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Abstract Proton–proton (pp) collision has been consid-
ered as a baseline to study the system produced in relativistic
heavy-ion (AA) collisions with the basic assumption that
no thermal medium is formed in pp collisions. This war-
rants a cautious analysis of the system produced in pp colli-
sions at relativistic energies. In this work we investigate the
charmonium suppression in pp collisions at

√
s = 5.02, 7

and 13 TeV energies. Further, charmonium suppression has
been studied for various event multiplicities and transverse
momenta by including the mechanisms of color screening,
gluonic dissociation, collisional damping along with regen-
eration due to correlated cc̄ pairs. Here we obtain a net sup-
pression of charmonia at high-multiplicity events indicating
the possibility of the formation of quark–gluon plasma in pp
collisions.

1 Introduction

The heavy-ion programs at the Relativistic Heavy Ion Col-
lider (RHIC) and Large Hadron Collider (LHC) are dedi-
cated to understanding the rich and complex nature of the
phase transition at high temperature and/or density from
hadrons to a deconfined state of thermal quarks and gluons.
This new state of deconfined colored quarks and gluons is
called quark–gluon plasma (QGP) [1–3]. The suppression of
quarkonia [4] has been proposed as a signal of the formation
of the transient phase of QGP. The production of heavy quark
pairs (cc̄ or bb̄) takes place at the initial stage of the colli-
sions which can be treated perturbatively but the evolution
of the quark pairs and the formation of their bound states
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(quarkonia) occur through non-perturbative processes [5]. A
quarkonia state traversing through QGP gets dissociated to
unbound quark anti-quark pair, which results in the reduction
of quarkonia yields (which will otherwise remain as a bound
state) referred as quarkonia suppression. The quarkonia pro-
duction gets altered by the cold nuclear matter (CNM) effects
(nuclear absorption and shadowing) [6]. The asymmetric pA
collision can be used to disentangle the CNM effects from
the QGP medium effects [7]. The pA collision has been used
to serve as an important baseline for the understanding and
interpretation of the heavy-ion (AA) collision data. As the
CNM effects will be present both in pA and AA collisions,
and also it is expected that QGP will be formed in AA but not
in pA collisions, therefore, the data from pA may be used
to distinguish the effects of QGP. In fact, the pA experimen-
tal data corresponding to quarkonia suppression have been
explained by considering CNM effects only at various rapidi-
ties and collision centralities. For instance, the suppression
pattern of J/ψ in d−Au collisions at RHIC is well explained
by the CNM effects [8].

It is pertinent to mention here that the formation of hot
QGP medium in AA collisions has been predicted by con-
sidering the ratio of hadronic spectra originating from AA to
pp collisions. While calculating this ratio, the spectra from
pp collisions required to be appropriately scaled up by the
number of nucleon-nucleon collisions in AA interaction. The
deviation of the ratio from unity has been treated as a signal
of medium formation in AA interactions. The data from pp
collision have been used in these studies as a benchmark.
The formation of QGP and its collective nature has also been
studied by evaluating various flow coefficients (like directed,
elliptic, triangular, etc) [9,10]. For example, the elliptic flow
coefficient has been used to extract the ratio of shear viscosity
(η) to entropy density (s) and the triangular flow coefficients
have been used to understand the initial-state fluctuations.
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It was expected that the elliptic flow for small systems
formed in pp and pA collisions will be zero due to lack of
thermalization in such systems. However, data from p−Pb
collisions at

√
sNN = 5.02, and 8.16 TeV and for pp

collisions at
√
s = 7 and 13 TeV at the LHC have provided

hints towards the formation of a QGP medium [11–17]. The
search for QGP in p−Pb collisions at

√
sNN = 5.02 TeV

has been carried out by the theoretical model which will be
called, “Unified Model of Quarkonia Suppression (UMQS)”
henceforth. This model is based on the unification of the var-
ious suppression and regeneration mechanisms of quarkonia
produced in ultra-relativistic collisions [18]. In the present
work, UMQS model approach is employed to investigate the
formation of QGP in pp collisions through charmonium sup-
pression. The dissociation temperature (TD) of charmonia
states is much less than in bottomonia states. Therefore, in
this work, we choose charmonia over bottomonia because the
temperature of the system formed in pp collisions will not
be high enough to dissociate bottomonia (TD > 650 MeV).
In previous works, it is found that bottomonia hardly gets
suppressed even in p−Pb collisions at

√
sNN = 5.02 TeV

[18]. Therefore, charmonia is a better choice to investigate
QGP formation in small systems.

The dissociation of the quarkonia (J/ψ, ϒ , etc.) occurs
through various mechanisms [4,19–22]. As mentioned, char-
monium suppression in heavy-ion collisions can be caused
by the cold nuclear matter (CNM) effects as well as by the
Debye screening of color interaction, gluonic dissociation
and collisional damping in hot QGP [4,19,23–27]. As the
pp collisions lack the nuclear environment, i.e. the CNM
effects, therefore, the hot QGP effects are considered to study
the charmonia suppression in pp collision. Along with the
suppression, there is a non-zero probability that a charmonia
state can be regenerated in the medium at temperature (T ),
T < TD .

In the current study, we have used the UMQS model to
predict the charmonia suppression in ultra-relativistic pp col-
lisions. This model has been used to explain the bottomonia
suppression in Pb−Pb and p−Pb collisions at LHC energies
[18,20,28]. UMQS includes color screening, gluonic disso-
ciation, collisional damping, and regeneration as the hot mat-
ter effects. Due to the absence of a nuclear environment in
pp collisions, the cold nuclear matter effects like shadowing
need not be considered here. We have used the second-order
dissipative fluid dynamics [29–32] in (1+1) dimension with
the assumption of boost invariance to study the propagation
of the charmonia in the expanding QGP background.

The paper is organized as follows. The space-time evo-
lution of QGP is discussed in Sect. 2. Section 3 is devoted
for studying the charmonium kinematics and medium effects
along with brief discussion of UMQS. The model prediction
and comparison with experimental data are shown in Sect. 4.
Finally, the summary and the outlook are presented in Sect. 5.

