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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way" *~*), we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-

3x3=9, 3@3=8@1,

3x3%x3=27,.. 3@3®3 = 1098681

ber ny - nf would be zero for all known baryons ang
mesons. The most interesting example of such z
model is one in which the triplet has spin § and

z = -1, so that the four particles d~, s~, u® and K0
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
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 u‘l, d-3, and 877 of
the triplet as "quarks" 8) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations

b1 (0q9), (@aqq9), ete., while mesons are made out

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.

George Zweig



Discoveries at B-factories

o Exotic Mesons: X(3872), D%(2317), Ds1(2460), X (4140),. ..
e Exotic Baryons: A.(2940), P.(4380), P.(4450),...

Signals of exotic structures? Standard qg or gqq? Threshold cusps?

Hadrones estandar Hadrones exoticos

P B =@

Bariones Mesones Tetraquarks Moléculas Pentaquarks
Ng 800-D@ X(3872)
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2
@ Possibility to study the coupling with 2 600
higher Fock spaces. 8 $
S 4001 H
@ Some of them may be naive qg or gqq 2 £
o L 2
structures. 200 3
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@ Others are more elusive: X(3872) — o

[
M M. (Gevic)

W T

Motivation Multiquarks, molecules and baryon and meson spectra
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Ingredients of constituent quark model

The model includes:

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

T T
Rapid acquisition of mass is
_ pffect of gluon cloud

M(p) [GeV]

P [GeV]

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

@ QCD perturbative effects — Gluon exchange.
e Confinement — Screened potential.

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

The model Constituent quark model



Constituent quark model

@ Nucleon-Nucleon interaction:
e D. R. Entem, F. Ferndndez, A. Valcarce, PRC62, 034002 (2000).
e A. Valcarce, A. Faessler, F. Fernandez, PLB345, 367 (1995).
o F. Ferndndez, A. Valcarce, U. Straub, A. Faessler, JPG19, 2013
(1993).
@ Baryon spectrum:

e A. Valcarce, H. Garcilazo, and J. Vijande, PRC72, 025206 (2005).
o H. Garcilazo, A. Valcarce, F. Fernandez, PRC64, 058201 (2001).

@ Meson spectrum:
e J. Vijande, F. Ferndndez y A. Valcarce, JPG31, 481 (2005).
o J. Segovia, A. M. Yasser, D. R. Entem, F. Ferndndez, PRD78,
114033 (2008).
o J. Segovia, P. G. Ortega, D. R. Entem, F. Fernandez, PRD90,
074027 (2016).

The model Constituent quark model



Solving the two body problem

@ We want to explore meson-meson and meson-baryon interactions.

@ Meson wave function >~ Gaussian Expansion Method:
2

. . -
o Um(P) = 25 CorYim(B)om(p), with éu(p) = (1) Skazzp'e™ m
o GEM free parameters: {Nmax, r1,a}
o Rayleigh-Ritz variational principle'
S [T = ENg ey + 00 Vi e = 0
@ Baryon wave functions ~— Gaussian with scaled range.
@ Resonating Group Method:

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

[ a Q 0
G2 T q2 T G2 q2

| | | |
a4 ! @ L 9 —— a5 —L
a . [ a1 au

The model Solvii he two body problem



3P, interaction

@ 3Py model used as coupling mechanism.

@ Pair creation hamiltonian:

>

H=g [ dxi()0(x)
@ Non relativistic reduction:
T =-3V2y' %, [ d*pd® 5 (p+ o) [ 31 (252) BLp)di(#)

] €=1,1=0,5=1,J=0
; _ 95/2.1/2 _
with + = 25/271/2y and v = £

@ Running of the 3Py strength v — J. Segovia et al., arXiv:1205.2215

Y0

 log(i/ k)

~p = 0.81 + 0.02
i~ = 49.84 £ 2.58 MeV

Solid line is the fit
Shaded area — 90% C.L.

o 500 1000 1500 2000 2500

The model



Coupling between gg and qG — qg sectors

o Effect of gg on meson-meson states — Molecular states,
mass-shifts, threshold cusps,. ..

