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Charmonium like XYZ states background Preliminary study on some states

Charmonium like XYZ states

Experimentally: J

Recently, a family of charmonium-like states have been
observed by several experimental collaborations such as
CLEO-c, BaBar, Belle, BESIII, CDF, D), LHCb, CMS and so on.

It provides us a good chance to deeply understand the
complicated non-perturbative behavior of QCD in the low
energy regime.
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Charmonium like XYZ states background Preliminary study on some states

Charmonium like XYZ states

Experimental status of XYZ states: |

1.BaBar
@ discovery of many charmonium like states, for example,
Y (4260), Y(4360), Y(4660).
2.Belle
@ discovery of many charmonium like states, for example,
X(3872),Y(3940) Z+(4430).
3.BESIII
@ observation of Z;(3900)
4.CDF and D{)
@ confirming X(3872), observation of Y(4140).
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Charmonium like XYZ states background Preliminary study on some states

Charmonium like XYZ states

5.CLEO-c

@ confirming the observation of Y(4260)

@ confirming the charged state Z;(3900)
6. LHCb

@ measurement of spin-parity quantum number of X(3872)
7.CMS

@ contribution of searching X(3872) and Y(4140)
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background Preliminary study on some states

Charmonium like XYZ states

The production mechanisms are:
@ B meson decays
@ e'e  annihilation
@ double charmonium production

@ ~~ fusion (only for IGJPC =

0+0++’ 0+2++)
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Figure 2: (Color online) Five groups of the like states ing o five producti
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Charmonium like XYZ states background Preliminary study on some states

Charmonium like XYZ states

It arouses great theoretical interests on exploring the
components and the structure of these new states.

The possible structure of these new states can be:
@ molecular state
@ tetraquark state
@ excited state
@ hybrid state
@ glueball

@ kinematical effect (cusp effect)
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Charmonium like XYZ states background Preliminary study on some states

Ze
Z:(3900), Z;(4020) and Z;(4025) J
State M (MeV) I'(MeV) Process (decay mode) Experiment
Z:(3900) 3899.0+3.6+49 46+10+20 e'e” = Y(4260) = 1 +(J/un*) BESIII [64]

38945466445 63+24+26 ¢fem - Y(4260) - 1+ (J/unT) Belle [124]
3886 +4+2 37+4+8 ete” = Yd160) » 1+ (Jyn*)  Xiaoetal. [61]
Z,(3885) 38822+ 1.1+15 265+17+£21 e'e” - Y(4260) -~ +(DD')*  BESII[159, 162]
Z,(4020) 40229+08+27 79+27+26 e'e” - Y(4260) = 1" + (h.1*) BESIII [160]

Z,(4025) 40263+26+37 248+56+77 e'e” - Y(4260) » 1 +(D'D)* BESIII [161]

@ Z,(3900) was argued to be /SJ” = 171+ assuming the
orbital angular momentum between the J/V and = is zero.
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Charmonium like XYZ states background Preliminary study on some states

Zc

Theoretically,

@ no bound state of DD* molecular states with such masses
in QCD sum rules and lattice QCD simulation.

@ diquark picture can be suitable, with cu/s diquark and
cd/s antidiquark

@ With the color interaction model, Z-(3900) and Z;(4025)
are good molecular candidates,while Z;(4200) can be
axial-vector hidden-charm tetraquark state.

Trento Continuum Functional Methods for QCD at New Generation Facili



Charmonium like XYZ states

X(3872)

background

Preliminary study on some states

Table 1: The resonance parameters of the X(3872) and its observed productions and decay channels. Here the X(3872) is abbreviated as X

Experiment Mass [MeV] Width [MeV] Productions and Decay Modes e
Belle [63] 3872+ 0.6+ 0.5 <23 B — KX(—x'n J/W)
Belle [75] B = KX(— yJ/§, wllg — x'n 2Jj¢) C=+1
Belle [76] | 3875.4 +0.7'05 + 0.9 B — KX(— DD°x") Jrey2re
Belle [77] | 3871.46 + 0.37 + 0.07 B < KX(— x'n I/¢)
Belle [78] 3872.949494 3942842 B — KX(— DD")
Belle [79] B — KX(—= yJl¥)
Belle [80] | 3871.84 +0.27 +0.19 <12 B — KX(— x'n 1/y)
CDF [67] 38713+ 0.7 + 0.4 pp — anything + X(— x*x J/)
CDF [81] pp — anything + X(— x*x J/¥) C=+1
CDF [82] pp — anything + X(— 77 J/¥) 142
CDF[83] | 3871.61 +0.16 + 0.19 pi — anything + X(— 7' 7 J /)
DO [68] 3871.8+3.1 3.0 pp — anything + X(— x'x J/)
BaBar [84] 38734 + 1.4 B = K X(—a'n Jjy)
BaBar [85] 38713+ 0.6 + 0.1 <a.l B = K X(— x'n J¢)
3868.6+ 1.2+ 0.2 B = K°X(— n*n JJw)
BaBar [86] B — KX(— yJ/¥) C=+1
BaBar [87] 3875.1'07 0.5 3.0'17+09 B — KX(— D*D")
BaBar [88] 3871.4+0.6+0.1 <33 B' - K'X(=x'n JI)
3868.7 + 1.5 + 0.4 B = K°X(— n'n J/¥)
BaBar [89] B — KX(— yJ /¥, = y§(3686))
BaBar [90] 3873.0'1% + 1.3 B — KX(— wlly — x*x x"J/¢) 2
LHCb [91] | 3871.95 + 0.48 + 0.12 pp — anything + X(— 77 J/¥)
LHCb [70] pp — anything + X(— x* 7 J/¥) T
LHCb [92] - - pp — anything + X(— yJ/¥, — yd(3686))
pp — anything + X(— x*x J/)
BESIN [93] | 38719407402 <24 ete [ Y(4260)] — yX(— x*x I /g)
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Charmonium like XYZ states background Preliminary study on some states

