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Photo- and hadron-production of mesons
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We discuss then(') production in the double Regge model. We also identify the dominant exchanges necessary to desm;F@eslmiem

for energies above the resonance region. The model explains the forward-backward asymmetry observed in this reaction by associating it witt
the exoticP —wave, which in turn is related to the production of the putatiyéiybrid meson. We also discuss th&n~ production through

two complementary mechanisms - direct resonance production (with subsedquentdecay) and the Deck mechanism. The interference

of the Deck and direct production explains the di-pion mass distribution for invariant masses below 2 GeV. Model predictions are compatible
with the ¢g nature of the lightesP— and D—wave resonances, whereas they hint towards substantial molecular or tetraquark component of
the f5(980).
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1. Introduction meson. The asymmetry has been attributed to the interference
of the even and odd partial waves, especially thewave

The QCD is believed to be the true theory of strong nucleatvhich is the strongest odd wave in the) system. The

interactions. However, its application outside the perturbativéorominence of the”?—wave can be linked to the; reso-

region,e.g to describe the observable features of hadronspance production commonly interpreted as the hybrid. On

like masses and decay widths as well as their productioithe other hand, the asymmetry enhancement observegl in

mechanisms, requires either resorting to lattice regularisatioaroduction as compared t hints towards the role of glu-

or employing the QCD inspired models. With the advent ofonic degrees of freedom due to substantial gluonic content of

hadron spectroscopy oriented experiments like COMPASS dhen’ meson.

CERN or CLAS12 and GlueX at Jefferson Lab the hadron  Then, we move on to discuss theg — =¥ p reac-

community obtained a unique opportunity to test lattice andion. Ther* 7~ system by itself is not exotic, still it has

model predictions, especially that these experiments are abl@sonances in various partial waves whose production mech-

to accumulate data sets largely surpassing the amounts of dagisms are far from firmly established. Additionally, we were

available so far. Accurate and theoretically constrained modinterested in the interplay of ther rescattering dynamics

els are especially important for the description of the exoticdnd the pion-nucleon scattering which involves the one pion

states which are actively searched for in many experimentg€Xxchange. To evaluate our model we used the data obtained

Due to notorious computational difficulty of QCD in the en- by the CLAS collaboration [4].

ergy range typical for hadronic processes the amplitudes are

constructed so that they fulfill the theoretical constraints Iike2

relativistic invariance, unitarity, analyticity and crossing sym-~

metry. Two kinds of hadron processes are particularly releThe multi-Regge exchange formalism was studied by sev-
vant for searches of exotic states. These are the photoprodugral authors in the past and has been extensively reviewed
tion of a few meson systems and the hadroproduction of ongy Brower, DeTar and Weis in [5]. Here, we essentially fol-
particular system, namely the) (or 71’) pair. The suitabil-  |ow the formalism and notation from that paper. In spite of
ity of photoproduction process as a testing ground for exotigonsiderable theoretical activity in the field, the phenomeno-
meson searches was pointed out in [1]. T’ production |ogical status of multi-Regge exchange models has been scru-
is interesting because all resonances emerging inodd  tinized to much lesser extent. The intent of the work [6] by
partial waves are exotic [2]. Here, we collect the main re-the JPAC collaboration was to fill this gap at least partially.
sults obtained recently by the JPAC collaboration for these Ther—p — W—n(’)p reaction was studied by the COM-
two processes. PASS collaboration at beam energies of 191 GeV and the nar-
We start from the description of the p — 7~ np and  row interval of target-recoil 4-momentum transfer squared of
7~ p — m n'p reactions studied recently by the COMPASS 0.1 GeV? < —t <1.0 Ge\. For thevm('> CMS energies
collaboration at CERN [3]. The experiment revealed the cleafinvariant masses) above the resonance regien, M, 2
angular asymmetry in the production of pions anchesons 2 GeV, this process is dominated by the double Regge ex-
with additional enhancement of the effect in the case’of changes. Two types of diagrams represent these exchanges.

1) production in the double Regge limit
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FIGURE 2. Forward-backward intensity asymmetry fgr (upper
plot) andn’r (lower plot) from Ref. [6].

FIGURE 1. Fasts (top) and fasts (bottom) amplitudes.

