Modelling of resonances in the vp — n7% reaction
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High-energy reactions produce short-lifetime intermediate states —resonances—

which can only be studied by analyzing the properties of the resulting particles of their decay.
Some mesonic resonances do not correspond to a normal ¢g system since their quantum numbers
are forbidden by the current quark model, giving rise to exotic mesons. In this work, we build a
model to recreate the vp — nm°p high-energy reaction in which an exotic meson is produced, and
we include baryonic resonances to study their impact on the mesons interaction nw°. Our results
point out that the relative contribution of baryons decreases as the photon’s energy increases.

I. INTRODUCTION

The study of exotic-quantum-number mesons is in-
creasingly gaining ground within the Nuclear Physics
community. These mesons, also known as exotic mesons
or hybrid mesons, consist of a quark and an anti-quark
(¢g) bounded by an excited gluonic field constituting a
system whose quantum numbers JF¢ are not allowed by
the current quark model [1]. To obtain these subatomic
particles, high-energy reactions such as yp — nm°p are re-
quired. The aforementioned scattering consists of a fixed
energy photon that collides with a proton, resulting in a
three-particle final state, whose constituents can be con-
sidered stable. Nonetheless, high energy reactions have
proven the existence of additional short-lifetime states
which decay through the strong interaction, giving rise
to the detected final particles. These intermediate states
are known as resonances, and some of them could be
exotic mesons. Due to their brief presence, it is only
possible to witness their existence by analyzing the final
particles in which they decay.

Previous research [2, 3] have confirmed the existence
of hybrid mesons such as JF¢ = 1=t (named after
71(1600)). Other exotic mesons have been detected, and
new predictions have been made by the Quantum Chro-
modynamics (QCD) theory and the Flux Tube model [4].
These predictions, if confirmed by the subsequent detec-
tion, may suggest that the current quark model should
be revised.

In this paper, we take as reference the GlueX photo-
production experiment at Jefferson Lab [5], whose aim is
to search for hybrid mesons with masses up to 2 GeV/c?.
In a recent preliminary project [2], a large amount of data
has been collected on the production of particles resulting
from different decayed resonances of the yp — nn%p re-
action. The results of the several experiments have been
gathered and displayed in a so-called “COMPASS plot”,
presented for the first time by the COMPASS collabora-
tion [6]. The latter is a two-dimensional scatter plot of
the events’ distribution of the reaction under considera-
tion; therefore, it is an optimal technique to visualize the
existence of resonances and their probability.

In the aforementioned reaction, each possible couple

of final particles define a channel (ij = 7% np, 7%p). Its
main interest lies in the analysis of the resonances in the
two final mesons channel n7°, since one of the plausible
resonances corresponds to an exotic state: m;. The main
constraint one is inevitably forced to face is the presence
of resonances in other channels (np and 7%p), which over-
lap with the exotic state in the COMPASS plot, hindering
its proper study. A standard experimental procedure to
deal with cross-channel resonances, i.e. baryons in our
case, is simply to remove them by appropriate mass cuts
(for more information see [2]). In spite of this, part of the
angular distribution with regard to the nm¥ resonances is
lost. The reaction should be studied as a whole; it is not
a rigorous strategy to wipe out part of the information.
This is the reason why there is a growing need to sim-
ulate these reactions and create models, which has been
the motivation of our work.

In our work, we focus on the vp — nn’p reaction as
well, in order to compare our results with those obtained
by the GlueX preliminary project. The purpose of our
work is to build a model to recreate the reaction in a
COMPASS plot, so as to ease the understanding of the
separate resonances. Furthermore, our ambition is to
come upon a solution to reduce the presence of the res-
onances in the np and 7%p channels, in order to enable
the accurate study of the exotic meson without removing
information. The results point out that an increase in
the incident photon’s energy would lessen the presence
of baryonic resonances.