o Mixed states: |W) =" cq|¥) + Zﬁ x8(P) |¢mi1dm28)
@ Solving the coupling with the gg meson spectrum —
Schrodinger-type equation:

Z/ HMlM? P P)+ VET(E; P/ p)) xs(P)P?dP = Exp (P)

with Veff (E P, P):

Coupled channel formalism

The model



Coupling formalism with 7 matrix

@ Resonances — Poles of the Scattering Matrix:
S =1 —27iv/iaptar kakar T (E + i0; ko, ko)
@ T matrix obtained with Lippmann-Schwinger:
THB(E; P, P) = V{2 (P', P) + S [ P P2V (P!, P") g s TH"P(E; P, P)

e With v{?(P,P)y=V*3(P P)+ V(P P)

7 B haro (P Yhas (P R e
ngﬁ(P',P) _ Za B Yhas(P)

E—M,

The complete T matrix factorizes like Vr:

TOB(E, P, P) =TS (E; P, P)+ Y

OH"’/(E; P’)A,,/,‘(E)flq‘j‘)“‘%(E; P)

Laa,af

The model Coupled channel formalism



Coupling elements

From T#'8(E; P, P) = T)Y(E:P',P) + Xy o 67 (E; P') Dara(E) 3% (E; P):

o Modified vertex: s
¢ (E;P) = hap(P) = X5 [ W q* da,

hap(9) Ty (. P, E)
G(EP) = hap(P) = Xy | =52 5t - @ dg

o Complete propagator: AY*(E) = {(E — My)o** + G ”(E)}

@ Exact mass-shift of the
state:

o' o _ ¢aﬂ(q7 E)hﬂa’(q)
g (E)—Zﬁquqzw

Coupled channel formalism

The model
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X(3872) state

Quantum numbers: JP¢ =11+

Width : T < 1.2 (90% C.L.)

Mass : Mx = 3871.69 +0.17 MeV /c* —

Close & slightly below D°D*0 threshold.

R — B(X—J/prtn— %) 1.0+0.4+0.3 (Belle)
1= BXS I/ ) | 0.8+ 0.3 (BaBar) ’

o Ry = BX=J/wn) 0.33+0.12 (BaBar)
B(X=J/4nmix=) = 1 0.14 £ 0.05 (Belle) ~

o Ry = B8 02o1) — 2.6+ 0.6 (LHCb).

Experimental data suggest a loosely-bound D°D* molecule coupled to 2P
ccC states.

REST



Results for the X(3872) coupled calculation

e D°D*® and DED*T meson-meson channels are included
e Coupled to c(23P;) meson state ~— Theoretical bare
mass= 3947.4 MeV

o Inclusion of J/1p y J/¢w channels, needed for describing the strong
decays — Rearrangement diagrams
Small contribution to the mass

@ The value of « is fine-tuned to obtain the X(3872) experimental
mass

v Epmg  cE(23P1) D°D° DED*T  Jjdp Jjjw
0231 060 1240 7924 746 049 0.0
0226 -025  8.00 86.61 458 053  0.29

Results



X(3872) strong and radiative decay results

@ Experimental results

Ry — B(X = J/yrta~x%) 1.04+04403
T B(X = Jjgrta) | 08403 :

R BX—=Jn) [ 033:012

T BX = Jyrtr) 0.144+0.05 °
B(X — 1(2S))
Ry = — o~ o)) 2.6 +0.
= B J/im) 000
@ Theoretical decays [keV]:

Epind  Trin—urp Trtm—nou/y %W [59y s
060  27.61 1440 0070 8.15  9.80
—0.25  24.18 1064 0056 525  6.31

@ Theoretical ratios:

Epinda R1 R, Rs
—0.60 052 030 1.20
—0.25 0.44 0.22 1.20

Results



LHCb Resonances

D & i g
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LHCb Resonances: X(4274), X(4500) and X (470

o States fit naive QM predictions! — non-gg part not important.

@ Quark model predictions:

State  JPC  nL  Mass (MeV/c?) Width (MeV) Exp. (MeV/c?)