2 Space-time evolution of QGP

The QGP formed in pp and AA collisions with high internal
pressure will expand in space with time. The evolution of
QGP is governed by the hydrodynamics. Here we use the
second order relativistic viscous hydrodynamics. For solving
the hydrodynamical equations we need to specify the initial
conditions and the equation of state (EoS). In absence of
any method based on the first principle to estimate the initial
temperature (T0), the following relation [33] has been used
in the present work to constrain T0 by data:

T0 =
[

90

gk4π2C
′ 1

AT τ0
1.5

dNch

dy

]1/3

(1)

Although this equation is derived by assuming isentropic
expansion, we have used it also for the present case. We
feel that the uncertainties involved in this assumption at
least for small viscosity, may not be large as compared to
the uncertainties involved in the other quantities like trans-
verse area of the system (AT ), statistical degeneracy (gk) of
the QGP phase and the thermalization time (τ0). In Eq. (1),
C ′ = 2π4

45ζ(3)
≈ 3.6. We have also taken, dNch

dy
∼= dNch

dη
which

is exact in the massless limit.
Here the transverse overlap area AT = πR2

T , is computed
by using IP-Glasma model, where RT is the transverse radius
of the fireball [34]. This description of the transverse area
is based on the impact parameter defined for pp collisions
and combined with a description of the particle production
based on the color glass condensate model. It is worthwhile
to mention that initial thermalization time (τ0) plays a key
role in estimating the T0. While, there is no way to estimate
the τ0 from first principle but it may be reasonable to assume
that thermalization time will decrease with increasing center-
of-mass collision energy, i.e. τ0 ∝ 1/

√
s [35,36]. Here we

consider τ0 = 0.3, 0.2 and 0.1 fm respectively for
√
s =

5.02, 7.0, and 13 TeV for pp collisions. Corresponding to
these values of τ0, we obtain the values of T0 as a function
of multiplicity. The results have been depicted in Fig. 1.

Figure 1, emphasizes the impact of the thermalization time
(τ0) on the initial temperature (T0). For τ0 = 0.1 to 0.3 fm,
we get T0 ∼ 200 to 275 MeV at low multiplicities. At high
multiplicity pp collision at

√
s = 13 TeV, initial tempera-

ture reaches a value ∼ 370 MeV which is comparable to the
initial temperature achieved in heavy-ion collisions. How-
ever, T0 obtained from Eq. (1), is a slowly varying func-
tion of the multiplicity (T0 ∼ (dN/dy)1/3). Therefore, we
get T0 � 200 MeV at low multiplicity in pp collision at√
s = 5.02 TeV. However, we find that T0 > Tc, suggesting

that QGP-like medium may be produced even at low multi-
plicities in pp collisions at LHC energies, Tc ≈ 155 MeV is
predicted in the Lattice QCD calculation [37]. It is expected
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Fig. 1 The variation of the initial temperature as a function of final
state charged-particle multiplicity

that in such a hot medium formed at
√
s = 13 TeV, say, the

J/ψ will be suppressed.

2.1 Variation of temperature (T ) with proper time (τ )

The temperature of the system produced in ultra-relativistic
heavy-ion collisions decrease with time. The rate of the
decrease of temperature can be obtained by solving the
second-order hydrodynamical equation [29]. These second
order equations are derived from kinetic theory using Grad’s
14-moment approximation method within the framework
of the Müller–Israel–Stewart equation [30–32,38] which in
(1+1) dimension with boost invariance reads:

dT

dτ
= − T

3τ
+ T−3φ

12aτ
(2)

and

dφ

dτ
= −2aTφ

3b
− 1

2
φ

[
1

τ
− 5

τ

dT

dτ

]
+ 8aT 4

9τ
(3)

The φ in Eq. (3) measures the change in the shear viscosity
(η) with time τ . In short, φ indicates the characteristics of the
medium formed under extreme conditions in ultra-relativistic
collisions. For the first order solution of the Eq. (2), the φ is
defined as, φ = 4η/3τ . The constants a and b are given by,

a = π2

90

[
16 + 21

2
N f

]
(4)

and

b = (1 + 1.70N f )
0.342

(1 + N f /6)α2
s ln(α−1

s )
(5)

where N f = 3, is the number of flavors and αs is the strong
coupling constant. We have taken αs = 0.5 here as in Ref.
[29]. We have used an EoS with conformal symmetry (P =
ε/3). The bulk viscosity is zero for such EoS.
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Fig. 2 Variation of temperature with proper time (τ ) is shown here for
ideal (dashed line), second order viscous hydrodynamics (solid line) and
second order viscous hydrodynamics with transverse expansion (green
dashed line)

For an ideal system, the proper-time dependence of tem-
perature is given by,

T (τ, b) = T0

(τ0

τ

)1/3
(6)

However, for a viscous system, the Eqs. (2) and (3) have
been solved numerically. We have obtained the initial con-
dition for φ with the help of quasi-particle model equation
of state (QPM EoS) where QGP is considered as viscous
medium. In QPM EoS, entropy density, s = c + dT 3 here
c = 0.00482 GeV 3 and d = 16.46 are the fit parameters
[18]. By taking the lower bound of η/s = 1/(4π) from
Ads/CFT, the value of φ at τ0 is obtained as: φ0 = 1

3π
s0
τ0

,

here s0 = c + dT 3
0 . The variation of T with τ is crucial

to determine the lifetime of QGP and hence for the signal
of QGP. This variation is sensitive to φ0 as demonstrated in
Ref. [39]. We have taken the low value of η/s to set the ini-
tial condition for φ(τ0) = φ0. The lower η/s will give faster
cooling and hence a smaller lifetime of the thermal QGP
system. Therefore, if the suppression is observed for such a
conservative scenario (QGP with a small lifetime), then the
realization of thermal system in pp collisions will be better
assured.

In order to predict the transverse expansion effect on the
medium evolution, transverse expansion is incorporated as a
correction to the (1+1) dimension cooling rate. It is assumed
that transverse expansion starts at a time (τtr ) as: τtr = τ +
0.2928(r/cs) [18,40,41]. Here r is the transverse distance
and cs is the speed of sound in QCD medium. Expansion
rate in transverse direction is estimated by replacing τtr in
coupled cooling rate Eqs. (2) and (3).

