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l. Introduction

Z.(3900)* | M =3888.7+3.4, [ =35+7 [MeV]

xtJ /v, (DD*)* (BESIII, Belle, Cleo-c group)
Z.(3900)° | M =3894.8+23+32, [ =29.6482+8.2 [MeV]
7%J /4 (Cleo-c group, BESIII)

favored JP =1t

Z.(4020)* | M =4022.9+0.8+2.7, [ =7.94+2.7+ 2.6 [MeV]
7 he (BESIN) JP =2

Z.(4025)* | M =4026.3+2.6 +3.7, [ =24.8+5.6+7.7 [MeV]
(D*D*)* (BESII) JP =?

Z.(4050)F | M = 4051 + 14120 T = 82721147 [MeV]
7 xc1 (Belle) JP =?




Z5(10610)* | My = 10607.2 +2.0, ['; = 18.4 4+ 2.4 [MeV]
77 (1,2,3S) and 7 h(1,2P) (Belle)
Z5(10610)° | M = 10609 + 4 + 4

707(2,35)

favored JP = 1t

Z5(10650)% | My = 10652.2 & 1.5, T = 11.5 + 2.2 [MeV]

7E7(1,2,3S) and 7 ho(1,2P) (Belle)
favored JP =1+




Theoretical Models

Tetraquarks consistency in masses, no width predictions
Braaten PRL 111, 162003 - all three states with 17
other works - Z-(3900) 17, Z(4020) other q.n.

Molecules pure molecules desfavored namely, in lattice:

PLB 727, 172; 1411.1389 [hep-lat]; PRD 89, 094506

Molecules with
light hadrons

possible, namely QCD sum rules require
light < gq > condensate for OPE convergence
PRD 87, 116004; JPG 41, 075003; EPJC 74, 2891

Threshold effects

might be. Swanson PRD 91, 034009



Tetraquarks

masses far below thresholds
i.e. , 10.44 and 10.50/10.63 [GeV]

Molecules

pure molecules desfavored

disagreement about 1P1/3P1 dominance

Molecules with

light hadrons

possible, with 3P;. one-pion-exchange

Threshold effects

might be
Bugg EPL 96, 11002, Swanson PRD 91, 034009.



Idea

Previous works employed a simple Schrodinger model
to study the system ¢ — D°D*? which could represent
the X(3872) as a highly unquenched 2 3P;

EPJC 73, 2351(2013); EPJC 75, 26(2015); ZPC 19, 275(1983)

N. Kochelev (private communication)

What if the same model is used to the system nii — D+/0D*0/%
to describe the Z(3900)*/° with JP =1+,

A very high radial excitation strongly coupled to the decay channel.
Within the harmonic oscillator confining potential with

w = 190 MeV, the closest bare state is unequivocal.



H.O. eigenvalues, w = 190 MeV

n =0 =1 n I=0 =1 Th [MeV]

0 1.097 1.287 15 6.797  6.987 KK =994
1 1477 1.667 16 7.177  7.367 KK* = 1389
2 1.857 2.047 17 7.557  7.747 K*K* = 1784
3 2237 2427 18 7.937  8.127 DD = 3734
4 2617 2807 19 8317  8.507 DD* = 3876
5 2997 3.187 20 8.697  8.887 D*D* = 4018
6 3.377 3.567 21 9.077  9.267 BB = 10558
7 3.757 3.947 22 9457  9.647 BB* = 10604
8 4137 4.327 23 9.83r 10.027 B*B* = 10650
9 4517 4707 24 10.217 10.407

10 4.897 5.087 25 10.597 10.787 n=0

11 5.277 5.467 26 10977 11.167 a1(1260)
12 5.657 5.847 27 11.357 11.547 b1(1235)
13 6.037 6.227 28 11.737 11.927 1(1285)
14 6.417 6.607 29 12117 12.307 h1(1170)



Il. A coupled-channel Schrodinger model

Coupled-channel system: qg — MM
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1 d? /f(/f+1)
{2W(_dr2+r2 + M +M,— E Uf(r)