X0 O0ff 3P 4261.7
4P 4497.7 115.40 4506 + 11772
5P 4697.6 112.02 4704 +£ 1073}
6P 4855.6

Xa 177 3P 42715 29.80 42733+£83
4P 4520.8

@ LHCb results:

Contri- sign. Contri- sign.

bution __or Ref. My MV Lo MeV bution My MeV o MV
AT X(17) A X(07)
X (4140) Sdo 21 NRys 6.40
X(4500) 610 4506=11712
6.00 X (4700) 5.60 4704107

Results



LHCb Resonances: Searching for X(4140)

o Coupling channel calculation for the JP¢ = 1+ sector: p&) pl*)
and J/1¢ channels.

o Any signal of X(4140) neither bound nor virtual

Results LHCb resonances



LHCb Resonances: Searching for X(4140)

o Coupling channel calculation for the JP¢ = 1+ sector: D& pl*)
and J/1¢ channels.

o Any signal of X(4140) neither bound nor virtual — Analysis of line
shapes of J/¢¢ channel

197 (E; k. P) (B

|AB) AB)s |AB) s
la}a -
F -5 -7 .:
(a) (

LHCb resonances

Results



LHCb Resonances: Searching for X(4140)

@ Coupling channel calculation for the JPC = 11+ sector: D_g*)D_g*)
and J/¢¢ channels.

@ Any signal of X(4140) neither bound nor virtual — Analysis of line
shapes of J/¢¢ channel

80

TE K, P) ER) 70k

|AB) AB)y |AB);
| 60
Fi —Fi -F
.: 50 |-
(a)

40 |-

Events

30
20 -

@ The X(4140) appears as a o
threshold cusp %00 41‘20 41‘40 41‘60 41‘30 42‘00 4é20 42‘40

My g [MeV]

Results LHCb resonances



LHCb Resonances: Searching for X(4140)

e Coupling channel calculation for the JP¢ = 11+ sector: D& pl*)
and J/1¢ channels.

@ Any signal of X(4140) neither bound nor virtual

More details at:
P. G. Ortega et al., PRD 94, 114018 (2016) —-- arxiv:1608.01325

Results LHCb resonances



%(2317) and Dj;(2460) open-charm mesons

D?,(2317) [0F] = Discovered in 2003 in DS 7% by CLEO.
Ds1(2460) [1F] ~ Discovered in 2003 in D *7° by BaBar.
Very narrow states below the D®*) K thresholds.

States far from naive quark models and heavy quark symmetry
expectations — ~ 100 MeV above thresholds

D41(2536) [11] width: 0.92 £ 0.05 MeV — j; = 3 HQS state?

f‘:;l l /
@ c5 system — Heavy Quark Symmetry SR |

0
M «"m" # 4
& iy
R A M s,

o DMK molecular states? Renormalized c5?

Good agreement with experiments when DK operators are included.

Open-charm spectrum: 317) and Dy (2460)

Results



%(2317) and Dj;(2460) open-charm mesons

@ Potential mass shift depend only on energy difference between c5 state
and the open-flavored threshold.

@ Similar dynamics for 0" and 1" —
Jj¥ =1/2" HQS doublet.

_____________ ) @ The states should be degenerated.

@ They should couple equally to DK and
D,(2317) D, (2460) D*K.
@ Addition of the one-loop QCD correction to the spin-dependent term of
the potential. ~ S.N. Gupta and S.F. Radford, PRD24, 2309 (1981).
@ There is a spin-dependent term which affects only to mesons with different
flavor quarks.  O. Lakhina and E.S.Swanson, PLB650, 159 (2007).

@ The 07 is more sensitive to the inclusion of the one-loop corrections.

E=1/2 Jj§ =124 i =32
0 1 o 1t 1 24
This work (o) 1984 2110 2510 2593 2554 2591
This work (a2) 1984 2104 2383 2570 2560 2609
Exp. 1969.0 + 1.4 21123+ 0.5 2318.0 = 1.0 2459.6 + 0.9 2535.12 + 0.25 2572.6 + 0.9

Results Open-charm spectrum: DZ(2317) and Dg1 (2460)




The D},(2317) meson

Quark Model LQCD Ensemble (1) LQCD Ensemble (2) Experiment
600 T T T T T T T T T T 600

500
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300

m-ms (MeV)

200 200

100

. . . L e . o
qa (@) ad(el) gg+ DK @ g3 +DK V 5o 48 g+ DKV >
P.G. Ortega et al., arXiv: 1603.07000 [hep-ph]
LQCD data: C. B. Lang et al. PRD90, 034510 (2014)

Input: Bare c5 (13P;) state + DK threshold.
Mass much higher using naive quark model and no 1-loop correction.
Mass due to a2-corrections allows the 07 to be closer to DK threshold —
DK coupling becomes a relevant dynamic mechanism.