For type | diagrams (a.k.a. fagtdiagrams), trajectory can
be exchanged in the upper line and eitfigor pomeron tra- M = 1 partial wave, it was impossible to fit the model di-
jectories in the lower line. For type Il diagrams (a.k.a. fast rectly to these data. The reason is that the experimental par-
diagrams) eithef, or pomeron trajectories can be exchangedtial waves which were truncated at/a= 6 were normal-
in both upper and lower lines. Both types of diagrams ardzed so that the integrated angular distribution was equal to
shown in Fig. 1. the total experimental yield. Therefore, the model could be
Type | and type Il diagrams altogether represent 6 ampncompared with the data only at the level of the full (rather
tudes whose relative strengths are unknown due to difficulthan partial wave projected) amplitudes. Details of the fit
to evaluate reggeon-reggeon-meson couplings. Therefore, Rrocedure as well as parameter values and their uncertainty
what follows we treat the amplitude strengths as fit parameestimations can be found in Ref. [6]. Having established the
ters. The general form of individual exchange amplitudes ignodel parameter values we were able to predict the angular
defined in Eq.[T), wheres; = s,, andsy = s, for type distributions in polar and azimutal angles for bathandmn’
| amplitudes ands; = s, andss = s,, for type Il ampli- channels as well as the invariant mass depenc/ient intensities.
tudes. The variables in Regge trajectories are replaced acHowever, the quantity which best illustrates thg) produc-
cordingly. Thet;, &, &2 andé,; factors are related to signa- tion asymmetry is the forward backward asymmetry defined
tures of individual trajectories. These signatures are all keppy Ed. 2¢). Even though this quantity was not directly pre-
+1 since the/’C quantum numbers atet+ for all consid- ~ sented in the COMPASS analysis we were able to evaluate it
ered trajectories. along with statistical uncertainty using experimental partial
waves and the statistical bootstrap procedure.

T — —KF(l . al)l“(l _ 042) [(a/S)a1—l(a182)a2—a1

) ) A(m) = 1; (m) g (m) 2a)
x 1 Vi + (a’S)“”l(a’Sl)“1‘”52512‘/2]‘ (1) (m) + B(m)
1
Definitions of other amplitude components like the kinemati- F(m) = /cos 0 Iy(m,cosf), (2b)
cal factorK and thel/; andV; terms can be found in Ref. [5]. 0
Before we move on to discuss our fit results it is worth 0
mentioning one technical aspect of the fitting procedure.
Even though the COMPASS data were given in terms of B(m) = /COSGI"(m’COS 0). (20)
—1

the partial wave intensities and phases relative tdthe?2,

Supl. Rev. Mex. Fis3 0308022



PHOTO- AND HADRON-PRODUCTION OF MESONS 3

In Fig. 2 we compare forward-backward asymmetries obthe amplitude for such process is
tained from the model with those reproduced from the COM- B 5
PASS data, for bottrn and s’ channels. The two lowest  Trr = Mcompacsin Grre’*™™ + Maiffuse oS Orre’®™™ ., (3)

invariant mass data points shown in the gray area of both o ] ) )
plots of Fig. 2 were not fitted in the analysis. This was be-Where for simplicity we have omitted the kinematical and po-

cause the model discussed here applies to the region of |aré@'isation variables. In the exploratory study presented in [8]
7 invariant masses governed by the Regge dynamics. Th&€ have used the simplified form of thécompacramplitude

two bins in question were, however, affected by the resoWhich captured just the fact that it should be structure-less in
nances. Still, we show the asymmetry in the intermediatdéh® 77 energy while neglecting its spin structure. This was
region to highlight the good matching of the Regge and resiustified by the fact that the amplitudes were intended to de-
onance regimes. Finally, it is worth mentioning that as ex-Scribe unpolarized mass distributions obtained by CLAS [4]
pected from the raw (not acceptance corrected) polar angpé(here the spin averaged formalism was sufficient. Thus,
distributions from COMPASS analysis (see Fig. 2 in [3]), thehe simplest structure-less parametrization of the short range
asymmetry effect is much stronger for thg/ channel, which ~ t€rm has the linear form

is in line with model predictions.
Mcompact: A+ Bsrr, 4)

3. w7~ photoproduction with the A and B parameters fitted independently for each
. ) ) partial wave (see [8] for details).

Even though the,p — =7 ~p reaction has been studied for 14 parameterize the Deck amplitudes we employed pre-

over 50 years a comprehensive description ofthe ™ pho- s information on thep scattering encoded in SAID partial

toproduction in low partial waves is still missing. There are e amplitudes [9]. The general form of the gauge invariant
several reasons for that. First of all, the data sets availablgeck helicity amplitude reads

so far were not sufficient to perform the partial wave analy-

sis beyond the dominatfit—wave, with thep(770) as a most ex ks ex(p1+p2)
pronounced state. Secondly, for the photon energies of afew ~ Mx,ax, = 6[ ( R - (01t p2) > ;AQ
GeV the dynamics of the process is inherently complex with A ¢\ pe

the direct resonance _productlon (mod_ellgd by the Reggeon ex-ki e (pL+p2) -

exchange) accompanied by target excitation effects. The tar- - ( T . ) Ty, (5)
get excitation effects can in turn lead to secondary rescatter- 4-r ¢ (pL+p2)

