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Abstract. Attenuation of a colourless ¢c dipole propagating with a large momentum
through a hot medium originates from two sources, Debye screening (melting), and in-
elastic collisions with surrounding scattering centres (absorption). The former never ter-
minates completely production of a bound charmonium in heavy ion collisions, even at
very high temperatures. The latter, is controlled my the magnitude of the dipole cross
section, related to the transport coeflicient, which is the rate of transverse momentum
broadening in the medium. A novel procedure of Lorentz boosting of the Schrédinger
equation is developed, which allows to calculate the charmonium survival probability
employing the path-integral technique, incorporating both melting and absorption. A
novel mechanism of charmonium regeneration in a dense medium is proposed.

1 Introduction

Charmonium attenuation in a hot matter has been traditionally considered to be sensitive to the
medium temperature. If the Debye screening radius becomes smaller than the charmonium, the bound
level disappears and the charmonium dissociates into an unbound ¢c pair. However, no clear signal of
such an effect has been reported so far, after two decades of experimenting.

The effects of melting has been usually calculated assuming charmonium to be at rest relative to
the medium, while its mean momentum squared measured within the collisions energy interval of
the LHC, ranges between 7 and 10 GeV? [1]. The charmonium was assumed to be either completely
terminated [2], once the bound level is eliminated by screening, or the decay of the bound state was
described by introducing an effective imaginary part of the potential, giving rise to a decay width [3].

Another source of charmonium break-up caused by colour-exchange interactions with the sur-
rounding matter [4]) has been missed in previous calculations. At the same time, this mechanism has
been known for hadrons propagating through nuclear matter since long time ago within the Glauber
model.

Apparently, absorption becomes even stronger in a medium,which is much denser than nuclei.
However, the dipole cross section of inelastic interaction with a dense medium is unknown, and hardly
can be fixed by other data. The important observation, made in [5], is a relation between the imaginary
part of the potential and the transport coefficient, which is related to the medium temperature (see
below).

Propagation of colour dipoles through a medium was proposed in [6, 7] to describe with the
path-integral technique, which sums-up all possible trajectories of propagation in the medium .
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2 Absorption

Within the Glauber model [8] a high-energy hadron propagating through nuclear matter attenuates
exponentially, with the rate proportional to the nuclear density and the inelastic hadron-nucleon cross
section. Colour transparency makes the medium less opaque, an a dipole attenuates as inverse power
of the path length, rather than exponentially [9]. The source of attenuation, the possibility of inelastic
interactions of the hadron, which result from colour exchanges in the cross channel. Survival of
the dipole corresponds to the probability for the hadron to avoid colour-exchange collisions, i.e. to
remain colourless. This mechanism of attenuation is quite different from colour screening in a medium
considered in the next section.

It is convenient to relate the rate of inelastic collisions in the nucleus, o, p4(l) with the transport
coeflicient g, which is the rate of broadening of the transverse momentum kr of a parton propagating
through the medium [10],

R ONK?.
Q) = —". (1)
Calculated within the framework of the dipole approach [9], the broadening rate was found to be[11],
4() = 2C pa(l), 2)
where |
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and o4,(rr) is the universal cross section dipole-proton cross section [9]. Besides the transverse gg
separation rr, it also implicitly depends on the dipole energy [12].
Employing the small-r approximation, og,(rr) = Cr%, we can represent the survival probability

as, L
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Here instead of averaging the dipole cross section in the exponent, as is done in the Glauber approx-
imation, the whole exponential is averaged. This way the Gribov corrections [9, 13] are included to
all orders (except gluon shadowing, which comes from higher Fock components [14]). This expres-
sion allows a direct generalization for absorption in a dense quark-gluon medium, which is usually
characterized with a transport coefficient g.

In Eq. (4) the dipole transverse separation rr is assumed to be "frozen" by Lorentz time dilation,
i.e. to remain unchanged during the time of propagation through the medium, which requires high
dipole energies. The path integral technique avoids this approximation and describes the propagation
of a "breathing" dipole.

A ¢c pair produced in the c.m. frame of the colliding nuclei with a small initial separation

ro ~ 1/\f4m2 + p% propagates through the medium with momentum py, = pr. In such a kine-
matics of eaqual intrinsic and total momenta the initial dipole size can never be "frozen" by Lorentz
time dilation.

