D∗s0(2317) and D∗s1(2632) require K∗0(800) and ρ′(1250)

prepared for the 341. WE-Heraeus-Seminar

Exotic States: Challenges for QCD

January, 17-21 (2005) Physikzentrum, Bad Honnef (Germany)

Eef van Beveren George Rupp

Miss QCD and her little fellow Electroweak

Bad Honnef, January 17th, 2005

Miss QCD, now in her early thirties, embarrassed by the very thought that from the not-exactly-faithful candidates, soon she should select a partner for life.

Wrong Picture

The same object seen through a spherical mirror from different angles, does NOT result in the same reflection image.

picture from high-school physics tutorial

Correct Picture

different angle different image

http://cft.fis.uc.pt/eef/mirrors

The image is deformed and depends on one’s angle of view

contrary to what is told high-school students.

the object: STRONG INTERACTIONS the mirror: QCD

the different angles:

quark-antiquark bound states multiquark bound states lattice QCD linear sigma model chiral perturbation theory hadronic decay hadronic scattering electron-positron scattering two-photon scattering

In the debris of hadron interactions lies the beauty of QCD.

(Michael Pennington 2003-2004)

Quark-Antiquark Bound States

QCD-inspired potential

the Richardson Potential

incorporates asymptotic freedom short-range 0ne-gluon exchange and confinement

properties the resulting Spectrum has a ground state and an infinity of angular and radial excitations

Example: Hans Hersbach, nucl-th/9305010 Ia 4 (3) parameters Ib 3 (3) parameters II 5 (4) parameters + constituent quark masses (m_u = m_d).

Hans Hersbach nucl-th/9305010

Bottonium: bb̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} Υ 9.460 9.493 9.434 9.441 Υ^′ 10.023 10.011 10.018 10.022 10.160 10.131 10.171 10.160 Υ^{′′} 10.355 10.346 10.348 10.365 10.423 10.444 10.451 Υ^{′′′} 10.580 10.614 10.599 10.626 10.672 10.670 10.688 Υ^{iv} 10.865 10.846 10.811 10.844 10.893 10.868 10.892 Υ^v 11.019 11.054 11.000 11.035

Charmonium: cc̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} J/Ψ 3.097 3.099 3.104 3.117 Ψ^′ 3.686 3.655 3.646 3.665 Ψ^{′′} 3.770 3.766 3.780 3.775 Ψ^{′′′} 4.040 4.051 4.017 4.028 Ψ^{iv} 4.159 4.124 4.105 4.097 Ψ^v 4.415 4.376 4.319 4.314 4.430 4.384 4.364

Hans Hersbach nucl-th/9305010

Light unflavoured mesons: u/d quarks. J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} ρ 0.768 0.754 0.762 0.867 1.290 1.365 1.345 1.387 ρ^′ 1.465 1.474 1.477 1.460 ρ^{′′} 1.700 1.806 1.786 1.764 1.865 1.864 1.807 ρ^{′′′} 2.100 2.162 2.151 2.065 ρ^{iv} 2.150 2.200 2.206 2.096

Light unflavoured mesons: u/d quarks. J^{P C} = 0^{++} or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} a_0 0.983 1.012 0.981 1.017 a^′_0 1.320 1.517 1.464 1.510

Hans Hersbach nucl-th/9305010

Strange mesons (Kaons): s, u/d quarks. J^P = 0^− or^{2s+1}L_J =^1S_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} K 0.495 0.762 0.723 0.781

Strange mesons (Kaons): s, u/d quarks. J^P = 1^− or^{2s+1}L_J =^3S_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} K^∗ 0.894 0.891 0.876 0.955 K^{∗′} 1.412 1.504 1.455 1.477 K^{∗′′} 1.714 1.618 1.588 1.553 1.945 1.890 1.852

Strange mesons (Kaons): s, u/d quarks. J^P = 0^+ or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} K^∗_0 1.429 1.177 1.112 1.115 1.674 1.587 1.604 K^{∗′}_0 1.950 2.074 1.989 1.955

Different Example

flavor-independent HARMONIC OSCILLATOR

Based on the OBSERVED property of EQUAL level spacings for ALL flavors

Resulting Spectrum for mesons

1 parameter (ω) + constituent quark masses (m_u = m_d).

