Composite nature of exotic
states from data analysis
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Two concepts: CDD pole and compositeness
X(3872)
Z,, states

£,(980) and a,(980)



Introduction

@ A series of exotic hadron candidate XYZ were and are
observed, cannot be accommodated by potential model —
kinematical effects, molecular, quark-gluon hybrid, et al..

@ Typically different scenarios predicts different constituents,
In practice, may involve several mechanism
— compositeness

@ Stay close to threshold of meson pairs: only 2-3 MeV
above meson pair threshold

— effective range expansion (ERE)
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Compositeness : weight of two-meson components in
the configuration of configuration



Compositeness for resonance

@ Weinberg compositeness condition: wave function

renormalization constant Z=0. In fact, Z = 1 — X, where
X = ,,QdG(SH) quantifies the weight of constituents; ~ is
the reS|due for t(s) in the 1st sheet at the pole, and G IS
the two-point loop function.

only applied tb bound state — model-independent relation
for deuteron [Weinberg 1963; 1965]

For resonance case, as long as 1/ReE2 larger than the

lightest threshold, X = | sz(S”)\ ' residue in the 2nd
sheet [Guo and Oller, PRD2015]

Adapted to non-relativistic case, criterion: Mg > My,
applied to Z, and Z; states [Kang, Guo and Oller, PRD2016]
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Low’s Scattering Equation for the Charged and Neutral Scalar Theories™*
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The Low scattering equation is studied in the one-meson approximation with both charged and neutral
scalar meson theories. The general solution is found for each of these cases. It has the general character of a
Wigner-Eisenbud dispersion formula and contains an infinite number of adjustable parameters. It follows
that the Low equation, in this approximation at least, does not determine the scattering, but only expresses
a property of the scattering which is independent of the internal structure of the scatterer.
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Searching for “CDD pole” on web

® Dispersion relations and Castillejo-Dalitz-Dyson pole in the ...

https://pubmed.ncbi.nim.nih.gov/9954130
Dispersion relations and Castillejo-Dalitz-Dyson pole in the pi N P wave scattering amplitude Phys

Rev C Nucl Phys. 1987 Aug;36(2):714-719. doi: 10.1103/physrevc.36.714. Author K Nakano.. ..

B UNITARIZATION, CASTILLEJO--DALITZ--DYSON POLES, ...

https://www.osti.gov/biblio/4735346 ~
OSTIL.GOV Journal Article: UNITARIZATION, CASTILLEJO--DALITZ--DYSON POLES, AND
SCALAR COMPANIONS. UNITARIZATION, CASTILLEJO--DALITZ--DYSON POLES, AND...

B Castillejo-Dalitz-Dyson zeros in the Pomeranchukon ...
https://www.osti.gov/biblio/4255835-castillejo-dalitz-dyson-zeros-pomeranchukon...

-

OSTIL.GOV Journal Article: Castillejo-Dalitz-Dyson zeros in the Pomeranchukon scattering
amplitude. Castillejo-Dalitz-Dyson zeros in the Pomeranchukon scattering amplitude. Full Recor...

@ Unitarization, Castillejo-Dalitz-Dyson Poles, and Scalar ...

https://ui.adsabs.harvard.edu/abs/1971PhRvD...4..900R/abstract
It is shown how Castillejo-Dalitz-Dyson poles may be introduced into the effective-range formulas
for scalar (I=J=0) mrr and (I=J=12) K1 form factors derived from current algebra and a method o...
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@ Mcpp close to My,, then small X, i.e., containing also other
Important components, e.g., compact quark-gluon states; Mgpp
far from My,, then the two meson constitute dominates



Approximation for left-hand cut contribution
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Inclusion of CDD pole and ERE

@ Only right-hand cut without crossed-channel effect [Oller and Oset,
3
PRD1999] t(E) = [Z E=Me + 58— ik]
Ir. W

® ERE: t(E) = [-1/a+1/2rk? — k]’

@ Expansion of Re t(E)~! in powers of k? is equivalent to ERE, but

worry for the small scale [Mcpp — My, ], which restricts the validity
range.

@ Mcpp far away from My,, then modulu of r is around 1 fm,
otherwise r is very large.

gi 3 gi

1iad = — F——
/ Mcop — My, (M, — Mcpp)?