In Fig. 2, the variation of temperature with proper-time
is displayed for viscous QGP (solid blue line), viscous QGP
with the inclusion of transverse expansion (green dashed line)
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and ideal QGP (violet dashed line) for system produced in
pp collisions at

√
s = 13 TeV. The generation of heat due to

dissipation makes the cooling of viscous QGP slower. How-
ever, considering the transverse expansion correction to cur-
rent formulation, marginally increases cooling rate compared
to (1+1)-dimension expansion as the lifetime of the QGP
in smaller system is shorter than bigger system produced
in nuclear collisions. Transverse temperature cooling rate,
TSO:Tr , mentioned in Fig. 2, uses initial transverse position
r = 0.2 fm (say) at τ = τ0. Change in the viscous cooling
rate after including transverse correction is not much promi-
nent. While cooling for ideal QGP medium is large through-
out medium evolution as compare to both (with and without
transverse correction) viscous cases. Solution of the second-
order hydrodynamics excluding transverse expansion shows
that the QGP lifetime will be enhanced (3.8 fm/c) compared
to the ideal fluid (1.5 fm/c). Such an increase in lifetime will
be crucially important for the signal of QGP.

2.2 Effective temperature

Charmonia being a massive object, does not become a part
of the thermalized medium which induces a temperature
gradient between the medium and charmonium. This can
be measured by using the relativistic Doppler shift effect,
which comes into the existence due to the velocity differ-
ence between medium particles and the charmonium. There-
fore, relative velocity (vr ) between medium and charmonia
is calculated to obtain an effective temperature felt by the
charmonium. The velocities of the medium and charmonium
are denoted by vm and vJ/ψ(nl), respectively. This relativistic
Doppler shift causes an angle dependent effective tempera-
ture (Tef f ) expressed as (see Refs. [42,43] for details):

Tef f (θ, |vr |) = T (τ, b)
√

1 − |vr |2
1 − |vr | cos θ

, (7)

where θ is the angle between vr and incoming light par-
tons. To calculate the vr , we have taken medium velocity,
vm ∼ 0.7c, and charmonium velocity vJ/ψ(nl) = pT /ET ,
where pT is transverse momentum of charmonia and ET =√
p2
T + M2

nl is its transverse energy, Mnl is the mass of the
charmonium state. We have taken the average of Eq. (7) over
the solid angle and obtained the average effective tempera-
ture as given by:

Tef f (τ, b, pT ) = T (τ, b)

√
1 − |vr |2
2 |vr | ln

[
1 + |vr |
1 − |vr |

]
. (8)

3 Modification in J/ψ and ψ(2S) yield in the QGP
medium

The formulation of the current work is based on a model,
UMQS recently proposed in [18]. The UMQS is described
below briefly for the sake of completeness with particular
emphasize on the modifications wherever required.

3.1 Charmonium kinematics in evolving QGP

The charmonia during their propagation through evolving
medium get influenced by the medium in several ways. The
kinematics of the charmonium (J/ψ(nl)) and cc̄ pairs for-
mation and recombination with the evolution of the QGP
medium, can be written by using the transport equation as:

dNJ/ψ(nl)

dτ
= �F,nl Nc Nc̄ [V (τ )]−1 − �D,nl NJ/ψ(nl). (9)

The first term in the right hand side of Eq. (9), is a for-
mation term and second one corresponds to the dissocia-
tion. �F,nl and �D,nl are the recombination and dissociation
rates corresponding to the regeneration and dissociation of
J/ψ(nl), respectively. V (τ ) is the volume of the medium.
We assume that initially, the number of charm (Nc) and anti-
charm quarks (Nc̄) are produced in equal numbers, Nc =
Nc̄ = Ncc̄. The Eq. (9) can be solved analytically under the
assumption of NJ/ψ(nl) < Ncc̄ at τ0 [44–46]:

NJ/ψ(nl)(τQGP , b, pT ) = ε1(τQGP , b, pT )

[
NJ/ψ(nl)(τ0, b)

+ N 2
cc̄

∫ τQGP

τ0

�F,nl(τ, b, pT )[V (τ, b)ε2(τ, b, pT )]−1dτ

]

(10)

Here NJ/ψ(nl)(τQGP , b, pT ) is the net number of char-
monium formed during the evolution of QGP, τQGP . The
NJ/ψ(nl)(τ0, b) is the number of initially produced charmo-
nium at various centralities 1 at time τ0. We have calculated
the NJ/ψ(nl)(τ0, b) corresponding to the centrality bins:

NJ/ψ(nl)(τ0, b) = σ NN
J/ψ(nl) Tpp(b), (11)

where, Tpp(b) is the overlap function for pp obtained by
using the Glauber model as demonstrated in [47]. We have
obtained the number of charm and anti-charm quarks given
by, Ncc̄ = σ NN

cc̄ Tpp(b). The values of σ NN
J/ψ(nl) and σ NN

cc̄ ,
used in the calculation, are given in Table 1:

In Eq. (10), ε1(τQGP ) and ε2(τ ) are the decay factors for
the meson due to gluonic dissociation and collisional damp-
ing in QGP (of lifetime τQGP ) and τ is the evolution time,

1 The impact parameter (b)-dependent centrality bins for pp collisions
are obtained by using the formulation of Ref. [47].

123



Eur. Phys. J. C           (2022) 82:542 Page 5 of 14   542 

Table 1 The values of σ NN
J/ψ(nl) and σ NN

cc̄ cross-sections at mid-rapidity
[48,49]
√
s (TeV) σ NN

J/ψ (μb) σ NN
χc

(μb) σ NN
ψ (μb) σ NN

cc̄ (mb)

pp@5.02 10.152 3.045 1.015 2.097

pp@7 12.42 3.726 1.242 2.424

pp@13 16.72 5.016 1.672 2.942

Table 2 The values of mass (Mnl ), dissociation temperature (TD) and
formation time (τ f ) are taken from Refs. [19,21,22]

J/ψ χc ψ(2S)

Mnl (GeV) 3.1 3.5 3.7

TD (MeV) 325 180 173

τ f (fm) 0.89 2.0 1.5

respectively. These factors are obtained by using the follow-
ing expressions:

ε1(τQGP , b, pT ) = exp

[
−

∫ τQGP

τ
′
nl

�D,nl(τ, b, pT ) dτ

]
,

(12)

and

ε2(τ, b, pT ) = exp

[
−

∫ τ

τ
′
nl

�D,nl(τ
′, b, pT ) dτ ′

]
. (13)

Here, �D,nl(τ, b, pT ) is the sum of collisional damp-
ing and gluonic dissociation decay rates, discussed in the
following sections. The lower limit of the above integral
(τ

′
nl = γ τnl , here γ is Lorentz factor) is taken as the charmo-

nium dilated formation time where the dissociation due to
color screening becomes negligible. In the equilibrated sce-
nario of the QGP, these dissociation factors strongly depends
on the evolution of the medium.

