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o Recent intriguing progress in charmonia and
bottomonia spectroscopy calls for adequate
phenomenological tools for data analysis

o Many newly observed resonances reside near
two-body mesonic thresholds

e so that both quark and meson dynamics affect
their properties

o and the interplay of quark and meson degrees of
freedom may result in quite peculiar properties
of such near-threshold resonances
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@ An isolated resonance = Breit—Wigner shape with a
constant width.

@ Resonance attracted to an S-wave threshold = Flatté
distribution with momentum-dependent width:
1
E — Er+ $I'(k)

f(E) I'(k) = grk x VE
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@ An isolated resonance = Breit—Wigner shape with a
constant width.

o Resonance attracted to an S-wave threshold = Flatté
distribution with momentum-dependent width:

1
f(E) ~ : I'(k) = grk < VE
B~ v (k) = gk o
@ ... with the simple multi-channel generalisation
f(E) ~ :

E—Er+ é Zigy)ki

o Interplay of quark and meson degrees of freedom takes
place = 777
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The problem

What is the generalisation of the simple Flatté
formulae to account for the interplay of quark and
meson degrees of freedom in a near-threshold
resonance?
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Essentials of the formalism

H|X) = E|X)
cltbo) Eck i b
IX) = x1(p)|M11 Mi2) 17— i Hp Viz

x2(P)|Ma1 M) fo Vo1 Hp,

1

2
Hp,(p, ') = (A; - 2p > s®)(p—p')+ Vil(p.p)

Vij(p, p’) — direct mesonic interactions
fi(p) — transition between quark state and i-th mesonic state

Aj = (mj1 + mj2) — (m11 + my2) — splitting between thresholds
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Lippmann—Schwinger equation for the t-matrix

too = _Z/fk Sk tro d°q
P

tio = fi — fi So tOO_Z/Vik Sk tro d°q
P

tOi:fi_Z/fk Sk tii d°q
K

tij = Vij—fi So tOj_Z/Vik Sk tig d°q
P

1 1

Eo— E—i0 Aj+ £ —E—i0
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Exact analytic solution for the t-matrix

_ (E-E)g

t = —7————
E—-—E+G

o — \E — E0)oi

" E-E+g

t.OZ(E_E°)¢f

' E-E+G

L,V Gip;

=t + g

o=i-S [ds5Pa G=i-3 [s54 S
G= Z/f25d3 Z/fStU fi i’k d°q
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Direct interaction t-matrix tV

t,)/:\/,j_Z/\/,-kSk ty, d°q
k
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Direct interaction t-matrix tV
ty = V"J'_Z/V”‘ S ty; d’q
k

Near threshold tV can be taken in the scattering length
approximation (see also Artoisenet, Braaten, Kang, PRD 82 (2010) 014013)
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Direct interaction t-matrix tV
ty = V"J'_Z/V”‘ S ty; d’q
k

Near threshold tV can be taken in the scattering length
approximation (see also Artoisenet, Braaten, Kang, PRD 82 (2010) 014013)

For two channels (A1 =0, Ay = A >0, ug & up = p):

v L1 sty + 2k Ve = s
2721 Det Yt — Vs Vs + e + 2iky

Det = 4(vsyt — kika) + 2i(7ys + ve) (k1 + k2)

ki = \/2uEO(E) + i\/—2uEO(—E)
ko = \/2u(E — B)O(E — A) + i/20(A — E)O(A — E)
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Counting parameters...
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Counting parameters...

O Elementary state mass Ey
@ Isosinglet quark state:

h(p) = fa(p) = f(p) = fo = f(0)
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Counting parameters...

O Elementary state mass Ey
@ Isosinglet quark state:

f(p) = (p) = f(p) = fo = £(0)
© Range parameters R and R':
[ P@s@da =GR+ airuk)

[ f@si@d*a = bR + ainuk)
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Counting parameters...

O Elementary state mass Ey
@ Isosinglet quark state:

fi(p) = fa(p) = f(p) = fo = £(0)
© Range parameters R and R':

/ f2(a)Si(a)d>q = f7(R + 4in*puk;)

[ f@s@da = (R +airuk)

@ Direct interaction parameters s and
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Counting parameters...

O Elementary state mass Ey
@ Isosinglet quark state:

fi(p) = f(p) = f(p) = fo = £(0)
© Range parameters R and R':
[ P@s@da =GR+ airuk)
[ f@s@da = (R +airuk)
@ Direct interaction parameters s and
{Eo, fo, R, R, s, 7t}
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Counting parameters...