X(3872)

Theoretically,

@ DD* molecular state in pion exchange effective interaction
model, chiral perturbation theory, QCD sum rules and
lattice QCD simulations.

@ axial vector diquark-antidiquark state in Constituent quark
model
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Charmonium like XYZ states background Preliminary study on some states

Y(4260)

Y(4260) from e e~ annihilation, and the quantum number is J
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Charmonium like XYZ states background Preliminary study on some states

Y(4260)

Theoretically,
@ the mass does not match with any 1=~ excited states

@ the decay modes disfavor all the possible molecular states
and also glueball

@ charmonium hybrid is strongly favored.
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Charmonium like XYZ states background Preliminary study on some states

Y(3940)and Y(4140)

Y(3940)and Y(4140) from B meson decay J
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Charmonium like XYZ states background Preliminary study on some states

Y(3940)and Y(4140)

Theoretically

@ Y(3940)and Y(4140) can be interpreted in QCD sum rules
or pion exchange effective interaction model, as D*D* and
D:D; molecular states, respectively. The quantum number
can be either 0™ or 2+

@ Y(3940) is also argued to be xo(2P) or 2++
diquark-antidiquark state.
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From quark to fourquark state
Dyson-Schwinger equation

The Dyson-Schwinger equations (DSEs): J

a collection of coupled integral equations that provide for a
symmetry-preserving treatment of the continuum bound-state
problem, have been widely employed to compute hadron
spectra and interactions.

Here we would like to generalize this scheme into the
four-quark stage.
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From quark to fourquark state
quark propagator

The quark propagator DSE with contact model can be written
as:

1 . 167 QIR d4q
S; (p):”Y'p+mf+Smé/w')’usf(qwua (1)

where my is the quark’s current-mass. The integral is
quadratically divergent; but when it is regularised in a
Poincaré-invariant manner, the solution is

Si(p) " =iv-p+ My, (2)
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From quark to fourquark state
quark propagator

The regularisation is as following:

1 0 2
L —7(5+M=)
ST IR /0 dre
%
- / | dre (5T (3)

e (STMA)TE _ o—(s+M?)7
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From quark to fourquark state
quark propagator

Consequently, the gap equation becomes

4oy
M; = mf+Mf3 Co'(M7), (5)
mg

oo 7‘5
cé)“(a):/o dss/2 dre7(st0)

= 0’[F(—1 , O'Tuzv) —I(-1, 07‘5)], (6)

where

with I'(a, y) being the incomplete gamma-function.
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From quark to fourquark state

Bethe-Salpeter equation

We then get the information of quark. The two body bound
state can be studied via Bethe-Salpeter equation. The BS
amplitude for a pseudoscalar or a vector meson constituted
from a valence f-quark and valence g-antiquark has the
following restricted form:

. 1
Fo-(Q) = 75 |iEy- + avg) QFy- |, (7)

M (Q) =7 E-(Q), (8)
Here, Q is the bound-state’s total momentum, Q2 = —mg_, Mo
is the meson’s mass; and Mg = M;My/[M; + My], with My 4
being the relevant dressed-quark masses obtained from the
contact-interaction gap equations, described above.
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From quark to fourquark state
Bethe-Salpeter equation

The amplitude is determined by the following equation:

167 amR a4t
5ot [ st Q)ro,1(Q)Sg(t)’Y;zé)

Fo-1-(Q) = —
From here, using the symmetry-preserving regularisation
scheme, which requires, in the spirit of dimensional
regularisation,

1 ) .
0~ [ do[Chuiglo @) + CPlugla. @), (10

where CI* = —dCi(0)/doand & =1 — q,

wig(ar, Q%) = M2 + aM3 4+ aa@?. The BS amplitude for the
respective diquark is quite similar. The amplitude of J* diquark
can be directly obtained from that for a J—° meson by
multiplying the meson kernel by a factor of 1/2.

