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Utilizing a quark model characterized by parameters that effectively replicate the masses of ground state hadrons,

we illustrate that (us) or (ds) diquarks exhibit greater compactness in comparison to (ud) diquarks. Concretely,
the binding energy of the (us) diquark - defined as the diquark’s mass minus the combined masses of its individual
quarks - is found to be stronger than that of the (ud) diquark. This heightened attraction present in (us) diquarks
could lead to enhanced production of Z, /D particles in high-energy pp or ultrarelativistic heavy-ion collisions.

1. Introduction

While the main objective of the heavy-ion collision experiments at
CERN is to study the properties of quark-gluon plasma [1], recent re-
sults including those from pp and pPb collisions have provided new
opportunities to study QCD and hadron properties in general [2]. Of
particular interest are the recent measurements of heavy baryon to
heavy meson ratios in pp, pPb and PbPb collisions because these probe
the quark-quark interaction in the hadronization processes [3-5].

The baryon-to-meson ratio enhancement for both the light and
heavy quark sectors observed in heavy-ion collision can be explained
by medium effects in the hadronization process well encoded in the
coalescence model [6-9]. What is interesting to see is that A./D en-
hancement over that expected from the fragmentation process exists
even in pp collision, which can only be explained when one assumes an
additional production mechanism for the baryon [10]. In the thermal
model additional resonances not listed by the Particle Data Group [11]
are needed [2,12]. Even more striking, the models that explain the
A,/ D enhancement underestimate the recent measurement of the =/ D
ratio [13].

In this work, we will show that a strong (gs) diquark correlation,
where g = u, d, provides a new effect that provides an additional pro-
duction mechanism to enhance the Z,/D ratio.

* Corresponding author.

The two light quarks in the ground state baryon with one heavy
quark are in the color anti-triplet channel with either isospin zero (spin
zero) or isospin one (spin one), which respectively form the lowest
triplet or sextet charmed baryon representations in flavor SU(3), re-
spectively. Hence, if strong diquark correlations exist, a strong overlap
of the diquarks and a heavy quark could lead to additional enhancement
in the heavy baryon-to-meson ratio. On the other hand, data seems to
suggest that there should be an additional enhancement in the 5, /D ra-
tio compared to A./D ratio in pp collision at both 4/s =5.02 TeV and
13 TeV [4,5]. The diquark in the &, and A, are (¢s) and (ud) diquarks,
respectively. As we will see, the quark model that well reproduces the
ground state hadron masses shows that there is a stronger attraction in
the (gs) diquark compared to that in the (ud) diquark. This will lead to
a small but non-negligible enhancement in E, productions. Enhanced
production in the presence of attraction can be shown to be true in gen-
eral using S-matrix theory for hadron production [14]. Here, we will
employ a coalescence model to estimate the extent of the additional
enhancement anticipated in the Z./D ratio as a result of the strong
(gs)-diquark correlation, which is represented by a corresponding di-
quark distribution inherent in the hadronization process

The paper is organized as follows. In Sec. 2, we discuss the strength
and the binding energies of the (us) and (ud) diquarks. We then con-
struct a phenomenological coalescence model to estimate the additional
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Table 1

Masses of baryons obtained (Column 3) from the model calculation in this work
with the fitting parameter set given in Eq. (4). Column 4 shows the variational

parameters a; and a,.
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Particle Experimental Value (MeV) Mass (MeV) Variational Parameters (fm™2)
A 1115.7 1116.3 a; =3.0,a, =29
A, 2286.5 2272.2 a, =31,a, =39
s, 2452.9 2446.2 a, =22,a, = 40
z 2517.5 2531.4 a, =20,a, =35
b 1192.6 1202.2 a, =22,a, = 3.3
x* 1383.7 1401.1 a =19,a, =25
= 1314.9 1331.8 a, =3.6,a, = 3.1
B 1531.8 1544.1 a =31,a =23
. 2467.8 2474.2 a, = 35,a, = 5.0
B 2645.9 2654.9 a, = 26,a, = 4.6
) 2579.2 2570.2 a, =28, a, =52
Q, 2695.2 2684.7 a, =3.9,a, = 6.1
Qj 2765.9 2768.8 a, =3.6,a, =53
p 938.27 951.42 a, = 25,a, =25
A 1232 1246.9 a, =18,a, =18
E./D ratio production in pp, pPb, and PbPb collisions. Finally, we give Table 2

the summary.
2. Diquarks in quark model

It has been long noticed that diquarks play important roles in
hadron structures and reactions [15]. To study the flavor dependence
on their binding, let us study the diquark configurations in a quark
model. Specifically, we evaluate the masses of diquarks by using a non-
relativistic quark model described by the following Hamiltonian [16].

