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1.- Basic formalism

Shallow bound state. Non-relativistic dynamics
S. Weinberg, PR130,776(1963); PR131,440(1963); PR137,B672(1964)

H=Hy+V

Hp Kinetic energy

Bare states. The same spectrum as H

Holpa) = Eal¢a) , Continuum spectrum
Ho|én) = Eg,|¢n) , Discrete spectrum

|pa) is made up by free particles of the continuum spectrum
|¢n) bare “elementary” states by one particle

Physical spectrum of H:

HwE)y = ELJwZ) |, |E) in/out states. Continuum spectrum
H|yg,) = Eg,|¢B;) , EB. < 0. Discrete spectrum
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Elementariness: Z , Composition: X

(elve) =1= 3 [Galve)?+ [ dallpalue)P

Z X

1=72+X

Interpretation based on the number operator

Original developments in JAO, Ann.Phys. 396, 429 (2018)

Introducing bare “elementary” states as intermediate states
are not needed.

Take two free particles of types Ay B, Hy|AB,) = E,|AB,)
Creation and annihilation operators aLaa, bﬁblg

Number Operators: Np = [ daal,a, + [ d,Bb;gbg = Nj+ Nj

Np = / d3x {"L\(X)"/\(X) \ zé(x)zg(x)}
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= g Compositeness and
NeW deflnltlon Of X several
applications to
exotic hadronic
states with heavy
quarks

1
X = 5 (wslNplve)

José Antonio Oller

Equivalence with the previous definition Basic formalism on

elementari-
ness/compositeness

) = / dvCJAB) + Y Colon)

1
X = 5 WalNg + NElve) = [ drlc,f

This definition is specially suitable for Effective Field
Theories (EFTs) (e.g. ChPT)

It is very usual not to have explicit bare “elementary”
states (fields)




Compositeness and

Ca|CU|at|0n in QFT several
applications to
exotic hadronic

states with heavy
quarks

This new definition is the most adequate for the treatment José Antonio Oller
in QFT
Basic formalism on
elementari-
+oo ness/compositeness
X== lim = [d*x(pp|P |e /7= Vo) f(
2 Slim = / (sl Z¢ x)¥a(x) | le8)

S-matrix elements, with in/out states. LSZ formalism

2
=X jim (E — Eg)
2 E"EB ga(kB)

1 i [To0 dt’ Vp(t'
x lim ?/d4x<goa|P le_'food Vol )Ziﬁi\i(x)l/fA;(X)] 29,

T—+o0
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Weinberg's expression for

Equation for gys(k) from T =V + VGT

1 * 5 1
k)= — k'“dk' Vys(k, k') ————— k'
ges(k) 27T2/0 s ( )k'2/2u - EBgés( )



Energy-independent potentials: Pure potential
scattering

As demonstrated in JAO, Ann.Phys. 396, 429 (2018)

1=50_1X,

Deuteron ChPT Energy-independent potentials worked up
to N*4LO

Error < 4% for Deuteron properties

Rodriguez-Entem, Machleidt, Nosyk, Front.Phys.8:57(2022)

X=09-1.0
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2 Resona nces Compositeness and

- several
Analysis based on Scattering Theory. Number operators Srpieenis
JAO, Ann.Phys.396,429(2018) states with heavy

quarks

A resonance stems from the analytic continuation in energy
of the in states with energy E + ie, just above the real E axis  José Antonio Oller

Calculation in QFT
g g
Resonances
(R|ND|R)

S-matrix element with an external source Zﬂ/}i\f(x)wA,-(X)

1 . (E-E)?
X== lim ——
2 ga(kn)?

