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The production of strange particles &, K~ is simulated in pp collisions at /s = 7 TeV at mid-rapidity with
0.2 < pr < 6 GeV/c using the PACIAE model. The results are consistent with LHCb experimental data on E}
and K~ yield. Then, a dynamically constrained phase-space coalescence model plus PACIAE model was used to
produce the EF K~ bound states and study the narrow excited €2 states through Q0 — EFK~ in pp collisions

at /s = 7 and 13 TeV. The yield, transverse momentum distribution, and rapidity distribution of the five new

excited Q? states of 2.(3000)°, 2.(3050)°, 22.(3066)°, 2.(3090)°, and ©2.(3119)° were predicted.
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I. INTRODUCTION

In the early 1960s, many strongly interacting particles were
observed in particle and nucleon experiments, which were
later named “hadrons” by Okun [1]. According to these ob-
servations, Gell-Mann and Zweig independently proposed the
quark model, which is the classification scheme for hadrons
[2,3]. The quark model achieves great success, and it is a mile-
stone in the development of particle physics. A well-known
example was that, after €2 had been predicted in 1961 indepen-
dently by Gell-Mann [4] and Ne’eman [5], this particle was
discovered in 1964 [6]. In the traditional quark model, hadrons
can be categorized into two families: baryons made of three
quarks and mesons made of one quark and one antiquark.
Both mesons and baryons are color singlets. During the last
four decades, baryons containing heavy quarks have been the
focus of much attention, especially since the development of
the efficient theory of heavy quarks and its application to
baryons containing a single heavy quark. In recent years, a
variety of theories and experiments have been proposed for
the study of heavy flavor baryons. Heavy quarks provide a
“flavor tag” that can be used as a window into the depths of the
color confinement, or at least a window allowing us see further
under the nonperturbative QCD layer than the light baryons
do. In the process of establishing cognition of different energy
scale QCD, a rich dynamical study on heavy flavor baryons
and their properties is urgently needed.

In the past three decades, various phenomenological mod-
els have been used to study heavy baryons, including the
relativized potential quark model [7], the Feynman-Hellmann
theorem [8], the combined expansion in 1/mg and 1/N, [9],
the relativistic quark model [10], the chiral quark model [11],
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the hyperfine interaction [12,13], the pion induced reactions
[14], the variational approach [15], the Faddeev approach
[16], the constituent quark model [17], the unitarized dynam-
ical model [18], the extended local hidden gauge approach
[19], and the unitarized chiral perturbation theory [20]. There
are also many lattice QCD studies [21,22].

Furthermore, there are numerous experimental groups to
investigate heavy baryons. Some mass spectra, width, life-
time, decays, and form factors of heavy baryons have been
reported but the spin and parity identification of some states
are still missing. By now, all the ground state charmed baryons
containing a single charmed quark have been well established
both experimentally and theoretically [23]. The lowest-
lying orbitally excited charmed states A.(2959)°(JF =
1/27), A(2625)°(JF =3/27), E.(2790)°(J = 1/27), and
B.(2815)°(JP = 3/27) have been well observed by several
collaborations, which made the two SU(4) multiplets com-
plete [24-28]. In addition to that, several P-wave charmed
baryon candidates ) _.(2800), E.(2980), and E.(3080) were
also well observed by the Belle and BABAR Collaborations
[28-31]. In 2017, the LHCb Collaboration reported their ob-
servation of five new narrow excited Q0 states decaying to
EFK ™, based on samples of pp collision data corresponding
to integrated luminosities of 1.0, 2.0, and 0.3 fb~! at center-
of-mass energies of 7, 8, and 13 TeV, respectively [32]. In
the near future, the experiments at JPARC, PANDA [33], and
LHCDb are expected to give further information on charmed
baryons.

These heavy baryons provide us an ideal platform to
deepen our understanding of nonperturbative QCD. There-
fore, people hope to fully understand their nature. In this
paper, we study the E7K~ bound state to predict the prop-
erties of Q0 states decaying to EF K~ by simulating analysis.
First, we generate pp collision events at 1/s = 7 and 13 TeV to
obtain the hadrons of EF and K~ using the parton and hadron
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cascade model (PACIAE) [34]. Then we use a dynamically
constrained phase-space coalescence (DCPC) model [35-37]
to produce EF K~ bound states for the study of Qg. Here, we
mainly simulate and study five different excited resonance Q°
states of £2.(3000)°, £2.(3050)°, 2.(3066)°, 2.(3090)°, and
Q.(3119)°, which is observed by LHCb experiment.

