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Abstract: The early universe consists of bacis particles like quarks and gluons. Their interactions are controlled by strong
interactions. In order to produce this new kind of matters, one can collide heavy ions. Large amount of energy will be transformed
into particles. These particles form a matter with extremely high temperature. Usually this kind of matter can only be produced in
heavy ion collisions, not nucleon collisions. But the recent experimental data indicate that it may also generate this kind of matter.
The signal in nucleon collisions are taken as a baseline for heavy ion collisions, and other theoretical and experimental studies are
based on this assumption that no hot medium is produced in nucleon collisions. If this new matter is also produced in nucleon
collisions, this will affect the signals in heavy ion collisions. This work studies the momentum correlations of heavy quark pairs
in the small colliding system such as proton-proton collisions based on the Langevin equation. With the production of deconfined
hot medium, heavy quarks moving in the opposite direction can suffer energy loss and random kicks from the thermal medium.
Moving in different directions, heavy quark and its anti-quark will suffer different random kicks from the thermal medium, which
will change their momentum randomly. Their momentum correlations will be modified after moving out of the hot medium.
Finally when heavy quark and anti-quark move out of the hot medium, their momentum is not in the opposite direction. Insteand,
they move with a angular less than pi. We propose the momentum correlation of D mesons as a probe of the early stage of the

proton-proton collisions, where the deconfined medium may be produced.

Keywords: Heavy Ion Collisions, Heavy Quark, Quark Gluon Plasma

1. Introduction

The concept of quark was first proposed by M. Gell-Mann
in Quark Model in 1964 [1]. Quarks are smallest and
elementary constituent unit of matter. There are six kinds of
quarks, up (%), down (d ), strange (§), charm ( ¢ ), bottom
(b ) and top (?). Each quark may carry three kinds of colors.
The interaction between quarks are dominated by color
interactions.

Quantum Chromodynamics (QCD) is the fundamental
theory of strong interaction among quarks and gluons.
Because the non-Abelian nature of QCD theory, quarks and
gluons are confined (color confinement) within the hadrons at
low energy scale, while asymptotic at high energy scale. For
this reason, a new state of matter has been proposed, Quark
Gluon Plasma (QGP). The fundamental degrees of freedom
are the quark and gluon, instead of hadrons in this new state.
And people believe, this state will exist at extremely high
temperature or high density. According to lattice simulation of

QCD (LQCD), there exist a phase transition from hadronic
matter to QGP matter around a critical temperature
T, ~155MeV [2]. Above the critical temperature, it will be
QGP phase. Such a new state of high temperature or high
density prevailed in the very early Universe after Big Bang.
And this may also exists in the center of neutron/quark stars.
In the laboratory, this phase transition is expected to be
realized by relativistic heavy ion collisions at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC).

Because the QGP phase formed in Heavy ion collisions
expands rapidly, and with the temperature and density
decrease, the system will again transform into the hadron state.
So one cannot observe it directly in the experiment. In the past
twenty years, there are four main sensitive signatures been
proposed: strange enhancement [3], quark number scaling of
collective flow [4, 5], Jet quenching [6, 7] and quarkonia
suppression [8, 9].

Unlike the light quarks which can be largely produced in the
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hot medium, heavy quarks (7., ~1.2,4.5GeV ) are mainly

created in the initial impact of the collisions and the
production process is controlled by perturbative QCD [10].
After production, the heavy quarks will interact with the
medium (consisting of quarks and gluons). So it will carry the
message of medium, and can be a perfect signature.

The bound states of a heavy quark and its antiquark are

generally named as quarkonia, such as J/¢,Y. While the

open heavy flavor means the bind of one heavy quark with
other flavor quarks, like D , B . Different from usual light
hadrons, the quarkonium masses are mainly determined by the
bare heavy quark mass. This allows us to draw non-relativistic
potential model to deal with their properties [9, 11-13]. The
quarkonia usually carry large binding energy, can survive at
the early stage of the fireball. D mesons consisting of one
heavy quark and light quark, is produced in the later stage of
the fireball, so they carry more information of the medium.

High energy elementary collisions, such as PP, pA
collisions, have been proposed to study the cold nuclear
effects (including the nuclear absorption [14], Cronin effect
and shadowing effect [16, 17]) for high energy
nucleus-nucleus collisions [18, 19]. One amazing results in
PP collisions is the long-range ridge structure in two particle
azimuthal correlations with a large pseudo-rapidity in high
multiplicities [20, 21]. Such phenomenons have been
discovered in AA collisions and interpreted as a signature of
QGP collective motion. The long-range ridge structure
appears in those elementary collisions indeed challenge the
theorists. Some people propose that there may also exist
deconfined state in high multiplicity PP collisions (at the
colliding energy of 7 TeV or 13 TeV).