A rigorous quantum-mechanical description of the propagation of a colourless ¢c can be performed
with the path-integral method [6, 15]. One has to sum up all possible trajectories of propagation
of quark and antiquark in order to incorporate the effects of fluctuation of the dipole separation.
In the light-cone variables the Green function of the dipole propagating in a medium satisfies the
2-dimensional Schrédinger-type equation [6, 15],

0 G (1750, 7) = S T G (L, 70, 7) )
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Here @ and 1 — « are the fractional light-cone momenta of ¢ and c; [ is the longitudinal coordinate
along the trajectory of the c¢c dipole in the rest frame of the medium. The dipole evolves its transverse
separation from the initial value 7 at [ = O up to P after propagating a distance [. To avoid possi-
ble confusions we remind that r7 is transverse relative to the charmonium trajectory, which itself is
orthogonal to the nuclear collision axis.

The real part of the effective potential Re U(ry) = V(rr) is responsible for ¢c¢ binding, while the
imaginary part is responsible for interaction of the dipole and the medium,

g =-Yonr?
Im Uz (rr, ) = =4 7. (6)

where v, = py/E, is the dipole velocity relative to the medium, E, = ./ p?p + 4m? is its energy.

The survival probability amplitude of a charmonium produced inside a hot medium is given by
the convolution of the Green function with the initial and final distribution amplitudes,
[ @rd ry ¥ (r)G(L. 53: 0.7 ¥ ()|

|S|2 - 2t
[ &r¥in) Pin(r)

@)

The charmonium wave function ¥ (7, @) is dominated by equal sharing of the light-come momentum,
~ 1/2 (see more below).

3 Debye screening
3.1 Maximal screening

Intuitively is clear that if the binding potential is weakened (for whatever reason), or even completely
eliminated, for a short time interval Af < 1/w in the charmonium rest frame, the bound state will not
be strongly disturbed, because the quarks will have no time to move away from their orbits. In the
medium rest frame the formation time of the wave function is much longer than the propagation time
in the medium, ¢y > Ry /vy. Thus, the Debye screening effect is expected to vanish for charmonia
produced in heavy ion collisions with large pr = py.

At this point we want to demonstrate on an exaggerated example of a binding potential, com-
pletely vanishing inside the medium (infinitely high temperature), that the survival probability of the
dipole remains finite. Let us assume the following coordinate dependence of the potential (no time
dependence),

ReU(r)=0 inside the medium;

ReU(r) = { ReU(r) = Re U, .(r) outside the medium.

To clear up this example we simplify the scenario avoiding other sources of attenuation and inessen-
tial technical complications. In particular, we eliminate the absorptive imaginary part of the po-
tential, Eq. (6); keep the Debye screening maximally strong along the whole path length L of
the ¢c in the medium; and use the oscillator form of the real part of the potential outside the
medium. Correspondingly both the initial and final wave functions in (7) have the Gaussian form,
¥(r) = (A/ V) exp(=A%r?/2) with 22 = m? + pfb /4 and A% = m, w/2 for initial and final size distri-
bution functions respectively. Then the equation (5) can be solved analytically, and the suppression
factor Eq. (7) takes the form [6],

-12
m2p w \ 872 P w \
SOP = L1+ — | = |o?m2+ 21+ — , 8
ISl 16712L( 2mc) m2 Y 2m, ®)
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The resulting suppression factor |S (L)|* is plotted in Fig. 1 as function of J/i momentum, and for
different path lengths L = 1, 3, and 5 fm. Although in this exaggerating case the survival probability

0 1 1
1 10 10°
Py (GeV)

Figure 1. The attenuation factor |S (L)|* for J/y produced with momentum p, = pr off a hot medium. The
Debye screening in the medium is maximal, completely eliminating the ¢c binding potential during in-medium
propagation over the path length L,

vanishes towards p, = pr = 0, in reality (see below) even at small momenta py, the survival proba-
bility is fairly large because of the rapid decrease of temperature in expanding plasma and restoration
of the binding potential. In another limit of high momentum the survival probability approaches unity
because the expansion of the initially small dipole size is slowed down by Lorentz time dilation.