3.2 Suppression mechanisms

The charmonium floating in medium gets dissociated into its
constitutions due to QGP medium effects and as a result the
initial production of charmonia gets suppressed. The input
parameters used in the model for calculating the charmonium
suppression in the QGP medium are given in the Table 2.

In the following sections we describe the suppression
mechanisms in brief along with the regeneration process
which causes reduction in the suppression.

3.3 Color screening

The suppression mechanism due to color screening was first
proposed by Matsui and Satz [4]. They proposed that like
electric charge screening in QED plasma, the partons in the

QGP medium screens the color charges. The screening pre-
vents the formation of the cc̄ bound states [50]. The color
screening of the real part of the quark–antiquark potential
is an independent suppression mechanism that dominates
in the initial phase of QGP where the medium tempera-
ture is very high. Original color screening mechanisms have
gone through many refinements. In this work, the pressure
is parameterized in the transverse plane instead of energy
density [51–53]. In this model it is assumed that pressure
vanishes at the phase boundary, i.e. at r = RT , where RT is
the transverse radius of cylindrical QGP.

p(τ0, r) = p(τ0, 0)h(r) (14)

where,

h(r) =
(

1 − r2

R2
T

)β

θ(RT − r) (15)

The factor p(τ0, 0) is obtained in the refs. [52,53]. h(r) is
the radial distribution function in transverse direction and θ is
the unit step function. The exponent β in the above equation
depends on the energy deposition mechanism whose depen-
dence on pressure is shown in Ref. [18].

The variation of pressure as the function of τ is given by:

p(τ, r) = A + B

τ q
+ C

τ
+ D

τ c
2
s

(16)

where A = -c1, B = c2c2
s , C = 4ηq

3(c2
s−1)

and D = c3, here c1,

c2, c3 are constants and have been calculated using different
boundary conditions on energy density and pressure. Other
parameters appeared above are: cs is speed of sound in QGP
medium, η is shear viscosity of the medium and q = c2

s + 1.
Determining the pressure profile at initial time τ = τ0 and at
screening time τ = τs , we get:

p(τ0, r) = A + B

τ
q
0

+ C

τ0
+ D

τ
c2
s

0

= p(τ0, 0) h(r) (17)

p(τs, r) = A + B

τ
q
s

+ C

τs
+ D

τ
c2
s

s

= pQGP (18)

where pQGP is the pressure of the QGP phase. Putting vari-
ation of T and P with τ we have determined the radius
of the screening region, rs . The screening radius defines a
region where effective medium temperature of a particle is
larger than the dissociation temperature (i.e. Te f f ≥ TD). If
Tef f < TD , then rs → 0 which suggests that melting of the
quarkonia due to color screening would be negligible in such
a situation.

The cc̄ pairs formed inside the screening region at a point

rJ/ψ , may escape the region, if | 
rJ/ψ + 
vJ/ψ t f | > rs . Here
vJ/ψ = pT /ET , is charmonium velocity. The condition for
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escape of cc̄ pair is expressed as:

cos(φ) ≥ Y ; Y = (r2
s − r2

J/ψ)Mnl − τ 2
nl p

2
T /Mnl

2 rJ/ψ pT τnl
, (19)

where, φ is the angle between the velocity ( 
vJ/ψ ) and position
vector ( 
rJ/ψ ), andm is mass of a particular charmonium state.

Based on Eq. (19), the allowed values of the azimuthal
angle, φmax (r) for survival of charmonium is expressed as:

φmax (r) =

⎧⎪⎪⎨
⎪⎪⎩

π, if Y ≤ −1
π − cos−1 |Y |, if 0 ≥ Y ≥ −1
cos−1 |Y |, if 0 ≤ Y ≤ −1

0, if Y ≥ 1

⎫⎪⎪⎬
⎪⎪⎭

.

Here r is the the radial separation between c̄ and c in the
QGP medium.

The integration over φmax along with radial separation r
gives the escape probability of cc̄ pair from the screening
region, which is defined as the survival probability. The sur-
vival probability, SJ/ψ

c , for a charmonium state is expressed
as:

SJ/ψ
c (pT , b) = 2(αs + 1)

πR2
T

∫ RT

0
dr r φmax (r)

{
1 − r2

R2
T

}αs

(20)

where αs = 0.5 [50,51]. The RT depends on the impact
parameter (b). We have calculated it by using the trans-
verse overlap area AT as; RT (b) = √

AT /π . The value of
αs is chosen in such a way that beyond the chosen value,
color screening mechanism becomes almost independent
with respect to change in its values.

3.4 Collisional damping

Collisional damping arises due to the inherent nature of
the complex potential between (cc̄) located inside the QCD
medium. The imaginary part of the potential in the limit of
t → ∞, represents the thermal decay width induced due
to the low frequency gauge fields that mediate interaction
between two heavy quarks [54].

The charmonium dissociation due to collisional damping
is obtained by using the effective potential models. In the
model under consideration, the singlet potential for cc̄ bound
state in the QGP medium is given by [19,54,55]:

V (r,mD) = σ

mD
(1 − e−mD r ) − αe f f

(
mD + e−mD r

r

)

−iαe f f Te f f

∫ ∞

0

2 z dz

(1 + z2)2

(
1 − sin(mD r z)

mD r z

)
,

(21)

In Eq. (21) the first and second term in the right hand side
are the string and the Coulombic terms, respectively. The

third term is the imaginary part of the heavy-quark poten-
tial responsible for the collisional damping. Here σ is the
string constant for cc̄ bound state, given as σ = 0.192 GeV2

and mD is the Debye mass, mD = Tef f

√
4παT

s

(
Nc
3 + N f

6

)
.

Here Nc = 3, N f = 3. The αT
s is coupling constant at

hard scale, as it should be αT
s = αs(2πT ) ≤ 0.50. We have

taken αT
s � 0.4430 which is scaled at HTL energy ∼ 2πT .

The effective coupling constant, αe f f is defined at soft scale
αs
s = αs(mcαs/2) � 0.48, given as αe f f = 4

3αs
s .

