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Figure1: Spectral information of the vectolreft) and axial-vectorright) current. Figures taken from [1].

1. Introduction

The isovector—vector and the isovector—axial-vectoresur

i =dtyyq and ;=dqTyu)sa, (1.1)
respectively, are related by a chiral transformafiofihese currents can be called chiral partners
on the fundamental level. In a world where chiral symmetrgwat broken, the corresponding
current-current correlators would show the same speatfatration. In the real world chiral
symmetry is spontaneously broken. A prominent peak —atheeson — shows up in the vec-
tor spectrum (measured &te~ collisions andr decays). On the other hand, in the axial-vector
spectrum a broad bump appears — ¢heneson (also accessible irdecays). Both experimental
informations are displayed in Fig. 1. It is tempting to gakhnda; chiral partners on the hadronic
level.

In the following strong indications are brought forwardtttreese “chiral partners” do not only
differ in mass but even in their nature [2]: Tjpemeson appears dominantly as a quark-antiquark
state with small modifications from an attractive pion-pioteraction [3]. Thea; meson, on the
other hand, can be understood as a meson-molecule stat®[#]5nainly formed by the attractive
interaction between pion ama@meson. A key issue here is that the meson-meson interactiens
fixed by chiral symmetry breaking. It will be demonstratedttbne can understand the vector
and the axial-vector spectrum very well within this inteation. It will also be shown that the
opposite cases, namely as a pion-pion molecule a as a quark-antiquark state lead to less
satisfying results.

We are aiming at an understanding of the respective lowggneart of the spectra depicted
in Fig. 1. Both show a resonant structure: In the vector specileft panel) there is a peak at

IHereT denotes the isospin matrices.
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about 770 MeV called th@ meson. In the axial-vector spectrum (right panel) there liscad
bump at about 1250 MeV called tlag meson. Actually both low-energy parts are governed by a
(quasi-)two-particle final state -/ tfor the vector angb it for the axial-vector channel. The latter
can be deduced from a Dalitz plot analysis of the three-piwal ftate [6].

The general strategy is the following: The two-particléesta subject to final-state interactions
(rescattering). We want to figure out whether this finalestateraction is sufficient to create the
respective resonant structure seen in Fig. 1 or whetheressnin addition a preformed resonance,
i.e. an elementary hadronic state which microscopicalijukhbe regarded as a quark-antiquark
state. This intrinsic structure is, however, not resolvetthe hadronic level.

We study two scenarios: For the first scenario we only inclti@efinal-state interactions
which we describe via a Bethe-Salpeter equation. The kignaken from the lowest-order chiral
interaction. It is important to note that the strength o thinal-state interaction is fixed by chiral
symmetry breaking and is therefore parameter free. In tbengescenario we include in addition
a preformed resonance. If we got a reasonable descriptitiealata from the first scenario, we
would conclude that the resonance in the considered chaaetlynamically generated state, a
meson-meson molecule. Otherwise, we would conclude teaefonance has a non-negligible or
even dominant quark-antiquark contribution which can bengified in the second scenario.

2. Nature of resonances. The p meson

Instead of the two-pion spectrum of Fig. 1, left panel, welgtilne electromagnetic form factor
of the pion in the time-like region [3]: Due to isospin symmyahis contains the same information
[1]. The relevant processes are depicted in Fig. 2. The Ibareker chiral interaction of the two-
pion system is given by the non-linear sigma model [8]. Weehswo parameters at our disposal:
the renormalization points (a) for the loop of the transitioom the virtual photon to pions (top
left panel in Fig. 2) and (b) for the loop appearing in the BeBalpeter equation (middle panel in
Fig. 2). These renormalization points are not (completisg, however: First of all, both have to
be in a reasonable range (see below). Second, the renaaiti@iipoint for the loop in the Bethe-
Salpeter equation can be fixed by the requirement of appaigilcrossing symmetry [4] (see also
Ref. [9] for a different line of reasoning which yields thergaresult).

The result of the first scenario (only final-state interactiis shown in Fig. 3, left panel. The
full line labeled “lowu” is obtained for both renormalization points set to the pimass. Obviously,
one fails to describe the data. If the renormalization oare increased, it is possible to create a
peak structure. The dotted line labeled “highis obtained for both renormalization points set to
1.1 TeV. Finally, one gets the dashed line labeled “ivad by setting the first renormalization point
(photon-to-pion transition) to 10 TeV and the second oneladr&V. Thus, from a purely technical
point of view the approach allows for a description of thead@ashed line). From the physical
point of view, however, it must be stressed that only the linkk corresponds to a reasonable
calculation, since the renormalization points should tieaireasonable range and not orders of
magnitude away from typical hadronic scales. We conclu@g with a physically reasonable
choice of parameters one cannot explain the pion form fastthrin a scenario which includes
only pion-pion rescattering. One needs in addition an ef¢amg resonance as we will show next.
A similar conclusion has been drawn in Ref. [12] studyingpf@n-pion scattering phase shifts.