. 1
x _lim T/d4x<g0a]P

T—4o00

e—if:f: dt’' Vip(t') Z q/;jrqi(x)wA,(X) "Po)

Pure potential scattering 1=X=>1"_1X

For instance, virtual state in the 1Sy NN scattering



G
57 ) @3 (k2/2u—E2? " Tk,

X =) Xs
LS

|

9
Ok

kgfs(/@)}

k=kn
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Z.H.Guo, JAO, PRD93,096001(2016)

Sum rule Comp(;zi\:.rnaelss and
From two-body unitarity Im Tfl}ij = ¢jjp; along the RC jf(ft'i'cca;;‘;r:zn‘i"c
pi = P,/SW\E statesq\:jv;:tsheavy
General expression for a PWA in coupled channel in matrix JosclAntoniolOller
notation

_ -1 B
T(S) = [’C(S) ! + G(S)] ; ' Resonances
s—so [ pi(sds Lo
G(s); = a(sy); — : ,
R e N

Derivative with respect to s, s — sg, double pole

dG'(s); dK(s)

1= — 2 ! TG” GII

zj:g, — SR+g (sr) = . (sr)g
X 4

This is the same expression as for shallow bound states and
separable potentials
Resonances: Take |X;].



Transformation of the S matrix: Phase
redefinition of the couplings
Z.H.Guo, JAO, PRD93,096001(2016)
Let us consider a narrow resonance [ < Mgp — my,

Laurent series around the resonance pole sp = (Mg — il /2)?

S(s) = —F— 4 s(s)

S—5Sp

S(s)S(s) =1
Solution Sy =007 , 0Ot =1

ﬂg:o(u-MA>0T

S — SR
—_—
Sr(s)

A is a rank 1 symmetric projector operator

Sr(s) is a purely resonant S matrix
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IAA N
Sa/[)’(S) = OO‘NOBV (/ —+ ! > José Antonio Oller
uv

S — SR

The nonresonant S matrix, Sg, dresses Sg(s)

Resonances

Corrections due to initial- and final-state interactions from Sy

They typically modify the phases of the resonance couplings



EXampIe: T — KK scatte”ng Compositeness and

JAO, Oset, NPA620,438(1997) appliations to

exotic hadronic
states with heavy

: quarks
5

gt

L L s s S s S s s S B S S S

José Antonio Oller

Resonances

Figure: Isoscalar scalar 77 phase shifts. JP¢ =0+
S B T]e2i§11 I(]. _ 772)1/2ei(61+52)
= i1 = ) 2ei0r+e)  pe2it

The coupling between channels implies a phase 41 ~ 7/2 just
at the 1(980) rise — phase of the f,(980) coupling to 7w
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The moduli of the couplings g, have physical meaning exotic hadronic
states with heavy
2 quarks
_ |8
[ 87'(' M2 José Antonio Oller

The S-matrix phase transformation only change the phases
of the resonance couplings

Resonances

So(s) = OS(s)O0T
0= diag(ei¢1, .., el

2 2/
g, — &€

Xo = Xa| >0



= e Compositeness and
Condltlon ’Xa‘ several
applications to
exotic hadronic
states with heavy
quarks

It makes sense if:

José Antonio Oller
>>The Laurent expansion around sp is valid in some interval
of physical (real values above threshold) for s

Resonances

S(s)S(s)T =1 is meaningful

| Condition A: s, < Resp < 5,11

s, is the threshold of channel n




3.- S-wave Effective-Range Expansion

Kang,Guo,JAO,PRD94,014012(2016)

T(k) =
() —L 4 1k — ik
G(k) = —ik
Er = Mg —il/2
2k; )
= —— kp = k, — i k;
a |kR|2 s R )
1 r
= —— - >2
r P 5>
dG dG  k; ) o
X== ds ’kak Ik, /tan2

X| <1k >k Mp>0 el0,m/2]
(|X| =1 for Mg =0 and I > 0)

If the real part is taken then ALWAYS X =0 !
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Compositeness and

r
tang = —— — ¢ € [0, g] for Mg > 0 covere

2 MR applications to
exotic hadronic
states with heavy
quarks
X = — =1 José Antonio Oller
a

Z,(10610) and Z,(10650), or Z, and Z]