0 2 4

0.5

1.0

1.5

2.0

ℓ angular momentum

GeV mass

π, ρ f_0, a_0 π^′, ρ^′ f^′_0, a^′_0

Harmonic Oscilator

Bottonium: bb̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

Υ 9.460 9.493 9.434 9.441 9.73 Υ^′ 10.023 10.011 10.018 10.022 10.11 10.160 10.131 10.171 10.160 10.11 Υ^{′′} 10.355 10.346 10.348 10.365 10.49 10.423 10.444 10.451 10.49 Υ^{′′′} 10.580 10.614 10.599 10.626 10.87 10.672 10.670 10.688 10.87 Υ^{iv} 10.865 10.846 10.811 10.844 11.25 10.893 10.868 10.892 11.25 Υ^v 11.019 11.054 11.000 11.035 11.63

Charmonium: cc̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O. J/Ψ 3.097 3.099 3.104 3.117 3.41 Ψ^′ 3.686 3.655 3.646 3.665 3.79 Ψ^{′′} 3.770 3.766 3.780 3.775 3.79 Ψ^{′′′} 4.040 4.051 4.017 4.028 4.17 Ψ^{iv} 4.159 4.124 4.105 4.097 4.17 Ψ^v 4.415 4.376 4.319 4.314 4.55 4.430 4.384 4.364 4.55

Harmonic Oscilator

Light unflavoured mesons: u/d quarks. J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

ρ 0.768 0.754 0.762 0.867 1.10 1.290 1.365 1.345 1.387 1.48 ρ^′ 1.465 1.474 1.477 1.460 1.48 ρ^{′′} 1.700 1.806 1.786 1.764 1.86 1.865 1.864 1.807 1.86 ρ^{′′′} 2.100 2.162 2.151 2.065 2.24 ρ^{iv} 2.150 2.200 2.206 2.096 2.24

Light unflavoured mesons: u/d quarks. J^{P C} = 0^{++} or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

a_0 0.983 1.012 0.981 1.017 1.29 a^′_0 1.320 1.517 1.464 1.510 1.67

Harmonic Oscilator

Strange mesons (Kaons): s, u/d quarks. J^P = 0^− or^{2s+1}L_J =^1S_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

K 0.495 0.762 0.723 0.781 1.20

Strange mesons (Kaons): s, u/d quarks. J^P = 1^− or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

K^∗ 0.894 0.891 0.876 0.955 1.20 K^{∗′} 1.412 1.504 1.455 1.477 1.58 K^{∗′′} 1.714 1.618 1.588 1.553 1.58 1.945 1.890 1.852 1.96

Strange mesons (Kaons): s, u/d quarks. J^P = 0^+ or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} H.O.

K^∗_0 1.429 1.177 1.112 1.115 1.39 1.674 1.587 1.604 1.77 K^{∗′}_0 1.950 2.074 1.989 1.955 2.15

The obvious conclusion that a flavor-independent harmonic oscillator does not yield the meson spectrum is WRONG, it just needs one more ingredient!