Classification of poles in S matrix from Tetsuo Hyodo
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Figure 10: Poles in complex plane. (a) : p plane, (b) : E plane (1st Riemann sheet), (¢) : E plane (2nd

Riemann sheet). B, V| R, and R represent bound state, virtual state, resonance, and Anti-resonance.




» X(3872) state



@ First observation from Belle, PRL2003, triggering
voluminous amount of papers

@ PDG determination:

[G(JPC) = 0+ (1++),

M = 3871.69 +£0.17 MeV.T < 1.2 MeV. CL = 90%
DD* : C = + combination (DD* + DD*)/v/2
threshold My, = 3871.81 MeV

@ From now on, all the energy and Mgpp are measured
respective to Mi,. X(3872) mass: —0.11 £ 0.17 MeV

@ Nature: molecular like virtual state (V) and bound state (B),
or preexisting state, etc.



Nature of X(3872)

@ V or B scenarios are typically based on ERE analysis
[Hanhart et al PRD76,034007('07); Braaten et al PRD81, 014019('10)]

@ But as mentioned, a nearby CDD pole around threshold
could spoil ERE strongly. Recall previous slide!

@ all these scenarios can not be excluded

@ New points: these are obtained by parameterizing data in
more general terms

@ a simultaneous virtual and bound state (V+B);
e double/triple virtual state — higher-order S-matrix pole.




xperi ituation: D°D*
Experimental situation: b°o« channel

g T TR e i Do X(3872) {s’-‘ll.

% o AT D° modes §1 £ [ D*— D’

Rl | { " I
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@ the decay chain: B — X(3872)K — D°D*°K
@ Left: BaBar2008, Right: Belle2010

e BaBar has total number of BB pairs, N32°*" = 3.83 - 10°,
while NBe”e/NB%Barﬂ TD




Experimental situation: J/¢¥mm channel

n
- i
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88 352 384 388 388 3.9 382 384 uumlw M{Jhy ) (GeVicY)
@ the decay chain: B — X(3872)K — J/ynTn~ K

@ Left: BaBar2008, Right: Belle2008
@ Data are compatible with each other.

'3.82 383 3.54 185 3.85 387 3.88 3.8

18 IM




Experimental situation: J/vmm channel continued

Candidates per 2.5 MeV/ic*

data-fil

: 375 380 385 380 395 4.00
Jiym Mass (GeVic))

@ the decay chain: pp — X(3872) + all with X(3872) — J/vn 7~

@ The inset shows an enlargement of the region around the
X(3872) peak, with very small bin width of 1.25 MeV.

@ “Precision Measurement of the X(3872) in J/«vnm Decays”from
CDF2009.




Formalism (1)

Exp summary: Belle DDr + BaBar J/vw + Belle J/wnm + CDF

J/rw
As introduced, scattering amplitude

{E]— (E . LGDD Iy :'k(E)) o

more general than ERE

Removing the extra zeros due to the CDD pole, one ends with
the final-state interaction

d(E) = (1 e E— MCDD(:B B fk)) —1

A
[Oller PLB2000, Bugg PLB2003]

When Mcpp far, Mcpp — oo keeping A/ Mgpp fixed, one recovers
the scattering length approximation

B 1 B 1

B _)\/MCDD + 8 — ik Y ik

fE)—+T{E)



Formalism (2)

@ The normalized standard non-relativistic mass distribution
for a narrow resonance or bound state (I'y — 0)

dM  Tx|d(E)]?
dE 2|/

@ « IS a constant, obtained by singling out the pole
contribution, in fact, the residue of d(E), d(E) ~ =2

p’ E‘D
pole position.

@ Normalization integral N = f_m dESE

@ For a narrow resonance (including bound state), N’ ~ 1,
but not so when d(E) has a shape strongly departs from a
non-relativistic Breit-Wigner, e.g., for a virtual state

@ For f(E) (ERE), the integral does not converge, just
integrate in the signal region.



Formalism (3): event distribution for J/vmm channel

@ For B — KJ /v channel [simpler]:

Ei+A/2 00 del
N: = 2NBB‘ BJ/ dE’/ dEFI’(Ef. E)— 17 CngA

Ei—A/2 dE

@ For ppto J/+wm channel: just replace 2Ngg by Lops . xall;
with £ luminosity, and total cross section o for
pp — X + All.