B(*)é* system with /G(JP) = ].+(].+) Bondar et al. (Belle Coll.) Z,,(10610),

PRL108,122001(2012)

Z,,(10650)

Ez, = 10607.2 +2.0 — i(9.2 + 1.2) MeV
Ez = 10652.2 4+ 1.5 — i(5.5 + 1.1) MeV

Mpg is around 3 MeV below B™) B* threshold

Z,(10610)

Z5(10650)

a(fm) -1.03+0.17
r(fm)  —1.49+0.20
X =92 07540.15

—1.18+0.26
—2.03+0.38
0.67 £0.16

Kang, Guo, JAO, Phys.Rev.D94,014012(2016)



Compositeness and
several
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Determining X by making use of the width of the

MeiBner,JAO,PLB751,59(2015)

José Antonio Oller

2X
M1 = =5 k(Mg) ksl
Xa|kr| M3 /+°O k(W) r
p=""—F dw
2T an e O WE (Mg — W2 1123 Zt10610),
F:F1+F2

For the Zp, Z] it gave consistent results with the ERE-based
method

Branching ratios are measured

75(10610)  Z,(10650)
X 0.66+0.11 0.51+0.10

Kang,Guo,JAO, PRD94,014012(2016)



- Z.4(3985), Z.(3900), X(4020)
Guo,JAO,PRD103,054021(2021)

Z.(3900) : DD*/DD*, J /v

X(4020) : D*D*, her

Zs(3985) : D7 D*/D;~ DO, J/pK-

Elastic case: ERE study

Tetraquark Resonance Mass (MeV) Width (MeV) Threshold (MeV) a (fm) r (fm) X

Z, (39()()) 38884 +25 283+25 DD* (3875.5) —0.84 £0.13 -2.52+0.25 0.45 + 0.06

X(4()2()) 4024.1+19 13+5 D D" (4017.1) —1.04 £030 -390+ 1.35 0.39+0.14

Z,.4(3985) 3982.5+33 12.8 £ 6.1 D;D™ (3975.2) —-1.00+£047 -404+1.82 0.38 +0.18
D(’D“ (3977.0) —1.28 £0.60 —3.65+ 1.60 0.46 +0.19

X, a, r ares similar for all the states— similar structure

r tends to be large and negative — significant
Still X is also sizeable

Coupled-channel study: T;

Mg+nT
(I)Tr=T1+4T,= \g12qlMR + g2 |2f wr RdE167$-2E2

87'rM2

elementariness

) Ir
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Z5(3985),
Z:(3900),
X(4020)

(2) Zo(3900) : Tpp-/Tsjpm = 6.242.9

=
(Mp—E)2+-£



Results

1] = 1467833, |ea| = 7.897033

lg2| < gl

X = 0.002 4 0.001, Xo = 0.43670:02

—0.047
X = X; + Xp = 0.43879:021

X is almost identical to the ERE study

We then use X from ERE for the X(4020), Z.(3985) as 2nd
input

Resonance |g1] (GeV) |92 (GeV) ') (MeV) I, (MeV) X, x 10° X,
X(4020)

Xgpe = 0.39 £0.14 1.1+£02 65+1.3 14+£05 11.6+4.5 1£1 0.39 +£0.14
Z.5(3985)

Threshold (D; D*)

Xgre = 0.38 £0.18 0.8+0.2 6.4+£1.7 1.2+06 11.6+53 0804 0.38 £0.18

Threshold (D;~D")
Xgre = 046 +0.19 0.9+02 6817 12£06 11.6£5.6 0.8+04 0.46 +0.19
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5.- Scattering Amplitude t(E). CDD Poles

Dispersion Relation for the inverse of t(E)
Imt(E)~! = —ik

One subtraction is needed

, 2 S -
J 660

The only other structure apart from the threshold that can
give rise to a strong distortion in t(E)~! is a pole at Mz