O Elementary state mass Ey
@ Isosinglet quark state:

fi(p) = f(p) = f(p) = fo = £(0)
© Range parameters R and R':
[ P@s@da =GR+ airuk)
[ f@s@da = (R +airuk)
@ Direct interaction parameters s and
{Eo. fo, R, R', s, ve} = {Er. 8F, Vs vt}
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Solution of the Lippmann—Schwinger equation

1 (E— Ec)(2v: +i(ki + ko))
s 2( 11 + t22) + ti2 472y D(E)

1 2vs(E — Ef) + i(k + k2)(E — Ec)
ty = =(t trp) — t1p =
t 2( 11+ t22) — t12 472, D(E)

1 i(k2 — ki)(E — Ec)

D(E) = s (2’yt—|—i(k1—|—k2)) (E—Ef)— (2k1 ko — ive(ka +k2)> (E—Ec)

1
Ec = Ef — 58 s
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o Ec is far away from the thresholds (|Ec| > A):

A
[Ys| > — (|vs| — o0)
8f
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o Ec is far away from the thresholds (|Ec| > A):
A
sl > — (1] = 0)
&f

@ ki and k; are disentangled (ki ky term is suppressed):

V| >/ pA (|7e] — o0)
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o Ec is far away from the thresholds (|Ec| > A):
A
sl > — (1] = 0)
&f

@ ki and k; are disentangled (ki ky term is suppressed):

V| >/ pA (|7e] — o0)

Q Case (i): |vs| = o0 and |y¢| = o0
@ Case (ii): small 75 and || — o
O Case (

Q Case (iv): both v and ~; are small

iii): |vs| — oo and small v,
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Parameters

1w=966.5MeV A =8.1MeV gr=0.25

Case | 75, MeV | v¢, MeV | Ef, MeV
(i) 00 00 -10.47
(ii) -30 s -3.22
(iii) 00 -30 -7.77
(iv) -30 -30 -2.97

E¢ is fixed to have a bound state at E = —0.5 MeV
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Parameters

1w=966.5MeV A =8.1MeV gr=0.25

Case | 75, MeV | v¢, MeV | Ef, MeV
(i) 00 00 -10.47
(ii) -30 s -3.22
(iii) 00 -30 -7.77
(iv) -30 -30 -2.97

E¢ is fixed to have a bound state at E = —0.5 MeV

Parameter sets are similar to those describing the X(3872)
charmonium, however these are not fits for the X(3872)
data
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Complex w-plane

K _ K 2
== = — —+2
2/11 2/12 4 Wit 2+
I: Imk; >0, Imk, >0
| 1 w
) II: Im k1 <0, Imk, >0
S| II1 : Im k1 >0, Im k) <0
IV : Im k4 <0, Im k) <0
-1 0 1

Thick solid line corresponds to
the real values of the energy E
v -1 on the first sheet
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Pole positions in the complex w-plane
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Production rates

@ Production from a point-like source
@ Stable constituents (no events below threshold)
@ No interference between production mechanisms
@ Hadronic channel 1 in the final state

o Normalisation: [;° ™V (dBr/dE) dE = 1

dBr, 1 2

JE X ‘E— Eot()l(E) @(E)\/E
d?gl xX ‘tll(E)F@(E)\/E

d?ghz xX ‘tzl(E)F@(E)\/E
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Production through the quark component

© Solid line: |ys| — oo and || = o0
@ Dashed line: 7s = —30 MeV and |y;| — o0
dBro/dE [MeV] © Dashed-dotted line: |ys| — oo and v+ = —30 MeV
Fo © Dotted line: both vs = v+ = —30 MeV
05},
04h
0.3
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o1f

=1 E[MeV
0 [MeV]
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Production through the first hadronic component

O Solid line: |ys| = 0o and |y¢| — oo

© Dashed line: v = —30 MeV and || — o
dBry, /dE Mev-] © Dashed-dotted line: |ys| — oo and v+ = —30 MeV
025} A @ Dotted line: both 75 = 7 = —30 MeV

020}
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Production through the second hadronic component

© Solid line: |ys| = 0o and |y¢| — oo
© Dashed line: v = —30 MeV and || — o
dBry, /dE [Mev-] © Dashed-dotted line: |ys| — oo and v = —30 MeV

o4k @ Dotted line: both v = v, = —30 MeV

L L 1 L L L 1 L L L 1 L L L 1 L L \..\ EMeV
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o If both quark and meson dynamics are present in a
near-threshold resonance,

o they both generate simultaneously near-threshold poles in
the S-matrix, and

@ there is no conspiracy between different production
mechanisms

then

the interplay of quark and meson degrees of freedom
can produce line shapes of a very peculiar form
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can be used to describe date with irregularities.
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Conclusions

@ The general formalism just presented (or one of its limits)
can be used to describe date with irregularities.

@ With the full expressions derived one can proceed beyond
the near-threshold region.

o If data do not exhibit irregular behaviour, this formalism is
useful to study to what extent (statistics, resolution,
binning procedure, and so on) the data would need to
improve to get sensitive to the structures potentially
present.
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