@ R(E'. E) is the Gaussian, experimental resolution function

Q E’f‘f‘fff dE’ indicates the integration in the bin width.



Formalism (4): event distribution for b°p+ channel

@ For B — KD°D*0 channel [taking into account the small
width of D*, I', ~ 65 KeV]

E+A/2 =,
N = 2Ng / dE’ / de'R(E', & \WE
E—Aj2 0

Bal s o0 )
X il / dEdM ; .

LFE N . dE |E' — E — il /2)?
\/§'JT (\/E§+FEX4—EX)

@ Pole position Ex — iTx/2, with Ex relative to D°D*0
(reduced mass ;i =~ 1GeV) threshold, momentum at pole
position ky.

+ cbgp




Fit strategy

@ Bp, B,. cbgp.cbg,, overall constants and background are
always free parameters

@ As mentioned, for bound state, B can be justified as
branching ratio, otherwise not.

@ Mcpp. A. 2 characterize the line shape of d(E).

@ Braaten et al has also used ERE (only scattering length),
but fit separately

@ C. Hanhart et al used ERE including the effective range.
@ One should use more general d(E), other than ERE!
@ Maximize likelihood fit, data errors are asymmetric.



Different scenarios

@ Case i): using ERE, which is a pure bound state, making
combined fits to all the existing data

@ Case ii): imposing t(E) has a virtual state, one can
express A and 5 from Eg and Mcpp.

@ Case Iii): taking into account the coupled channel effect,
Ep determines the shape of {(E):
Quadratic equation: two solutions with case iii). | and case
i)l



Results
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Three-body analysis of
ete~” - BBn*,BB'n*,B'B'nt _
=
First observation of 2
Z,(10610) and Z,(10650) 3
S

Mz, = 10607.2 £2.0 MeV, Iz =184+2.4 MeV;
Mz =10652.2 £ 1.5 MeV, Iz, =11.5+£2.2 MeV.
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FIG. 2. The M_;.(x) distribution for the (a) BB*xr and
(b) B*B"m candidate events. Normalization factor is applied
for the WS distributions.



FEEEHE: NFOFSEL, cuspfil, REMEFRS,

BRAR A 57353k A SRR T FRIX

What can we learn from the data about its inner

SR-RFAEES, UNBETFESREBES

structure including the compositeness coefficient?

a single channel
analysis is qualified,
at least as a first
approximation

TABLE III. B branching fractions for the Z; (10610) and
Z; (10650) decays. The first quoted uncertainty is statistical,

the second is systematic.

Channel Fraction, %

Z,(10610) Z,(10650)
T(18)x* 0.54101640.1 VI ¥y i
T(28)n* 3.621055 05 1.391 038 053
T(3S)a* 2151005 043 1.631 05> 0%
hy(1P)x* 345155 06s 841755 06
hy(2P)nt LG A 1475553

‘

375833 )




Coupled-channel effect is indeed small, on theory side

Effective range expansion (ERE) could be a proper tool to study the
physics in the vicinity of threshold. elastic isovector S-wave BB*
scattering. No specific dynamics is assumed.

However, at pole position, momentum (modulus of complex values) is
around m; (pion mass). Left-hand branch point happens from im, /2,
Inside the circle of the convergence radius, which prevents the validity
af ERE.

However, the pion exchange are suppressed. Specific calculation exists
[Ualderrama PRD2012; Hong-Wei Ke et al. JHEP2012, Dias PRD2015; Dian-Yong Chen and Xiang Liu,
PRD2011]

Chiral EFT power counting also shows coupled-channel effects are also
suppressed. [valderrama PRD2012]



OZI| suppression

e The light meson (qg) exchange violates OZI rule for /| = 1 sector. Two-meson
exchange contributes as the lowest-order. )
e BBw vertex does not exists, but BBp and BBw do. Total contribution vanishes if p

and w are taken as equal mass. [Dias et al.. PRD2015]
quark level EFT
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+ £,(980) and a,(980)



Formulation of the compositeness relation and decay width

@ We define the four Riemann Sheets according to the imaginary parts of p; and p»,

Sheetl: Imp; >0, Impp, >0
Sheet Il : Imp; <0, Imp, >0
Sheet Il : Imp; <0, Impr <0

SheetIV: Imp; >0, Impr <0

p;i is the momentum of the channel i/,

V[s — (m1 4+ m)?][s — (m1 — my)?]
2+/s

@ We are more concerned with those non-physical Riemann Sheets which are connected to the

pi(s) =

physical one.