The collisional damping, �damp,nl defines the charmo-
nium decay induced due to the imaginary part of the complex
potential. It is calculated using the first-order perturbation,
by folding of imaginary part of the potential with the radial
wave function:

�damp,nl(τ, pT , b) =
∫

[gnl(r)† [Im(V )] gnl(r)]dr, (22)

where gnl(r) is the charmonia singlet wave function. Corre-
sponding to different values of n and l (here n and l are the
principal and the orbital quantum numbers), the wave func-
tions can be obtained by solving the Schrödinger equation
for J/ψ , χc, ψ(2S).

3.5 Gluonic dissociation

The dissociation of J/ψ by gluons contributes to the reduced
yields of J/ψ in heavy-ion collisions. The the cross-section
for such dissociation process is given by [19]:

σd,nl(Eg) = π2αu
s Eg

N 2
c

√
mc

Eg + Enl

×
(
l|Jq,l−1

nl |2 + (l + 1)|Jq,l+1
nl |2

2l + 1

)
, (23)

where Jql
′

nl is the probability density obtained by using the
singlet and octet wave functions as follows:

Jql
′

nl =
∫ ∞

0
dr r g∗

nl(r) hql ′(r). (24)

where mc = 1.5 GeV, is the mass of the charm quark
and αu

s � 0.59, is the coupling constant, scaled as αu
s =

αs(αsm2
c/2). The Enl is the energy eigen values correspond-

ing to the charmonium wave function, gnl(r). The octet wave
functionhql ′(r)has been obtained by solving the Schrödinger
equation with the octet potential V8 = αe f f /8r . The value
of q is determined by using the conservation of energy,
q = √

mc(Eg + Enl).
The gluonic dissociation rate, �gd,nl is obtained, by taking

the thermal average of the dissociation cross-section [18],

�gd,nl(τ, pT , b) = gd
4π2
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×
∫ ∞

0

∫ π

0

dpg dθ sin θ p2
gσd,nl(Eg)

e
{ γ Eg
Te f f

(1+vJ/ψ cos θ)} − 1

, (25)

where pT is the transverse momentum of the charmonium
and gd = 16 is the statistical degeneracy of the gluons. Now
summing the decay rates corresponding to the collisional
damping and the gluonic dissociation, we have calculated
the combined effect in terms of total decay width denoted
by, �D,nl(τ, pT , b):

�D,nl = �damp,nl + �gd,nl . (26)

3.6 Regeneration factor

There are two processes by which charmonia can be repro-
duced in the QGP medium. The first one is through the uncor-
related cc̄ pairs present in the medium. They can recombine
within the QGP medium at a later stage [44–46,56–62] to
form a charmonium state. This regeneration process is found
to be significant for charmonia in heavy-ion collisions at
LHC energies because cc̄ are produced abundantly in the hot
QGP medium. As pp is a small system, the production of
cc̄ will be small compared to the heavy-ion collisions, there-
fore, the probability of regeneration due to uncorrelated cc̄
is not considered in the present work. The regeneration due
to correlated cc̄ pairs is the regeneration mechanism which
is just the reverse of gluonic dissociation. In this process, cc̄
pairs may undergo a transition from color octet state to color
singlet state in the due course of time in QGP medium. To
account for the regeneration via correlated cc̄ pairs in our
current UMQS model, we have considered the de-excitation
of octet state to singlet state via a gluon emission. We have
calculated this de-excitation in terms of recombination cross-
section σ f,nl for charmonium by using the detailed balance
to the gluonic dissociation cross-section σd,nl [18]:

σ f,nl = 48

36
σd,nl

(s − M2
nl)

2

s(s − 4 m2
c)

. (27)

where s is the Mandelstam variable, related with the center-
of-mass energy of cc̄ pair, given as; s = (pc + pc̄)2, where
pc and pc̄ are four momenta of c and c̄, respectively.

Finally we have obtained the recombination factor, �F,nl

=< σ f,nl vrel >pc by taking the thermal average of the
product of recombination cross-section and relative velocity
vrel between c and c̄ :

�F,nl =
∫ pc,max
pc,min

∫ pc̄,max
pc̄,min

dpc dpc̄ p2
c p2

c̄ fc fc̄ σ f,nl vrel∫ pc,max
pc,min

∫ pc̄,max
pc̄,min

dpc dpc̄ p2
c p2

c̄ fc fc̄
,

(28)

where, pc and pc̄ are the 3-momentum of charm and anti-
charm quark, respectively. The fc,c̄ is the modified Fermi-
Dirac distribution function of charm, anti-charm quark and
expressed as; fc,c̄ = λc,c̄/(eEc,c̄/Tef f + 1). Here Ec,c̄ =

√
p2
c,c̄ + m2

c,c̄ is the energy of the quarks and λc,c̄ is their
respective fugacity factors [63]. We have calculated the rel-
ative velocity of cc̄ pair in medium as follows:

vrel =
√

( pμ
c pc̄μ)2 − m4

c

p2
c p2

c̄ + m2
c(p

2
c + p2

c̄ + m2
c)

. (29)

Since the gluonic dissociation increases with the increase
in temperature, it leads to the production of significant num-
ber of cc̄ octet states in central collision where temperature
is found to be around 300 MeV. Such that the de-excitation
of cc̄ octet states to J/ψ enhance the regeneration of J/ψ in
central collisions as compared with the peripheral collisions.

3.7 Net yield

The survival probability of charmonium (SJ/ψ
gc ) in pp colli-

sions due to gluonic dissociation along with collisional damp-
ing is given by:

SJ/ψ
gc (pT , b) = N f

J/ψ(nl)(pT , b)

NJ/ψ(nl)(τ0, b)
. (30)

It is assumed here that at τ = τ0 the color screening is
the most dominating mechanism and would not allow for the
charmonium to be formed. However, as QGP cools down,
its effect on quarkonia suppression becomes insignificant at
the later stage of the evolution. The color screening is incor-
porated in the model as an independent mechanism with the
other suppression mechanisms in QGP. The net yield in terms
of survival probability, SP (pT , b) is expressed as:

SJ/ψ
P (pT , b) = SJ/ψ

gc (pT , b) SJ/ψ
c (pT , b). (31)