The rest of the paper is organized as follows: in section
II we provide a brief overview of the theoretical frame-
work, in section III we go into detail on the formulation of
our model, in section IV we display the resulting COM-
PASS plots, and in section V we conclude the paper.

II. THEORETICAL FRAMEWORK
A. Quantum Numbers

Quantum numbers of a 2-particle system, such as the
couple’s relative angular momentum (L), its projection
on z-axis (—L <m < L), spin (5), total spin (J), parity
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(P) or C-parity (C), are discrete numbers linked to spe-
cific variables describing the various states of a system.
These quantum numbers cannot take arbitrary values,
but are correlated in compliance with the rules:

J=L+S = |[L-S|<J<L+S§ (1)
P =P Py(—1)F C = (-1)L*s (2)

Where P, P, = +1 is the intrinsic parity of a parti-
cle composing the system. These rules also apply to a
qq couple, taking into account that P, = —F;, forbid-
ding certain quantum numbers combinations [1]. One
can check that some of the possible quantum numbers
combinations are the following: J¢ = 0++, 24+ 17—,
but others such as 1~ are not allowed.

my is one of the resonances we deal with, decaying to
n and 7°. It has JP¢ = 1=F. Therefore, this resonance
cannot be constituted by a quark and an antiquark; we
find ourselves facing an exotic meson.

B. Kinematics: Scattering of two
particles into three particles

It is known that the m; resonance can be produced in
the following reaction:

p — nr’p

In which the resulting proton has, in general, a dif-
ferent energy and direction in comparison to its initial
state.

The derivation of the kinematics involved in such high-
energy reactions can be far from trivial, since several vari-
ables and scattering angles are implicated. However, not
all of them are independent. A set of NV particles moving
without restraint has 3NN levels of freedom, but taking
into account the 10 symmetries of the Poincaré Group
(3 rotations, 3 translations and 4 boosts) the number of
degrees of freedom, k, needs to be recalculated as follows:
k = 3N — 10. In our particular case, N = 5 and conse-
quently k = 5, pointing out that the whole kinematics of
the reaction can be described using five variables.

On the other hand, we are forced to deal with three
distinctive reference systems R;;, one for each channel, in
which the sum of the momenta of the resulting particles
i, 7 equals zero. Since a resonance’s spin is defined in the
rest frame of the corresponding couple of final particles,
it is imperative to characterise the three reference
systems, named Gottfried-Jackson (GJ) frames. To
mitigate this issue, it is essential to define Lorentz-
invariant variables, which take the same value in the
distinctive GJ frames. These are known as Mandelstam
variables [7], and they relate the four-momentum of a
couple of particles in the reaction. We can define them as:
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The four-momenta are defined within the Minkowski
metric as P! = (p?,p;) = (E;, p;), using units of ¢ = 1.
p; is the linear momentum of the particle i, and E; its en-
ergy. These variables cannot take arbitrary values, since
conservation of momentum and energy must be fulfilled.
In a relativistic approach, these two quantities and the
rest mass m; are related through the following equation:

E; = \/p; +m} (4)

The energy and momentum of each particle can be de-
termined in each frame R;; in terms of the correspond-
ing Mandelstam variable s;;, also referred to as invariant
mass. The derivation of those expressions can be done
following the procedure detailed in [7], chapter V.

C. Resonances

Resonances are the potential intermediate states from
which two of the three particles arise. These resonances
are characterised by a scattering amplitude A. The corre-
sponding expression used in our model is given in section
ITI, Eq. (10). The scattering amplitude is a probability
amplitude, whose squared modulus is a key magnitude
to determine the total differential cross-section of the re-
action do/dS), which can be computed within different
domains Q. As explained in section II.B, five variables
are needed to describe the entire kinematics of the reac-
tion. To build a COMPASS plot, we conveniently choose
to work with the following set of variables:

Sy Spx0, Up, 97]7r07 QSnTrO

Being 0,0 and ¢,,0 respectively the polar and azimuth
angles of p,, defined in the R, o reference frame. This def-
inition also encompasses that the photon beam is traced
along the z-axis and the resulting proton lives in the x-z
plane. Moreover, the variable s, which is referred to the
initial photon’s energy, is set to a fixed value.