Trento Continuum Functional Methods for QCD at New Generation Facili



From quark to fourquark state

Bethe-Salpeter equation

P. L. Yin, C. Chen, G. Krein, C. D. Roberts, J. Segovia,
S. S. Xu,arXiv:1903.00160

meson, M{ Ey  Fy  m§] fi'| my' f

= 050 0 1"_ ﬁ @ o I.ll "Ulm_: diquark mass ): F

K 382 056 050 011 050 011 ud) 0.7 2 0.31
p 1.53 m E 078 015 us; 0.93 288 0.39
K 1.63 103 012| 08 016 [uc 215 1.97 0.22
¢ 1.74 113 012 102 017 [sc] 2.26 1.99 0.29
D 311 036 192 016 187 015(1) [ub] 5.51 1.05 0.050
D, 325 049 201 017 197 018 <b 5.60 1.05 0.083
D 1.21 214 015| 201 0.17(1) (] 648 142 0.25
D; 1.23 223 016| 211 019 {uu} 1.06 1.31

) 328 073 298 024| 298 024 {us) 116 136
Jj 121 319 020 310 029 {ss) 126 143

B 167 0095 541 017 530 0.14(2)

B 0.70 546 016) 533 012 {uc} 22 089

3, L7900 550 08| 537 016 {sc} 23 087

B 071 556 0.6 542  0.15(1) {ec} 3.30 0.69

B 338 061 628 027 628 03 {ub} 553 051

B: 1.37 638 023 633  030(1) {sb} 5.62 0.50

T 308 081 940 041 940 041(2) {ch} 6.50 0.62

T 1.50 049 038 946 046 {bh}) 0.68 048
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From quark to fourquark state
four quark state

After having the information of two-body bound states, it can be
then generalized for computing the four-quark state in the
picture of meson-meson and diquark-antidiquark bound state.

k+p /+q+k+p q +p

k P
l+q+k

k+p /+q+k+p g+p

k Itk p

q

/
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From quark to fourquark state

The bound state equation can be expressed in the Feynman
diagram, in the following computation we only take the diagonal
contribution into account. The respective eigenstate equation
is:

N5 (k, P) = /d“ld“qTr[I‘M(P)S(/ +q+k+P),(P)

x S(I+ K)Ta(P)S( + q + K)T5(P)S(I + q)]
x Dyp(q + P)Dax(@)M,2,(9, P) (11)
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From quark to fourquark state
four-quark state

For Scalar fourquark state amplitude, we simply employ:
Ms = Ts(k, P) (12)
and for vector we employ
Ny = Ty(k, P)(k, — k - PP,/ P?). (13)

After then we can solve the eigenstate equation and obtain the
bound state mass.
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light sector

We here employ this scheme for the Lidud four-quark system.
If considering o meson is a 7 — w bound state, then the mass
will be m, = 0.515 GeV.

The mass for scalar diquark-antidiquark bound state will be
1.110 GeV.

@ The diquark-antidiquark bound state is much heavier than
the respective meson-meson bound state because the
mass of ud diquark is 0.77 GeV while the pion mass is
only 0.14 GeV.

It reveals that o meson is dominant byr — 7 bound state J

This diquark-antidiquark bound state with 1.110 GeV is close to
f(1370) state.
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light sector

The f(980) state can be consisted of KK bound state which
mass is 1.02 GeV.

@ The mass of the respective diquark-antidiquark bound
state is 2.02 GeV. It becomes heavier also because the
diquark component mass is heavier than Kaon.
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charmonium like XYZ states

Here we focus on the charmonium like XYZ states with possible

components of ccqq.

For 0" states, it can be composed of two pseudoscalar or two
vector meson-antimeson, and the counterpart in
diquark-antidiquark picture.

ot+* DD [uc][uc] DsDs [sc][sc]
3.36 GeV / 3.44 GeV /

ott  D*D* {uc{uc} D+sD; {sc}{sc}
/ / / /

@ for both pictures, vector components can not form a bound
state

@ pseudoscalar meson-antimeson components can be a
bound state, but the mass is too light compared to any
observed states.

@ 0" states are more likely excited states of ..
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charmonium like XYZ states

For 177 states, we try the possible structure with one
pseudoscalar meson and one vector antimeson, or the
respective diquark-antidiquark.

1+  DD* [ucl{uc}  DsD; [sc]{sc}
3.910 GeV / 4.195 GeV /

@ no bound states in diquark-antidiquark picture.

@ the mass of DD* is 3910 MeV, which is very close to
X(3872),

e the state of DsD}; with 4195 MeV might contribute to
X(4140) state.
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charmonium like XYZ states

For 17~ states, we employ two vector meson-antimeson or
respective diquark-antidiquark.

1= D*D* {uc}{uc} D+sD} {sc}{sc}
3.946 GeV  4.235GeV 4.244 GeV  4.144 GeV

@ both pictures are approved of being bound states.

@ the mass of bound state with D*D* is close to Z;(3900),
and the counterpart with diquark-antidiquark components
is about 300 MeV heavier which can be Z;(4200)

@ changing u/d quark to s quark, people can also obtain a
bound state with similar mass. Noticing that in this case,
the bound state with diquark-antidiquark components is
lighter.
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What we obtained: |

@ Sigma meson with only pi-pi component is 515 MeV,;

@ Neither meson nor diquark component are approved for
0+ state, 0" states are more likely excited states of x..

@ The mass of DD* 1+ state is 3910 MeV, close to X(3872).

@ The mass of D*D* 11~ state is 3940 MeV, close to
Z:(3910).

Thank you |
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