CDD pole Castillejo,Dalitz, Dyson,
PR,101,453(1956)
H(E) = — 1 TheEREoraFlatté
=, + B8 — ik parameterization break down for
k| 2 /20| Mz|
The general formula for a partial-wave without crossed-channel
dynamics was deduced in: JAO,Oset,PRD60,074023(1999)
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A CDD contributes to r y a as

Mz
da=—=
Y
or=— >\2

mMZ

If Mz — 0 then 6a — 0 and dr — oo (unless A = 0)

. -1
X:“:<”—Q 0
kr a Mz—0

This is a sufficient but not necessary condition

p(770) the CDD moves to infinity because of the KSFR
relation [Gy = f/V/2]

p2

§f~2(lwg_s) (M2 —s(1—g7)]

for gy = 1 the zero at M2 /(1 — g) = o0
JAO,Oset,PRD60,074023(1999)
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6.- X(6900). Fits to data G o

applications to

Guo,JAO,PRD103,034024(2021) e e e
tat ith h
J/w-//w(ncnc), Xc0Xc0r XclXcl - eSq‘::lajlrks =

S-wave scattering near threshold of the x/o s JP¢ = 0

Aaij et al. (LHCb Coll.), Sci.Bull.65,1983(2020)

José Antonio Oller

Model I: M = 6905 £11+7 MeV, I =80+ 19 & 33 MeV
Model Il: M = 6886 + 11 £ 11 MeV, I = 168 &+ 33 £ 69 MeV

Channel Threshold [MeV]
(1) J/J/e  6193.8
(2) xcoxco  6829.4
(3) Xc1Xet 7021.3

T(s)=[1-V(s) G(s)] " V(s), X(6900) and
X(6825)
0 , b12 bz b13
by  —2—(s— M2 3 (s — M2
V(s) = 12 ME/“’( con) b ( cop)
b1z M223 (s — M%DD) 33 (5 ?,‘DD)
/9

Heavy-quark symmetry b1z = b—\/% , b= % , bz =%
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B(s)=[1—-V(s)-G(s)] ' - P
d =0
P=| d&
dr/V/3

Fits are stable if releasing di

dN(s) 2G1/01/(S)
N |Ba(s)] M,

X(6900) and
X(6825)

Free parameters: b1, boo, M%DD, da



G funCtion Compositeness and

several
applications to
exotic hadronic

1 m2 X+ — X_ — 1 states with heavy
(’}(5) = 162 a(NZ) + log ?22 — x4 log } 7 EHS

X4 X_

José Antonio Oller

_5+mf—m§iqj(5)

= 25 N

Natural size estimate a(A?) = —2log (1 +4/14 'X;) ~ —3

Matching at threshold with Gp(s), A ~ 1 GeV, a momentum
cutoff

Change of Riemann sheet (RS)

X(6900) and
X(6825)

G(s)" = Gi(5) ~ 1 2L

Riemann sheets:
Ist (+,4+,4), 2nd (=, +,+), 3rd (—, —, +), 4th (+,—,+),
5th (—,—,—)



Results of the fits

200
Fit-] ——
Fit-ll = - -

Events

6800 6850 6900 6950 7000 7050 7100
E (MeV)

J/J /1 event distribution. Green histogram averaging over the experimental
width 27 MeV

2/d.of a(lu)  Mepp bao b1a da

Fit-1  1.6/(12—3) —3.0" 6910% 10817183718 1511153 221372106

Fit-Il 4.9/(12-3) —3.0° 6885" 21073715181 484723 364511325
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. Compositeness and
ReS|dua and X/' several
applications to
exotic hadronic
states with heavy

YivYj quarks
Tj= _7/\/7]2 + ...
5~ Mhole José Antonio Oller
Mass (MeV)  Width/2 (MeV) |y,| (GeV) |r,| (GeV) |3 (GeV) X, X, X3 X=X
Fit [ 690713 334 46133 9.7:3¢ 56108 001599 013105 003190 0.1710%
Fitl 689022 803 103705 6905 40f} 005 006l oot 013y
HQSS rule: |3 =~ |72]/V/3
LHCb X(6900)
[:Mg 6905+ 11 +7 Nk =80+ 19 + 33 MeV
X(6900) and
l:Mg 6886 =11 + 11 [g =168+ 33+ 69 MeV e

