237), >‘<(4(‘))‘
- Exotic ¢C or bb states : y.,(3872), T..,( T HEELZGb 10), ...

— - +
 Open heavy-flavored states : z.ff

« Fully heavy tetraquarks : T...-(6900)

Charmonium-like exotics
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e« Do D*D* molecular states exist?

« y(J~7) molecular states?

» Excited /. and 7, -like states?
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Coupled-channel formalism



Two-Body Scattering Equations

* Blankenbecler-Sugar equation

( g
>E< = >€< + Y T=V+VGT
\

* The two-body T-matrix is obtained by solving the Bethe-Salpeter equation:

A4k d*k, Vindni
T i — Vi . .
fi = VT Z/ (2m)* (2m)* (K — mq + i€) (k3 — m3 + ie)

* The three-dimensional reduction within the Blankenbecler-Sugar scheme preserves both unitarity and off-shell behavior:

Gelg) = —0 (0 — L2 o1 g
BLINL 2 s — (W + w§)? + ie
Tyi(p.p') = Vyi(p,p') + Z / A (@) Tya(q, )
S5 — (W +wl)? —ic




Two-Body Scattering Equations

* Blankenbecler-Sugar equation

|
+
[

* Projection onto total angular momentum

T3, (0.0) = Vii(p,p') + = / * g ot w2 TV 0T (e P)
i p,P f p,P | (2 )3 : q 2(«01&)2 8—(W1+w2)2—i8

Matrix inversion method: T/ =V’ +V/GT! — T/ =1-V’/G)~v’/

The off-mass-shell T matrix in the full-channel momentum space

10

T'=V +VGT




Kernel amplitudes

* Scattering amplitudes

V12—>1’2’ — M12_>1/2/ A
A

1 2

/\/1‘142_>1,2/ — ISFQ(CIQ)Fﬁ'PAFéAz'

$D,¢

nA2 — g2

nA? —m2_\"
» Since the hadron has a finite size, form factor is need to be considered at each vertex: F'(q*) = ( >

» Reduced cutoff mass: Ay = A — m,, = 600 MeV

« [S: product of the isospin symmetric factor from the isospin projection (for definite isospin channels) and SU(3) factor

11



Effective Lagrangian



Effective Lagrangian

 Heavy chiral Lagrangian

The coupling constants between heavy and light mesons are determined by the interaction
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

Lheavy = igTr[HwM%AgLaﬁa] + ¢S Tr[Hyo" (V,, — pu)baﬁa] + i)\Tr[HbJWFb‘ZV(p)FIa] +g,H,H,o

A heavy-light meson is made up by a heavy quark (J and a light antiquark g.
— Heavy Quark Spin Symmetry(HQSS), Heavy Quark Flavor Symmetry(HQFS) + Chiral symmetry

® Heavy superfield: HQSS, HQFS, Lorentz invariance, Parity invariance

a 1_|_ *Q a ] *xTa a 1—|_

Pseudoscalar heavy field: P* = {D*,D", D} or {B~,B°, BY}

: _ xa * *( * x— p*x0 1*0
Vector heavy field: Pua—{DMJF,DM ,DSI} or {B,",B, ", B,

13



Effective Lagrangian

 Heavy chiral Lagrangian

The coupling constants between heavy and light mesons are determined by the interaction
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

Lheavy = igTr[HwM%AgLaﬁa] + ¢S Tr[Hyo" (V,, — pﬂ)baﬁa] + i)\Tr[HbJWF&V(p)FIa] +g,H,H,o

e [ ight pseudoscalar mesons: chiral symmetry spontaneous break down

T + +
Z. v A K
— s | 0]
A“:ﬁa“./\/l—l— _/\/l: (s \/§I \7/% K
K- 78 _@n
® [ ight vector mesons: dynamical gauge boson of the hidden local symmetry
P’ W =+ * -+ H
V2 Ve O'O K
plu — Z"g_VV,UJ’ V.U — p— \/0/§ | w6 K*

0
V2 '
K *— K*O _\/gw
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Numerical Results
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Feynman amplitudes

Kernel matrices
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All elements are expressed in momentum space

We thus construct the off-mass-shell kernel matrix in the full coupled-channel momentum space

Vnew—sned
VDD .o
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VDD*—Hych
Vp.p*=n.¢ VD.D*—DD*
VD;D;—mcqs VD;D:;—>DD* VD;D§—>DSD;'< VD;"D;"—)D;"D:/

Each kernel matrix element represents the sum of all allowed Feynman amplitudes
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Mass spectrum in hidden-charm channel
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Mass spectrum in hidden-charm channel
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Mass spectrum in hidden-charm channel

Mass (MeV)
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Our model predicts several y.; and y; states in the
energy region between 3.7 and 4.1 GeV.