n 2 n [y
P; 354 Y (e, yes
H-= )22 ——(V, y ) 1
§<m,+2m[> 1222 VS €))

where n = 2(3) for diquarks (baryons). The internal quark potentials VUC
and VUCS in Eq. (1) are as follows.

r
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This model can be used to fit the ground state hadron masses including
light, charm, and bottom quarks [16,17]. The model has also been ex-
tensively used to study possible compact exotic configurations [16-18].
Here, we fit the model parameters in the Hamiltonian to the ground
state masses listed in Table 1. The list is limited to baryon states to bet-
ter fit the quark-quark interactions with different flavors. The selected
baryons in Table 1 contain the diquark structure of interest in this work.
The fitted model parameters are as follows.

k= 130.0MeV fm, a;=0.0318119(MeV~! fm)!/2,
D=975MeV, m,=m,;=335MeV,
m,=652MeV, m, = 1940MeV,

a=12499fm=!, §=0.0008314 (MeV fm)~!,
y =0.00168MeV~!, k= 185.144 MeV. 0)

The two variational parameters a; and a, appearing in Table 1 are

Mass, binding energy, and size of ud, us, and uc diquarks in
a color 3 and spin O state. The binding energy is defined as
M piquark —m, —m, where m, can be my, mg, or m.

Diquark  Mass (MeV)  Binding energy (MeV)  Size (fm)

ud 680.3 10.22 0.761

us 970.7 -16.30 0.714

uc 2244.8 -30.23 0.700
Table 3

Individual contribution to the mass of ud, us,
and uc diquarks in Table 2. In the following
table, m, can be m,, mg, or m,. All units are

MeV.
Contribution ud us uc
m,+m,—1D 1825 4995 17875
!

pI 383.6 3209 2658
ve 267.1 2366  227.5
ves -152.9  -95.34  -36.0
Total 680.3 9707 224438

the scaling factors of the Gaussian wave function for the relative dis-
tance between the two light quarks within the diquark and the relative
distance between the center of the diquark and the heavy quark, re-
spectively. The standard deviation of the masses obtained in Table 1

2
is o = (5 XL, (MI7 = MPP) )1/ =119 MeV, where M in-

1
dicates the mass obtained by the model calculation and M. ,.Exp the
experimentally measured mass.

We now calculate the masses of the (ud) and (us) diquarks M p; 4,40k
using these parameters. The results are summarized in Table 2. In the
table, one can see that the binding is stronger for the heavier diquarks.
The binding energy is defined as M p;yq« —m, —m; where m; can be m,,
myg, or m,. Also, one can see that the size of the diquark becomes smaller
when the component quark becomes heavier. To analyze the origin of
the stronger binding for the heavier diquarks, we show each part of the
Hamiltonian contributing to the masses of diquarks in Table 3. We first
note that the attraction coming from the color-spin interaction <% be-
comes smaller as the quark masses increase. This is due to the inverse
quark mass dependence in ¥¢5. On the other hand, both the Coulomb
and confining potential V' decrease as the quark masses increase. This
is attributed to the reduced size of heavier diquarks. Heavier quarks ex-
perience a more pronounced Coulomb attraction and a weaker linearly
rising potential, a phenomenon commonly observed when dealing with
heavier quarks, as discussed previously in Ref. [19,20]. Altogether, one
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Table 4

Differences in binding energies B, — B, where
B, and B, indicate the binding energies of
(us) and (ud) diquarks, respectively. The mass and
size of (us) diquark are also presented. The table
presents the results obtained from five different
schemes discussed in the text.