Total compositeness X < 0.2 Overwhelming bare component
In agreement with Mcpp &= Mg — Morgan's pole-counting

criterion
— Similar pole position in the 5th RS (—, —, —)



Distinction between Fits | and Il

Events

200
160

120

80 cmmmm ="

Fit-] ——

Fit-Il - = = -

-

40
6840 6900 6960 7020 7080

E (MeV)

FIG. 3.

Events

90

801 .- - Fit-1

100 T T .

70
7020 7040 7060 7080 7100

E (MeV)

Our predictions for the distributions of (left panel) y.x.o and (right panel) y. .-
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Prediction of the X(6825)
It lies in the 4th RS (+,—,+)

Compositeness and
several
applications to
exotic hadronic
states with heavy

i / / / ’ quarks
Fit Eg MeV16 L3 7l o 73] 2 |73 s
| 6827.07%% —i1.1%13 14798 119732 68718 José Antonio Oller
+3.0 : +1.7 +0.5 +0.7 +0.4
Il 6820.673% —i4.0mL 25795 158%97 9.1
Mass (MeV)  Width/2 (MeV) |y, (GeV) [rs] (GeV) |p3| (GeV) X, X, X3 X=33 X,
Fit I 690753 3320 46133 9.7434 56508 0012900 013105 0.03508 017208
Fit IL 689213 803 103174 6.9119 4010 005007 0.061007  0.01980  0.131043

e |v1| are much smaller than for X(6900) —much smaller

width

® 733 are much larger than for X(6900). HQSS rule

V4~ 5/V3

X(6900) and
X(6825)

e Virtual state present only at the 4th RS— dynamically

generated (Morgan's pole counting rule)

e b = 0. It becomes a pure bound state at 6825 (I) and

6827 (I1) MeV



X (6825)

e b;p =0 and m,_, = my_, — bound state. When b15 # 0
resonance in the 2nd RS

120
100 = Fit| —— 120
- S Fitdl = = - 90
_ 80P ~ —
= o S
= 60 S o £ 60 "
40 = 4
20 30
0 0
6800 6900 7000 7100 6800 6900 7000 7100
E (MeV) E (MeV)
120 600 T
Fit| — ) Fit-| —
90 Fit-ll = = = 450 i Fit-Il = = =
) ~ r
E ':N 300
150
0
6800 6900 7000 7100 6800 6900 7000 7100
E (MeV) E (MeV)

74| is very small. |y5] is very large. HQSS rule |74] =~ |v4|/v/3
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¥(3770)J /1) extra channel o e

several
applications to

Channel Threshold [Mev] exotic hadronic

states with heavy

(1) J/¢J/¢ 61938 quarks
(2) ¥(3370)J/» 6870.6 ot Aot Ol

~
) 0 b12
— A I A
V(S) =\5 boo s — M2 ) (1)
12 2 CDD
I/
x*/dof a(u) Mepp by b &
Fic 2.8/(12-3) 32 6900" (24748) x 105 1303124 7825+6318
Fit i 24/(12-3) -3¢ 6880° (15533) x 10° 1356:33 96755513
i Mass (va> Width/2 7(0MeV) [ (Ge:f; Ipal (G‘e:/> X, _ 5‘20 . X= Z'Zﬂ:n'f' X(6900) and
- > > o ; 001 00

Fic | 69002 44120 82717 o 003751 001705 0.04%55, X(6825)
Fit T 6877") 7872 11l RIS 0.067 02 0.017000 0.071002

e Fits are not well fixed —large errorbars
e Coupling to 1(3770)J/+ are much smaller than to