» Two y,, states around 3720 MeV and 3860 MeV
» Two y,., states near 3875 MeV and 3950 MeV

+ Ay, state below the D*D* threshold

» Ay, state above the D*D* threshold

Experimental candidates:

* X.0(3860), x.((3915)
e ¥.1(3872), X(3940)
* X2(3930)

« Y;»(3842), w(4040)
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Fully-coupled T-matrices
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3720.5 MeV

Fully-coupled T-matrices
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Fully-coupled T-matrices
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Belle PRL 96 082003, BABAR PRD 81 92003

seen in DD modes
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Fully-coupled T-matrices
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Channel Coupling Strengths

* Y. States

JsrIMeV] | 3720.35 | 3861.31 —i22.5
Ippsy | 14132 | 5547 +i5.774
s rwetsy | 0190 | 0.561 —0.099
Ip.p.(15y | TAS4 | 22724 i4.924
9p~D-(180) | 2:080 | 36,212 7 116.022
Gorwonsy | 0178 | 0.482 —i0.074
o5y | 2228 | 20891 i10.769
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¢ Y1 States

Vsr|MeV]| | 3875.80 | 3948.5 —32.25
9n. w(3S1) 0.016 0.162 +¢0.249
e w(3Dy) — 0.104 — i 0.021
I9pp=(3s,) | M.7(32 4.018 +26.604
IDD* (3D, = 0.130 — 7 1.056
. o5y | 0.016 | 0.369 +i0.188
Gne $(3D1) — 0.002 + 7 0.005
00 | 0520 | 21904+ 10316
G-pepy | 0009 | 0.144+70.087
9p,0;¢s1) | L2 | AR A LS00
9p.b: 3y | 0017 | 0.117 4 0.154
0:p:05y) | 0301 | 14539 115,307
Gp: ey | 0021 | 0.424 + 0.222




Channel Coupling Strengths

* ¥.» and y; states

TABLE III. Comparison of coupling strengths g; for x.2(*D2) and v3(* F3).

V3r[MeV] 4005.300 — 7 5.950 4030.380 — 7 33.330

Channel gi(Xc2) |93l xe2 g9i(¥3) |G| s
9pb 2.415 +40.619 2.494 0.977 — i 1.061 1.441
97/ w 6.722 x 107* —§2.492 x 107? 0.003 9.233 x 107* —$3.240 x 107 ? 0.003
9p.D. 0.766 + 1 7.944 x 102 0.770 0.261 — 7 0.330 0.421
p— 1.561 x 102 47 1.180 x 102 0.020 0.209 — 7 0.147 0.255
97/ & 2.879 x 107* +43.495 x 107° 0.000 8.131 x 107 —41.194 x 10™° 0.000
9D+ b 0.165 +34.324 x 102 0.170 1.707 x 10~* —41.040 x 10~ 0.001

S S




Summary



Summary

Mass (MeV) * Using the fully off-mass-shell coupled-channel
The present results Experimental data formalism, we have investigated the spectrum
4050 — $(4040) (1-) and production mechanisms of hidden-charm
T S exotic mesons.
4000 4 2" " 27
* Qur results predict several bound and resonance
3050 — |+ X (3940) (777 states near the relevant open-charm thresholds,
xc223930§ §2 +1§ as summarized in the figure on the left.
3900 — Xe0(3919) {0 _
- 057 L L o g‘gg%g' I+ ° §c7)r2)(() cJ States, we Pred'Ct a DD bOUZS ()S;ate at
Se8a2) (3--) MeV and a higher y ., state at MeV.
3800 — » Our y,., at 3948 MeV exhibits properties quite
N similar to those of the X(3940) state.
. P 0™ + A ys-like state is found above the D*D*
threshold with significant coupling to the DD

channel.
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