3.2 Boost-invariant Schrédinger equation

Sveral realistic parametrizations are currently available, which describe well the charmonium spec-
trum (see in [16]). However, such 3-dimensional potentials are appropriate only for a charmonium at
rest, while the mean transverse momentum squared of J/i produced in heavy ion collisions at LHC
varies from 7 to 10GeV? [1]. The same problem concerns the Debye screening effects, which are
known from the lattice simulations [17-19] only in the charmonium rest frame.

In the large-m, limit the intrinsic motion of a system of heavy quarks is non-relativistic [20] and
the Fock space of charmonium is dominated by the lowest cc state, whose dynamics can be described
in terms of an effective potential. In this limit, the binding energy is small, so the difference of
momenta carried by the quark and antiquark is also small, [21],

(rp) 1
(= (@-1/2?) = 4_,52 = 740D, ©)
where « is the quark fractional light-cone momentum; p; and vy are the longitudinal momentum and
velocity of the charm quark in the rest frame of the charmonium. The mean value in (9), evaluated
with realistic potentials, is rather small, (A% =0.017.

Here we present a brief description of the transformation procedure based on smallness of
(A%) [22]. We assume that in the &c rest frame V(r) is the interaction potential and its Fourier im-

age V (l?) corresponds to the propagator of a hypothetical vector particle exchange in #-channel. The
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Figure 2. Kinematic variables for the Bethe-Salpeter bound state diagram.

Bethe-Salpeter equation for the eigenvalues is shown schematically in the Fig. 2 Making expansion
over the small parameter A, Eq. (9), we arrive at the equation of motion,

2

A, +m N
¢(a9rl)+v¢(a’ rJ_)v

py(a,ry) = W

where pj/ are the components of the charmonium light-cone momentum.The interaction term here

reads,
1

V(@ r.) = f dBK (@.B.r) 6 (Bur), (10)
0
with the kernel K (@, 8, 7, ) given by

2mela — Bl /1 — ri)

2 _ 2

r ry

1 M, A cos(
K(a,B,r1) = 7—Tp—+fdrrV(r)
[ by

1 My [ .
— sz( ri+z2)e2'mf<“—ﬁ>2, (11)

+

where M, is the charmonium mass. Since the kernel (11) depends only on the difference between the
fractional light-cone momenta @ — 3, it is convenient to work with a Fourier transform ¢ defined as

1

bz, r) = f;l—;yqﬁ(a, r) eZim(”’%)z_, (12)
0

where the variable z~ is the minus-component of the light-cone separation between quarks. Expanding
(11) over a small parameter A and replacing A = idz~ /2m in coordinate space, we get the final result
for the Schrodinger equation [22],

M?: ~A, -0 +m? M .
g P ) = T/z;mw—,n) +V (Ve @)ocr ay

which is explicitly invariant under Lorentz boosts. If we substitute now My ~ 2m, + €;, where ¢, is
the binding energy of the charmonium, in the charmonium rest frame in the leading order in ¢;, we
obtain the usual nonrelivistic Schrodinger equation.

03020-p.5
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Now we can replace Eq. (5), in which the longitudinal motion of quarks was frozen, by an equation
with the kinetic and potential terms, which describe the 3-dimentional motion of the quarks,
[ 0 A, +(0/077)F —m?

i@ +2 P C — U (2, 7r)|G(F 2, Prizf 2 Far) = 0. (14)

Here the real part of the boosted potential is related to the rest frame binding potential V(r) as,

ReU(z ", 7r) = V(r = i+ (z’)z).

The real and imaginary, Eq. (6), parts of the potential are related to different parameters charac-
terising the medium, the temperature and transport coefficient, respectively. At large T > T, where
T, is the critical temperature, this relation is simple, § ~ 3.6 T2, but at lower temperatures T < Tk, it
is is more complicated and is parametrized in [23].