Xc0,1Xc0,1 —much less important role of the ¥(3770)J /v
channel



Perturbative treatment of ¢(3770)J /4 T

applications to
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states with heavy
quarks
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J/d/v (1), xcoxeo (2), Xcrxer (3) and ¥(3770)J /¢ (4)
bi1a = bas = dy = 0 Perturbative Treatment

Only one more free parameter byy = b3sV/3

Fits | and Il are stable

X(6900) and
X(6825)



Saturating X and I s
applications to
Taking X from the fits ot i
states with heavy
X=X1+Xo+ X3 SEES
dGH s dGH s 2 dG s José Antonio Oller
P 1 (sr) a2 2 (sR)| | In2l” | dGs(sk) ’
ds ds 3 ds
Fr=T1+T2+T3
= P (Mg &) |, 2/MR+2er %(w*) I
8T M2 Mo 16m2 w2 (Mg — w)? + 1% /4
2 Mgr+2l R 2 r
[ g o) S
3 Men.3 1672 w2 (Mg — w)? +T%/4
recall ‘73’ ~ ‘72|/\/§ X(6900) and
X(6825)
Fit 1 X =0.17

|’}/1| =6.2 GeV, |’yz| = 9.5 GeV
1 =49.7 MeV, TI2=30.1MeV, [3=0.2DMeV,
X1 =0.018, X,=0.126, X3=0.026,



Fit I X =0.13

lya| = 11.1 GeV,  |y2| = 6.7 GeV
M =154.7 MeV, [,=128MeV, I3=05MeV,
X, =0.06, X,=0.06, X;=0.01,

The || are in good agreement with the fit values

Decay partial widths and partial compositeness coefficients
are provided

Compositeness and
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quarks
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X(6900) and
X(6825)



7.- Ps(4459). X-I studies P

several
applications to

Du,Guo,JAO,PRD104,114034(2021) exctichadronic
states with heavy
quarks
Charmonium pentaquark resonance with strangeness Jost Antoni O
José Antonio Oller
P.s(4459) by the LHCb sciBull.66,1278(2021)
Mg = 4458.8 £ 2.9717 MeV, Tg=173+6.5780 MeV
J/1N event distributions —one or two resonances , J=1/2
or 3/2
Theoretical predictions Wu,Molina,Oset, Zou, PRL(2010) and others
Our three methods — Molecular nature of the Pcs(4459)
Elastic-ERE Study Pes(4459)
Resonance  Mass (MeV) Width (MeV) Threshold (MeV) a (fm) r (fm) X
P 4458.8 £5.5 17.3 £10.3 Z'.D (4446.0) —-0.63+0.38 -3.68£2.11 0.31£0.19
P 4458.8 £5.5 173 £10.3 E.D* (4478.0) —-1.79+0.23 -0.94 £0.13




Compositeness and

Saturatlng X and r several

applications to
exotic hadronic
states with heavy
quarks

Main difference: To take into account the partial-decay
width to J/1¢\ — reproducing with the elastic ERE not the José Antonio Oller
total width but partial-decay widths

Phase-space suppression:
Distance from Mg to threshold ~ g

dGl'(sR) dGy(sr)
X=X1+Xo=|g]?|——"= 2| —==
1+ X2 = |1 s + lg2| s
a1 (M3)
F=r1+0=|gl?
1+ T2 = g1 B M3
+ gl / e dw %2(w’) "r Falts
en.2 16m2 w2 (Mg — w)? + 1% /4



Compositeness and
several
applications to
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states with heavy

_ = quarks
(1) J/¢A, (2) =D
lg:] (GeV) lga] (GeV) I (MeV) T, (MeV) X, X, José Antonio Oller
X =01 3.5:{:{,3 4.3t§-§ 164793 0_9j§§ 0.023:‘:& 0.08:%2{
— X 5.9 +0.
X =05 3.13[,174 10.43}2 12.331% S'Oi%,"é 0.()1;%gl 04920
X=10 23104 148410 71417 102423 0.0199 10290
=/ P
(1) J/¢A, (2) =D
ol GeV) oo GeV) Ty (MeV) T (MeV) X, X
X=01 3243 3850 13043 4313 001538 0093348
X =03 14720 7.020¢ 2.551%2 14854 0.0059%2 0.3020%
No solution for X = 0.3— If P is of molecular type
1 = N *
then it must be made up by =.D
Pcs(4459)

Still one has to provide as input X. ..