@ When we couple the 0" ¢35 ground state with the DK threshold the mass
is in good agreement with experiment.

State Mass  Plqg(3Po)] P[DK(S — wave)]

*(2317) 23237 66.3% 33.7%

Open-charm spectrum: D

Results



Quark Model LOCD Ensemble (1) LOCD Ensemble (2) Experiment
600 T T T T T T T T T T T 600

500 500

(MeV)

400 400

m-mg

300

P T S S | R !

200 . . " n . . . . . .
qd(e) qafad) +D°K(S) +DKiS+D) 6@ g3+ DK Vo G qg+DK Vo

P.G. Ortega et al., arXiv: 1603.07000 [hep-ph]

L 200

LQCD data: C. B. Lang et al. PRD90, 034510 (2014)

@ Input: Bare c5 (1'P1) and (13P;) states + D*K threshold (S & D waves).

@ Naive quark model predicts states almost degenerated, with masses close
to the experimentally observed mass of the Ds1(2536).

@ The inclussion of the 1-loop corrections to the OGE potential does not
improve the situation, making the splitting between the two states even
smaller.

Open-charm spectrum

Results



The D;;(2460) and D.;(2536) mesons (Il)

State Mass  Width Plqg(*P1)] Pleg((P1)] P[D*K(S)] PID*K(D)]

D,;(2460) 2484.0 0.00 12.9% 32.8% 54.3% -
Ds1(2536) 2562.1  0.22 34.4% 15.8% 49.8% -
D,;(2460) 2484.0  0.00 12.1% 33.6% 54.1% 0.2%
D,1(2536) 25352  0.56 31.9% 14.5% 16.8% 36.8%

The gg component in the wave function of the Ds1(2536) meson holds quite well

the !P; and 3P; composition predicted by HQS — j‘f = 3/2" doublet.

Crucial in order to have a very narrow state and describe well its decays.

M(Ds1(2536)" — D*°K™)

R = ,
M(Da(2536)* — D**K°) This work Experiment
Ms(Ds1(2536)" — D*TK®) T [MeV] 0.56 0.92+0.03 £ 0.04
Re = Tb.(2536)" > D K0 R 115 1.18+0.16
a L R, 052  0.7240.05+0.01
R, — 1(Da(2536)" = D7mK") = gy 145 32740184037

[(Ds1(2536)" — D*+KO)

Open-charm spectrum: DZ(2317) and Dg1 (2460)

Results



Low-lying charmed-strange mesons

Overall agreement between quark model, lattice QCD and experimental data

600

500

400

300

200

m-m7g (MeV)

100

-100

-200

Quark Model LQCD Ensemble (1) LQCD Ensemble (2)
T T T T T T T T T — T T T
L . F L 4
L | y ]
L]
L —A qL - * e
[ 1L s L ¥ 4
Feererrr e e e e e T 10 F'] | |
r o 11 . I i ]
[ - a0 - I - 7
oA 4F A [S— 4
L L 1 L L 1 1 L L T L L L P
Dy Dy Dy Dsi Dy Dy D; Dy Dy Dy Dy Dy D Dy Dy Dy Dy Dy

600
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400

300

200

100

-100

-200

Theoretical results on D} (2700), D7,(2860) and D,(3040) in PRD91, 094020 (2015).

Results



A:(2940)* baryon

Discovered in D°p and ¥.(2455)%** 7% channels

Mass: 2939.8+1.3+1.0MeV/c> Width: 17.5£52+5.9MeV (BaBar)
Mass: 2938.0 = 13753 MeV/c? Width: 13122 Mev (Belle)
Mass: 2944.8+0.473% Mev/c2  Width: 27.7+0.9782 Mev (LHCb)

D*%p molecule in S-wave? ~ Possible quantum numbers:

JP ‘ 25+1 Ly

O I

N

e, 4py

2 2 2

T I I
.