Heavy quark pairs are produced with the back-to-back
momentum at the leading order in the hard scattering
(8 —cc ,qq —»cc ), and the back-to-back angular
correlation has been observed in the finial state of DD
correlation [22]. In high energy nuclear collisions, a very hot
and dense partonic medium is produced in the early stage,
even in high multiplicity PP collisions. The interaction
between charm quark and light parton will modify the angular
correlations and this will influence the finial pp angular
correlation [23, 24]. So, the correlation between DD can be
an ideal probe to study the existence of the deconfined
medium produced in high multiplicity PP collisions.

In the following, we numerically solve the Langevin
equation to simulate the evolutions of charm quarks in hot
medium. After diffusions, the charm quarks fragment into D
or D mesons. We analyse our results in Section three, and
give the final conclusion in Section four.

2. Theoretical Model

Light quarks (# ,d ) can be produced thermally in the hot
medium, and the the light quarks reach chemical equilibrium.
However, the evolutions of initially produced heavy quarks in
Quark Gluon Plasma are controlled by a transport equation. Or
it can be treated as a Brownian motion, studied with the
Langevin equation. The Langevin equation have been

successfully used to describe the collective flows v2 [25, 26],
nuclear modification factor R4 [27, 28] of heavy flavors. The
non-relativistic Langevin equation can be expressed as:

dp

E:—mﬁﬂ? (1)

where /]p and g? are the drag coefficient and the noise

variable of the hot medium on heavy quarks. And Z‘ satisfies

the correlation relation
<5l’ ()& (x')} = k37 5(t ~1') @)

K is the diffusion coefficient of heavy quarks in momentum
space, which is connected with spatial diffusion coefficient
D byk=2T 2/D. The diffusion coefficient have given by
several models: a leading-order pQCD, a pQCD-motivated
one gluon exchange model [30], in-medium 7 -matrix
formalism [31] and lattice QCD [32]. Heavy flavor
phenomenology in heavy ion collisions provides an unique
opportunity to extract the transport coefficient of QCD
medium, like heavy quark diffusion coefficient D .

Both the drag coefficient /7pand diffusion coefficient K
depend on the local temperature T . The drag coefficient in
Langevin equation can be determined by the
fluctuation-dissipation relation [29],

=K
o (p) =0 &)

Where T is the temperature of the bulk medium and

l —2
E = mé + ‘ p‘ is the heavy quark energy.

In order to solve the Langevin equation for heavy quark
diffusions in QGP numerically, it should be discretized as
below

Pt +00) = p(t) =11 (p) p + &t (4)
Xo(t+00) = X,(1) +%At (5)
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As long as the time step Ar for numerical evolutions is
small enough, one can assume free motions for heavy quarks
with a constant velocity ‘7Q =p/E during this time step, and
update the heavy quark momentum by Eq.(4) at the end of
each Af due to hot medium effects. The medium-induced

radiative energy loss [33, 34] and parton elastic collisions [35]
of heavy quarks can be included in the terms of the drag force

fip(p) and the noise 2‘, where Ei(t)i:1,2,3 in Eq.(6) is
sampled randomly based on a Gaussian function with the
Width /k/At .
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The hot medium formed in the early stage of heavy ion
collisions and high multiplicity PP collision is not a static
system, but a fast expanding fireball. The QGP produced in
heavy ion collisions turns out to be a very strong coupling
system. Which can be described well by hydrodynamics [36,
37]. The hydrodynamic model also works in high multiplicity
PP collisions [38]. The motion of heavy quark is controlled
by Langevin equation. The effect of hot medium to heavy
quark evolution can be obtained by solving the coupled
Langevin equation with the hydrodynamics.

Experimental studies of charm mesons D and baryon A,
are important to understand the hadronization mechanism in
QGP. So far as we know, the particles at very low pr is
controlled by the QGP expansions. The coalescence
mechanism play an important role at the intermediate py

region ( 3<p; <8GeV/c). The coalescence mechanism

have been successfully used to describe the elliptic flow [39]
and the enhancement of the baryon to meson ratio [40-42]. Tt is

also extended to heavy flavor sector, to describe the J/¢ , D

mesons [43, 44]. With increasing pr , the coalescence

mechanism is not important any more, and the fragmentation
mechanism takes over [45].

3. Numerical Calculations and Analyze

Aim to simplify the problem, we just treat the medium with
a static, homogeneous disk, with an uniform temperature
T~03 GeV. The charm quarks are produced with
back-to-back momentum in the center of the medium, as
showed in Figure 1. Assume that charm and anti-charm quarks
move along the x-axis, in the opposite direction, please see
Figure 1.

Figure 1. Heavy quark pair produced inside the hot medium (insider the
circular) with back-to-back initial momentum. And will random motion in hot
medium. The radius of the circle is taken as the proton radius ~1fm .