FltS tO data PCS(4459) Compzztsraelss and

applications to
exotic hadronic
states with heavy

Channel  Threshold [MeV] quarks
Two-channel case (1) J/yN 42126
(2) =.0* 4478.0

José Antonio Oller

S-wave scattering

e P.s(4459) is very close to the thresholds of (2) and (3)

e HQSS. The J/9A (1) cannot couple to (2)-(3) in D and
higher partial waves

Ti(s)=[I— Vs G(s)] - Vy(s).

0 0
e (8) me(08). e

Direct J/¥A and ncN scattering is OZI suppressed. LQCD
Skerbis,Prelovsek PRD99(2019),.. .
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HQSS Cl = Cl states with heavy

quarks

2 3
We let them float as a check of completeness of the model

José Antonio Oller
J/1 production amplitude and event distribution
d; d;
Fi(s) = =
L) =806 T 1 (6T GEEGE)
Ay(s)=det[I -V, G(s)]

2 2 2
dN(s) _ 1 \/)‘ (M2, 5, MR)A(s, M3 MR) Z P
dys  128m3M2, NG -

: : : Pes(4459)
x convolution to take into account energy resolution



Yield/(6 MeV)

Yield/(6 MeV)

(210), (220) J/9A=.D*; (210)’

=.D* Fit Results

10

® LHCb
—— Consiy’=6.08
—— Sol. M—iT/2 .
=.0° threshold 2
- Z.D threshold =
Fit range ©
’ =1
<
E

Myjys [GeV]

10

® LHCb
=.D* threshold
~ E.D threshold
— Cons:x*=15.42
- CDD: x*=12.02
Fit range

Yield/(6 MeV)

il

55

M [GeV]

(320) J/YA, =D, =LD

J/A

15 ® LHCb
(220) £.D* threshold
D threshold
ol 2 I-ied
T x*=295
Fit range
5 -
' aitmint
0 } i
4.40 4.45 4.50 4.55
Myjp [GeV]
15 @® LHCb
(320 threshold
threshold
10 3 =h-=b"
Fit range
s ]
.
0 }7‘,141/1/ \LH—H—HALLU»
4.40 4.45 4.50 4.55

=D

1 —cC

Mp [GeV]

(320) C% = C% Lack of =.D was the reason for HQSS
breaking in (220) with C% # C%

Compositeness and
several
applications to
exotic hadronic
states with heavy
quarks

José Antonio Oller

Pcs(4459)



Fit Ve g C i d§ C; dy
(210) 6.08 31601553 1126.613778 290.5713 x x
(220) 2.95 217.8159% LSS 174.74593 3862.7+ 13604 97.6:37%
(320 3.06 12451304 1105.81/92 250.81539 G=0C 1
(320), 3.00 145.84)227 1108.71{333 237.8°8}¢ C=0C 100.14123
(320), 281 0.06123 1098.0+1757 197941778 G=0 19.15587

Compositeness and
several
applications to
exotic hadronic
states with heavy
quarks

José Antonio Oller

Pcs(4459)



CDD poles: If including linear s dependence

Compositeness and

CI(M2 2 — 1) — Resonance poles in the 1st RS! appl?(e:\alfi:)arlls -
CDD ™ exotic hadronic
states with heavy
quarks
/
O/ g , g 0/ José Antonio Oller
Vi = g Cl CmX P = 1
3 2 3 2
g me Cl d;
2 2
erturbative treatment of =_.D
320) P bati f=.D
g=C=d =0
2 2
Fit 7 Cnx g C, d,
(320)  3.06 851113410 0 0 o =
(320),  3.00 885.6137 59.6 ‘zlggg 0 0
(20, 281 59802 0 1s7engE 0