Quark Exchange

couples QQ̄ to Meson-Meson

⟨⃗p | V^|⃗p^{′⟩} = p p^′ = ⟨⃗p | V_t (E(p) − H_c)^{−1} V_t^|⃗p^{′⟩}

⟨⃗p | (V G_f )^{N+1 |}⃗p^{′⟩} =

= p · · · p^′ N + 1 times

⟨⃗p |T^|⃗p^{′⟩} =

= p p^′ + + + · · ·

Meson-Meson Scattering

Partial-wave K matrix^∗

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_{nℓc}

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_{nℓc} − 1

E_{nℓc} = radial spectrum quark-antiquark

∗Phys. Rev. D21, 772 (1980) ∗AIP Conf. Proc. 687, 86-95 (2003) [arXiv:hep-ph/0306155]

Two more parameters for the description of V_t: λ - intensity a - shape

The spectrum of confinement for fixed ℓ_c

Elastic meson-meson scattering (λ small)

Scattering-matrix poles (λ small)

Near a Breit-Wigner Resonance (λ small)

K_ℓ(s) ≈

Γ_R/2

E_R − √ s

E_R ≈ central resonance mass Γ_R ≈ resonance width

ℑm(E) �

ℜe(E)_�

• ≈ E_R − i

Γ_R 2 Breit-Wigner pole

�

� ≈ Γ_R/2 X E_R

complex E(p) plane

Our resonance expression:

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_n

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_n − 1

There are two cases:

1. E_N above threshold

2. E_N below threshold

MM → MM Phys. Rev. D21, 772 (1980)

Bottonium: bb̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM Υ 9.460 9.493 9.434 9.441 9.41 Υ^′ 10.023 10.011 10.018 10.022 10.00 10.160 10.131 10.171 10.160 10.14 Υ^{′′} 10.355 10.346 10.348 10.365 10.40 10.423 10.444 10.451 10.48 Υ^{′′′} 10.580 10.614 10.599 10.626 10.77 10.672 10.670 10.688 Υ^{iv} 10.865 10.846 10.811 10.844 10.86 10.893 10.868 10.892 Υ^v 11.019 11.054 11.000 11.035 11.15

Charmonium: cc̄ J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM J/Ψ 3.097 3.099 3.104 3.117 3.10 Ψ^′ 3.686 3.655 3.646 3.665 3.67 Ψ^{′′} 3.770 3.766 3.780 3.775 3.80 Ψ^{′′′} 4.040 4.051 4.017 4.028 4.05 Ψ^{iv} 4.159 4.124 4.105 4.097 4.14 Ψ^v 4.415 4.376 4.319 4.314 4.41 4.430 4.384 4.364

MM → MM Phys. Rev. D27, 1527 (1983) Zeit. Phys. C30, 615 (1986)

Light unflavoured mesons: u/d quarks. J^{P C} = 1^{−−} or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM ρ 0.768 0.754 0.762 0.867 0.76 1.290 1.365 1.345 1.387 1.29 ρ^′ 1.465 1.474 1.477 1.460 1.40 ρ^{′′} 1.700 1.806 1.786 1.764 1.59 1.865 1.864 1.807 1.68 ρ^{′′′} 2.100 2.162 2.151 2.065 ρ^{iv} 2.150 2.200 2.206 2.096

Light unflavoured mesons: u/d quarks. J^{P C} = 0^{++} or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM a_0 0.983 1.012 0.981 1.017 0.98 a^′_0 1.320 1.517 1.464 1.510 1.32

MM → MM Phys. Rev. D27, 1527 (1983) Zeit. Phys. C30, 615 (1986)

Strange mesons (Kaons): s, u/d quarks. J^P = 0^− or^{2s+1}L_J =^1S_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM K 0.495 0.762 0.723 0.781 0.50

Strange mesons (Kaons): s, u/d quarks. J^P = 1^− or^{2s+1}L_J =^3S_1/^3D_1 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM K^∗ 0.894 0.891 0.876 0.955 0.93 K^{∗′} 1.412 1.504 1.455 1.477 1.41 K^{∗′′} 1.714 1.618 1.588 1.553 1.73 1.945 1.890 1.852

