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The quark model
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If we assume that the strong interactions of bary- ber n - nf would be zero for all known baryons ang
ons and mesons are correctly described in terms of mesons. The most interesting example of such 2
the broken "eightfold way" 1-3), we are tempted to  model is one in which the triplet has spin  and
look for some fundamental explanation of the situa- z = -1, so that the four particles d~, s”, u® and p°®
tion. A highly promised approach is the purely dy-  exhibit a parallel with the leptons.

_ A simpler and more elegant scheme can be

3x3=9, 3@3=8@1, constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -§, and baryon number 3.
We then refer to the members u3, d-7, and 8% of
j the triplet as "quarks" 8) q and the members of the
anti-triplet as anti-quarks §. Baryons can now be
P 4 constructed from quarks by using the combinations
y (aqq), (qqqqq), etc., while mesons are made out
T of (@d), (@qdd), etc. It is assuming that the lowes
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly give:
just 1 and 8.

3x3x3=27, 3@3@3 = 10898081

Murray Gell-Mann, 10-year-old, New York, 1939. Now, 25 years later, Caltech
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The heavy quarkonia before 2003

Charmonium and bottomonium states were discovered in the 1970s.
Experimentally clear spectrum of narrow states below the open-flavor threshold
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Eichten et al., Rev. Mod. Phys. 80, 1161 (2008)

@ Heavy quarkonia are bound states made of a heavy quark and its antiquark
(¢€ charmonium and bb bottomonium).

@ They can be classified in terms of the quantum numbers of a nonrelativistic
bound state — Reminds positronium [(e*e™)-bound state] in QED.
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The discovery of the X(3872)

PRL 91, 262001 (2003)

@ In 2003, Belle observed an unexpected enhancement in 33
the 7w~ J/4 invariant mass spectrum while studying < @
+ +rta— @
Bt — Ktata=J/y. 8
. . o
@ It was later confirmed_by BaBar in B-decays and by S 2
both CDF and DO at Tevatron in prompt production =
from pp collisions. 2" {
[
@ lts quantum numbers, mass, and decay patterns make & *°
it an unlikely conventional charmonium candidate. 5
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Discoveries at B-factories

BELLE@KEK (Japan) BABARGSLAC (USA) CLEO@CORNELL (USA)

Explosmn of related

Fenmental activity:
Signals of exotic structures?

Standard gg or qqq?

Threshold cusps?

LHCbO@CERN
(Switzerland)

Exotic meson spectra



Z.(3900)* and Z.(4020)*

e JPC =17~ charged states.
e Close to DD* and D*D* thresholds.
e Z.(3900)*, with ave. mass (3891.2 4 3.3) MeV,

seen in:
o e"e” — mr)/1 as a peak in M(7wJ /)
o ete”™ — wDD* as a peak in M(DD*).
o ete™ — wm)(3868) as a peak in M(71)(3868)).
o Z.(4020)*, with ave. mass (4022.9 +2.8) MeV,

seen in:

o e"e” — 7mmhe as a peak in M(mhc)

o e"e” — wD*D* as a peak in M(D*D*).
o efe” — wmi)(3868) as a peak in M(7)(3868)).
@ Absence of DD peaks — Evidence in favor of a
role for pion exchange in forming molecules of
open-flavor pairs.

Introduction Exotic meson spectra
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Z.5(3985)~ state

@ Seen in BESIIl in the K recoil-mass spectrum of
ete™ — KT(D7 D*® 4 D~ D°).

e Quantum numbers: /(JP) = 1(17).

@ Minimum quark content: cCsi.

@ Mass close to D; D*°/D;~ DO thresholds:

40
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Z.5(4000)" and Z.(4220)"

@ Discovered at LHCb in J/# K~ invariant mass
spectrum of BT — J/¢YppK™.

® Quantum numbers: /(JP) = 3(1%)
(but 1~ not ruled out for Z.(4220)").

@ Minimum quark content: ccus.
@ Masses and widths of Z.(4000)%:

Mz, (a000) = (4003 £ 679, )MeV /c?,
rzcs(4000) = (131 + 15+ 26)1\/16\/77

o Masses and widths of Z.(4220)%:

Mz, (a220) = (4216 £ 2473 )MeV /2,
[L..(a220) = (233 £ 5290 )MeV,

Introduction Exotic meson spectra



In this work...

0. e We evaluate the molecular nature of charged Z
O. states using a constituent quark model

@ Z.(3900)* and Z.(4020)* states.
Q Z.(3985) state.
© Z.(4000)" and Z.(4220)" states.

Introduction xotic meson spectra
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Roadmap

@ Meson and Baryon spectra from constituent quark models.

%
@ @ ‘/?\‘] H H H E %
@ @ \\‘C:,/ /\

@ Residual meson-meson interaction.

q T Q1 Q1
[ T @2 T @ 72

| | | > < |
a3 I a3 ! a3 I 7 a3 —
g4 I G [ [
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Roadmap

@ Meson and Baryon spectra from constituent quark models.

\/
@ @ \QC:/ /\

@ Residual meson-meson interaction.

q T Q1 Q1
[ T @2 T @ 72
q3 ! q3 ! q3 I 7 q3 !
7 I Qs 0 1
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Constituent quark model

The model includes:

@ Spontaneous breaking of chiral symmetry ~— Constituent mass and
Pseudo-Goldstone bosons.

L=9(i p—M(q*)U) ¢,
Urs = ef>\a¢2’Y5/fw’
¢? = {7, King}.

The model Constituent quark model



Constituent quark model

The model includes:

@ Spontaneous breaking of chiral symmetry — Constituent mass and
Pseudo-Goldstone bosons.