Type By — Buay m,, (MeV)  Size(fm)
Scheme 1~ -26.52 970.7 0.714
Scheme 2 -11.14 710.5 0.753
Scheme 3 -9.67 673.2 0.800
Scheme 4  -7.81 613.8 0.889
Scheme 5  -6.93 580.2 0.954

finds that the diquarks become more bound as the quarks involved be-
come heavier. As a result, in Table 2, (us) and (uc) diquarks are bound
while (ud) diquark is not.

2.1. Diquark mass at finite temperature

In reality, one has to introduce a model scenario to implement the
strong (us) correlation at the hadronization point in the presence of
quarks. One potential scenario involves assuming the presence of local
quark matter at the point of hadronization, investigating the persistence
of diquark correlations, and subsequently assessing the impact of di-
quarks on the process of hadronization.

For that purpose, we will first analyze the diquarks when the
Coulomb and the confining part of the potential are modified as given
in Ref. [21] at the chemical freeze-out temperature. Then the color po-
tential in Eq. (2) will be modified as follows.

e~ MDTij ]

rij

2
9

C__
Vij = K[mD+

)
mp mp

which reduces to Eq. (2) when the Debye screening mass mp — 0. Here
we will consider my, given in Ref. [21] at several temperatures above
the critical point.

For the light-quark system, we will further consider the effects of
chiral symmetry restoration and thermal masses. To this end, in evalu-
ating the masses of diquarks within our quark model approach, we will
study cases where we use the thermal masses for the light quarks, typ-
ically taken to be 300 MeV for the u,d quarks, and 400 MeV for the
strange quark, which is about 100 MeV heavier than the light quark
mass as is the case for the bare quark masses.

We now solve for the diquark masses and their bindings for the fol-
lowing five cases. 1) Scheme 1 (Table 2): use the potential and quark
masses as fitted to the baryon mass spectrum. That is, use zero tem-
perature potential in Eq. (2) with m; = 652 MeV and m, = 335 MeV.
2) Scheme 2: use the zero temperature potential in Eq. (2) but with
mg =400 MeV and m, = 300 MeV. 3) Scheme 3: use the thermal poten-
tial in Eq. (5) with m, =400 MeV, m, =300 MeV, and mp, =T, = 156
MeV. 4) Scheme 4: use the thermal potential in Eq. (5) with m; =400
MeV, m, =300 MeV, and mp ~ 1.5 X Ty MeV [21], where we take
Ty =181 MeV to be the hadronization temperature in pp collision from
the flow analysis given later.

We also introduce Scheme 5, aimed at describing the phase where
chiral symmetry is restored. From a phenomenological point of view,
the value of the potential at r — oo is related to the creation of the
quark-antiquark pair, whose mass is related to chiral symmetry break-
ing [22]. When my, is small, the potential is very large due to the
linearly rising potential. That is the point where the usual quark model
is applied to calculate the ground state hadron masses; the potential at
large values does not affect the properties of the ground state hadrons as
they are smaller than 1 fm in size. On the other hand, m, increases with
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temperature and when mp ~ 0.325 GeV, V(r — o) = 0. Lattice gauge
theory fit to mp indeed indicates that 0.325 GeV is reached near the crit-
ical temperature within the lattice error [21]. Therefore, we consider
Scheme 5, where we take mp =325 MeV and take the quark masses to
be their thermal masses m; =400 MeV and m, = 300 MeV.

Table 4 shows the result for the differences in the binding energy
between the (us) and (ud) diquarks, the mass of the (us) diquark, and
the size of the (us) diquark for the five schemes. As can be seen in the
differences in the bindings, for all cases, the (us) diquark has a stronger
attraction than the (ud) diquark. We further find that within the un-
certainties given in the present analysis, the (us) diquark mass could
be between 580 to 970 MeV. Subsequently, in the following section, we
will assess the influence of the (us) diquark using the coalescence model
and incorporating the estimated range of (us) diquark masses.

2.2. Diquarks and hadron overlap

The strong correlation within the (us) diquark leads to increased
production when a light quark ¢ and an s-quark are in close proximity;
this correlation is stronger. These effects should be incorporated into
the modeling of hadron production. As previously discussed, the light
diquark within the baryon triplets A, and E, is primarily the so-called
‘good diquark,’ characterized by an anti-triplet color configuration, zero
spin, and anti-triplet flavor. An explicit quark model calculation reveals
that the SU(3) flavor symmetry breaking in =, results in a mixing of less
than 0.01% from the spin-1 diquark component. This implies that we
can indeed assume the (us) diquark within the =, to be a good diquark,
denoted as (us)g_, with the subscript indicating a spin of 0. Assuming
multiple quarks are present in the hadronization process, the strong
correlation between a light quark ¢ and a strange quark s characterized
by (gs)s— will provide an additional production mechanism for Z,.