Since our objective is to recreate a COMPASS plot, in
which one displays the the total differential cross-section
given a specific value of ;0 and cos(6,0), we need to
integrate for all the possible values of the other variables
we chose. The total differential cross-section in the s, 0
- c0s(0,-0) domain reads as:

27 2
389p( A
do / / > p Smro)| ‘ d¢modup
d\/5pr0d cos(fr0) —m2)?
(5)
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Where p(syq0) = \/)\(smo,m%,mio)/(l /Syr0) with the
A function defined as:

Ma,b,¢) = a® + b + ¢ — 2(ab + ac + be) (6)

We added (hic)? = 389 GeV2ub to express the cross
section in physical units. Eq. (5) can be derived from
the phase space integral definition. u;{ and u, are the
maximum and minimum values of the invariant w, (for
detailed procedure see [7], chapter V):

1
+
u, = 2m123 - 2—5[(8 + mi)(s — Spyro + mf))

:F)\l/z(s, 0, mi))\lﬂ(s, S0, mg)] (7)

III. MODEL DEVELOPMENT

Once we understand the complex kinematics involved
in the reaction and the possible resonant states, we are
ready to proceed to re-create the results obtained by
the GlueX experiment (see Figure 4). To do so, we
develop a simple and rather faithful Python-model of
the vp — nn¥p reaction for a fixed-energy photon of
E, = 8.5 GeV in the laboratory frame; as in the GlueX
experiment. Applying the kinematics equations and the
cross-section formulas, we can generate the dominant res-
onances for each channel in a COMPASS plot for the
subsequent analysis of these states. In a COMPASS plot,
spro and cos(6,)r0) are the variables that we respectively
display on the x and y axis. The region in which the
events are represented is delimited by the possible val-
ues of the invariant mass s,.0, which are constrained by
the initial energy E.. Only events within this region are
physically allowed.

In the first place, we assume scalar particles, meaning
they have a spin equal to zero and they remain invari-
ant under Lorentz transformations. With this approx-
imation, we are presuming a non-polarized photon and
nucleons.

To create such a model we follow the procedure:

1. Firstly, we fix the energy of the photon to E, =
8.5 GeV. We also determine the invariant mass s, which
expanding the first expression of Eq. (3) reads as:

s = m?y + mf, +2E,E, —2p) - pp = mf, +2m,E, (8)

2. We determine the COMPASS plot boundaries, that
is, the possible s, 0 domain. Expanding s,ro similarly
to the previous step, one can grasp that its minimum
value can be mathematically computed by maximizing
the product of the concerning 4-momentums and enforc-
ing a border case. Straightaway, it can easily be noticed
that s,70(min) is obtained when both resulting particles
n and 70 are at rest, and the final p inevitably acquires
the total momentum given its conservation. By anal-
ogy, when this proton is at rest and the momentums of
n and 7° take an equal and highest value, the maximum
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permitted n7° invariant mass is reached. Taking these
assertions into account and making use of Eq. (4), the
physical 5,0 allowed region can be determined:

(M +M0)? < syp0 < (V5 —my)? (9)

On the other hand, —1 < cos(f,0) < 1. Once the plot
boundaries have been set, given a fixed step we discretize
the inside of this effective region.

3. The next step is to define the intermediate states.
The most likely resonances for each channel have been
included in our model (represented in Figure 2), whose
characteristic parameters, appearing in Eq. (10), can be
found in Table L.

dg, 0z, n % n Y ©

1o

p —p A p N’ p
Figure 2: Included resonances for each production channel.