Strange mesons (Kaons): s, u/d quarks. J^P = 0^+ or^{2s+1}L_J =^3P_0 Name M^{exp} M^{Ia} M^{Ib} M^{II} MM → MM K^∗_0 0.800 0.83 K^∗_0 1.429 1.177 1.112 1.115 1.43 1.674 1.587 1.604 1.65 K^{∗′}_0 1.950 2.074 1.989 1.955 1.80

Approximation in our expression for a better contact with experiment

K_ℓ(p) ≈

2λ^2 μ pa j^2_ℓ (pa)

∞_∑

n = 0

|F_n(a)|^2 E(p) − E_n

2λ^2 μ pa j_ℓ(pa) n_ℓ(pa)

∞_∑

n = 0

|F_n(a)|^2 E(p) − E_n − 1

λ = coupling constant p = relative meson-meson linear momentum E(p) = total invariant meson-meson mass E_n = n-th level of the confinement spectrum (ω) μ = reduced meson-meson mass j_ℓ = spherical Bessel function n_ℓ = spherical Neumann function F_n = quark-antiquark confinement wave function a = qq̄ separation distance (≈ 0.5 fm)

and a further approximation

λ^2 ∞

n = 0

|F_n(a)|^2 E − E_n

≈ λ^2 N

n = 0

B_n E − E_n − 1

with a redefinition of λ

Eliminating parameters

by recombining 2 quarks and 2 antiquarks within a harmonic oscillator model for confinement.

Zeit. Phys. C 21, 291 (1984)

λ^2 ∞

n = 0

|F_n(a)|^2 E − E_n

turns, for Kπ elastic I =^1_2 S-wave scattering, into

∞_∑

n = 0

(n + 1) × 4^{−n}

E − (1.31 + n × 0.38)

GeV^2

(n + 1) × 4^{−n} represents the matrix element for the coupling of an excited scalar us̄ pair to a π^0K^+ pair in S wave.

The reason for this number to drop fast with n, is that the higher the radial excitation, the more the level degeneracy in the 4-particle harmonic oscillator.

Hence, the smaller the coupling to a specific channel.

π0K+ → π0K+ η′K+ → η′K+

Data = π^0K^+ phase shifts and η^′K^+ kinematics

ηK+ → ηK+

Data = π^0K^+ phase shifts and ηK^+ kinematics

detail of ηK+ → ηK+ detail of ηK+ → ηK+

CONCLUSION(S)

The expression

K_ℓ(p) ≈

2λ^2 μ pa j^2_ℓ (pa)

∞_∑ n = 0

|F_n(a)|^2 E(p) − E_n

2λ^2 μ pa j_ℓ(pa) n_ℓ(pa)

∞_∑ n = 0

|F_n(a)|^2 E(p) − E_n − 1

seems a good approximation for data analysis.

Full off-shell T matrix:

- hep-ph/0304105 (δ-shell for V_t) - hep-ph/0306155 (in the appendix, more general)

Many-channel analysis of light scalar mesons: - Zeitschrift für Physik C30, 615 (1986) (postscript version available through Spires)

Advantages

Full scattering amplitude Unexpected extra resonances ”Adler” zeroes S/D interchange

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_{nℓc}

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_{nℓc} − 1

reproduces the full meson-meson scattering amplitude, not just isolated and moreover non-existing qq̄ bound states.

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_{nℓc}

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_{nℓc} − 1

contains scattering poles which are NOT directly related to the confinement spectrum of E_{nℓc}: f_0(600), K^∗_0 (800), a_0(980), f_0(980), D^∗_0(2140), D^∗_{s0}(2317), . . .

Zeit. Phys., C30, 615 (1986) (scalar nonet) Phys. Rev. Lett. 91, 012003 (2003) (D_{s0} states)

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_{nℓc}

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_{nℓc} − 1

contains kinematical zeroes at almost the same complex energies as ”Adler” zeroes.

hep-ph/0412078

Preliminary

K_ℓ(p) = πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) J_{nℓ}(p) E(p) − E_{nℓc}

πλ^2μp

∞_∑ n = 0

J^∗_{nℓ}(p) N_{nℓ}(p) E(p) − E_{nℓc} − 1

seems to interchange the order of dominantly S and dominantly D resonances for J^{P C} = 1^{−−} scattering: ρ(1290) and D^∗_{s1}(2632) seem to be dominantly D.