It should be noted that the strong correlation of (¢s) g—q has a smaller
effect on the production of baryon octets with strange quarks as the
overlaps are smaller. This is because the spin-1/2 baryon octet is com-
posed of a mixed flavor symmetry so that any two quarks within a
baryon will be in either a color anti-triplet and flavor symmetric con-
figuration or a color anti-triplet and flavor antisymmetric configuration
with equal probability. In other words, the quark model predicts that
the probability of a diquark being in the “good” diquark state inside any
baryon octet state is 1/2, while inside a heavy baryon, it is 1. Therefore,
focusing on the (gs) diquark, we find the following constraint.

Y Kool By < 5. ®
q=u,d
Y Ka)s=ol2) P =1, )
q=u,d

where |Bg) (|Z.)) means any diquark in the flavor octet baryon (E,)
state. Table 5 shows how all the probabilities of diquarks inside the

baryon octet states are distributed. For example, |{(us)g_o|Z+)|? = %

and [((us)s_o|Z°)? = [((ds)50|Z%)I? = 3, while [{(us)s_olA)* = ¢.
Also, [{(g5)s—0|E)|* = % Consequently, the presence of a (us)g_q will
have a lesser impact on the production of hyperons compared to the an-
ticipated effect on the production of =.. Thus, we will solely focus on

the supplementary production of Z, using the coalescence model.
2.3. Diquarks with flow

To incorporate the strong correlation in the (¢s) diquark within a
coalescence model, we will assume the presence of (¢s) diquarks in
the quark-gluon plasma [23] and estimate their total number using the
thermal model. Whether to explicitly include all or part of the diquark
configurations is a subtle question. In coalescence models of hadron pro-
duction from the quark-gluon plasma, the 3-body coalescence formula
for A, production, as presented in Refs. [7,8], involves phase space inte-
grals of two relative coordinates. Consequently, it can be reformulated
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Table 5

Probabilities of each diquark component for the baryon octet states are de-
picted. Each diquark configuration is represented in the second row by the
respective color-spin factor, considering the quark masses of the two quarks
i and j in the diquark as — L Af/l/”.ai - 6;. The color-spin factors in the sec-

mm

ond column are determined by/ multiplying the probability of a diquark with
the corresponding color-spin factors containing mass terms multiplied by 3.
These values are summed across all diquarks listed in the row for the corre-
sponding baryon.

Baryon Color-spin factor Good diquarks Bad diquarks
-8 . _8 3 _8 3
P g, mg 3n2 3mym, 3m?
pn - mi : 0 0 : 0 0
A - mi 3 : 0 0 3 0
A
= 302 3mym, 2 6 3

as a quark-quark to diquark 2-body coalescence, along with an addi-
tional diquark-heavy quark 2-body coalescence. Hence, with suitable
normalization factors, one can effectively replace 3-body coalescence
with the 2-body coalescence with diquarks if there is no binding en-
ergy. This seems to be consistent with coalescence approaches, where
the bulk part of the heavy baryon production comes from the recom-
bination of the heavy quark and a surrounding diquark [9,10]. What
we want to emphasize is that there is an additional binding in the (qs)
diquark, which has to be taken into account through the existence of
bound diquarks, when using the coalescence model [23], to explain the
missing strength in the =,/ D production.

The expected diquark number at central rapidity can be estimated
using the statistical model at the hadronization temperature Ty [24].

