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Abstract The coupling Schrisdinger equations describing the evolution of c¢ states in nuclear matter are analytically and systemati-

cally solved via perturbation method, and the correlation between charmonium formation and nuclear absorption is investigated. After

caleulating J/¥ and ¥ suppression in nucleon-nucleus collisions and comparing with experiment data, it is found that the formation

time effect plays an important rule in charmonium suppression, especially in ¥ suppression.
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1 Introduction

The J/¥ and ¥’ suppression is widely observed in rela-

(1,2 The suppression due to nu-

tivistic heavy ion collisions
clear absorption is called normal suppression, and the one
beyond normal part is called anomalous suppressionm . The
normal suppression is the background of the anomalous sup-
pression, and the anomalous one is considered as a possible
signature of quark-gluon plasma (QGP) 5] or hot and dense
hadronic matter'®”) formed in relativistic heavy ion collisions.
For a nucleon-nucleus (p-A)process, it is usually difficult to
form a hot and dense system, and only normal suppression is
taken into account. While the classical Glauber models, in
which nuclear absorption is treated as a final state effect with-
out considering charmonium formation time, are used to ex-
plain J/¥ and ¥’ normal suppression in pA pmcesses[s’g] ,
large absorption cross sections must be employed in order to
fit the experiment data. From the quantum mechanical uncer-
tainty principle ,AEAt=1, a c¢ pair produced via gluon fu-
sion needs some finite time 7; to expand into different char-

monium states. In fact, there is also a finite formation time

7, for the color singlet cc pair itself. When the incident ener-
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gy is not very high and Feynman xr of c¢ is small, it is esti-

At 1 that only the charmonium formation time effect is

mate:
important in describing the charmonium suppression, and the
color singlet c¢ production can be regarded as instantaneous.
Since a ct is heavy, one can treat its time evolution in nucle-
ar matter in the frame of non-relativistic quantum mechanics
with an optical potential describing charmonium formation and

[10] " 1 this frame the formation time can

nuclear absorption
be attributed to the transitions between different charmonium
states. Normally, in solving the coupling Schrodinger equa-
tions for the cc states with perturbation method, only first or-
der correction to the J/¥ and W’ survivor probabilities in nu-

clear collisions is considered 2]

. In this paper, we inves-
tigate the correlation between the charmonium formation and
nuclear absorption with perturbation method systematically,
give a general method to calculate high order corrections, and
point out the importance of the second order improvement nu-
merically. In analogy to the classical Glauber models, we
represent the formation time effects with an effective absorp-

tion cross section, which is no longer a constant but oscillat-

ing in time.
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2 Coupling Equations of c¢ States and Per-
turbation Solution

The optical model is often used in describing nuclear
reactions in quantum mechanics. The real and imaginary part
of the optical potential describe, respectively, the particle
scattering and absorption. Similarly, we introduce an imagi-
nary potential in the Hamiltonian of a ¢ system

H=Hy+1iW (1)
to describe its nuclear absorption after production. Suppose
the cc is produced in a p-A collision at a point with transverse
coordinate b and longitudinal coordinate z in the laboratory
frame with the center of the target A as the origin point. If we
choose the beam motion as the longitudinal direction, b is the
impact parameter of the collision. In the rest frame of cc, its

time evolution satisfies the Schridinger equation
igchQ:H]cDQ. )

To simplify the problem, we consider in the following only the
lowest three states of cc:J/¥, ¥ and 7Y labelled by 10),
[1) and 12), respectively. In the subspace spanned by the

three states,

Myy O 0
Hy=| 0 Mg O |,
0 0 M

Wiz |b,z) =- %(A - 1)11}"0(b,z+ vyr)o, (3)

where v is the cc velocity in the laboratory frame, and 7 the
corresponding Lorentz factor. The factor A — 1 instead of A is
to ensure no nuclear absorption in a nucleon-nucleon (pp)
collision. The nucleon distribution in the target is the Woods-
Saxon distribution p(r) = C/(1+ e RY/ay iith parame-
ters ro=1.2 fm, Ry = ryA*, a =0.5 fm, the constant C
is determined through normalization | p( ranr’dr=1. The
diagonal elements of the cross section matrix ¢ are oy, = (01
610),01=(11611),05=(21612), representing the elas-
tic collisions of J/'¥, ¥’ and Y with nucleons, and the off-di-
agonal elements like o4, = ©ls11), o= {11610) describe
the conversion processes between different charmonium states
during propagation through nuclear matter. The inelastic cross
sections turn out to be nearly as big as the elastic onest> 12

In the following numerical calculations, we take! 12! ow =2

mb, oy = 1.56y,and 619 = 6g = 0.9505,. Since is weakly

coupled with J/¥ and &', the equation on J/V and ¥’ for-
mation and absorption can be further simplified in the two di-
mensional subspace spanned by J/¥ and W' . We ignore the
formation time of % and set "] 60 =9 mb.

