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Overview

® ntroductory remarks: meson spectrum and the possibility of hadronic molecules

® The method, diagnostics of decay patterns: compositeness/Weinberg condition and hadron
loops

® Open charm systems: D*,(2317) = DK, D41(2460) = D*K
® Hidden charm systems: X (3872) = DOD*0 4 c.c., Y(4140) = DT D%~

Based on:
PRD 76 (2007) 014003, 014005, 114013; PRD 77 (2008) 094013; EPJA 37 (2008) 303;

PRD 79 (2009) 094013, 014035; arXiv:0903.5424 [hep-ph], arXiv:0909.0380 [hep-ph];

together with:
T. Branz, A. Faessler, V. Lyubovitskij, Y.-L. Ma (Tubingen )
Y. Dong (Beijing), S. Kovalenko (Valparaiso)
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| ntroduction: Meson Spectroscopy

soft limat

QCD "= physical states: mesons and meson spectroscopy

QQ " dressed quasiparticle ” Q = constituent quark (mg ~ 300 MeV)
g=" constituent gluon "(usually J©¢ = 0t+) ?

Meson spectroscopy

® Spectrum (masses and guantum numbers)

® strong, weak and e.m. decay/production patterns and rates

but:
® anomalous dynamical features in spectrum, decay and production
® extra (scalar states) and missing states (above 2 GeV)
® exotic quantum numbers (JF¢ = 1—1)
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Introduction: M eson Spectroscopy

Model builders (extraploation, color singlets)

® tetraquark (baryonium) Q?Q?, Jaffe (1977)
® hybrids QQg, Chanowitz et al. (1983)
® glueball gg, Barnes et al. (1982)

however, conventional theory also predicts meson states!

» meson-meson molecules, Weinstein and Isgur (1979)
or dynamically generated resonances, Lohse et al. (1990), Oller et al. (1997)

N N bound states, Dover et al. (1992)

threshold cusp

L I I
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| ntroduction: Hadronic Molecules

e o0 b0

Hadronic molecules — weakly bound states of hadrons

obvious examples: Nuclei and Hypernuclei

Meson-Meson bound states, masses slightly below threshold: mgas < mas1 + mass

dynamical generation of molecular bound states/resonances:

K
K
N

long-range one-pion-exchange (Tornqgvist 1991) — table
meson exchange models (Lohse et al. 1990)
unitarized coupled channel models with chiral Lagrangians

(Oller et al. (1997), Lutz et al. (2004), Jido et al. (2005), Gammermann et al.

(2008)......)

some candidates for hadronic meson-meson molecules

>

© o oo 0 @

a0(980), f0(980) = KK

D*,(2317) = DK, Ds1(2460) = D*K
X (3872) = D°D*? 4+ c.c.

Y (4260) = DD1(2420) — c.c.

Z(4430) = D*(2010)D1 (2420)

Y (4660) = v’ fo(980)

Y (4140) = DT D¥~
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| ntroduction: Hadronic M olecules

Early predictions: N. Tornqvist, Z. Phys. C 61 (1994)

Table 8. The predicted heavy deuson states (all with I=0) close to
the DD * and the D*D* thresholds and about 50 MeV below the
BB*and B*EB* thresholds. As discussed in the text, the mass values
are obtained from a rather conservative one-pion exchange con-
irtbution only, With additional attraction of shorter range, the
masses can decrease considerably. Mixing between the two #,’s (and
two n_’s) should decrease the lighter mass somewhat (and increase
the heavier mass)

Composite JoE Deuson

DJ:}* . n. (= 3870)
DD* e X (= 3870)
D*D* (T Xeol= 4015)
D*D* 0+ n. (= 4015)
D*D* e h.o(= 4015)
D*D* gt 2.,(% 4015)
BB* 7 e 7, (=10 545)
BB* i Zp (=10 562)
B*B* i e 7o (210 582)
B*B* 0~ 7, (10590)
B*B* 1%- h, (=10 608)
B*R* s Uy X2 (10 602)
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Themethod: Compositeness’Weinberg condition

® Bound state description of hadronic molecules in QFT based on compositeness
condition: Z,; = 0.
see: Weinberg, PR 130 (1963) 776; Salam, Nuev. Cim. 25 (1962) 224, Hayashi et al.,
FP 15 (1967) 625;...