The total scattering amplitude of the reaction for the
included resonances can be expressed by means of a par-
tial wave expansion:

A=Y A= > (2Lr+1)fLy(5i))Yinm(dij, 0)

15,i<j 1J,1<j R
= 3 Sern [ | Vim0,
ijisi R Siij +ZF\/$

(10)

In Eq. (10) we sum the contribution of all the res-
onances, R, in each channel ij. Lp denotes the angu-
lar momentum of the resulting particles of the decayed
resonance, fr,(s;;) the partial amplitude depending on
the invariant mass of each channel, and Y7 . (¢:j, 0:5)
the spherical harmonic functions. We have expressed
the partial amplitude as a constant-width Breit-Wigner
(BW) function [8], where M is the total mass of the res-
onance, ¢ the imaginary unit, and I" the width of the
resonance. The latter is related to the mean lifetime
of the state in the non-relativistic limit, 7, according
to I' = 1/7. The constant-width Breit-Wigner param-
eterization is a continuous probability distribution, and
it is accurate to characterize narrow and isolated reso-
nances of scalar particles. Its poles’ positions determine
the energy of the resonances, since its expression is de-
rived from considering the wave function of a decaying
state. Moreover, the BW formula includes a term, a
09k 105 = o . g2(kij)  referred to the coupling of the
intermediate state to the initial and final states, with
k = up,ty,tro for ij = nm¥, np, 7°p respectively. To cal-
culate the amplitude of each resonance, energies and an-
gles have to be computed for each reference frame. To do
so, we work out the kinematics equations involved in the
reaction and we use the relations between Mandelstam
invariants found in [7], chapter V.
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Table I: Angular momentum (L), its projection on z axis (m),
mass (M), width (I') and branching ratio (a) for each of the
resonances included in our model.

Resonance|Channel | J¢|L|m|[M(GeV)|T'(GeV)| a

a0(980) nr® |0TT]0|0| 0.980 | 0.075 |0.725
71(1600) | nr® |17T[1|1| 1.660 | 0.241 |0.100
a2(1320) | #x° |27F|2|1| 1.318 | 0.107 |0.421
A(1232) | 7% [ 27 ]1)1] 1.231 [ 0.117 |0.616
N*(1535) | nmp |3 |0|0O]| 1.530 | 0.150 |0.399

Masses, quantum numbers, branching ratios, and
widths have been obtained from the Particle Data Group
database [9], as well as from [10]. The value of m has been
set in compliance with previous studies [6].

4. To make our model more realistic, we introduce a
Double Regge term [11] to simulate the events for large
syro values. In this region of the plot, we expect a lack of
resonances since the probability of interaction is smaller.
We used a rough expression for the amplitude (Eq. (11)),

where aP® and af® have been set to arbitrary values.
DR DR a(tro) a(up) | DR o(tn) o(u
AP o ay Spn0 Sqo, Hay s, gmg ») (11)

5. The next step is to compute the total cross-section
do /d./3yz0dcos(0,ro) of the reaction using Eq. (5). We
solve the integral numerically for each (s,r0, cos(6,0))
point in which we discretized the physical region of pro-
duction. The result of each integration gives an idea of
the probability of an event characterized by specific s,,0
and cos(f,r0). Finally, we make a density plot of the
cross-section in which the different resonances reveal.

IV. RESULTS AND ANALYSIS

We have been able to recreate the various events that
occurred in a yp — 1% reaction using the model we
created. Figure 3 shows the resulting COMPASS plot.

Analysing the plot shown in Figure 3, one can wit-
ness the five different included resonances. The vertical
thin line on the left corresponds to ag, which can also
be appreciated in the GlueX experiment plot (Figure 4).
In the latter, it exhibits as a non-uniform band due to
the imperfect acceptance of the detector. Next to ag,
the resonance ay is clearly visible in Figure 3 with nodes
where the cosine equals —1, 0 and 1, in accordance to
its definition. Furthermore, the exotic meson m; exhibits
as a dizzy vertical band, overlapping with the as res-
onance. A slight asymmetry can be observed in that
region, which arises as a result of the squared modu-
lus of the sum of the cosine and sine appearing on the
spherical harmonics of as and 7 respectively. The in-
termediate state as can also be seen in Figure 4, but the
nodes are not well-defined. The lack of nodes can be at-
tributed to electromagnetic background (eTe™ pair) and
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Figure 3: Total differential cross-section in the /5,0 -

c05(0,)0) domain for a fixed photon energy E, = 8.5GeV.
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Figure 4: GlueX experiment collected data representing the
total differential cross-section in the , /5, - cos(#,,0) domain
for a fixed photon energy E, = 8.5GeV .