Substituting the expansion of the c¢ state in the 2-di-
mensional space,

]@06> = Co(T)e_thVWIQJ/W> +

Cl(f)e_iMlT‘I’] Dy) (4)
into the Schrédinger equation (2) ,we obtain
kel Co(r)) 1
8,( () =~ 2 (A= Do,z + vro) x

o JOIGC_iM Co()
( o1pe€”  on ) ( C1(T)) -
W Waor Co(T)
( Wio Wn) ( Cl(r)) ’
with w = AM = My — My . This is the evolution equation
for J/¥ and W' probability amplitudes Cy (7| b, z) and
Ci(t,1b,z) of cc produced at the point (b, z)in the target.

(5)

Its initial condition is determined through pp process[l] and

normalization,
2

‘cl(o, | b,z) _ 021,

Co(0, | b,2)
1 €0, | b,z) 12+1 C(0, 1 b,2) 1> =1. (6)

In order to show the difference between quantum mechanical

method and classical method analytically, we solve the evolu-
tion equation(5)by perturbation method. We first ignore the
formation time effect by dropping the off diagonal elements in
the matrix W.In this case the equation turns into
Q( Co(f)) _ ( Weo 0 )( Co(T))
o\ C(z)] ™~ 0 Wy Ci(r)) ~

As there is no more coupling between Cy and C, ,the equation

(7)

can be easily integrated with the solution
C(()())(z'[b,z) =

Co(0,1 b,z)e_%"m’”(""1> oo,z )ae”

C§O>(‘clb,z) =

1 ‘ PN
CI(O,]b’z)e—2auv}'(A—1)[Op(b,z+v}'r Ydr X (8)

(1) without considering the

This agrees with the classical case
formation time effect. We use now (8) as the zeroth order ap-
proximation and let

Co = € + C§V,

€, = C9 4+ ¢V, (9)
Substituting it into equation (5) ,we have the evolution equa-

tion for the first order probability amplitudes,
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ac(l)
o = Walo) (),
ac(l)
811' = Wlo(T)C(()O)(T). (10)
with the solution
C(()l)( z—) - JO WOI(T’ ) C%O)(z_r )d‘[’ ,
(o) = | Wl (e ()
Again, we let
Co = ¢ + ¢V + ¢,
¢ = ¢+ ¢V 1+ cP?, (12)
and obtain the equations to the second order approximation,
ac
? = WOO( 7) C(()1>( T) + W(n( 7) Cfl)( 7),

E,z=450GeV ]
A=200
xg=0.15
b=0
z=—Ry
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Fig.1.

ac®
or

= a0 () + W) (0 (2). (13)
with the solution
() = [ (Wl ()
Wo (') CV(<))de
() = [ e () +

W10(T,)C(()1>(T,))dr'. (14)

For incident nucleon energy E;, =450 GeV and target nucleon
number A =200, the probabilities | Cy(t) 12 and | Ci (1) 12 of
o produced at b =0 and z = — Ry and with xz=0.15 are

shown in Fig.1.
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The probabilities | Co( ) [2(left) and | C(7) 12

(right) of the c& produced at b =0 and z = — R, and with xz=0.15.
The dashed lines labelled by 0, 1,2 indicate, respectively, classical, first-order and

second-order calculation, and the solid line is the exact numerical calculation.

The classical solution describes nuclear absorption of J/
¥ and ¥’ independently to each other, with absorption sec-
tion ooy and o;. In quantum mechanical approach, transi-
tions between the states 10) and [1) and their absorption by
nuclear matter happen at the same time, and are treated sys-
tematically in the frame of time-dependent Schrédinger equa-
tion. As Wy, describes the transition from [P 10 1J/T),
the first order correction C§Y indicates the contribution of this
transition to the survival probability amplitude of J/'W . Differ-
ent from pure transitions, when the transitions between [T
and | J/¥) happens, they suffer from nuclear absorption si-
multaneously. It is the accompanying transitions that the time

evolution of J/¥ and ¥’ cannot be solely determined by the

constant absorption cross sections ogy and o;. For the second
order correction C(()2>( 14), the first term Wy Cé” in the inte-
gration describes the nuclear absorption of the J/¥ coming
from the transition of ¥, and the second term Wy C{V repre-
sents the transition process|J/¥)— | =]/, Higher
orders of correction, which stand for even more complex en-
tanglement of transition and nuclear absorption, can be inter-
preted in the same way.

Our calculation shows that there are big difference be-
tween the classical and quantum mechanical solutions. The
classical solution (dashed lines labelled by 0) is good only in
the very beginning of the evolution, and the first order quan-
tum correction (dashed lines labelled by 1) still exhibit con-
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siderable difference from the exact, numerical result (solid
lenes), especially in the final stage of the evolution. With
second order correction, our result (dashed lines labelled by
2) well approximates to the exact ones. Higher orders of cor-
rection have little contribution and can be safely ignored.