(o)

8lus] pdp
N = vyl [ ®
27[ 9 yh e h/ H + 1

where V; is the volume at the chemical freeze-out point. Later, we will
use the limiting volume V}; = 20 fm? extracted for a small system in pp
collision at 7 TeV [25]. We further augment the distribution with the
flow. The collective radial expansion of the fireball, created in heavy-
ion collisions can be understood well within a hydrodynamic picture.
A more phenomenological way to capture this isotropic expansion is
known as blast-wave model [26]. The model assumes a spectrum of
purely thermal sources which are boosted in transverse direction. The
velocity distribution in 0 <r < R is assumed to be

= (5) .

where f, is the surface velocity, a free parameter of the fit. In many ap-
plications, a linear profile is assumed and # is fixed equal to unity. The
quality of the fit can be improved if n is considered as an additional
free parameter. The resulting values for the kinetic freeze-out tempera-
ture T};, and g, are generally anti-correlated. The so-obtained spectral
shape is a superposition of the contributions due to the individual ther-
mal sources and is given by

R
sinh m cosh
Ld_No(mT/]()(pT_p) K](T_/’)},dr, (10)

my dmy " Thin Thin
where I(x) and K(x) are Bessel functions, my = 4/ p?r +m? and p =
tanh™! B,.

Blast-wave fits to existing data have been performed by the ALICE
Collaboration at the LHC for different collision energies and collision
systems, spanning a large range of charged particle multiplicities per
pseudorapidity (dN,/dn) per event. A summary of this is discussed in
Ref. [27]. The typical approach is to fit the transverse-momentum spec-
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< 0.008
[0} C Normalized blast-wave predictions
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Fig. 1. Normalised blast-wave distributions for three different possible diquark
masses (680 MeV, 826 MeV and 970 MeV) and for three collisions systems (pp
minimum bias, p—Pb non-single diffractive and central Pb-Pb).

Table 6

Values used for the blast-wave predictions shown in Fig. 1.
Collision system (AN, /dn)y T, (GeV)  (B) n
pp 13 TeV MB 6.88 0.184 0.270 3.878
pp 5.02 TeV MB 4.30 0.181 0.198 6.248
p-Pb 5.02 TeV NSD 17.81 0.177 0.423 1.846
Pb-Pb 5.02 TeV 0-10% 1781 0.113 0.659 0.650

tra of charged x, K, and p altogether and by that extract a common
freeze-out temperature T};, and mean velocity (f). In addition, a shape
factor n is used. This set of common blast-wave parameters can be used
to predict the shape of spectra of unmeasured particles (spectra). It has
been used by the ALICE Collaboration to encounter possible biases in
case only parts of the whole p; spectrum was accessible [28] or some-
thing similar [29]. We use it here to predict the transverse momentum
shape for calculations where flow is not included. The normalized blast-
wave function can be multiplied onto the corresponding number for the
constituent with the same mass to obtain the transverse momentum
distribution. The parameters for the blast-wave functions for four mul-
tiplicity values, corresponding to minimum bias pp collision at \/E =13
TeV, minimum bias pp collision at \/_ =5 TeV, non-single diffractive
p-Pb at /sy =5 TeV and central Pb-Pb collisions at /sy =5 TeV,
are given in Table 6.

We can now predict the transverse momentum shape of the diquarks
with different masses in the blast-wave model with parameters given in
Table 6 for different multiplicities. The results are shown in Fig. 1 for
three different diquark masses.

3. E./D" ratios

To estimate the additional enhancement of =,/ D° ratio coming from
(us) diquark, we use the 2-dimensional coalescence model.

dzN:‘Jr 8=+ d2N, d2N
Yl /dledzxzdzplezpzT %7;
d*Pr 8pusi& Apd®ppgr Apd®p.r

X Wet (7, k)8 (P = Brusyr — Per)

8=t 2 d®Np,q &N,
= (2\/25) Z/dzpl—rdzpz_r — el =
g[us]gc d P[ux]T d PcT
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Fig. 2. Transverse momentum distribution of d (left panel) and >He (right
panel) measured by the ALICE Collaboration in pp collisions at \/E =17
TeV [31]. The blue curves are descriptions from the two-dimensional coales-
cence model described in the text.

X exp [—azp’z]é(z)(PT = Busyt — Per)> 11

where the g values and A are statistical factors and the coalescence
area at freeze-out point. In this model, we used the following two-
dimensional Gaussian-type Wigner function.

_ _r'2 _ 2412
Wzr =dexp | —— —o7k'" ). 12)
¢ c

The parameter ¢ is related to the =% radius by ¢ = \/mrazr and we
used rz+ = 0.222 fm obtained by quark model calculation. Furthermore,
the priﬁ1ed momenta in Eq. (11) and Eq. (12) are taken in the center-
of-mass frame of the =, as discussed in Ref. [8].