4 Results
4.1 Suppression of J/y

Now we are in a position to solve numerically Eq. (14) for the Green function describing the prop-
agation of a colourless ¢c pair through a hot medium, employing realistic potentials and screening
corrections. As a model for the biding potential, we employ the Cornell form of the potential [24].
For medium screening effects we rely on the popular approach, which is based on the Debye-Hiickel
theory and the lattice results, parameterized in the analytic form proposed in [25],

o a
VZ‘c (r, T) = —|1- 67”(7“)" - _e—u(T)r’ (15)
ﬂ(T)( ) r
where
N. N , 2472
T) = g(T)T /=< + L T= s 16
u =gMT N7+ () = 35m A "o

o = 1GeV/fm is the string tension; and the parameter @ ~ 0.471. The bound states in such a potential
are terminated at high temperatures, when the Debye radius rp = 1/u(T) becomes smaller than the
mean radius of the charmonium. We use this bound state potential in the real part of the boosted
potential of Eq. (14).
The imaginary part of the boosted potential, Eq. (6) is controlled by the transport coefficient g,
varying with coordinates and time, for which we employ the popular model [23],
N i 4o to npart(g, 7_!)
4(t.b,7) = 1 0,0) o - 1), a7
Here b and 7 are the impact parameter of the collision and the point, where the medium is observed,
respectively. We fix fp = 1fm. The maximal value of § at b=23=0andr =t is treated as a free
parameter, to be adjusted to data.
The survival probability factor §2(b) of a charmonium produced in a collision of nuclei A and B
with relative impact parameter b reads (compare with (7)),

2 N
. [ds [ ESTAOTuG- )
S f 2nf Tas(b)
0

e - - - - SN2
fdzrldzrzdzl_dzg‘f’f(rz,zz )G (00, 72,2530, 71, 7)) Win (71, 27)

X -
[ drdz= W7, 2) WinlP, )

; (18)
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where ¢ is the azimuthal angle between this trajectory and the scattering plane (vector l_;).
The initial distribution function in (18) is assumed to have a Gaussian form, ¥;,(7r,z7) =

(a) Ve @12, with r = [ r2+(z7)% and a ~ 1/ \/m2 + p2. Since the initial expansion of a small
dipole is very fast, the original separation is not important. The Green function G(co, 7, 7550, 7, s
describing the dipole evolution, and the final wave function ¥ s(#, z7), are the solutions of Eqs. (13)
and (14) respectively, with the same boosted potential.

To see the net melting effect we solve Eq. (14) fixing InU = 0. The results for |S(b = 0)7,
calculated with Eq. (18) for a central lead-lead collision, are plotted in Fig. 3(left) for different trial
values of the parameter go = 0.5, 1, 2 and 4 GeVz/ fm.

— ¢o = 0.5 GeV?/fm . qo = 0.5 GeV?/fm

12 b - | 12k — 1.0 GeV2/f
qo = 1.0 GeV*/fm q .0 Ge / m
=== go = 2.0 GeV?/fm == go = 2.0 GeV?/fm

—= gqo = 4.0 GeV?/fm —= o = 4.0 GeV?/fm

S?

0.6 F e

-
04 fmTTTTTITTTTTTTTT P

0.2 |

0.0 = = 0.0

107! 1 10 10? 107! 1 10 102

pr, GeV pr, GeV

Figure 3. Left: The FSI suppression factor calculated with Eq. (18) for J/y produced with momentum p, = pr
in central lead-lead collisions. The absorption effects are eliminated by fixing Im U = 0, in order to single out the
net effect of Debye screening. The curves from top to bottom are calculated with gy = 0.5, 1, 2 and 4 GeV*/fm.
Right: The net effect of absorption, i.e. with eliminated Debye screening.

Notice that similar to Fig. 1 demonstrating the maximal melting effect, the survival probability
|S|? rises with Py and saturates at unity. On the contrary, the behaviour at small py, — 0 in Fig. 3(left)
is different from the case of maximal melting effect, because the transport coefficient Eq. (17) is finite
and is falling with time as 1/1.

The other extreme is to eliminate the melting effect by fixing in (15) T = 0, but include absorption
introducing the imaginary part of the potential according to Eq. (6). In this way one can see the net
effect of absorption. The results, using Eq. (18), are plotted in Fig. 3(right) for different values of g.
Again, the survival probability approaches unity at high p, = pr due to colour transparency.

The full results incorporating both effects of melting and absorption cannot be simply deduced
from the above two extreme cases of net melting or net absorption effects, because they strongly
correlate. Solving Eq. (14) with a potential containing the real and imaginary parts, and averaging
over impact parameters with Eq. (18) we arrive at the final results for the suppression factor |S[?
plotted in Fig. 4(left).