P | Compositeness and
oles

several
RSII RSIII RSIV o hadoni
— + + , —_ — , _ - = exotic hadronic
( ’ ) ) ( ’ ’ +) ( ’ ’ ) states with heavy
quarks
Type J RS V/Sg (MeV) [91] MeV) |g2| (MeV) |g3] (MeV)
(320) 3/2 RSII 4466.6119 — i 13113 1471 x 12,6108 José Antonio Oller
(=+)
(320) 1/2 RSII 4453.8134 —i2.810¢ 0.610¢ 42102 << 150193
(--+)
o . _ +1.9 _ 1.2 _ +1.2
J=1/2.T1 =05%3 MeV, Iy =432 MeV, '3 = 09742 MeV
X1 =0.0=£0.0, X, =0.15+0.05.
J=3/2:T1 =2.6752 MeV, '3 =0.4725 MeV
— _ +0.2
X; =0.0+0.0, X; =1.0"92
Composite resonances, like P.(4312), P.(4380), P.(4440),
Pc(4457l Du,et. al. PRL124,072001(2020) -
J/YN, ZD* only
Fit RS 5z (MeV) 1] (MeV) |g2] (MeV)
(210 (=+) 44632128 - 71123 3.201084 13.8110%8
(220 (-+) 5133 - i381% 1.2050:4 13.0110¢
(220) (=+) 44521135 - 105493 0.88104 1573593




8.- Conclusions

Saturating

Elastic ERE X and 'y

Fits to data
w/wo CDDs

1 Classic formalism for elementariness and compositeness

2 New formalism based on the use of the number
operators of free particles JAO,ANP(2018)

3 Z,(10610), Z,(10650) Admixture

4 Z.5(3985), Z-(3900), X(4020) Related dynamics

5 X(6900) Elementary. X(6825) Composite virtual state.
6 P.s(4459) Composite

Compositeness and
several
applications to
exotic hadronic
states with heavy
quarks

José Antonio Oller

Conclusions



. . Compositeness and
Contact interactions: |k, g| < A P eever
! applications to

Guo,JAO,PRD103,054021(2021) textotic h::;:)nic
states wir eavy
quarks

2m? [ g(k2)2 José Antonio Oll
X =— K2—°\" )k k& = 2o2mE José Antonio Oller
2 /o (k2 — k227" "B = eMEE

e Expansion of g(k?)? in powers of k? — k3
g(k*) = g(kp) + ca(k® — kg) + ca(k® — k) + ...

e Dimensional regularization— power-like divergences vanish

9G(E) m?|kg| Og(k*)>
X = —g(kg)? -
B aE Eg m 8/{2 Eg
P2 k2
= — k2 2 i B Conclusions
g( B) 27TkB + O A2

If k% dependence of g(k3) is neglected— Weinberg's
formula for 1 — Z for a shallow bound state



Equality of the wave functions of the Gamow Riipoiiraay
. appl.ications t.o
state and its dual exotic hadronic

states with heavy
quarks

T, o(E + i€) Toa(E) José Antonio Oller
= drye\= =) na
W =lea) + [ v T e+ 3 g )

_ Ta(E+I6) Tna(E)
— toul + [ gy TrelETE) _trelB)

n

Therefore,

Too(E +i kn)?
(Valoy) = (pyla) = Eﬁ,-; I,;) - (éf(_ 1:27)2

Instead of |g,(kn)|?. Wave-function squared

Herndndez,Mondragdn (1984) Conclusions

Un/(CI; kn) = a/nl(q; kn)
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1 1
G
<T2+T4+GT22+ >

1 1 T

TP P A P E

T,AM:(l_T‘*>_1:Tzz
T, T2 To— T4

Conclusions
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