To determine A, we use the method in Ref. [30]. The yield of d
and 3He in PbPb collisions are determined at the chemical freeze-out
point [1]. Therefore, we can obtain the coalescence area A at the chem-
ical freeze-out point by fitting the production data at pp collisions using
the same coalescence formula given in Eq. (11) for the deuteron and
the corresponding three-body formula for 3He. It should be noted that
in the case of pp collisions, where the kinetic freeze-out temperature
exceeds the critical temperature, we consider the chemical freeze-out
temperature to be the same as the kinetic freeze-out temperature.

Fig. 2 shows coalescence model results for the d and 3He in pp col-
lisions at 4/s =7 TeV. In the model calculation, we also accounted for
the correction arising from the relatively smaller system size in pp colli-
sions compared to that of d and 3He [32]. The correction factor can be
derived from experimental data on the ratios of d/p and He/p between
different collision systems [31,33]. The correction factor for deuteron
to proton in pp collisions at \/— =7 TeV ((dN,,/dn) = 6.01) is 0.4065
[31], while that for 3He/p at similar multiplicity is 0.13 [34]. These
correction factors are multiplied after the model calculation using the
following method.

We used measured proton transverse momentum distribution in pp
collisions at \/E =7 TeV [35] multiplied by r + to remove the feed-down
contribution in the formation of the deuteron and 3He. For evaluat-
ing the feed-down fraction, we employed the statistical hadronization
model (as expressed in Eq. (8)) at a chemical freeze-out temperature
of 181 MeV. This temperature aligns with the freeze-out temperature
deduced from the Blast-wave fit for pp collisions at 7 TeV and is antic-
ipated to be analogous at 5.02 TeV. Then, one finds that r; =26.6%
of protons participate in the coalescence. The outcome achieved at
T =181 MeV lies within the range of uncertainties stemming from our
range of diquark masses

Furthermore, we employ A; pTeV =2.52 fm?. This value is derived

by scaling the coalescence area in PbPb collisions at /sy =2.76 TeV
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Fig. 3. Fitted p; distribution of D and charm quark.
2.76 TeV _ 2 : : IS ) :
(APbe =608 fm* [30]) with the charged particle multiplicity ratio

between pp collisions at /s =7 TeV and PbPb collisions at m =
2.76 TeV. The charged particle multiplicity is (dN,;,/dy) = 6.01 in pp
collision at /s =7 TeV [36] and (dN,,/dy) = 1447.5 + 39 in PbPb
collisions at /sy = 2.76 TeV 0-10% event [37].

The consistency of our approach can be justified by the model de-
scription shown in Fig. 2, where we could have determined the two
independent parameters r, and A by fitting the experimental data for
the deuteron and 3He, which turns out to yield almost the same values.
Hence, we will use A =2.52 fm? in Eq. (11).

It is important to observe that both ¥ and A scale in relation to the
multiplicity, which is empirically proportional to s%193 [2]. However,
these quantities are used in Eq. (11) as the ratio Vj; /A. Consequently,
even though we established this ratio at 7 TeV, its value is anticipated
to be comparably consistent across pp collisions at both 5.02 and 13
TeV.

3.1. Charm quark transverse momentum distribution

To obtain the transverse momentum distribution of charm quark
in pp collisions at 4/s = 5.02 TeV, we used the transverse momentum
distribution of D° meson [38] measured at the same collision energy.
First, we assume that the shape of the charm quark distribution is the
same as that of the D° meson. We then normalized this distribution
using the ratio of the charm quark cross section do“¢/d Yjyl<0.5 = 1165

ub [39] to fitted D° meson cross-section doDO/dy|y|<0‘5 =447 ub [38].
Fig. 3 shows the measured D° meson spectrum, the corresponding fit
(left) and the charm quark distribution (right).