II. PACIAE MODEL AND DCPC MODEL

The parton and hadron cascade model PACIAE [34] is
based on PYTHIA 6.4 to simulate various collisions, such as
ete”, pp, p-A, and A-A collisions. In general, PACIAE has
four main physics stages, consisting of the parton initiation,
parton rescattering, hadronization, and hadron rescattering.
In the parton initiation, the string fragmentation is switched
off temporarily in PACIAE and di(anti)quarks are broken into
(anti)quarks. This partonic initial state can be regarded as
quark-gluon matter (QGM) formed inside the parton initial-
ization stage in the pp collisions. Then the parton rescattering
in QGM is taken into account by the 2 — 2 LO-pQCD
(leading-order perturbative QCD) parton-parton cross sec-
tions [38]. Their total and differential cross sections in the
parton evolution are computed by the Monte Carlo method.
In the hadronization process, the parton can be hadronized by
the Lund string fragmentation regime and/or the phenomeno-
logical coalescence model [38]. The final stage is the hadron
rescattering process happening between the created hadrons
until the hadronic freeze-out.

In the theoretical papers, the yield of nuclei or bound states
usually is calculated in two steps: First, the nucleons are calcu-
lated by the transport model. Then, the nuclei are calculated
by the phase-space coalescence model based on the Wigner
function [39,40] or by the statistical model [41]. We proposed
a DCPC model to calculate the yield of bound states after the
transport model simulations.

From quantum statistical mechanics [42], one cannot pre-
cisely define both position § = (x, y, z) and momentum j =
(px, Py, p;) of a particle in six-dimensional phase space be-
cause of the uncertainty principle, AGAj ~ h*. One can only
say this particle lies somewhere within a six-dimensional
quantum box or that the state of volume of the AGA p volume
element in the six-dimensional phase space corresponds to a
state of the particle. Therefore, one can estimate the yield of a
single particle [42] by

dédp
v = / e, (1)
E,<H<LE),

where E,, E},, and H denote energy threshold and the energy
function of the particle, respectively. Furthermore, the yield of
a cluster consisting of N particles is defined as follows:

dgdp;---dgndp
YN:/.../ q14p1 aNapN. 2)
E,<H<LE)

(h)3N

Therefore, the yieldof a £ K~ cluster in the DCPC model
can be calculated by

dg\dp1dgrdps
Yoy Z/"'/5‘2T’ 3)
1 if 1=EMN2=K"; mg — Am < myy < mego + Am, g2 < Dy
S = . ¢ ¢ (€]
0 otherwise,
[
where H < E, in Eq. (1). So, we may use the constraint condi-
tion m — Am < myy < m+ Am, instead of E, < H < E},
Miny = v/ (E1 + E2)2 — (1 + p2)>. (5)  to estimate the yield of particle clusters by the phase-space

The variables g and p are the coordinates and momentum
of the particle in the center-of-mass frame system at the
moment after hadron rescattering. The g1, = || — ¢>] is the
distance between the two particles (EF and K7), meo de-

notes the mass of Q?, and Am refers to its mass uncertainty.
E1, E, and py, p, denote the energies and momenta of the two
particles (E} and K ™). Here, we refer to Ref. [43] and com-
pare the bound state (2} K ™) with the structure of deuteron
(pn) to choose the parameter Dy = 1.74 fm. In PACIAE, the
hadron rescattering phase is modeled in a way that all the
created hadrons are transported based on the same time step.
So we assign the time at the end of the hadron transport
stage to all the hadrons in the final state. In that sense, all
the hadrons are transported to the same time for further 2.
coalescence.

In Eq. (1), the energy function H satisfies H> = (p; +
P2)* 4+ mi, and the energy threshold satisfies E, = (5, +

P2)?* + (m F Am)?. Thus, the dynamic constraint condition
m— Am < myy < m+ Am in Eq. (3) is equivalent to E, <

integral.

II1. RESULTS

We first simulate the pp collision events using the PACIAE
model at /s =7 and 13 TeV. The capability of PACIAE to
describe the generation of the final state particles in pp col-
lisions was detailed in Refs. [35-37,44—48]. In order to obtain
a suitable set of model parameters, the results on the yield

TABLE 1. The yield of 2 and K~ computed by PACIAE in mid-
rapidity pp collisions at /s = 7 TeV with 0.2 < p, < 6 GeV/c and
comparison with experimental data [49-53].