@ Riemann Sheet Il and Il are connected to the physical Riemann Sheet | below and above the

KK threshold in the real axis, respectively.



@ Analytic continuation of G;(s)

G”(erfe)_ ( —ie) =G s+16)

ZtlmG (s + ie)

s-l—.fe)—i— \/[S—E—IF— (m1 + mo)2][s + ie — (my — my)?] :

(s + ie)?

@ The corresponding G;(s) in different Riemann Sheets

Sheet | :
Sheet 1] :
Sheet Il :
Sheet IV :

Gi(s), Gy(s),
Gy'(s), Gy(s).
Gy'(s), G (s),
Gi(s), Gy'(s).



Two main equations

Assumption: saturation by two channels

0G
+ | 222

dGy(s)
_ _ 2| 0G(s)
X_X1+X2_|71|‘ Os Os

5=sp 5=sp

The relation between the pole width and partial decay width:

2 1 mgr+2[ g W2 r
rR == |?1|2p1(m§) + |72|2 > / de( > ) Rz 5 ;
8mmy 1672 Jm om, W2 (mg— W)?2+T%/4

The Lorentzian mass distribution is considered in the second channel.
The upper integration limit is cut at mg + 2I'g in the resonance region.

The plus and minus sign correspond to RS Il and I, respectively.

— The sign of the momentum of the kaon has opposite signs in the RSs Il and Ill.
= mg—il1/24ilT2/2=mgr — i(l'1 — 2IN2)/2 - il2/2 (RS 1),

— mg —il1/2—il2/2 (RS ).



Taking rexp as input

@ The rexp as input in terms of the branching ratio to the first channel,

r, rp—2r
rexp:l— 2: : 2,RS||
'R 'R

where the lighter channel decay width expressed as I () =1 — 2l

In the RS 111,
rexpz].—ll:—z:::—;, RS 111
@ Combine with decay width relation
[, = |71|2 pl(m%) 4 |72|2 1 /mR+2rR de( Wz) I_R ?
8w m>2 1672 /o m, W2 (mg— W)2+T2/4

@ Two equations pin |v1| and |v2| down.



o Input pole parameter of 1(980):

From the dispersive analysis, based on the use of a set of Roy-like equations called the

GKPY equations [1,2]:
mgr = 996 + 7 MeV, g =5073) MeV

Study of S and P-wave meson-meson scattering by unitarizing one-loop amplitude in Chira
Perturbation Theory (ChPT) [3]:

mgr = 97817 MeV, g = 5875 MeV

@ The masses of the those two cases lie above and below the KK threshold respectively.
@ The widths of the f(980) are rather similar in both cases.
@ Both of these two poles are found in the RS II.

[1] R. Garcia-Martin, R. Kaminski, J. R. Pelaez, and J. Ruiz de Elvira, Phys. Rev. Lett. 107, 072001
{2011}, 1107.1635,

[2]R. Garcia-Martin, R. Kaminski, J. R. Pelaez, J. Ruiz de Elvira, and F. J. Yndurain, Phys. Rev. D 83,
074004 (2011).

[3] Z.-H. Guo, J. A. Oller, and J. Ruiz de Elvira, Phys. Rev. D 86, 054006 (2012)