Eventually, for comparison, we plot all three versions presented in Figs. 3-4(left) on one plot
Fig. 4(right) for the selected value of gy = 2 GeV/fm, extracted from the analysis [26] of data for
high-pr hadron suppression in lead-lead collisions at LHC. We see that the magnitude of suppression
caused by the two mechanisms is similar at transverse J/i momenta around the mean value. The total
suppression effect is maximal at p ~ (p,) and is rather strong, about |S|* ~ 0.2.

03020-p.7
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Figure 4. Left: Same as in Fig. 3, but including both, screening and absorption effects. Right: The curves from
top to bottom show the attenuation factor |S (L)* vs J/y momentum for either pure absorption, or pure melting,
and for both effects included, respectively. The calculations are performed for central lead-lead collisions with
qo = 2GeV?/fm.

4.2 Suppression of y(25)

The first radial excitation ¥(25) is known to have the mean radius squared about twice as big as J/i.
Correspondingly, a stronger melting effect has been always expected for (25 ), as well as the effect
of absorption, The suppression factor |S|* is given by the same Eq. (18), but the final wave function
W/ is a solution of Eq. (12) for the radial excitation y(25).

The results of calculations with gy = 2 GeV?/fm are shown in Fig. 5(left) for the suppression fac-
tors for net melting (dotted), net absorption (dashed) and full effect (solid). As expected, suppression
depicted in Fig. 5 is considerably stronger compared with J/i. This is confirmed by the (2S) to
J/ ratio plotted in Fig. 5(right), which is indeed mostly below unity. However, this ratio also demon-

— Full —
L2 e Melting 1.2 + ]
===- Absorption /\
1.0 . o
g,
I/.': =
"l /) 0.8 |
o /s
S0 /i > 06
\\ ,’I:: Cg/?
™ 7
\, e
AN i
0.2 \\\ ,.-~-‘,'/ ] ool
...................... A
0.0 n ) y | |
10! 1 10 102 10-1 . - -
procel pr, GeV

Figure 5. Left: The same as in Fig. 4(right), but for production of a ¥(2S5) radial excitation. Right: Ratio of
production rates of (25 ) to J/y calculated for central lead-lead collisions with g = 2 GeV?/fm.
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strates a peculiar feature: at large p, > 10 GeV. It exceeds unity, at variance with the naively expected
stronger in-medium attenuation of (2S). This is related to the effect of nuclear enhancement of the
¥(2S) photo-production rate, predicted in [6, 27]. This effect is related to the specific structure of the
(2S5 ) wave function ¥y, (r), which has a node and changes sign at » = 0.4 fm (see Fig. 4 in [16]). This
interesting effect is expected to occur at sufficiently high p,.

4.3 Azimuthal asymmetry

A strong charmonium suppression FSI interactions unavoidably leads to an azimuthal asymmetry,
characterised by the parameter v, = (cos(2¢)), where ¢ defined in (18), is the azimuthal angle between
the J/y trajectory and the scattering plane. Indeed, a charmonia propagated along the long or short
diameters of the nuclear intersection area, cover different path lengths in the medium, so they are
suppressed differently, which gives rise to an azimuthal asymmetry. Correspondingly, we can calculate
v2(D) as,

2r

B dg 2 dsTa(HTs(b - 5
nb) = f 2 S0P f O T s bIS P

0
4 2
[ @rid*rdz;dzy Wi, 25)G (o0, P, 2550, 71, 2)Win (P1, 27)

X
[ drdz ViR ) PP )

19)

The results obtained with gy = 2 GeV%/fm, are plotted in Fig. 6 as function of J/¢y momentum for
several centralities. Naturally, v, vanishes at very large momenta, where the medium becomes fully

0.3

— 0%
------ 30 %

— 60
0.25 -'l'”\ 60 % ]
1

5 10 15 20 25 30 35 40 45

pr, GeV

Figure 6. Azimuthal asymmetry parameter v, for J/¢ production in lead-lead collisions calculated with gy =
2 GeV¥fm. The curves represent different centralities, from bottom to top 10%, 30% and 60%.

transparent, as was demonstrated if Fig. 4. The parameter v, at intermediate and large momenta has
a magnitude similar to what was measured at LHC and calculated in [26] for light hadrons. It is also
close to what was observed for J/¢ by the CMS experiment recently [28]. It is worth emphasizing
that the azimuthal asymmetry is not affected by ISI, because the expected effects [29] are very weak.
Therefore, the calculated v, could be directly compared with data, provided that we did not miss any
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significant FSI effect. That, however, does not seem to be the case, recent data from LHC give a strong
indication for presence of a mechanism enhancing J/¢, at least at low pr (see below), so we restrain
here from a direct comparison with data.