In order to better illustrate the formation time effect, we
introduce a time dependent effective absorption cross section
o*8( ) in place of the classical constant absorption cross sec-
tion, and put all the quantum mechanical effects in o%( 7).

In classical case,
CE())(T 1 'b,z)
CO®0 1 b,z)

2
— e—Waﬁ(A—l)I;p(b,z+Wr')dr’. (15)

If we write the solution of the Schridinger equation (5) in the

form of

2
ol * N
— e—v}'aﬁ(A—l) o0(b, 240y’ )dz , (16)

Clz | b,z)
C(01b,z)

ois right the effective absorption cross section. From the

comparison of (15) and (16),we obtain
Inl C(z | b,z) 12
En | Cg())(‘r 1 b,z) 127

an

J??T):G

Fig.2 shows the time evolution of the effective absorption
cross sections with xp = 0.15. The two curves correspond to
c¢ produced in a central collision with 6 =0, z= - R, and
in a peripheral collision with b = Ry, z = — Ry, respective-
ly. In central collisions , 6% ( ) fluctuates violently with
time , indicating larger formation time effect. The characteristic
time of the fluctuations is described by the mass difference,
At ~1/w, and the variation of the magnitude is about AsSE/

6;~15% . In peripheral collisions, the variation of o$8(7)

is much more smooth.
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A=200 A=200
3.5 F%e=0.15 -0 x=0.15 =0
z=—R, 1.55 | z=—R,
34
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b Y
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3.1 145
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Fig.2. The ¥’ effective cross section (left)

and the ratio of ¥’ to J/V effective cross

sections (right) as functions of proper time.

3 J/¥ and ¥’ suppression in NA collisions

We discussed above the time evolution of ¢ produced
at a fixed point in the target in order to elucidate the mecha-
nism of J/V and ¥’ formation time in the framework of quan-
tum mechanics. To compare with experiment data of pA colli-
sions, we must integrate over all the cc’ s produced in the
target. Since the measurable survival rate of J/¥ and ¥’
correspond to the time limit 7—> % , we define
xR
Integrating over the c¢ production point (b, z), we obtain

the survival rate of J/¥ and P,
s = | @b dzo(b,2)K(b.2). (19)

K(b,z) = ’

After the formation and nuclear absorption, ¥’ and Y%
can decay into J/'V, the observed J/'W originates with proba-
bility 60% from directly formed J/'¥, probability 10% and
30% from the decay of ¥ and Y respeetively[l] ,

Syg=0.6sp4+0.3s¢ +0.1s,,
Su = su. (20)
Sy =5y

As the formation time of X is ignored, the K factor of Y is

given by
02(2-4» oo | b,z) 2
Ky(b,z) = (01 b,2) -
e—W"n(A_” gp(b,z+v7r')df'_ 1

We calculated the J/W and ¥’ survival rate in different
PA processes in both the classical and quantum mechani-
cal approach. The target mass dependence of the survival

rate is shown in Fig.3. Our quantum mechanical calcula-

6.0 0.11 F
55 F 0.10
2 5.0 F 2 0.09
e F
45 0.08
| E,,=450Gev
40 | w0s 0.07
3.5 e 0.06
01 2 3 4 5 6
In4
Fig.3. The target mass dependence of J/¥ and ¥’ suppression

in pA collisions at beam energy Ey, =450 GeV and with xp =

0.15. The dashed lines indicate the classical result, and the
solid lines represent the quantum calculation to the second
order. The experiment data are from NAS0 collaboration.
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tion to the second order correction well fit the experiment
datal8! , while the classical result deviates from the data

explicitly, especially for the ¥,
4 Conclusions

The quantum equation on time evolution of ¢¢ in nuclear
matter is solved with perturbation method. The effect of quan-
tum transitions between different cc states on charmonium nu-
clear absorption is discussed and the normal suppression in
pA collisions is calculated. We have the following conclu-
sions:

(1) The mechanism of J/¥ and ¥’ formation time can

be attributed to the quantum transitions between different
charmonium states. The time scale characterizing the fluctua-
tions of the effective absorption cross section is approximately
1/( mg — mye) ,and the varation in magnitude of the ef-
fective cross section is approximately 15% .

(2) The classical approach without consideration of
quantum transition can only describe the evolution of ¢¢ in the
very beginning, and the first order quantum correction is still
not enough in the final stage of the evolution. The perturba-
tion calculation to the second order can well describe the nor-

mal J/¥ and ¥’ suppression in pA collisions.

P.Z. thanks Prof. Hiifner who drew our attention to

the formation time effect in pA collisions .
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