Different nature of p and a3 Stefan Leupold

et Py
7
- +
L= . e .7
7 rd rd
S - -~ -
N < S
S -7 \\ p ~ -~ S
\\ \\\
e~ & € T
\ 4 N 4 \ 4
N\ 4 N 4 A -—~ 4
4 N d N\ 4 ~=- \
4 N\ 4 N\ 7 N\
N e N 4 N 4
N s ~ 7 N s N ’ N ’
N , N N ,
N 7
- = . — o
2 . * P
4 N 4 Y 4 AY
4 Y 4 N 4 N\ 4 N 4 AN
e N rd N e N d N 4 N

Figure2: Description of the electromagnetic form factor of the pidthim the two scenarios. The processes
from which the form factor is extracted are depicted in tiepganels. For the first scenario (only final-state
rescattering) only the top left diagram enters. For the sé&zenario both diagrams in the top line are
considered. The boxes labeled witdenote thes-matrix of pion-pion scattering. It is obtained from the
T-matrix which in turn results from the solution of a Bethdggder equation (middle panel). The kerkel

of the Bethe-Salpeter equation for the first/second scersshown in the bottom left/right panel. In the
first scenario this kernel is fixed by the lowest-order chimgraction. It is a point interaction as depicted
in the lower panels. In addition, for the second scenarigtieéormed resonance appears in the kernel. For
further details see main text and Ref. [3].
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Figure 3. Left: The pion form factor in the first scenario (only rescatterfigpions). The physically rea-
sonable calculation is shown by the full line. The other gltions are technically possible, but physically
unreasonable, since they correspond to renormalizationiio the TeV range. See main text and Ref. [3]
for details. Right: The pion form factor in the second scenario where an elemergaonance is included
in addition. Data taken from Refs. [10, 11].
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We now turn to the second scenario where an elementary mes®maincluded in addition to
the pure rescattering studied in the first scenario. The faaotor is now obtained from the sum of
diagrams shown in the top line of Fig. 2. The Bethe-Salpegaaton is formally unchanged, Fig.
2, middle, but the kernel is now given by the sum of the poitgriaction obtained from the non-
linear sigma model and the elementary resonance, cf. Fimptfym left. As additional parameters
one has now the mass of the elementary resonance and itsngsual the photon and to two pions.
Actually, changes in the renormalization points can be camspted by changes in these resonance
parameters. Therefore, one has effectively three freenpeteas. As shown in Fig. 3, right panel,
one gets an excellent description of the pion form factor |8]particular, there is no two-peak
structure in the theory curve since the pion contact intema@lone is not very strong, as already
shown by the full line in Fig. 3, left. We conclude that theneson is dominantly a preformed (i.e.
quark-antiquark) state with a small two-pion admixture antla pion-pion molecule.

3. Nature of resonances. The a; meson

The analysis of th@; meson exactly resembles the one presented foptheeson, but the
result will be just the opposite: We will show in the follovgithat thea; meson can be understood
as arr-p molecule.

The relevant processes for the description of the decay; + 3rrare schematically depicted
in Fig. 4. The lowest-order chiral interaction of thert system is given by the Weinberg-Tomozawa
interaction [13, 14, 4].

Results of the calculations for both scenarios are comparédta in Fig. 5. In the first sce-
nario thea; meson emerges as a dynamically generated state from fatalisteractions of vector
and pseudoscalar mesons. That axial-vector mesons cardiedin this way has been suggested
in Ref. [4] and later in Ref. [5]. In these works a coupled+uia treatment ofr-p andK-K* has
been presented. We follow this approach, but note in pashaighe strangeness channel is not
very important for thea; meson [6]. For the first scenario we take the parameter-frattesing
amplitude from Ref. [4]. Then we are left with only one freggraeter, the renormalization point
U2 of the entrance loop from thé/-boson to hadrons (cf. Fig. 4, top left). We recall that this
parameter should be in a reasonable range. By only tyminge get a decent description of the
data as shown in Fig. 5, left panel. This means that we camiggibe describe the position, height
and width of thea; bump with one parameter which is in the GeV range (and notarrd#V range
as for the case of the meson).

In the second scenario where we include in addition an eleanemesonance we typically
generate a double peak structure (dotted line in Fig. 5t pahel). This is not surprising since
we know from the first scenario that the final-state intecaictetweerp and T is strong enough
to create a resonance dynamically. An additional elemgm&gonance can only be hidden, if its
coupling to thep-rt system is weak (which essentially brings back the first so@nar if its mass
is fine-tuned such that it appears at the position of the dycadiy generated resonance. The latter
possibility is shown as the full line in Fig. 5, right panel. hité this is technically possible we
regard it as rather unnatural that a quark-antiquark and sbommeson state appear at the very
same position. Therefore, the natural explanation ofrthecay data shown in Fig. 5 is that tag
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Figure4: Description of the process— v + 3rrwithin the two scenarios. The diagrams which correspond
to the considered process are depicted in the top panelshé&irst scenario (only final-state rescattering)
only the top left diagram enters. For the second scenario diagrams in the top line are considered. The
shaded circles denote tBematrix of the scattering of vector mesoins full lines) on Goldstone bosong(
dashed lines) taking into account three flavors. Bhaatrix is obtained from th& -matrix which in turn
results from the solution of a Bethe-Salpeter equation dieighanel). The kerné{ of the Bethe-Salpeter
equation for the first/second scenario is shown in the boliditnight panel. In the first scenario this kernel
is fixed by the lowest-order chiral interaction. It is a pdimieraction as depicted in the lower panels. In
addition, for the second scenario the preformed resongpesas in the kernel. For further details see main
text and Ref. [6].
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Figure5: The axial-vector spectral information in the three-piorfistate described by the firdeft) and
the secondrfght) scenario. See main text and Ref. [6] for details. Data tdf@n Ref. [1].
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meson is a dynamically generated state, i.e. a meson-megiacute [6, 7] as suggested in Refs.
[4, 5].

To summarize we have shown strong indications thatgtted a;, the “chiral partners” at
the level of hadrons, are not only different in mass, butabtudifferent in nature: Thegp meson
is dominantly a quark-antiquark state whereasahe&s dominantly a meson-meson state (mostly

p-T0).
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