Particles PACIAE Experimental data
K- 0.286 0.286 £ 0.016
ES 7.40 x 1073 (7.47 £0.14) x 1073
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TABLE II. The total yield of five resonant QC states varies with Am from 0.4 to 8 MeV in pp collisions at 4/s = 7 and 13 TeV with |y| < 6,
0 < pr < 20 GeV/c, computed by Q0 states decaying to EF K~ bound states using the PACTAE+DCPC model.

c.m. energy  Am (MeV) 0.4 0.55 1.0 1.75 2.25 4.35 8.0
Q.(3000)° 2.03x1077 2.69x1077 510x1077 883 x1077 1.16x107° 224x10° 4.14x107°
Q.(3050)°  2.90 x 1077 4.0 x 1077 7.22x 1077 1.28x107%  1.62x107% 3.12x10°° 571 x10°°

7 TeV Q.(3066)°  3.15x 1077  437x1077 7.65x1077 132x107° 1.72x10°® 332x10° 6.06 x 1075
Q.(3090)°  3.17x 1077  437x1077 828x1077 1.46x107° 188x107° 358x10° 6.43x107°
Q.(3119)°  3.66x 1077 4.88x 1077 854x1077 1.48x107° 192x10° 370x10° 6.79 x 1076
Q.(3000)° 220x 1077  295x 1077 544 x1077 961 x 1077 1.24x10% 244 x107° 4.48x10°°
Q.(3050)° 321 x 1077 452x1077 7.98x1077 138x107° 1.78x107° 335x10° 6.10x 107°

13 TeV Q.(3066)° 348 x 1077  452x1077 815x1077 1.41x107° 182x10° 357x10° 6.53x107°
Q.(3090)° 348 x 1077 4.68x 1077 897x1077 1.52x107° 196x10°°® 3.70x10° 6.84 x 1075
Q.(3119)°  370x 1077  528x 1077 9.57x 1077 1.61 x107® 206 x 10 395x10° 7.35x107°

of E} and K~ were roughly fitted to the LHCb data in pp
collisions at /s = 7 TeV [49-53].

The simulation results with PACIAE agree well with the
experimental results, as shown in Table I. It should be said
that the yield of E} for the experimental data in Table I is
calculated by the ratio of the cross sections of E to the Dy
meson and the ratio of B to E} according to the data in
Refs. [50-53].

In this work, we assume that the narrow excited
states [£2.(3000)°, 2.(3050)°, 2.(3066)°, £2.(3090)°, and
Q.(3119)°] are the EFK~ bound state generated through
QY — EFK~, which is produced during the hadron evolution
period. We use the PACIAE transport model to generate about
two billion events of pp collision at /s =7 and 13 TeV
with |y| < 6, 0 < pr < 20 GeV/c, and input the final state
particles 2 and K~ into the DCPC model to construct the
clusters of 27K, as in Eqs. (3) and (4). The results are shown
in Table II and Fig. 1.

From Table II and Fig. 1, one can see the following:

(i) The yield of the five excited resonant Q0 states from
the PACIAE+DCPC model increase with parameter
Am from 0.4 to 8 MeV. The values are on the order

" pp collision g
- (s=7TeV ¥ *
| *
% ¥
=SS *
.910 F ¥ * c
> T * X Q(3119))
- ¥ R 79(3090);
2 + 0(3066)"
- O(3050)%
107 (a) - Q(3000)"
C | |

1
Am/[MeV]

Yield

(ii)

(iii)

107

of 1077 to 107°. There is a significant parameter de-
pendence of the yield of ¥ on the uncertainty Am;
i.e,InY ~ In Am presents a linear increasing distribu-
tion. The yield of ©° in the pp collision of /s = 13
TeV is more than the yield of it at /s = 7 TeV.
When reaction energy increases from 7 to 13 TeV the
yield of five resonant SZ(C) states from PACIAE4+-DCPC
simulations increases ~6%. The yield of Q¥ increases
with the increase of its mass at a given width of
parameter Am. This may be attributed to the stronger
increase in available phase space for the heavier
bound states Q(E.K) production than for the lighter
bound states production.

If we take half of the decay width of mass for ex-
cited Q0 states measured in the LHCb experiment
[32,47,48] as the Am parameter, i.e, Am =1T1/2,
then we may predict the total yields of the five new
narrow excited Q¥ states of £2.(3000)°, ©.(3050)°,
Q.(3066)°, ©.(3090)°, and 2.(3119)° in pp colli-
sions at 4/s = 7 and 13 TeV with |y| < 6,0 < pr <
20 GeV/c, as shown in Table III. However, the E°K°
can also form Q. If the decay from Q0 to E’K" is
taken into account, this would increase the Qg yield.

pp collision %
/s =13 TeV x
*
% £
*
# *
* %9(3119)3
¥ $ R 79(3090);
* * *0(3066);
- ©(3050),
(b) - Q(3000)°
| Lo |

1
Am/[MeV]

FIG. 1. Logarithmic distribution of the yields of the five narrow excited resonant Q0 states, as a function of Am, in pp collisions with
[v| < 6,0 < pr <20 GeV/c, at (a) /s = 7 TeV and (b) /s = 13 TeV. The data are calculated using the PACIAE+DCPC model as Q¥ states

decaying to EX K~ bound states.
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TABLE III. The total yields of the five excited resonant 2°
states in pp collision at /s =7 and 13 TeV, computed by the
PACIAE+DCPC model, where Am = I"/2 [32,47,48].