The feed-down formulation of the excited states of the
charmonia, χc and ψ(2S) into J/ψ has been adopted from
the Refs. [18–20]. To obtain the feed-down, here we have
taken the ratio between the net numbers of the initial and final
J/ψ . The net initial number is obtained considering the feed-
down of the higher resonances into J/ψ in the absence of
the QGP medium. This is given as Nin

J/ψ = ∑
J≥I CI J N (J ),

where CI J is the branching ratio of state J to decay into the
state I . The net final number of J/ψ includes medium effects
in terms of survival probability (SP (pT , b)) along with feed-
down: N f i

J/ψ = ∑
J≥I CI J N (J )SP (J ). The net generalized

survival probability including feed-down correction can be
written as;

SP (I ) =
∑

J≥I CI J N (J )SP (J )∑
J≥I CI J N (J )

(32)

It has been observed that only 60% of J/ψ originates from
direct production whereas 30% and 10% from the decays of
χc and ψ(2S) respectively. The net survival probability of
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the J/ψ after considering feed-down correction is given by,

S f
P = 0.60 NJ/ψ SJ/ψ

P + 0.30 Nχc S
χc
P + 0.10 Nψ Sψ

P

0.60 NJ/ψ + 0.30 Nχc + 0.10 Nψ

.

(33)

4 Results and discussions

The results obtained from the calculation mentioned above
is contrasted with the data available in the form of the J/ψ
yield corresponding to the normalized multiplicities, defined
as;

N J/ψ
m = dNJ/ψ/dη

〈dNJ/ψ/dη〉 , Nch
m = dNch/dη

〈dNch/dη〉 (34)

where N J/ψ
m and Nch

m are normalized by the corresponding
mean values in minimum bias pp collisions.

The normalized pT -integrated J/ψ production as a func-
tion of normalized charged-particle multiplicity is contrasted
with the data from ALICE at mid-rapidity (|y| < 0.9) in
pp collisions to check the feasibility of the UMQS model.
Left panel of Fig. 3 shows this comparison at

√
s = 7 TeV

(data from [64]). The results from the present work for√
s = 5.02 TeV is shown by blue line. Right panel of Fig. 3

shows the prediction of our model (red line) and PYTHIA
8.2 of ALICE data at

√
s = 13 TeV [65]. PYTHIA 8.2 results

are extracted from Ref. [65]. It is worth mentioning here that
in Ref. [65], the case of prompt J/ψ production (predicted
by PYTHIA 8.2) is also included to illustrate the effect of
non-prompt J/ψ in the inclusive production. Clearly, both
the results of PYTHIA 8.2 reproduce the experimental data
reasonably well at low Nch but fails at higher Nch as shown
in the right panel of Fig. 3.

It is interesting to observe that UMQS prediction explains
the data within the uncertainties. From Fig. 3, it is further
observed that at high multiplicity the production of J/ψ is
larger than low multiplicity regime. In UMQS charmonium
can be produced through hard scattering and recombination.
The combined effect of both of these production mecha-
nisms dominates at high multiplicities. We have found that
the regeneration plays an important role at high multiplici-
ties while its contribution at low multiplicity bins is found to
be negligible. The agreement of results displayed in Fig. 3
gives confidence to proceed with further analysis of quarko-
nia production by using UMQS in pp collisions at the LHC
energies.

Further, we have predicted the charmonium suppression
in ultra-relativistic pp collisions at the LHC energies. The
UMQS model is used to calculate the pT and centrality
dependent survival probability of charmonium states formed
in pp collisions at LHC energies at the mid-rapidity. The rel-
ative suppression of ψ(2S) over J/ψ is measured in the form
of double ratio or yield ratio, Sψ(2S)

P /SJ/ψ
P which is plotted as

a function of multiplicity (dNch/dη) and transverse momen-
tum, (pT ). It is to be noted that the “S”, “R” and “F” stand
for “suppression”, “regeneration” and “feed-down”, respec-
tively. The results are shown with and without combining
all the medium effects to demonstrate the significance of an
individual mechanism.

4.1 Centrality dependent suppression

We have obtained the centrality dependent survival proba-
bility for J/ψ and ψ(2S) by averaging over pT with the
pT -distribution function 1/E4

T [66]. The pT -integrated cen-

m
chN

0.5 1 1.5 2 2.5 3 3.5 4

m
ψ

J/ N

0

2

4

6

8

10

y = x

|y|< 0.9ALICE Data @ 7 TeV

UMQS Model Prediction:
@ 7 TeV
@ 5.02 TeV

m
chN

0 1 2 3 4 5

m
ψ

J/
N

0

2

4

6

8

10

12
|y|< 0.9pp @ 13 TeV ; 

ALICE Data @ 13 TeV
UMQS Model Prediction
PYTHIA
PYTHIA, prompt

y = x

Fig. 3 Normalized inclusive pT -integrated J/ψ yield as a function
of normalized charged-particle multiplicity at mid-rapidity compared
with ALICE data corresponding to V0M selection in pp collisions at√
s = 7 TeV [64], prediction for

√
s = 5.02 TeV (left panel) and

√
s = 13 TeV [65] (right panel). PYTHIA 8.2 results from [65] are also

included to contrast with the results of our model (right panel). The
dashed line is a linear function with the slope of unity
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Fig. 4 The pT -integrated survival probabilities of J/ψ and ψ(2S) are
shown for pp collisions at

√
s = 5.02 TeV

trality dependent survival probability is given by,

SP (b) =
∫ pTmax
pTmin

dpT SP (pT , b)/(p2
T + M2

nl)∫ pTmax
pTmin

dpT /(p2
T + M2

nl)
(35)

The initial temperature obtained for low multiplicity
exceeds the value of the QCD transition temperature (Tc)
obtained from lattice QCD calculation (see Fig. 1). A
marginal suppression of J/ψ is obtained at low multiplicity
too and it increases with the final state multiplicities. How-
ever, ψ(2S) is effectively more suppressed at low multiplicity
as compared with J/ψ . The effects of the individual mech-
anisms including feed-down are also shown in this section.
The higher resonances of charmonium are more suppressed
than J/ψ and therefore the feed-down of these states into
J/ψ enhances its suppression. However, regeneration mech-
anism reduces the suppression depending upon the medium
size and temperature. For a relatively small QGP lifetime
τQGP for 5.02 TeV, the regeneration significantly reduces
the suppression.