4.4 Regeneration of charmonia

One cannot treat the ISI stage as production of a charmonium, but of a small-size ¢c. The charmonium
wave function is formed afterwards within the second stage of FSI. The production time of a ¢c pair
in the c.m. of the collision of two nuclei is ¢, = (4mg + p%)’l/ 2. This time is much shorter than the
formation time of the charmonium wave function, t; = E7/2w. There are two options for the éc,
which emerges from the ISI stage: the pair is either colour singlet (S), or octet (O), and the latter
dominates. Indeed, the corresponding cross sections read,

1
olgg = fech) = ¢ f d*r Ko(mer) oee(r), (20)
olgg - {ecls) = f d’r Ko(mer) o gee(r), @1

where K is the modified Bessel function;

9 1 7
Tgec(rr) = 70ee(rr/2) = goeclrr) ¥ 7o C(Ezo)ry. (22)

From this comparison we conclude that the production rate of a colour octet ¢c 3.5 times exceeds
that for a colour singlet.

Further multiple interactions in the dense medium can convert the initially produced octet to a
singlet, and thus enhance charmonium production. The evolution of a ¢c pair, initially either a singlet,
or an octet, in the medium can be described by the following equations,

L

1
WS »8) = 5 + §exp ) vwfdlrz(l)c}(l) Wo(S); (23)
| 0 |
1 1 7 9 A 7
WO —-S) = 5” §exp Y uwfdlrz(l)g(l) Wo(0), 24)
! 0 ]

Notice, that even in a very dense medium, with a very large number of multiple dipole interactions,
the probability of final production of a colour singlet, does not vanish, but saturates at W(0Q) = 1/N? =
1/9. Tt is clear why: since a quark has three colour components, a gg pair has 9 components, equaly
populated after many colour exchanges. Only one of them is a colour singlet.

Since the mean dipole separation r*(/) rises with , the probability of the regeneration processes
Eq. (24) is expected to be strongest at smaller py of the charmonium. At large pr the Lorentz time
dilation "freezes" the initial small size of the dipole and the probability of regeneration fades out.

The solution of the set of equations, analogous to (23)-(24), but based on the path-integral tech-
nique, will be published elsewhere [30].

5 Summary

The main objective of this paper is improvement available theoretical tools for evaluation of the effect
of Debye screening of the charmonium binding potential in a hot medium, and to draw attention to the
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importance of the frequently forgotten alternative mechanism of charmonium attenuation, absorption.
Our major observations are as follows.

We demonstrated that even in the limit of infinitely high temperature, when Debye screening
completely eliminates the binding potential, the survival probability of a charmonium is not zero.
Moreover, it approaches unity at large transverse momenta of the charmonium.

We developed a procedure of Lorentz boosting of the binding potential and screening corrections.
In the boosted Schrédinger equation the real part of the potential is directly related to the rest frame
binding potential.

Another source of charmonium attenuation in the medium is the possibility of colour-exchange
interactions of the cc pair with the medium. Such an interaction, usually called absorption, contributes
to the imaginary part of the potential. The effect of absorption is subject to colour transparency,
therefore it vanishes at large charmonium momenta.

Solving equation for the Green function with a realistic model for the coordinate and time depen-
dences of the temperature and transport coefficient, we calculated the suppression factor for a J/y
produced in central lead-lead collisions including both melting and absorption. We concluded that
these mechanisms give comparable contributions to the J/iy suppression. Similar calculations are per-
formed for the radial excitation ¥(25), which found to be stronger suppressed, except at very large
transverse momenta.

Attenuation of a charmonium produced in nuclear collisions unavoidably leads to an azimuthal
asymmetry for non-central collisions. We calculated the parameter v, and found it to have a magnitude
comparable with data.

A novel mechanism of regeneration of colourless ¢c dipoles by multiple interactions in a dense
medium is proposed.
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and 1140377 is kindly acknowledged.
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