Bound states

ArJi (kr) r<a

ur(r) =
Br | Jy (kr)k2!+1i — N/F(kr)] r>a

with Jj(kr) = k~'rji(kr), Nij(kr) = k'*1rn(kr).
Resonances
Ar i, (kr) r<a

ur(r) =
Br | Jy (kr)k2+1i + N,,(kr)] r>a



Boundary conditions

Ar 1 a) — (L 9) = 2 ur(a)

A
up(r 1 3) = uf(r L a) = =" uc(a)

be(r 1 2) = uc(r | a)
ue(rta)=ur(rl a)



Partial amplitudes:

F.(a
ACa Bc: GCEB;AC7
a 1
Af = ——i—r
P XG(a),
A pr
Bf = ——J,.(ka)F.(a),
F= S h (k) Fe(a)
1
B = 2

== A..
X Ge(a)[J; (ka)kZ i + Ny, (ka)]

Poles:

g)2uc 1

2 2le+1 - = e FAAC(a)
)k i+ )y ) = (3) L e



ng hfj ug ug
Boundary conditions

Ui(rta)—ul(rla)= —fZgJuﬁ
u(r 1 a) — ug(r 4 a) = uang ul (a)
v >\ v v
Ac =G () & Jij(kja)Ag
j

A l/ v v
A = - g Cij(kja) Z Fe(a)A¢

with Cpj(kja) = Jij(kjr)k*"+ Y+ Nij(kjr), and &7 = g/’ /"



Dividing the above equations by A?, similarly defined, we get

v G2 (a) 2= 8 1659 Cij 2, %}-O‘F“(Q)A? A0
Ge(a) >2; 87101 Crj o0 B F(a)A2 €

a 1Crij D aAa A

AGE(a) >, &7 151 Cirj Zaé}- Fe(a)Az <

Ag =

If « = 2 the amplitudes are fully resolved analytically.

Poles:

(S Sacte] [ 52 Sscte]
[ QO ] [ (2O S s




Partial couplings: as in Resonance-Spectrum-Expansion coupled-channel
model, computed by Eef van Beveren

2

4
| /| 17 | 17~ | nfactor
PV |0]1/18]1/36| n+1
W |2 |5/72 | 5/36 | 2n/5+ 1
PV |o| 0 |1/36| n+1
W | 2 | 5/24 | 5/36 | 2n/5 4 1

Meson masses: experimental

Constituent light quark masses: m, = 406 MeV

Global coupling \: free

'String-breaking’ distance a = ry: free



1. In the Z. region
nin— DD*, n=u,d with I, =1, [ =0
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nAp 43p;) — DDTI70+,72)

Re E (GeV)

3.80 3.88 3.00 3.02 3.04

0.00 — A=13 c

-0.014
00 %

8

-

e DD* rg=3.3 GeV~!

A=13
Pole: 3889 — 17 MeV

005  Rg dark — Re(R)

Re,

OvOO*A

light — Jm(R)

& VAVA

7= 3.3 GeV!

10 20 30
7(GeV™l)

Prob. (%) | 3889 —i17 | 3946 — i0.6
P(Rc1) 26.3 68.3
P(Re2) 116 29.7

P(Rpp-(1=0)) 53.9 1.9

P(Rpp-(1=2)) 8.3 0.2
0.05 szafz _2 A=13

0.00

-0.05+

-0.10

Rpllp =0

Pole: 3889 —i17 MeV

dark — Re(R)
light — Im(R)

rg=13.3 GeV~!

20 30
r(GeVl)



niap 43py) — [DD* + D*D*](1=011=2)

Re E (MeV)
3.90 4.00 410
0.000
ro = 4.5 GeV~! ro A Pole Type
A=62 32 1.0 3889 —il4 confl
-0.0104 3942 — i1 conf2

4000 — /163 dynl
-0.020- 4026 — i176  dyn2

45| 6.2 3890 —i3 conf2
4006 — /28 confl
4027 —i7 dynl
4053 — /20 dyn2

-0.030

-0.040+ DD* D*D*

Im E (MeV)




111, In the Z, region
nn— BB*, n=u,dwith I, =1, =0

10,60

Re E (GeV)
1065 1070 1075

0.004

E 1= 10.787 MeV ek

X

-0.02
-0.044 ;:

8

m® 7o =3.1 Gev!