In Fig. 4, charmonium suppression is shown as a func-
tion of the charged-particle multiplicity and the impacts of
individual mechanisms are also presented. In this figure, the
effective regeneration is visible at high multiplicity while at
low multiplicity, the effect of regeneration is found to be very
small. Here, it is also shown that feed-correction enhances
the J/ψ suppression a bit. It is an indirect observation of
the fact that higher resonances of charmonium are more sup-
pressed than J/ψ . However, at

√
s = 5.02 TeV, we have

observed an effective regeneration for ψ(2S) which reduces
its suppression significantly at high multiplicities. Inclusion
of the regeneration along with feed-down correction almost
cancels out the feed-down effect and suggests the possibility
of regeneration for the higher resonances at high multiplici-
ties for

√
s = 5.02 TeV.
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Fig. 5 The ratio of the survival probabilities of ψ(2S) to J/ψ as a
function of final state event multiplicity for pp collisions at

√
s =

5.02 TeV
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Fig. 6 The pT -integrated survival probabilities of J/ψ and ψ(2S) are
shown for pp collisions at

√
s = 7 TeV

Figure 5 depicts the relative suppression of ψ(2S) over
J/ψ including all the proposed medium effects. It shows,
that at mid multiplicity bins ψ(2S) is more suppressed as
compared to J/ψ for

√
s = 5.02. The coinciding point cor-

responding to “S+F” and “S+R” at the lowest multiplicity
bin, suggests that the difference between ψ(2S) and J/ψ
suppression is almost the same at

√
s = 5.02 TeV, if on one

hand suppression for J/ψ is increased by including feed-
down correction and on other hand, suppression of ψ(2S) is
decreased by including regeneration.

At
√
s = 7 TeV, J/ψ and ψ(2S) are almost equally sup-

pressed at the high multiplicity, as shown in Fig. 6. However,
ψ(2S) is found to be more suppressed at low and mid mul-
tiplicities. Regeneration effect is also found to be negligible
for J/ψ and ψ(2S) at

√
s = 7 TeV. An infinitesimal regen-

eration at very high multiplicity can be observed for J/ψ
and ψ(2S) in Fig. 6. As regeneration being insignificant at√
s = 7 TeV, feed-down correction is found to take over
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Fig. 7 The ratio of the survival probabilities of ψ(2S) to J/ψ as a
function of final state event multiplicity for pp collisions at

√
s = 7 TeV

the regeneration. Therefore, suppression along with regener-
ation and feed-down correction (“S+R+F”) follows the foot-
step of the combined effects of the suppression and feed-
down (“S+F”). Non-vanishing effect of regeneration at high-
est multiplicity bin, reduces the suppression a bit for J/ψ
and ψ(2S) and almost takes away the effect of feed-down
for J/ψ .

Similar result is displayed in Fig. 7, where at high multi-
plicity ψ(2S) to J/ψ yield ratio is approximately one, while
at low multiplicities the ratio is less than one. This indicates
that J/ψ is less suppressed than ψ(2S) at peripheral pp col-
lisions, which correspond to lower final state event multiplic-
ities. Results in Fig. 7 also suggest a higher regeneration of
J/ψ than ψ(2S) at high multiplicity. The results for suppres-
sion and suppression along with feed-down, and regeneration
are found to coincide at the high multiplicity domain.

It is expected that at
√
s = 13 TeV the energy deposition

is large which provides substantial suppression of J/ψ and
ψ(2S), comparable to the heavy-ion collisions (see Fig. 8).
Results displayed in Fig. 8 show that the effect of regener-
ation is almost negligible at low multiplicity (as in Fig. 6)
while at high multiplicities it slightly reduces the suppres-
sion for both the charmonium states. ψ(2S) is suppressed
slightly more than J/ψ at high multiplicity contrary to the
results shown in Fig. 6.

As a consequence, “S+F” increases the suppression at
high multiplicity, however, an effective regeneration for
high resonances neutralizes feed-down effect in “S+R+F”
(Fig. 8). The suppression ratio plotted in Fig. 9 shows that
ψ(2S) is less suppressed at low and high multiplicities as
compared to the intermediate multiplicity bins. Because for
higher multiplicities, the temperature is higher and the regen-
eration effect creates the difference, which reduces the sup-
pression of ψ(2S) relative to J/ψ . Results depicted in Fig. 9
also show that individual effect (S) predicts a slightly more
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Fig. 8 The pT -integrated survival probabilities of J/ψ and ψ(2S) are
shown for pp collisions at

√
s = 13 TeV
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Fig. 9 The ratio of the survival probabilities of ψ(2S) to J/ψ as a
function of final state event multiplicity for pp collisions at

√
s =

13 TeV

suppression of ψ(2S) than the combined effects (S+R) at
the highest multiplicity bins.

4.2 pT -dependent suppression

Now we discuss the transverse momentum (pT ) dependence
of charmonia production by considering the pT -dependent
survival probability, (SP ) for minimum bias (0 − 100% cen-
trality) case by taking the weighted average over all centrality
bins. The weighted average for SP is given by,

SP (pT ) =
∑

i SP (pT , 〈bi 〉)Wi∑
i Wi

, (36)

where i = 1, 2, 3, . . ., indicate various centrality bins corre-
sponding to different multiplicity classes. The weight func-
tion Wi is given as Wi = ∫ bi max

bi min
Ncoll(b)π b db. The num-

ber of binary collision, Ncoll is calculated by using a Glauber
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Fig. 10 Survival probability of J/ψ and ψ(2S) versus pT for pp col-
lisions at

√
s = 5.02 TeV
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Fig. 11 The predicted yield ratio of ψ(2S) to J/ψ for pp collisions
at

√
s = 5.02 TeV

model for pp collisions. In the Glauber model for pp colli-
sions, a azimuthally asymmetric and inhomogeneous density
distribution of a proton is considered, which is motivated by
the shape of the structure function obtained in deep inelastic
scattering. Therefore, same density profile is used to obtained
Ncoll [47].