3 2p; 4Py 4R
2 2 2

o JP =27 Similar scenario as the X(3872) state

Results c charm a pentaquark molecule



Ac(2940)" baryon: D*N in JF

3" sector

Only quark-quark interaction — Pure D*-N interaction

D*N molecule in S-wave with JF = %_

Results including charged molecular states:

Mass P453 » 732[)3 2 'PfaD3 2 PDD*p PD+*n PI:O Pl:l
2938.80 | 96.22  0.86 292 | 63.93 36.07 | 97.562 2.48
Decays:
Decay channel | Width(MeV) | decay channel | Width (keV)
AF — D% 9.42 ANF =TI ™ 4.19
A& — D*tn 10.74 N — T 4.35
Af — ot 4.51

Total width: I = 20.2 MeV
Experimental width: I = 1778 MeV

Results

Ac(2940) " charm

a pentaquark molecule




Ac(2940)" baryon: D*N in JF

3" sector

Only quark-quark interaction ~— Pure D*-N interaction

D*N molecule in S-wave with JF =

LHCb analysis!

Results including charged molecular states:

3-

2

— favoured by recent

Mass Pss,,  Pep,,, Pep,, | Poosp Pptn | Pizo Pi=1
2938.80 | 96.22  0.86 292 | 63.93 36.07 | 97.52 2.48
Decays:
Decay channel | Width(MeV) | decay channel | Width (keV)
AF — D% 9.42 AN = Tn— 4.19
Af — D*n 10.74 A = Tin® 4.35
Af — X0t 4.51

Total width: ' = 20.2 MeV
Experimental width: I = 1778 MeV

Results

Ac(2940) " charm

a pentaquark molecule




Partner in b sector: A,(6248)°

e Possibility existence of a partner of Ap(2940)" in b sector
e Description as a B*N molecule in JF = %_ sector.
@ Results including charged molecular states:
M(MeV) | Pis,yo Pepya Pepya | Pee—p  Pgeon | Piz=o Pi=1
6248.34 | 95.15 1.08 3.77 5256 47.44 | 99.91 0.09
@ Decays:
Decay channel | Width(MeV) | Decay channel | Width (keV)
AT =B p 3.6 IV e 6.30
A) — B%n 3.75 A — T9x0 6.34
N x, 6.38

More details at:
P. G. Ortega et al., Physics Letters B 718, 1381-1384 (2013)

Results

Ac(2940)F charm bal

pentaquark molecule



LHCb Pentaquarks: P.(4380) and P.(4450)

R. Aaij et al, Phys. Rev. Lett. 115, 072001 (2015).

e Discovered in 2015 in A — J/¢K™p

decay.
. (3F 5%
o Preferred quantum numbers: (57, 3
o But other combinations such as (3~
not excluded (L. Roca, arxiv:1602.06791)

@ Masses close to DX.% and D*X. channel
thresholds.

9K Mp, (4380)

u Mp. (44s0)

§ b c r
Ay u crc P.(4380)
d— e I"p. (4450

LHCb Pentaquarks

REST

)
-

2’2)

g 2 &
LEkRAL RAAA] LA LAAA] LA LA R
L
D e,

Events/(15 MeV)

4380 + 8 & 29 MeV/,
4449.8 + 1.7 £ 2.5 MeV,
205 + 18 + 86 MeV/,
39+ 5+ 19 MeV.