£ |BB* * A =22
0.081 A =22

Ry(r) Pole: 10611 — i6 MeV
0.06
dark— Re R

0.04

light— Tm R

rp=3.1GeV!

10 20 30 40 50
r(GeVTh

Re E (MeV)

10.6 1.7 1.8
0.004 Eys1 = 10.787 MeV
-0.02
00T
=3
m ro=4.7 GeV~!
£ |BB* * A =22
A=22
0.02- Re(r) Pole: 10607 — 9 MeV
dark— Re R
-0.06 light—Tm R
Ry(r)
0087 ro =47 Gev !
0 2 B 4 50

H(GeVh



nn — BB

o A Poles Type
31 22 10611—i6 dyn
10794 conf

47 2.2 10607 —i9 dyn
10709 — i6 dyn
10879 — 18 conf

niap, 4 3py) — BB(_oti—2) nip,3p) — BB™ 4+ B B(j_g1 /=2

1o A Poles Type

ro A Poles Type 3.1 2.0 10608 —i2 dynl
31 20 10609 —i3 dynl 10647 — i2 dyn2
10779 — i26  confl 10711 — i47  confl

10791 — i0.6  conf2 10817 — i7  conf2

47 2.0 10607 —i5 dynl 47 2.0 10607 — i4 dynl
10701 — i3 dyn2 10650 — i3 dyn2

10785 — i0.8 conf2 10665 — /9 dyn3

10891 — j17  confl 10754 — i5  conf2

10911 — i7  confl



nﬁ(\ler%pl) — [BB + B*B"]U:O,/:Q)

10,60

10

Re E (GeV)

65 1070 10,75 10,80

0.00

-0.02

-0.04

Im E (GeV)

BB*

7o =3.1 GeV~!
* A\=2.0

B*B*

Re E (GeV)
1060 1065 1070 1075 10,80
0.00
N~
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0.0 %

<

S 7o = 4.7 GeV 1

E |BB* | B*B* *A=20




ro A Poles Type P(R:.) P(Rf)
3.1 22 10611 —i6 dyn 41.3 58.7
10794 conf 113 88.7
47 22 10607 —i9 dyn 28.5 715
10709 — i6 dyn 18.0 82.0
10879 — i18 conf  14.1 85.9

niepspy = [BB* + BB ](1=011=2)

A Poles Type P(Ra) P(R2) P(Rggt) P(Rgs:) P(Rg%.) P(Rg%.)

3.1 2.0 10608 — i2 dynl 15.2 2.0 76.2 6.3 0.1 0.3
10647 — i2 dyn2 14.1 13.0 66.4 4.5 1.6 0.4
10711 — i47  confl 42.9 50.2 3.2 0.7 0.9 2.2
10817 — i7 conf2 59.7 33.7 0.3 0.7 0.1 5.6

47 2.0 10607 — i4 dynl 13.0 1.8 83.9 0.11 0.10 1.1
10650 — i3 dyn2 15.0 27.1 46.5 0.04 9.6 1.7
10665 — /9 dyn3 14.5 36.7 18.2 0.17 20.3 10.1
10754 — /5 conf2 51.9 28.9 3.3 0.06 0.12 15.8
10911 — i7 confl 4.8 10.1 18.7 16.6 19.3 31.6
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VI. Summary & Conclusions

e \We present a description of several exotic resonances Z as systems
originating from a highly excited gg component, from a nonperturbative
spectrum, strongly coupled to the nearby decay channels.

e By varying both real free parameters within a short range, not different
than the range considered in other applications of the same type of
model, but for lower excitations, we are able to find poles corresponding
to the Z(3900), Z(10610), and Z(10650).

e the same model can be used with diferent quantum numbers to study
or predict new 'exotic’ states.