3.2. Diquark distribution

For the (us) diquark py distribution we adopt the blast-wave dis-
tribution. The shape of the diquark distribution was obtained from the
blast-wave model given in Eq. (10) with the normalization constant «
to fit the statistical model prediction for the total number after integrat-
ing over the transverse momentum. Finally, the p; distribution of E(c’
composed of the ¢ quark and (us) diquark becomes

d2N, =+ g=+

R
2
= —= 27[(7)L/rdr/d2 m
2 P,dy g[us]gc< Vo) T / Pir it

pirsinhp myr coshp 5 d2N,
XIO( T >K1< T )/dPZT—z <
kin kin d chdy

xexp [-02p'2| 6P (Pp - pir — Ber). a3

Here, we use A =2.52 fm? and V}; =20 fm? determined at /s = 7 TeV.
However, since both quantities scale as multiplicity, we use the same
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Table 7

Feed-down fraction for selected chemical freeze-out

temperatures.
T (MeV) NE( (2791})/NEK NEK (2815)/NEL Total
165 0.1707 0.2971 0.4678
181 0.2024 0.3569 0.5593
184 0.2078 0.3673 0.5751

ratio V /A to calculate the py distribution of E, in pp collisions at
\/_ =5.02 TeV. Furthermore, it is important to mention that the smaller
size of 2, allows us to disregard the correction factor arising from the
small coalescence size effect as it amounts to less than 2% correction.

3.3. Result

3.3.1. Feed-down

Since we are assuming (gs) diquarks with spin 0 in the quark-gluon
plasma, the coalescence with charm quark with non-zero relative orbital
angular momentum L will produce excited states with higher total spin.
The coalescence of higher orbitals is sequentially suppressed, as shown
in Ref. [40]. Therefore, we have considered the contribution only from
states generated with L = 1, which will produce =, excited states with
negative parity and total spin 1/2 and 3/2, both of which are three-star
states. These states will contribute to the production of the =, states
through the feed-down process via the B/ intermediate state, which
eventually decay to =, electromagnetically.

The yield ratios for the production of these excited states to the
ground state =2, can be calculated by either the statistical hadronization
model or the coalescence model, which results in similar ratios [40].
Here, we use the ratios given by the statistical model at several temper-
atures used in the result section as given in Table 7.

These ratios are added to the total production of the E, state. Since
coalescence from higher orbitals as well as higher nodal modes will be
further suppressed, we can neglect contributions from any other possi-
ble excited states at this stage.

3.3.2. Total contribution

In Fig. 4, we present the transverse momentum distribution of the
E?/D0 ratio. The pr distribution of =, comprising a (us) diquark and a
charm quark is computed using Eq. (13) for various (us) diquark masses
permitted by different schemes. Experimental data is employed for the
DY meson, while the upper and lower bounds are derived from the
associated experimental uncertainties in its distribution.

To quantify the systematic uncertainty, we consider several sce-
narios for the chemical and kinetic freeze-out temperatures, denoted
as T, ~ Ty and Tk, respectively. Additionally, we explore cases with
different diquark masses. The temperature for kinetic decoupling is
generally different from that for the phase transition where parton co-
alescence takes place because hadronic scattering delays the kinetic
decoupling after hadronization. But if the size of nuclear matter, or in
other words, the particle multiplicity is small as in pp collisions, the ef-
fects of hadronic scattering will be less important. This is supported by
the blast wave model, where the temperature for the kinetic freeze-out
Tk is not far from T,. Nevertheless, to probe the uncertainties associ-
ated with the effective kinetic freeze-out temperature, we compare the
two possible kinetic freeze-out temperatures Ty = 184 and 181 MeV as
given in Table 6 for pp collision depending on collision energy. As can
be seen in the upper panel of Fig. 4, the fit with a slightly larger temper-
ature has a higher flow velocity, consequently shifting the distribution
slightly towards higher p;. In the lower figure, we consider three pos-
sible scenarios for the pp collision: i) We first take m,,) = 580 MeV and
T. =Ty =181 MeV as given by the blast-wave model. ii) T = 165 MeV
and Ty = 181 MeV as given in Ref. [41] and the blast-wave model, re-
spectively. iii) To probe the uncertainty in the diquark mass, we take
my,; =680 MeV and T, = Ty = 181 MeV. The lower Fig. 4 shows the
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Fig. 4. £,/ D ratio due to (gs) diquark with different masses. The upper panel
shows the effects of different Ty, while the lower panel shows different combi-
nations of Ty, T, and diquark mass. Although the ratio was obtained for 5.02
TeV, the value will only be slightly different for 13 or 7 TeV.

transverse momentum distribution for the =./D° ratio calculated for
the possible scenarios. As can be seen in the plot, the only noticeable
difference comes from the values of T, and my,;, which lead to varia-
tions in the overall magnitude of the production. One can observe the
characteristic peak structure remains around p; ~2 GeV.