® Example and test case f,(980) and ag(980):
Effective Lagrangian, describing coupling, g, x i, Of K K constituents to fo:

Looxr = L py(a) [y oK (o - L) (+2), K= f{:

® \Vertex function ®(y?) — finite size effects/distribution of constituents in bound state:
local limit; ®(y2) — 64 (y)

momentum space: ®(p%) = exp(—p2 /A?), Gaussian with free size parameter A.
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The method: Compositeness/\Weinberg condition

Bound state description and compositeness condition:

® note: Zy, =| < fhare|fdressed > |=0 and gy, is finite.
® here: for Apy =0.7—-13GeV — gy i =3.03—3.21 GeV (=2.9 GeV in local limit)
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Thetest case: ag/ fp ashadronic molecules

fo(980) — v and ag(980) — v
(see Branz, TG, Lyubovitskij: EPJA 37 (2008) 303; PRD 78 (2008) 114013)

o
5 = T _oory [KEV]
2™ 10.07
- < PDG (2008) 0.297 5 09
(a) (b) Theo. (A =1 GeV) 0.25
Theo. (local lim.) 0.29

Tag—ny~ [KEV]

Amsler (98) 0.30 £ 0.1
o~ Theo. (A =1 GeV) | 0.19

Iy sf2 K Theo. (local lim.) | 0.23

p

Hadron Molecules — p.9/35



*0(2317), D41(2460)

Basics about D} (2317) and D1(2460)

9

L I I I

°

first seen in
D*,(2317) — Dsm" by BABAR (2003), Ds1(2460) — D 7% by CLEO (2003)

Both states confirmed by BELLE (2004)
FD:O < 3.8 MeV, FDsl < 3.5 MeV
quantum numbers J(D*)) =0T and J (Dg1) =11

D?,(2317) close to DK threshold with m,;, = 2362 MeV;
Ds1(2460) close to D* K threshold with 1}, = 2503 MeV.

but, few ratios for rates (or upper limits) for D%, (2317):

I'(D*,(2317) T =D (2112) T )
I'(D*,(2317)T — D 70)

< 0.059

and for ratio of dominant decay modes of D1 (2460):

['(Dg1(2460)T —DT ~)
T'(Ds1(2460)T —D} T 70)

JP =01 ¢35 expected between 2400 — 2500 MeV !

= 0.44 £+ 0.09
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*0(2317), D41(2460)

D*,(2317)(0") and Ds1(2460)(17) as hadronic molecules:

DX >=|DTK° > +|D°K+ > DY, >= |D*t* K% > +|D*°K+ >

Coupling of the hadronic molecules to the constituents
Lpr, (@) = g9p. Do () Jdy®p= (y*) D' (z + wiy) K(z —wpy) + He.
with the doublets

DO Kt
b= D+ K= K0 and wq; = o

m;

Resulting in: 9pr, = 10.58 £ 0.68 GeV (gp,, = 10.90 £ 0.72 GeV).

with Gaussian vertex function: ®(p%) = exp(—p%/A?) and A =1 — 2 GeV.

(see Faessler, TG, Lyubovitskij, Ma, PRD 76, 014005, 114008 (2007))
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*0(2317), D41(2460)

Direct and  — 7% mixing mechanisms

=0 ()

isospin violation tan(2¢) = 2 Td—"u Gasser (1984)

mg—m
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50(2317), D41(2460)

Strong decay Ds; — DO

(c) (d)

including direct and n — 7° mixing transition
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50(2317), D41(2460)

Effective interaction Lagrangian

* Mgl * < H
Lint — —MDzTﬁDiﬁ D—I—MK;VTK?)@ K

24/2 V2
* T gl o * — T-<_>'u
+ QD*DSKDPJ K’La DS +gD;<DKDSMD 10 K
igK*D;kD* D _“VD;K: + D* ”'/KZD:’; + K~ “VD:’;ij(:E)

+ ED:O—I—ﬁpsl + H.c.

including 7° — n mixing:

T3 — T3 COS € — N sin e Tp = m1T1 + 2T + w3(73 cos e + [sine/\/g)
N — w3 sin € + 1N cose T = w171 + w72 + w3(T3 cose + Isine\/g)

with tan 2e = ‘f Td—u ~ ().02 (Gasser 1984)
mg—m
and couplings
gp*Dx = 17.9, g+~ = 4.61 fixed by data, 9p*pn = 7.95, gx*Kkn = 6.14 HHChPt
dD*D. K — 9gK*D.D — 2.02, gD:DK = gD:D*K* = 1.84 QCD sum rules (Wang 2006)
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50(2317), D41(2460)

Radiative decay D*, — D~

(c) (@)

similarly for Dg1 — Dg~y

(8) (h)
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*0(2317), D41(2460)