C. D. Roberts, arxiv:1109.6325v1 [nucl-th]
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Constituent quark model

The model includes:

@ Spontaneous breaking of chiral symmetry ~— Constituent mass and
Pseudo-Goldstone bosons.

@ QCD perturbative effects — Gluon exchange.

Loge = iVATas 7y, GFN,

The model Constituent quark model



Constituent quark model

The model includes:

@ Spontaneous breaking of chiral symmetry ~— Constituent mass and
Pseudo-Goldstone bosons.

@ QCD perturbative effects — Gluon exchange.

@ Confinement — Linear screened potential.

[v(r)-2u]

The model Constituent quark model



Constituent quark model

The model includes:

@ Spontaneous breaking of chiral symmetry — Constituent mass and
Pseudo-Goldstone bosons.

@ QCD perturbative effects — Gluon exchange.
o Confinement — Linear screened potential.

@ All parameters constrained from low-lying meson and baryon spectra.

The model Constituent quark model



Constituent quark model
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Roadmap

@ Meson and Baryon spectra from constituent quark models.

' ’ ' ’ v
@ @ /T\l - . ‘ %
@ @ \\‘C:,/ /\

@ Residual meson-meson interaction.
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Solving the two body problem

@ We want to explore meson-meson interactions.

@ Meson wave function > Gaussian Expansion Method:
2

) Nmax A 1 H nl -&
o Uim(P) = S CorYim(B)dw(p), with 6u(p) = (~1)) -tz ple i
o Rayleigh-Ritz variational principle:
S [(Taw = BNy )i + 002 Vi ] = 0
@ Resonating Group Method:

o Interaction at quark level — Interaction between clusters
o Direct and exchange potentials:

qQ 4 Q1 qQ

] T ] T q2 5]

| | | > i | > <
a3 ‘ a3 ! g5 — g —

1 / -

[ [ [ [

@ Resonances, Virtuals, Bound states — Poles of the Scattering
Matrix: S =1 — 27iv/jiaptar kakar TS (E + i0; kar, ke )
@ T matrix obtained with Lippmann-Schwinger:

TOO(E; P!, P) = VI(P,P) + Y, [ dP" PV (P P") gt oy

Gl Tﬁ”@(E; P, P)

The model
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Z.(3900)* and Z.(4020)*

e Coupled-channels calculation of JP¢ = 1~ sector with / = 1.
o Including ©J /v, pne, DD*, D*D*.

@ Calculation of poles of the S-matrix and production lineshapes.

_ 1
@)

»'(Imé Ay (4260) A A
B B
B
(a) (b)

. ;. 8’8
W (mae) = (A%e/% = 5 A7 0 [ ol ).

k, k,r
AB ZC |MB(mAB)\ dmAB

@ Fit on parameters affecting only the production vertex.

Results Charged states: Zc(3900) T and 7. (4020)F



Z.(3900)* and Z.(4020)* poles

(]

D™) D* attractive, but not strong enough to bind the meson pairs.

States found as virtual poles in S-matrix.

Poles below the D*) D* threshold in 2" Riemann sheet —
Enhancement in production lineshapes.

Z-(3900) Z.(4020)
Pole position | 3871.74 4013.21

Good description of production lineshapes.

Results Charged states: Zc(3900) T and 7. (4020)F



and Z.(4020)* production
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Z5(3985)% / Z,(4000)* and Z(4220)*

o Strange partners of the Z.(3900)* and Z.(4020)*.

e Coupled-channels calculation of JP¢ = 17~ sector with | =

e Including D*°D;-, D°D;~, D*°D;~, J/¢K*~(892), n.K
and J/¢YK~

2)

(

@ Unlike the Z. case, no m exchange
is allowed.

o Only direct interation through a
scalar o. c 7

@ Annihilation diagrams through g ¢
and K.

@ Two possibilities: annihilation off
(model (a)) or on (model (b)).

Results Charged Zcs(3985)F and Z,



Z.5(3985)*/Z.5(4000)* and Z.(4220)* poles

e We find two virtual states below the D7 D*® and D*°D?~ thresholds
— Candidate to Z(4220)*.

Z5(3985)  Z.(4220)

Model a
Model b

3970 4110
3961 — 3/ 4106 -5/

@ In the bottom sector, we find two virtual states below the B*’Bf

and B*~ B0 thresholds.

Zps(10691)  Zps(10739)

Model b

10691 10739

Results Charged Zcs(3985)F and Z,



7.5(3985)* / Z.(4000)* and Z.(4220)* productio

Model (a)
BESIII  LHCb
2 100 265
Model (b)
BESIII  LHCb
X 102 204

Events

Events

30

-10

30

4000 4050 4100 4150
RM(K*)

4000 4050 4100 4150
RM(K*)

9600

3800 4000 4200
My~ (MeVv/c?)

9600

3800 4000 4200
My~ (MeV/c?)

Z.5(3985)" and Z.(4000)" peaks compatible with the same pole

structure

Charged

REST
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Conclusions

@ Use of Constituent Quark Model plus a coupled-channels calculation
explain the Z.5(3985)~, Z.(4000)" and Z.(4220)" as virtual
states, with no parameter tunning.

@ The same model reproduces the Z.(3900)*, Z.(4020)* structures
as virtual states.

@ The Z(3985)~ and Z.s(4000)" peaks are compatible with the
same virtual state.

e Bottom partners of the Z. structures are predicted at 10.69 GeV/c?
and 10.74 GeV/c?.
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@ The strange partner of the Z. structures in a coupled-channels model — Phys.Lett.B 818
(2021), 136382.
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Arxiv:2107.02544
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