unavoidable detector irregularities (for more information
see [5]). In addition to this, the exotic meson interferes
with ag, breaking its inherent symmetry. From these re-
sults, we can deduce that the asymmetry within the as
region is an indicator of the presence of exotics. Never-
theless, the two horizontal bands, which correspond to
the baryonic resonances A and N*, disturb the study of
hybrids. One can see that they intersect the intermedi-
ate meson states, contributing to additional asymmetries
that could be wrongly attributed to exotics.

It is important to remark that our model is based on
some approximations that also contribute to causing dis-
similarities between our plot and GlueX’s. As mentioned,
we considered scalar particles and only the most common
resonances. Nonetheless, these approximations seem to
be valid since our results have proven to be consistent.

One of the advantages of our model is that it enables
us to study the resonances separately. We have control
over the different parameters, which can be adjusted in
order to inspect various scenarios and see how our system
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behaves. By simulating multiple alternatives, we found
that an increase in the initial energy of the photon beam
would reduce the baryonic resonances, leading to a mit-
igation of the effect of those resonances on the mesonic
intermediate states. We numerically verified that, in such
a situation, the amplitude of both baryonic and mesonic
resonances acquires a higher value, but the baryonic ones
present a much slower rise in accordance to the increas-
ing energy. Therefore, doubling the photon energy to
E., = 17GeV, we obtained the results shown in Figure
5: a significant reduction of the amplitude of the bary-
onic resonances (A, N*) in comparison with stronger ev-
idence of the mesonic resonances (ag, ag, 71). Hence, an
increase of the F, is a more rigorous alternative to study
the mesonic resonances (and exotic states) rather than
removing the baryonic bands, which would cause a loss
of useful mesonic data.

E,=17GeV
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0.50 2
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025 =l
Y =
o 000 03 B
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7 =
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02 .5
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—0.50 u
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-1.00
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Figure 5: Total differential cross-section in the /5,0 -

cos(0,,0) domain for a fixed photon energy £, = 17 GeV.

Setting aside the satisfactory results, it is essential to
be aware of the positive contribution of such models to
the Nuclear Physics community since they help to un-

derstand the physics behind the experimental results and
enable us to do predictions.

V. CONCLUSIONS

After studying the kinematics involved in a scattering
of 2 particles into 3 particles and doing research on the
decay of resonances and its quantum numbers, we suc-
cessfully built a model which re-creates the vp — nr°p
reaction. Using a partial wave expansion and the Breit-
Wigner parameterization, we included some of the proba-
ble resonances in each decay channel for a fixed energy of
the initial photon beam. Those resonances reveal as per-
ceptible bands when plotting the total differential cross-
section of the reaction for a fixed value of /5,0 and
c0s(0yz0). The resulting COMPASS plot resembles the
one provided by the GlueX experiment, with slight dif-
ferences in the behaviour of the as meson and the A
baryon. These discrepancies are attributed to detector
restrictions and background altering the expected real
results, as well as to idealistic approximations consid-
ered in our model. Notwithstanding the foregoing, we
have been able to qualitatively represent the resonances
and detect the asymmetries caused by the presence of
an exotic meson. Moreover, we determined that a rise
in the photon’s energy lessens the presence of baryonic
resonances, smoothing the way for the study of hybrid
mesons, which is the objective of the current investiga-
tions involving high-energy reactions.
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