Results for strong decays (in keV)

Approach I'(Dfy — DsnY) I'(Ds; — D¥n%)
Nielsen 2005 (tetraquark) 6+2
Colangelo 2003 (cs, HQS) 7+1 7+t1
Godfrey 2003 (cs) 10 10
Fayyazuddin 2003 (cs) 16 32
Bardeen 2003 (c5) 21.5 21.5
Lu 2006 (c3) 32 35
Wei 2005 (cs, QCDSR) 39 +5 43 + 8
Ishida 2004 (c3) 155 — 70 155 — 70
Cheng 2003 (tetraquark) 10 — 100
Azimov 2004 (cs) 129 + 43 187 £ 73
Our result (HM) 46.7 — 111.9 50.1 — 79.2
Lutz 2007 (HM, x NLO) 140 140
Guo 2008 (HM, x NLO) 180 £+ 110
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*0(2317), D41(2460)

Results for radiative decays (in keV)

Approach ['(DYy — D%v) I'(Ds1 — Ds7)
Fayyazuddin 2003 (c3) 0.2
Colangelo 2003 (cs, HQS) 0.85 + 0.05
Close 2005 (cs) 1 <73
Liu 2006 (c3) 1.1 0.6-2.9
Wang 2006 (c3) 1.3—-9.9 55 —-31.2
Azimov 2004 (cs) <14 <2
Bardeen 2003 (cs) 1.74 5.08
Godfrey 2003 (cs) 1.9 6.2
Colangelo 2005 (cs, QCDSR) 4 —6 19 — 29
Ishida 2003 (cs) 21 93
Our results (HM) 0.47 — 0.63 2.73 — 3.73
Lutz 2007 (HM, x NLO) <7 ~ 43.6
Gamermann 2007 (HM) 0.488
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*0(2317), D41(2460)

Results for ratios
RD;‘O =I'(D:, — D}~v)/I'(D:, — Dsn)

Rp,, =T'(Ds1 — Dsv)/I'(Ds1 — D}m)

Approach Rp_, Rp_,
Azimov 2004 (c3) < 0.02 0.01-0.02
Bardeen 2003 (c5) 0.08 0.24
Lutz 2007 (HM, x NLO) < 0.05 ~ 0.31
Ishida 2003 (cs) 0.09 - 0.25 0.41-1.09
Godfrey 2003 (cs) 0.19 0.62
PDG 2008 < 0.059 0.44 4+ 0.09
Our result (HM) ~ 0.01 ~ 0.05
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X (3872)

Basics about X (3872)

® firstseenin
X (3872) — J/vyn T 7~ by BELLE (2003),
also seen by CDF, DO (2004) and BABAR (2005).

® Ty ~3MeV
» quantum numbers:

C=+ from X (3872) — ~J/+, 1=0 no signal in X — w7w%J/4

JPC =1++ or JPC = 2= from X (3872) — J/¢nTm~ helicity amplitude analysis
$ X(3872.240.8) close to DY D*? threshold with myj,,. = 3871.81 4 0.36 MeV;

S-wave D9 D*9 hadron molecule favors J£¢ = 1++

| I

charmonium interpretation disfavored, 17+ (23 P, ) too low in mass compared to
m(23 Py) ~ m(Z(3930))
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X (3872)

Basics about X (3872), Decay Modes

S I'X—=J/Yprtr 79 /I(X — J/YpnT7~) = 1.0 £ 0.4(stat) &= 0.3(syst)
BELLE (hep-ex/0505037)
isospin violating decay modes
decays dominated by subthreshold decays of wJ /v and pJ /vy

P I'X—J/Yy)/T(X —T/Yyntn~)=0.1440.05 (Belle); 0.33 & 0.12 (BABAR)
BELLE (hep-ex/0505037), BABAR PRL 102 (2009)
large radiative decay mode !!