Lastly, in Fig. 5, we depict the outcome for a (us) diquark mass
of 580 MeV and Ty = 181 MeV with two different 7, = 181 and 165
MeV after incorporating the production ratios calculated in Ref. [41]. It
should be noted that in Refs. [41] and [8], the overall normalization
in the coalescence formula for charmed hadrons is fixed by requir-
ing that all zero transverse momentum charm quarks contribute to the
production of the charmed hadrons. Therefore, if there is additional
production of E, originating from (gs) diquarks, the normalization must
be readjusted. However, charm coalescence is primarily driven by the
production of D, D*, Dy, D}, and A, as discussed in Ref. [40]. Con-
sequently, we did not modify the normalization factor for the =,/ D
ratio from Ref. [41] when incorporating it into Fig. 5. Furthermore,
while these calculations are derived for \/— =5.02 TeV, any corrections
anticipated in higher-energy pp collisions are likely to be negligible for
the ratios.

As observed in the illustration, assuming a diquark mass of 580 MeV,
the introduced contribution seems to provide the additional strength
needed to reproduce the experimental observation.
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Table 8

The fitting parameters of p and D° in pp collisions. The subscripts in the first column correspond to the

fits for the upper bound («) and lower bound (/).

Particle /s (GeV)  a (GeV)~? b c d (Gev)2 e po (GeV)  p, (GeV)
P 7 6.733x 1072 1.904 1.456  3477x1072  3.421  1.436 1.2
Pu 7 7.738x 107> 1.829 1.404  4.546x 1072 3.462  1.438 1.2
D) 5.02 1.004x 107  0.8601 1.156  4.851x10™* 3.067  2.864 2.0
DY 5.02 1.360x 1073 0.7729  1.172  8.940 x10™* 2967  2.644 2.0
0.7 Kk led
Catania+ [gs] diquark (mgs) = 580 MeV, T, = 181 MeV, T = 181 MeV) Acknowledgements

29 Catania+ [gs] diquark (mpgs) =580 MeV, T, =165 MeV, Tx =181 MeV)

0.61 [ZZ4 Catania (coal.+fragm.)
ALICE
0.5+ =
pp, VS =5.02 TeV, |y|<0.5
0.4

=./DO°

Baryon-to-meson ratio

pr (GeV/c)

Fig. 5. E./D" ratio after adding the enhancement due to the (gs) diquark with
mass 580 MeV to the coalescence and fragmentation calculation in Ref. [41].

4. Discussion and summary

We have demonstrated that within a quark model employing pa-
rameters that effectively reproduce ground state hadron masses, a (us)
diquark in the color anti-triplet spin-0 channel exhibits stronger binding
compared with a (ud) diquark in the same color and spin state.

This heightened attraction persists even when the potentials and
constituent quark masses are adjusted to approximate values near the
critical temperature. The presence of such robust (us) or (ds) diquarks
is anticipated to amplify the production of charmed baryons where the
dominant diquark configurations align with these “good” diquarks.

Furthermore, using the coalescence model, we have illustrated that
such diquark correlations might potentially amplify Z, production,
thereby offering a plausible explanation for the observed anomalous en-
hancementin &,/ D° production ratios within high-energy pp collisions.
This effect is postulated to arise from the existence of a (us) diquark
with an approximate mass of 580 MeV at the point of hadronization.

Analogous enhancements are predicted in pPb or PbPb collisions.
Comprehensive estimations will be detailed in an upcoming publication.
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Appendix A. Parametrization of the transverse momentum
distribution

An exponential function and a power-law type function were used
for low pr and high pr, respectively. Here, p; =1 GeV and |y| < 0.5
(Table 8).

dN —b(pr/p1)°
— =gqe T/P1 < s
d2pdy (Pr<pe)
= d (pr>p.) (A1)
= - T .
[1+ (PT/PO)Z]E ‘
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