LHCb pentaquarks: P.(4380) and P.(4450)

° D(*)Z(C*) molecules in S-wave  [Mp a0 = 4380+8+29MeV,
and P-wave. Mp,(aas0) = 4449.8+ 1.7 +2.5MeV,
o We obtain the following MP(uas0) = 205 18:£ 86 MeV,
candidates: Tp.(aas0) = 39+5+19MeV.
Molecule JP | Mass(MeV/c?) Bg(MeV/c?) Width J/ip Width D*A.
br. 1 1 4320.8 0.8 2.4 11
by 3 1 4385.0 1.0 10.0 14.7
bv. 3 3 4458.9 3.8 5.3 63.6
brx. 201 4461.3 14 0.8 21.2
bz, 371 4462.7 0.01 0.2 6.3
by: i1 4519.8 7.3 0.9 9.9
bxy 303 4523.3 3.9 22.9 4.0
Ioio A 4524.5 2.6 0.05 3.0
by 53T 1 4526.2 1.0 0.05 0.8

P. G. Ortega et al.,, PLB 764, 207 (2017) -- arxiv:1606.06148
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Conclusions

@ Heavy quark sector shows a rich phenomenology, including four and
five quark structures depending on the dynamics.

@ The effect of nearby thresholds may generate non-trivial states
(molecules) and structures (mass-shifts, threshold cusps) which
modifies naive QM predictions, so they must be incorporated to the
models.

@ Use of Constituent Quark Model plus a coupled channels calculation
can account for this phenomenology in an unified way from naive
meson and baryon spectrum to the recently pentaquark signals (and
beyond).

Conclusions -



Further details for results presented here...

@ X(3872):
@ Coupled channel approach to the structure of the X(3872) — PRD 81 (2010) 054023.
@ Molecular Structures in Charmonium Spectrum: The XYZ Puzzle — JPG 40 (2013)
065107.
@ Partners of the X(3872) and HQSS breaking — arXiv:1601.03901.
@ Counting states and the Hadron Resonance Gas: Does X(3872) count? —
arXiv:1707.01915.

@ XYZ in charmonium and bottomonium sector:
@ Canonical description of the new LHCb resonances — PRD 94 (2016), 114018.
@ Charmonium resonances in the 3.9 GeV/c? energy region and the X(3915)/X(3930)
puzzle — arXiv:1706.02639.

@ XYZ in open-charm and open-bottom meson spectra:
@ Molecular components in P-wave charmed-strange mesons — PRD 94 (2016), 074037.
@ Threshold effects in P-wave bottom-strange mesons — PRD 95 (2017), 034010.

@ XYZ in baryon spectra:
@ Quark model description of the A.(2940)" as a molecular D* N state and the possible
existence of the A\,(6248) — PLB 718 (2013) 1381-1384.
@ LHCb pentaquarks in constituent quark models — PLB 764 (2017) 207-211.
@ Hadronic molecules in the open charm and open bottom baryon spectrum — PRD 90
(2014), 114013.
@ D™ A molecular interpretation for the X.(3250) — PLB 729 (2014) 24-26.

Conclusions
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X(3915)/X(3930) controversy

@ X(3915) seen in vy — wJ/v process
o Consistent with 07" ~— assigned to xco(2P).

e But... JP€ = 0"+ assignment challenged by Guo and Meissner
[arxiv:1208.1134] and Olsen [arxiv:1410.6534] because:

o X(3915) — wJ /v too large for OZI-suppressed decay.
o No signal for X(3915) — DD decay.
e If X(3930) is xc2(2P), xc2(2P) — xco(2P) mass splitting too small.

@ Z.-Y. Zhou [arxiv:1501.00879] points to a J© = 2F assignment! —
Implies X(3915) might not be a pure cC state.

o Besides, X(3860), decaying to DD, reported by Belle

o Mass: 386272549 MeV/c2, Width: 201154488 MeV

e JPC = 0% option is favored over the 27+ hypothesis.— Is this the
XC()(2P)?

X(3915) /X (3930



X(3915)/X(3930) controversy

e Aim: Analyze if the 07" assignment for X(3915) is reasonable.
o Effect of the thresholds over the theoretical bare state?
e Two calculations for JP€ = 0T* and JP€ = 2+ sectors.