If there is no deconfined medium produced in PP
collisions, the the angular between ¢ and ¢ quarks will
remain the same as the initial value which is 77. However,
with the strong interactions and also random kicks from the
thermal medium, The -correlations between charm and
anti-charm quark momentum disappear with time. Note that

there is no interactions between ¢ and ¢ , and the
momentum evolutions of ¢ and ¢ are independent from
each other. When charm and anti-charm quarks move out of
the hot medium, they will become D mesons by coalescence
or fragmentation. We neglect the effects of charm quark
hadronization, and assume that D meson momentum is the
same with the charm quarks.
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Figure 2. Time evolution of the angular between charm ¢ and anti-charm
¢ quark momentum in the deconfined medium produced in proton-proton
collisions. Charm and anti-charm quark momentum is taken as 1, 5, 10
GeV/c

respectively, with opposite direction. Deconfined medium

temperature is taken as a constant typical value of Tyey =0.3 GeV | The

parameter indicating the coupling strength between heavy quark and the bulk
medium is taken as C =1 .
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Figure 3. Energy loss of heavy quarks with different initial momentum as a
function of time. The parameters of this figure is the same with Figure 2.

Figure 2 indicates that the charm quark momentum
correlation can be strongly modified by the possible bulk
medium produced in proton-proton collisions, due to the color
interactions between charm quarks and the deconfined
medium. The initial transverse momentum of charm and

anti-charm is taken as 1,5,10 GeV/c respectively, as shown
with black, blue and red lines in Figure 2. With p; =1
GeV/c, the angular between charm and anti-charm quarks

drops faster compared with the situations of py =5 GeV/c
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and 10 GeV/c . This comparison reveals that the charm quark

with smaller pr can be easily thermalized by the bulk

medium (only reach kinetic equilibrium). which is a natural
result of the Langevin equation. The drag coefficient is
proportional to the inverse of the energy E or transverse

momentum pr (see Eq.(3)). Charm quarks with smaller

momentum can suffer energy loss more easily, which will
reduce the correlation between charm and anti-charm quark
momentum. The angular between charm and anti-charm with

pr =1 GeV/c becomes partially random, but their angular

still remains 6,z >0.477 . Charm and anti-charm quarks

already loss part of the initial correlations due to the random
kicks from the bulk medium.

Heavy quarks with different momentum can suffer different
energy loss in the hot medium. Figure 3 shows the heavy
quark momentum at time ¢ compared with its initial value.
The black, blue and red lines are for charm quarks with

transverse momentu py =1,5,10 GeV/c respectively. From
the comparision betwee py =5 GeV/cand 10 GeV/c , charm
quarks with larger momentum can suffer weaker energy loss,
and the ratio of p(t)/ Po s larger, see the red line. For the
line of pr =1GeV/c | the value of p(f)/p, in the later
stage even becomes lager than unit, which means charm
quarks with py =1GeV/c can reach kinetic thermalization at

around 0.2<7<0.4 fm/c, and they will pick up more
energy from the bulk medium due to the random kicks in the
Langevin equation. Therefore, the ratio p(t)/ Do becomes

larger than unit, please see the red line in Figure 3. If without
the noise term in Langevin equation, then all the three lines
will drop down monotonously with time.
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Figure 4. Time evolution of the angular between charm ¢ and anti-charm
C quark momentum in the deconfined medium in proton-proton collisions.
Medium temperature is now taken as 0.5 GeV, where charm quarks can be
thermalized easily, and the angular between ¢ and ¢ becomes random
when they move out of the hot medium.

The hot medium effects on charm quark momentum
correlation becomes more distinct at high temperature. In the
realistic situation, the fireball produced in heavy ion collisions

or PP collisions is a fast cooling system with strong expansion.

Therefore, charm quarks evolve in a cooling system. For
simplicity, we put the charm quark in a hotter medium with a
temperature of 7 =0.5 GeV, and study the angular
correlation between charm and anti-charm quarks, please see
Figure 4. With higher temperature, the interactions between
heavy quarks and the bulk medium become stronger, and charm
quarks can be more easily thermalized in momentum space. For
the charm quarks with large momentum such as

pr =10GeV/c, their angular correlation is partially lost, and

the angular between p, and p; only remains larger than
0.677 . For the charm quarks with very small momentum
pr =1GeV/c, when they move out of the hot medium, their
momentum angular becomes completely random, which
indicates that p, is totally independent with p; when they
travel through the medium. This is a strong signal of charm
quark kinetic thermalization and the existence of the QGP in
PP collisions. Charm quarks with lower momentum in higher
temperature are easier to be thermalized by the bulk medium.

4. Summary

In summary, we investigate the momentum correlations of
heavy quark pairs in the small colliding system, such as
proton-proton ( PP) collisions, via Langevin equation. With
the production of deconfined hot medium, heavy quarks
moving in the opposite direction can suffer energy loss and
their momentum correlations will be modified after moving
out of the hot medium. The charm (anti-charm) quarks with
lower momentum are easier to lose the angular correlation and
reach kinetic thermalization in the hot medium. Therefore, the

pp by

momentum correlations 71— 7of D — D mesons can be a
|pD| E|1175|

clear probe of the early stage of the proton-proton collisions.
We will extend this idea to more realistic calculations where
Langevin equation will be coupled with hydrodynamic
equations for the QGP evolutions, and present more
quatitative results in the future works.
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