The pT -dependent suppression of charmonium is shown
in Fig. 10. It shows an increasing trend for regeneration
of J/ψ for pT < 20 GeV and then it slightly decreases
with increasing pT . It seems that the thermodynamic con-
ditions created at

√
s = 5.02 TeV suits the regeneration

of J/ψ , as indicated by the results marked by S+R for
12 < pT < 30 GeV. While including the feed-down along
with regeneration (S+R+F) predicts the suppression instead
of enhancement for the mentioned pT -range. However, for
pT < 13 GeV both the data sets predict a reduced suppres-
sion for J/ψ . For pT < 3 GeV, J/ψ and ψ(2S) are found
to be less interactive with the medium, consequently we get
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Fig. 12 Survival probability of J/ψ and ψ(2S) as a function of pT
for pp collisions at

√
s = 7 TeV

a bit less suppression and regeneration at this pT -range. All
the medium effects predict a reduction in suppression with
increasing pT . As shown in Fig. 10, a regeneration effect is
observed for ψ(2S) for pT > 6 GeV. A relative suppres-
sion of ψ(2S) over J/ψ is plotted in Fig. 11, the double
ratio shows that inclusion of regeneration (S+R) for ψ(2S)

reduces its suppression for pT < 3 GeV. While inclusion
of feed-down and exclusion of regeneration effect (S+F)
increases the J/ψ suppression relative to suppression (S)
with increasing pT . A dip in double ratio at pT = 6 GeV,
corresponds to the suppression of ψ(2S) when regeneration
is almost insignificant while there is a regeneration for J/ψ .

The charmonia suppression for
√
s = 7 TeV is shown

in Fig. 12 as a function of pT . We find less suppression at
very low pT range: 1 ≤ pT ≤ 3 GeV because the multiple
scattering of the charmonium with medium constituents is
less effective for very low pT . While for the intermediate pT
range: 3 ≤ pT ≤ 6 GeV, the scattering with medium will be
at the peak, therefore J/ψ receives maximum suppression
at the intermediate pT -range. Further, suppression reduces
with increase in pT , because the charmonia scattering with
medium constituents will be comparably less for high-pT
particles as they quickly traverse through the medium and
their abundances are low. The regeneration of charmonia
increases up to a certain range of the pT and at very high-pT
it gets saturated as the probability of the recombination of fast
moving cc̄ reduces. The ψ(2S) feels maximum suppression
for intermediate pT : 2 ≤ pT ≤ 10 GeV and gets a large sup-
pression than J/ψ due to the low dissociation temperature
(TD) as compared to J/ψ (see Table 2).

The pT -dependent suppression of ψ(2S) over J/ψ cor-
responding to minimum bias is plotted in Fig. 13. It shows
that ψ(2S) is suppressed more over the entire pT -range
considered here. It depicts varying ψ(2S) suppression from
intermediate to high-pT as the difference in the suppres-
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Fig. 13 The predicted yield ratio of ψ(2S) to J/ψ as a function of pT
for pp collisions at

√
s = 7 TeV

sion between J/ψ and ψ(2S) reduces at high-pT regime.
The results indicate that the higher resonances are more sup-
pressed than the J/ψ and that is why the inclusion of feed-
down correction (S+F) always predicts a higher suppression
for J/ψ .

The results displayed in Fig. 14 for
√
s = 13 TeV show

that the charmonium states are largely suppressed at low-
pT and follows a trend similar to the results obtained for√
s = 7 TeV. But it shows a larger regeneration for J/ψ

for pT > 5. The regeneration effect gets saturated for
pT > 20 GeV. The regeneration of ψ(2S) is found to be
negligible over the chosen pT -range, however, its suppres-
sion reduces at higher transverse momenta: pT > 10 GeV.
Similar behavior for double ratio is also obtained in Fig. 15,
where a large suppression for J/ψ reduces the relative sup-
pression for ψ(2S), i.e. “S+F”. However, the relative sup-
pression of ψ(2S) over J/ψ comes out to be approximately
constant, a slightly reduced suppression may be observed at
high-pT regime (Fig. 15).

It is worthwhile to mention that in this work an interplay
between regeneration and feed-down mechanisms for

√
s =

5.02 to 13 TeV has been demonstrated. In UMQS, not a single
parameter is freely varied in order to explain the experimental
data or predict the charmonium suppression.

5 Conclusions

The present analysis shows a QGP-like medium formation
for all the multiplicity bins in ultra-relativistic pp collisions
at LHC energies. We have observed that ψ(2S) is suppressed
more and the effect of regeneration is also marginal for ψ(2S)

as compared to J/ψ . This makes ψ(2S) a relatively cleaner
probe to investigate QGP-like medium in the small collision
systems. As the cold nuclear environment is absent in the
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Fig. 14 Survival probability of J/ψ and ψ(2S) as a function of pT
for pp collisions at

√
s = 13 TeV
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Fig. 15 The predicted yield ratio of ψ(2S) to J/ψ is shown for pp
collisions at

√
s = 13 TeV

pp collision systems any modification in the charmonium
yield can be considered as a pure effect of hot QCD medium.
In contrast to this, the system formed in pA collision will
show the combined effects of the hot and cold nuclear matter,
therefore, pp collisions can be used as a scale to distinguish
CNM effects. The pp collision results which are routinely
used as a benchmark to understand the AA collision system
is now become questionable because of the possibility of the
creation of QGP-like medium in pp interactions. Thus, the
formation of QGP in pp collisions will create a new puzzle
and inevitably a new baseline will be required to analyze AA
collisions.
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7 Appendix

To extrapolate the energy dependence of inclusive J/ψ and
cc̄ production cross-section at mid-rapidity in pp collisions,
we have adopted the method of functional form fitting as
discussed in Ref. [67]. In this method, the energy dependence
of the inclusive J/ψ and cc̄ cross section are fitted with a
power-law distribution of the form:

f (
√
s) = A ·

(√
s/s0

)b
, (37)

where A, s0 and b are free parameters. It is worth noting here
that although it is not derived from a first principle, such
a method of extrapolation reproduces the measured distribu-
tion very well. In Fig. 16 the solid blue circles are ALICE data
and the black curves represent fitting function. The quadratic
sum of statistical and systematic uncertainties of ALICE data
are presented by a single error bar. The results obtained by
extrapolation at

√
s = 13 TeV for inclusive J/ψ and cc̄ pro-

duction cross-sections are reported in Table 1. Recent ALICE
result [72] shows that the J/ψ production cross-section at
mid-rapidity is ≈ 16.15 ± 0.54 μb (quadratic sum of statisti-
cal and systematic uncertainties). This value is very close to
our extrapolated result of 16.72 μb. This agreement provides
a strong case for our extrapolated result of cc̄ production
cross-section.
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