Resonance Am (MeV) Yield (7 TeV) Yield (13 TeV)
Q.(3000)° 2.25 1.16 x 107 1.24 x 107
Q.(3050)° 0.40 2.90 x 1077 3.21 x 1077
Q.(3066)° 1.75 3.32 x 107 3.57 x 107°
Q.(3090)° 4.35 1.46 x 1076 1.52 x 1076
Q.(3119)° 0.55 4.88 x 1077 5.28 x 1077

Figure 2 shows the transverse momentum pr distribu-
tions of the five excited resonant Qg states of €2.(3000)°,
Q.(3050)°, £2.(3066)°, 2.(3090)°), and £2.(3119)° in pp col-
lisions at 4/s = 7 and 13 TeV. In each panel, the red dashed
line and the blue solid line refer to the distribution in pp
collisions at /s = 7 and 13 TeV, respectively. The peak of pr
distributions is about 1.35 GeV. It can be seen from this figure
that all the transverse momentum distribution characteristics
of the produced five excited resonant Q0 states are similar.
These normalized p7 distributions for all five excited resonant
Q0 states are the same within error at the same energy. But
the transverse momentum distribution characteristics of the
produced excited resonant Q0 states of /s =13 TeV are
slightly wider than that of 7 TeV. The strong fluctuation, which
appears in Figs. 2(b) and 2(e), indicates that the two billion
events are not enough for the pr distribution of these excited
resonant Q0 states.

We also predicted the rapidity distribution of excited
resonant Q¥ states of ©.(3000)°, ©.(3050)°, ©.(3066)°,

Q.(3090)°, and 22.(3119)° in pp collisions at /s = 7 and 13
TeV, which is symmetric distribution in the range of —6 to 6,
shown in Fig. 3. From this figure, one can see that the global
features of rapidity distributions are similar to the different
excited resonant ¥ state particles. These normalized rapidity
distributions for all five excited resonant Q¥ states are the
same within error at the same energy.

IV. CONCLUSIONS

In this paper, we simulate the generation of final state
particles in pp collisions at /s =7 and 13 TeV using the
PACIAE model, and study the production of strange particles
E*t and K—, which are consistent with the data of LHCb.

[

Then the EF and K~ are input into the DCPC model to
construct the clusters of E;LK ~, and the production and the
characteristics of the five narrow excited states of €2.(3000)°,
Q.(3050)°, £2.(3066)°, £2.(3090)°, and 2.(3119)° are stud-
ied, based on the Q¥ states decaying to the EFK~ bound
state. It is found that the yield of these excited resonant
particles increases as the reaction energy, the mass uncer-
tainty parameters Am, and the mass of excited resonant Q0
increases. We take half of the width of the mass decay mea-
sured in LHCb as mass uncertainty parameters Am, it is
predicted that the yields of the five narrow excited resonant
states of €2,(3000)°, €.(3050)°, ©.(3066)°, €2.(3090)°, and
Q.(3119)° computed using the PACIAE+DCPC model in pp
collisions are 1.16 x 107°,0.29 x 107°,3.32 x 1079, 1.46 x
107°, and 0.488 x 107¢ at ﬁ: 7 TeV, and 1.24 x 107°,
0.321 x 1075, 3.57 x 107%, 1.52 x 107°, and 0.528 x 107°
at /s = 13 TeV, respectively. The transverse momentum
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FIG. 2. Transverse momentum distributions of the five excited resonant Q? states by the decay from Q° — EFK~ in pp collisions at
A/s =7 (red dashed histograms) and 13 TeV (blue solid histograms) calculated by the final hadronic states in the PACIAE+DCPC model

simulations with Am = I" /2, respectively.
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FIG. 3. Similar to Fig. 2, but for the rapidity distribution.

distribution and rapidity distribution of the five different ex-
cited resonant SZ(C) states in pp collisions at /s = 7 and 13 TeV
were also predicted according to the PACIAE+-DCPC model
simulations.

The study of the new narrow excited Q¥ states production
in pp collisions is under way. One may expect more diverse
results in pp or nucleus-nucleus collisions.
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