P I'(X—¢298)7)/I'(X —J/¢py) =35+14
BABAR, PRL 102, (2009)
possible evidence for charmonium component ?
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X (3872)

Aim: results for decay rates of the X (3872)

Ansatz: X (3872) is S-wave molecule with JF¢ = 1++

Z1/2 B B Z1/2
| X (3872) >= cos @ [%QDOD*O) + |D*9DOY) + %(wﬂ)*ﬂ + |D~D*t)) +
1/2 1/2 . _
ZJ;w|J¢w>+ZJ;p|J¢p> + sin |cc)

® dominant |DYD*?) + | D*° DY) component

® quantitatively see Swanson (2004): for e = 0.3 MeV,
Zpopwo =092, Zpipez =0.033, Zj,, =0041, Zj, ,=0.006

small admixture of 1+ ¢¢ component:  sin 6

L I

Compositeness condition: Zx = 1 — (X3 (m2%.)) — (£ (m?%))" = 0 fixes coupling of
X to its components
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X (3872) — J/u, (2S) +

J/¥,(28) I/, 9(28)

I/
J/¥,(28)
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X (3872)

Interaction Lagrangian and couplings:

Lr, =9, Jy, Cypc
with 95, =5 fixed from I'(J /¢ — eTe™) =~ 5.55 keV.

ijDD = igJ¢DDJ$ <D08MD0 — D08MD0>

_ vV my*0 * 0 * 0 * 0 * 0 * 0
L1,D*D* =g, pepe (J{Z D;° D30 + % D*0v D5 + J% D50 D u)

fixed from world averaged values: 954,00 = 95, D*D* = 6.5

__ € o k0 0
ED"‘D’}/—ZQD*ODOWE'u IBFMVDaﬁD

with g ~ 2 GeV ! fixed from BR(D* — D%) = 38.1%

D* ODO’y

Hadron Molecules — p.23/35



Resultsfor X (3872) — ~.J /vy and v (2s)

I
Configuration (X (3872) — ~J /v, v(25)) keV
molecular DD* component 60 - 120(J /) 0.3 (1)(25))
pure J/V component 6(J/v) 0 (v(29))
interfering DD* and J/4V components 30 - 65 (J /) 0.3 (1(29))

1/2
ccC

additional charmonium contribution with Z_2“ = sinf ~ —0.2 required

A}
SRR SRRV SRR RO
TR ! N
T
[ ‘/ e —— ]
//‘/, - ]
I
0.1 0.15 _S()I%]e 0.25 0. 0.1 0.15 _S:)ée 0.25 0.3
- id - _ D(X—=92S+y) _
dotted - J /1), solid - ¥)(2s) mode Ros = XS J/0Ty) 90 +1.4

(BABAR, 2009)

Dong, Faessler, TG, Kovalenko, Lyubovitskij, PRD 77 (2008), 79 (2009), 0909.0380 [hep-ph]
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Resultsfor X (3872) — J/v + h with h = 27, 3w

Assumption that X (3872) — J/v + h proceeds via J/vw and J/vyp components
(see also Braaten and Kusunoki PRD 69 (2004)):

Quantity Nonlocal case
(X — J/yprTn7), keV 9.0 x 10° Z;,, , (54.0)
I'(X — J/yrTr—nY), keV 1.38 x 10° Zz,,., (56.6)
['(X — J/ym%y), keV 0.23 x 10° Z ., (9.4)
Xl x 7 — 1.040.440.3 1.05
F&g;i{ﬂg_) — 0.14 4+ 0.05:0.33 £ 0.12 | 0.10

Explicit numbers for configuration of Swanson (2004) at e = 0.3 MeV.
Subleading J /9w, J/vp and cé¢ components dominate ratios !
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X (3872) — ey + 70,20 JE =01, 17, 27T

X (3872) — xog + @0

X (3872) — Xxeg + 27

D° D°

D° D°

DU

D0 s
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Resultsfor X (3872) — x.s + w0, 27

Quantity

DO D*9 |oop

DOD*O + D—D*—l—

[exact]

D(X — xco + ), keV

61.0

I'(X — xeo +27°), eV

63.3 Z o p+o (58.2)

94.0

D(X — xc1 +70), keV

16.4

['(X — xe1 +27°), eV

743 Z 5o p+o (683.6)

1095.2

D(X — xe2 + 70), keV

22.1

['(X — xe2 +27Y), eV

20.6 Z 5o p+o (19.0)

30.4

US|ng ZDOD*O — 092,

Zp+p«x = 0.033 for e = 0.3 MeV (Swanson 2004)

sensitive to leading molecular component
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Y (4140)

Basics about Y (4140)

® first seen in exclusive decays BT — Y (4140)K T
with Y (4140) — J /4 ¢ by CDF (PRL (2009))
my (4140) = 4130.0 & 2.9(stat) &+ 1.2(syst) MeV,
[y (4140) = 11.7f§:8(stat) + 3.7(syst) MeV

® Decays of cc states to open charm decay modes dominate,
['(cec — J/¢ ¢) =~ 0!l (OZI suppressed)
see for example Eichten, Godfrey, Mahlke, Rosner, RMP 80 (2008)