@ Closest cC states and thresholds (mass in MeV in parenthesis):
o JFC =0"": 23Py cZ (3909), DD (3734), wJ/+ (3880), DsDs (3937)
and D*D* (4017)
o JPC =27 23P, ¢ (3969), DD, wJ /1, DsDs, DD* (3877) and
D*D*

X(3915) /X(3930)



Results for J7¢ = 07 - 2% (1)

@ Mass and decay width, in MeV, and probabilities of the different Fock

components.
JPC Mass  Width P[ce] P[DD] P[DD*] Plwd/y] P[DDs] P[D*D*]
0FF 38903 6.7 441% 21.6% - 28.4% 2.6% 3.3%
0** 3927.4 2298 192% 66.3% - 5.3% 3.7% 5.5%
2+ 39256 19.0 422% 11.3%  37.0% 4.0% 0.4% 5.1%

@ Mass and width of the 2t state compatible with the X(3930).
@ The 0" resonances - First guess:
o Mass of first 07" compatible with X(3860), but width smaller —
Position of node in 2°P; bare wave function?
o Mass of second 077 state — Elusive Y(3940) resonance? But width
far from experimental value, and controversial state.
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Results for J7¢ = 07 - 2% (1)

@ Mass and decay width, in MeV, and probabilities of the different Fock

components.
JPC Mass Width P[cég] P[DD] P[DD*] PlwJ/¢] P[D;Ds] P[D*D"]
0FF 38903 6.7 441% 21.6% - 284%  2.6% 3.3%
0+ 3927.4 2298 19.2% 66.3% - 5.3% 3.7% 5.5%
2t 30256 19.0 422% 11.3% 37.0%  4.0% 0.4% 5.1%

@ Mass and width of the 2" state compatible with the X(3930).

@ The 0" resonances - Second guess:
o First 0** »— Too narrow to be observed? Or X(3915)?
o Second 0% state — X(3860) resonance. Width OK, but mass a bit
high.

X(3915) /X(393



Results for JF¢ =0 - 2++ (1)

@ Now, if X(3915) is 0%, wJ/+ branching far from experiments.

@ Let's calculate for the JF¢ = 2++ state the product of the two-photon
decay width and the branching fraction to wJ/v and DD channels (in
eV), assuming the X(3915) and X(3930) are the same 27" resonance.

Belle BaBar model A
M, xB2™F Swify) 18+5+2 105+1.9+06  20.9
[y X lf‘v’(2+4r — DQ) 180 +50 + 30 249 + 50 + 40 75.4
I, x B2+t — DD¥) - - 196.0

@ Results not far from the experimental data.

@ DD branching ratio a bit small, but crossed contribution from DD* not
considered.

@ This suggest that the X(3915)/X(3930) resonances are the same 2*
state.

More details at:

P. G. Ortega et al., arxiv:1706.02639




Results for the X(3940) coupled calculation

@ X(3940) — Seen on the J/¢ invariant mass spectrum

@ Mass: 3943 +6 4+ 6 MeV Width: 52 MeV to 90%C.L.

@ Decays to DD* channel — Good candidate for x.1(2P)
@ Masses and probabilities:

y Masa [ c&(2’P;) D°D*® D*D*T  J/yp

J/Yw

0.231 39425 93.8 61.02 18.57 16.86 0.01
0.226 3941.8 89.9 61.09 18.53 16.85 0.01

3.54
3.52

o Partial widths

v D°D*° DED*T  Jjp  J/Ypw
0231 41.82 4191  0.04 10.01
0.226 40.15 4028  0.03  9.45

X(3915) /X(3930) co




Lineshapes

8
e Molecular contribution — % = const x k|Mf(E)|2G)(E)
with MP(E) = F, (1 — Yy [dP TP (E; ks, P)%)
A"/ on shell
8
@ Mesonic contribution — % = const X k Mg(E)F@(E)

with Mg == 7‘Fq Za,a’ (z)o/ﬁ(Ev k)AO/Oé(E)il

TY?:f’<E: k, P) t::(E: k)

|AB); [ |AB); [ |4B),
[4q)a
Fi ~Fi —fq.:
(a)
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Lineshapes for X(3872) with E, = —0.25 MeV

Number of events/2 MeV

Number of events/2 MeV

c€ Production

3870 3875 3880 3885
M(©D" D’1’) (MeV)

3870 3875 3880 3885
MD" D) (MeV)

3890

Number of events/2 MeV

Number of events/2 MeV

DD* Production

(©)

3870 3875 3880 3885

M©D° D’1%) (MeV)

(d)

3870 3875 3880 3885

M@D° D) (MeV)
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