ing in the meson channel, which is known as the Deck pro

cess and is diagramatically shown in Fig. 3. the photon, target proton, recoil proton, positive and negative

n Tfe Important featF”e Of. the Deck process 1s that thepions,q is the photon polarisation 4-vector for photon helic-
w7~ production is mainly driven by the one pion exchange.; A\ andeA T . are helicity amplitudes of pion-proton
Qi i i i 1A2]! 1A2
T.h's IIS b_(tacauhs:ehthe pllon e>t<ctha}[?]ge 'rs] re_Iat:ad tq th?O?m_phtu astic scattering for positive and negative pion, respectively.
sm%u atr_l y W _I'_C;] IS closest 1o the pt 3t/§|ca'r(tag|on h” th These amplitudes were expressed in terms of SAID partial
production. IS way we arrive at the picture wnere the,, o5 |t is worth mentioning that the Deck component of

+.-— pair ari ; v
:L Wd' pa;r arises due to ;\Not_comp_lﬁ]men;ary me(;hdanlsmsthe full amplitude which relies on the SAID parametrization

N 7|rec resonance production with su Se‘i”e“_ ecay R essentially parameter free. To obtain the partial wave mass
7+~ channel and the photon dissociationrtor — pair with

. . distributions in thert 7~ system, the full amplitude consist-
one of th.e pions .brought on shel! through scaFterlng off thqng of the direct production and Deck terms was partial wave
target (with possiblern re-scattering). In the first mecha- rojected according to EdBY
nism the pion source is point-like whereas in the second ong '
it is rather diffuse due to the long range nature of the pion
exchange. As was shown in Ref. [7] the general structure of

wheregq, p1, p2, k1 andk, are respectively the 4-momenta of

Tlm = /dQ Yljn(Q) (]Wcompacﬁ' Mdiffuse)a (6)
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FIGURE 3. Diagrams for the pion photoproduction (Deck mechanism), where pions are subject to final state interactions.
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By fitting just two parameterd andB for each partial wave,
we were able to describe the mass distributions for&he
P— and D—waves as shown in Fig. 3. As expected, the
distributions are dominated by resonance linesfb80),
p(770) and f5(1270), respectively.

An important observation from partial wave mass distri-
butions in Fig. 4 is that for the th&®— and D— waves the
Deck+FSI contribution is strongly suppressed in the reso-
nance region so that the process is dominated by the direct
5 resonance production. This is compatible with the commonly
-—- Deck 1 accepted notion that the(770) and f,(1270) are conven-
L tional ¢g states. On the other hand, the Deck contribution is
----- contact term quite substantial in th&—wave with the Deck+FSI term be-

ing decisive in description of the resonance shape near 1 GeV.
This in turn may imply that thg,(980) state contains a siz-
able molecular or tetraquark component.

1/2

1813

do/dtds

—
h
T

3

[ub/GeV’)

1/2
nn

do/dtds

4. Conclusions and outlook

et e .. i We have discussed the models for thg’) and7+7~ pro-
L e hk 0 3@ aa duction at high energies. The double Regge exchange model
8 eV with 2+ Regge trajectories successfully describes the angu-
i lar and mass dependent intensities of ) energies above

the resonance region. The model also accounts for the ob-
served forward-backward asymmetry in bhé'> polar angle
distributions as well as for the fact that the phenomenon is
stronger for thern’ channel. This hints to the role of gluonic
degrees of freedom in thg production which is in line whith

it being mostly an SU(3) singlet.

We have also shown that the combination of the direct
resonance production (short range/compact source) and the
Deck mechanism (long range/diffuse source) is able to pro-
vide a satisfactory description of the" 7~ photoproduction
in the resonance region. The relative contributions of the
compact source and diffuse source mechanisms foPthe
D— andS—waves are in line with theg nature of the former
and possibly molecular or tetraquark nature of the latter.
FIGURE 4. S—, P— and D—wave invariant mass distributions for Quite remarkably, the two models in their current version
the model with direct resonance production and Deck backgroundare designed to work in complementary meson-meson energy

regions. The double Regge exchange model describes the

() system production for invariant masses above 2 GeV
where helicity indices were again omitted for simplicity. To while ther™ 7~ photoproduction model captures mainly the
describe the final stater re-scattering in the Deck ampli- the resonance dynamics of the 7~ system. Finite energy
tudes and the resonance line shape in the direct resonansem rules (FESR) make it possible to match the amplitudes
production we have used ther phase shifts developed in inthese two energy regions. Works to provide the unified de-
[10]. The partial wave projected amplitude from EB) (  scription of the di-meson systems both in the resonance and
was then used to compute the double differential partial wav&egge exchange regions are currently underway in the JPAC
mass distributions according to the formula collaboration.

CLAS
-—- Deck
— — Deck+FSI
—— Deck+FSl+short range
M---- contact term
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