Corresponding to GKPY pole

X RS |¥ex| (GeV) lrkil (GeV) ' MeV) I (MeV) X Xik
1.0 II 2.37+0.21 5.21+0.26 108.3 + 18.9 543+ 10.6 0.042 + 0.007 0.958 + 0.007
0.8 I 2.24 +0.20 4.65+0.23 907.2+169 432+ 84 0.038 + 0.007 0.762 £+ 0.007
0.6 I 2.11 £0.19 4.01 =0.19 86.1 =148 32.1+62 0.033 £ 0.006 0.567 £+ 0.006
0.4 I 1.97 4-0.17 3.24 £ 0.15 75.0+12.9 21.01+4.0 0.029 + 0.005 0.371 £+ 0.005
0.2 I 1.82 £0.16 2.23 +0.09 63.9+11.0 994 1.8 0.025 £ 0.004 0.175 + 0.004
No solution for X=0.
fexp RS | Y7 | (GeV) |7KR|{GeV] M1 (MeV) M2(MeV) Xrx XK.‘_(
0.52 [1] 1 2.03 + 0.18 3.62 & D.32 79.9 + 14.5 25,9+ 4.7 0.031 £+ 0.006 0.46 + 0.20
0.68 [2] 1 1.92 + 0.17 2.95 + 0.26 11:313:6 17.3:4-3.1 0.028 + 0.005 0.31 & 0.13
0.75 [3] 1 1.87 + 0.17 2.61.1+ 0.23 67.5 + 12.3 13.5+ 25 0.026 + 0.005 0.24 + 0.11

[1] B. Aubert et al. (BaBar), Phys. Rev. D 74, 032003 (2006).
[2] J. A. Oller and E. Oset, Nucl. Phys. A 620, 438 (1997).
[3] W. Wetzel et al. Nucl. Phys. B 115, 208 (1976).




o Input pole parameter of ap(980):

Coupled-channel analysis of antiproton-proton annihilation data [1].
In Sheet I,

mg = 1004.1 = 6.67 MeV, g = 97.2 £ 6.01 MeV, I, /T 7y, = (13.8 £3.5) %

and in the Sheet III,

mg = 1002.4 £ 6.55 MeV, Mg = 127.0 + 7.08 MeV, [, /Ir, = (14.9 +3.9) %

fexp RS |v7n |(GeV) |7 i 1(GeV) M1 (MeV) M (MeV) Xan X i
0.85[2] I 2.90 4 0.05 2.32 4 0.08 111.8 + 4.2 14.6 == 0.6 0.100 £ 0.004 0.132 4+ 0.009
Il 2.86 = 0.05 2.61 + 0.72 108.0 + 3.7 19.1 &£ 0.7 0.098 £ 0.004 0.249 + 0.018
0.87[3] I 2.88 4+ 0.05 2.16 4+ 0.07 109.8 + 4.2 12.6 = 0.5 0.098 £ 0.004 0.115 4+ 0.008
1 2.89 £ 0.05 2.43 £ 0.07 110.5 + 3.8 16.5 + 0.6 0.100 4 0.004 0.216 4 0.015

[1] M. Albrecht et al. (Crystal Barrel), Eur. Phys. J. C 80, 453 (2020), 1909.07091.
[2] P. A. Zyla et al. (Particle Data Group), PTEP 2020, 083C01 (2020).
[3] A. Abele et al., Phys. Rev. D 57, 3860 (1998).




@ As increase of the branching decay ratio to the lighter channel, reqp, the total compositeness

X decrease.

@ This is due to the increase of the coupling for the heavier KK channel with increasing X.

Figure: The total compositeness X as a function of the input branching ratio (rex;) when applying the method
S. Panel (a) corresponds to the f;(980),Panel (b) corresponds to the ag(980).
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Flatté Parameterization

The disadvantage of the approach followed above is the necessity to assume a value of n in

mpg + nl g for the upper limit of integration.

Since the f(980) and a9(980) lie very close to the KK threshold, Flatté parameterization is

very suitable to study those cases.

This study stresses the need to distinguish between the bare and dressed couplings and

widths in a Flatté parameterization.

We reinterpret the relation between the total decay width and the partial width when the

pole lies in the second Riemann Sheet.



o We consider the propagator of a resonance following the Flatté
parameterization [1]

]

2
We look for the zero of D(Eg) = 0 to determine the resonance pole positic
Er = Mg — ilTg/2.

o g; is the bare coupling squared for the iy, channel

D(E}—=E — Er+ F1+%gg mxE .

o The bare width Fl can be expressed as

T — q1(mr)g1
S 2
8mmg

e The Flatté parameterization contains as|free parameters Ef, ['1 and g ]

— We need three equation to fix Ef, Fl and g».
[1] V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova, and A.E. Kudryavtsev, Evidence that the
a(0)(980) and f(0)(980) are not elementary particles, Phys. Lett. B 586, 53 (2004).