® molecular interpretation as |V (4140)) = |DiT DX 7),
close to DT D~ threshold of m;;, = 4225 MeV,
first estimates give binding for J©¢ = 0T+ or 2+

® similar to Y (3940) observed by Belle and BABAR in w.J /v decays,
interpretation as | Y (3940)) = % (|D**D*~) + |D*YD*0)) molecular state.
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Selected decays of Y (4140)

From HHChPT Lagrangian (Colangelo (2003), Wise (1992)):
LD D gy = i9ppey, Tl (D*T 9, D;" + Dl & D;;— D" 9,D;,)
'CD*D*V o ZgD*D*VV'uD*T a/LD*V +4?’fD*D*V(6MVV aI/V,u)D* D*TV

Decay properties of Y (3940) and Y (4140)

Quantity Y (3940) | Y (4140)
LY — J/YV =¢,w), MeV | 5.47 3.26
T(Y — ), keV 0.33 0.63

sizable J/1 ¢ can be explained (Branz, TG, Lyubovitskij, 0903.5424 [hep-ph])
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Conclusions

L I I

hadron molecules: old expectations - renewed interest in heavy meson sector
QFT approach to hadronic molecules (compositeness condition)

Aim: detailed predictions for new heavy mesons and their strong, radiative and weak
decay properties
dynamics dominated by hadron loops

open charm system: D%,(2317) = DK, D;1(2460) = D*K,
good candidates, even converging HM calculations

hidden charm system

X (3872) = D°D*0 4 c.c., but present decay modes are dominated by subleading
components

Y (4140) = DITD:™ good candidate, open charm modes.
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Extra dlide (The method: em interaction)

em interaction is generated by minimal substitution:

ie. KL — (OF FieAH)K*

L ¢, k g has also to be gauged with (J. Terning, PRD44 (1991)):
K+ — eFienl @) KE(y), I(z,y) = [ dzpA¥(2)

leading to vertex couplings (relevant to fulfill gauge invariance):

Y Y
b1
C]l\ q2 / K*
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Extradide (Thetest case: aq/ fo ashadronic molecules)

Radiative decays: S — vV (S = fo, ag; V =w, p)and ¢ — ~S

Gauging of

Ly = qu:b Qv\/%f{ V“(KMMK - Kz'@uf(), Ly, = 9v\/1<§f< P_W(I_{?iauK - KF?ZE)M[_(),

with couplings:gy kg = 9,k = Jurxix =4.24and g, =6
(SU (3) symmetry relations, Zhang et al. PRD74 (2006))

v
K K
q1 Q1+
D o D @
S S Vv
q2 14
S~
K
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Extradide( Thetest case: aq/ fo ashadronic molecules)

Results for radiative decays: S — vV (S = fo, ao; V =w, p)and ¢ — S

prediction in local limit:

T'(¢ — foy) = 0.57keV, TI(¢ — agy) = 0.33 keV

from PDG(2007):
I'(¢ — aoy)/Tiotar = (0.76 £0.06) - 10~4
(¢ — fov)/Tiotar = (1.11 £0.07) - 10~4

— | I'(¢p — foy) = 0.47 keV, I'(¢p — apy) =~ 0.32 keV.

further predictions (A = 1 GeV and local limit):

I'(fo — py) = 7.59(8.10) keV  I'(fo — wry) = 7.13(7.58) keV
['(ag — py) = 6.60(7.19) keV  T'(ag — w7y) = 6.22(6.77) keV
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Extradide( Thetest case: aq/ fo ashadronic molecules)

Strong decays fo — mmw and ag — 70

K
q1
P > T
fofag m— <
q2 7T/77
% S
(b)
based on: o o
Liorgon = L= KATRT0 K + hee, Lroegn = 220K T0i0 - K + hee.

Lu(x) = E2(D,U@)DrUT () + xUT () + xTU ()

I'(fo — ) =45 — 90 MeV(A = 0.8 — 1.2 GeV) | compared to 40 — 100 MeV (PDG)

['(ag — ) = 48 — 93 MeV(A = 0.8 — 1.2 GeV) | compared to 50 — 100 MeV (PDG)
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50(2317), D41(2460)

Strong decay D*, — Dy

n
D+ D*t
D Dy D; Dy D, Dy
KO
(b) @
7T0 7T0
.
K
K+ Kt
D; Dy D; Dy D; Dy
DO
© (d) (©) (d)
direct transition n — 70 mixing
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