The Review of Particle Physics S. Eidelman et al., Physics Letters B592, 1 (2004)

Omitted from K^∗_0 (800) references

737 − i248 N. Beisert and B. Borasoy PR D67 074007 (2003) 450 − i480 Long Li, et al PR D67 034025 (2003) 905 − i273 K. Takamatsu (Sigma and E135 Collaboration) PTP 102 E52-E57 (2001) 797 − i205 M. Jamin, J.A. Oller and A. Pich NP B587 331-362 (2000) 779 − i330 J.A. Oller and E. Oset PR D60 074023 (1999) 911 − i158 Black, Fariborz, Sannino and Schechter PR D58 054012 (1998) 770 − i250 J.A. Oller, E. Oset and J.R. Pelaez PR D59 074001 (1999) (E D60 099906 (1999)) 998 − i79 A.V. Anisovich and A.V. Sarantsev PL B413 137-146 (1997) 875 − i335 T. Ishida, et al Upton 1997, Hadron spectroscopy, 385-388 727 − i263 E. van Beveren et al ZP C30 615-620 (1986) 800 − i40 M.D. Scadron PR D26 239-247 (1982) 665 − i420 D. Iagolnitzer, J. Zinn-Justin and J.B. Zuber NP B60 233-266 (1973) 1100 − i190 D.W. Mckay, J.M. Mckisic, W.W. Wada PR 184 1609-1616 (1969) 1100 − i200 T.G. Trippe, et al PL B28 203-207 (1968) 725 − i14 P. Roy PR 168 1708 (1968), (E 172 1850 (1968))

Omitted from related papers

M. Ishida, AIP CP 688 18-32 (2004);

PTP S149 190-202 (2003); PTP 101 661-669 (1999) Sigma and BES Collaboration, Tsukuba 2003, 29-3 BES Collaboration, Tokyo 2003, 135-14 M. Jamin, J.A. Oller and A. Pich, JHEP 0402 047 (2004) H.Q. Zheng, et al, NP A733 235-261 (2004) J.R. Pelaez, PRL 92 102001 (2004);

AIP CP 688 45-60 (2004); AIP CP 687 74-85 (2003) M. Ishida and S. Ishida, Tokyo 2003, 143-15 Yuan-Ben Dai and Yue-Liang Wu, hep-ph/0304075 I. Bediaga, NP PS121 104-109 (2003) Hai-Yang Cheng, PR D67 034024 (2003) S. Spanier and N.A. Törnqvist, SLAC-reprint 2002-216 (2002) V.V. Anisovich, PU 47 45-67, UFN 47 49-72 (2004) D. Black, UMI-30-19135 (2001) F.E. Close and N.A. Törnqvist, JP G28 R249-R267 (2002) M. Napsuciale, Zacatecas 2001, Particles and fields, 131-13 M. Boglione and M.R. Pennington, PR D65 114010 (2002) E791 Collaboration, AIP CP 619 63-72 (2002) A. Gomez Nicola and J.R. Pelaez, PR D65 054009 (2002) D. Black, A.H. Fariborz and J. Schechter, Kyoto 2000, 115-12 S.N. Cherry and M.R. Pennington, NP A688 823-841 (2001) D. Black, A.H. Fariborz and J. Schechter, AIP CP 549 241-244 (2002) D. Black, A.H. Fariborz, F. Sannino and J. Schechter, PR D59 074026 (1999) S. Ishida, et al, PTP 98 621-629 (1997) . P. Estabrooks, et al, NP B133 490 (1978) P. Estabrooks, PR D19 2678 (1979)