Two main equations: the mass and width equation

~ 2
- [
Mr = Ncoté 1 — —ltan?
4]-1 2 = 2
~ O
FR = I'l—E\/ngzl'l\tan—\
where ¢ = arctan E _rlﬁgﬂﬁ and Mg is the mass respect to 2my.
2

o = £1 comes from square root in solving equations.

For formulas /Er = gz\/m_K(MR — Ef) + ;RJmF_;

one can verify c = -1 < Mg — Ef <0 < RS |ll, and
c=+1Mr—E>0&< RS Il




From Baru, Haidenbauer, Hanhart et al.,
PLB 586 (2004) 53-61
Table 2
Parameters and results for the f; meson. The values Mg,
MeV, r, and a in fm, and k; and ks in MeV /c.

I'zx and E¢ are given in

Ref. | Mp Uiv | Ok Ey P a k1 ko We,
22] [ 969.8 | 196 | 2.51 || -151.5 | -0.63 | 1.15-i0.74 | -58+i107 | 58-i729 | 0.17
23] | 975 149 | 1.51 || -84.3 | -1.05 | 0.99-i0.88 | -654197 | 65-1477 | 0.23
21] | 973 253 | 2.84 || -154 [-0.56 | 1.09-i0.89 | -69+i100 | 69-i804 | 0.14
24| | 996 | 128.8 | 1.31 || +4.6 [-1.22 [ -0.14-1 1.99 | -84+il7 | 84-i351 | 0.21

The value of I

are much larger than pole width of f,(980), and the
same also holds form a,(980).




H. Y. Cheng, C. W. Chiang, and Z. Q. Zhang,
PRD 105 (2022) 3, 033006

a footnote

® From the amplitude analysis of the ye1 — w77~ decay, BESIII obtained another set of couplings:
Gag—ne = (4.14 £ 0.02) GeV and g, kg = (3.91 £ 0.02) GeV [72]. However, this set of couplings is
not appealing for two reasons: (a) the large coupling constant g,,_.,» will yield too large partial width
I, =222 MeV. recalling that the total width of a(980) lies in the range of 50 to 100 MeV [1], and (b)
it is commonly believed that ag(980) couples more strongly to KK than to i, especially in the scenario

in which ag(980) is a K'K molecular state.



Let us denote by 3 the residue of 1/D(E) at the resonance pole,

1 v 8u

E — Ep

B =

lim
E_$E i m &
—Er D(E) 14 B /85 (gng +8u+4crgz\/mx(u—2"f‘fﬁ))

The relation between dressed coupling squared hz?\ and the bare one g;

h’fll2 = glﬁ?
2| = 32rmigf,

The decay width relation

D(E} = E=E¢+ : [F1 +2g V/ mKE] - égz V/mgE
i [Fl - m "—mKE] s %gz 1 ’TKE.

N

= E-Ef+

N~

In the RS II, the momentum p> changes sign with respect to RS Il while p; does not:

WE = -YE



@ Again scenarios of taking either X or rexp as input

@ Recalling the aforementioned equations X = X; + X5, we have for X; and X»,

oG 8mm? Fl oG
X1 = P& = B ‘ - :
s s=sp Pl(mﬁ) ds Ss=sp
G
X2 = Smmimp|oct
ds L
R
@ For rep as input, we have following formulas
i _ 8= vV 2u (2«\,»‘11—2M9+g2mfm;.;) RS 111
exp @ — = 1/2°
vu—2Mpg (ggm;{ + 8u+4og \/mK(u — 2M,q))
vau (2v/u—2M /m
2 —rexp = rB= ( R + 820/K) RS I

172
Vv u—2Mpg (g%m;{ + 8u+4og \/mpc(u e 2MR))



Table: Method F applied to the resonance f(980) with pole position in the RS Il (column 2) from Eq. (1): The
value of X taken as input is given in the first column. We calculate the bare width T3 (column 3), the bare

coupling g» (column 4), Ef (column 5), I'y (column 6), I'> (column 7), X; (column 8), and X5 (column 9).

X RS Mo (MeV) g Ef (MeV) I (MeV) 5(MeV) p X ie
0.8 I 948.3 4 383.1  10.01 % 4.03 —389.7 + 210.7 84.4 4 15.3 30.4 + 8.3 0.033 + 0.006 0.767 + 0.006
0.6 I 200.3 + 38.5 1.63 + 0.23 —57.6 + 19.3 80.4 + 14.4 26.4 + 7.0 0.031 + 0.006 0.569 + 0.006
0.4 I 1132 4= 20:1 0.66 + 0.07 —20.4 186 73.2 £ 129 19.2 £ 4.9 0.028 4+ 0.005 0.372 £ 0.005
0.2 Il 75.2 + 13.0 0.24 + 0.02 —4.2 + 5.3 63.9 + 11.1 9.9 4 2.4 0.025 + 0.004 0.175 + 0.004

Table: Method F applied to the resonance f;(980) with the pole position in the RS Il from Eq. (1): The

branching ratio reyp is taken as input.

Fexp M (MeV) g7 E¢ (MeV) M (MeV) Mo (MeV) Xrm X i

0.52 (71, 2623) (0.36, 26.8) (212, 1167.7) 79.9 + 14.5 25.9 4 4.7 0.030 =+ 0.006 0.48 4 0.22
0.68 113.8 &+ 38.3 0.69 + 0.45 (—66.7,6.3) 71.3 £13.0 IS4 3. 0.028 + 0.005 0.35 + 0.18
0.75 89.4 4 20.4 0.41 £ 0.17 (—42.9,7.7) 67:5:=12:3 13.5 = 2.5 0.026 = 0.005 0.26 £ 0.14




The spectral density function

@ The approach is based on integrating the spectral density of a bare elementary discrete state

around the resonance signal region, The Wk is calculated as [1]

+A
WR:f dE w(E) |
A

1 1+ gov/myEO(E)

w(E) = — F

1

@ The value of Wk is the probability for finding the bare state dependent on integral interval A.

@ The compositeness X can be calculated as 1 — Wp.

[1] V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova, and A. E. Kudryavtsev, Phys. Lett. B 586, 53
(2004), arXiv:hep-ph/0308129.



Figure: The spectral density function w(E) is shown for the f,(980) in the left upper panel and for the a3(980)

in the right lower one.
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Table: Resonance fp(980) with the pole position in the RS Il from Eq. (1): We show the dependence of Wg, on
the integration interval [—A, A] with A up to 2[g. For the experimental inputs of rex,, we give our final
estimate for 1 — Wfo in the column 5. The total compositeness X = X; + X; from Method F is given in the

last column.
f’exp [—ﬂ ﬂ] qu {]. — Wf[}:l& 1 — Wf{] X
[—25, 25] 0.13 0.87
[—50, 50] 0.21 0.79
0.52
[—75, 75] 0.27 0.73
[—100, 100] 0.31 0.69 0.76 + 0.15 0.51 4+ 0.22
[—25, 25] 0.25 0.75
[—50, 50] 0.39 0.61
0.68
[—75, 75] 0.47 0.53
[—100, 100] 0.53 0.47 0.57 + 0.15 0.38 +0.18
[—25, 25] 0.30 0.70
[—50, 50] 0.45 0.55
0.75
[—75, 75] 0.55 0.45
[—100, 100] 0.61 0.39 0.50 + 0.15 0.20 + 0.14




Table: Resonance ap(980) with the pole position in the RS Il from Eq. (1). The dependence of W, on the
integration interval [—A, A] for the ap(980) is shown with A up to 2l 4y In the column 5 we provide our

interval estimated for 1 — W, and in the last one X = Xj + X> from is given.

30
Fexp [_ﬂ\: ﬂ] Wao {1 = Wag :'.ﬁ. 1.— Wag X
[—50, 50] 0.38 0.62
[—100, 100] 0.57 0.43
0.85
[—150, 150] 0.67 0.33
[—200, 200] 0.73 0.27 0.33 — 0.43 0.216 £+ 0.017
[—50, 50] 0.39 0.61
[—100, 10{]] 0.59 0.41
0.87
[—150, 150] 0.68 0.32
[—200, 200] 0.74 0.26 0.32 — 0.41 0.198 + 0.016







