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Passage of high-energy partons through a quark-gluon plasma
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We discuss the energy loss of a colored particle (~ a leading particle of jets) and a color dipole (~
heavy quarkonia) passing through a quark-gluon plasma (QGP) taking into account the dynamic screen-
ing effect, in the framework of the semiclassical kinetic theory. We also show how the energy supplied
by these test charges is distributed in the QGP, which gives us further physical insight about the energy-
loss mechanism and the plasma response to such external probes.
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I. INTRODUCTION

The energy loss of a fast charged particle passing
through matter is a classic problem in electrodynamics
[1,2] and of special importance in plasma physics where
one can relate the stopping power to the dielectric prop-
erties of a plasma medium [3]. The QCD analogue of this
familiar problem has attracted some attention recently
with the hope that the modification of jets in high-energy
nucleus-nucleus collisions may be used as a probe of the
quark-gluon plasma (QGP) produced by the collisions
[4-7]. In his unpublished work, Bjorken [4] first estimat-
ed the energy loss of a high-energy parton (quark or
gluon) prowling in the quark-gluon plasma due to elastic
scattering with plasma constituents. This calculation of
the energy-loss formula requires one to introduce an
artificial cutoff parameter in the otherwise logarithmical-
ly divergent integral over the transferred momentum
which arises due to the long-range nature of parton in-
teractions in lowest-order QCD. As is well known, the
infrared cutoff of the long-range Coulomb interaction in
the ordinary plasma is caused by the dynamic screening
which is calculable by the standard linear response theory
[3]. This method was applied recently by Thoma and
Gyulassy [8] to calculate the parton stopping power. A
more thorough field-theoretical calculation of the stop-
ping power including both the medium effect and the
short-distance collisions was also presented by Braaten
and Thoma [9].

Our purpose in writing this paper is twofold. We first
discuss the mechanism of the energy deposition by a
high-energy parton in the quark-gluon plasma in a
pedagogical fashion in terms of the semiclassical kinetic
theory and show how the energy lost by the parton will
be distributed in the plasma. This question may be of

*Present address.

special interest in the problem of the energy deposition
by the minijets at collider energies [10]. It also provides
us with intuitive physical insight about the plasma
response to such an external probe. The second purpose
is to extend this method to calculate the stopping power
of a color dipole. This problem may be relevant for the
distortion of heavy-quarkonium production by plasma
formation [11].

The outline of the paper is the following. In Sec. II, we
first derive the dielectric functions of the plasma which
are necessary to calculate the energy loss of external par-
tons based on semiclassical kinetic theory. We consider a
baryon-free quark-gluon plasma at zero chemical poten-
tial which may be formed in the central rapidity region of
ultrarelativistic nucleus-nucleus collisions [12] and treat
it as an “Abelian plasma” in the sense that we ignore the
non-Abelian features of the QCD interaction which may
cause a certain modification in the transport equation
[13]. As will be shown later, however, our method gives
the same result for the dielectric function of the quark-
gluon plasma as that calculated by the finite-temperature
field theory in the lowest order of QCD coupling and in
the high-temperature limit [14—17]. Use of this part of
the dielectric functions is also supported by the recent
perturbative QCD study at finite temperature based on
the resummation technique [17].

In Sec. III, we discuss the stopping power for a single
color-charged particle using the dielectric function ob-
tained in Sec. II. This section has some overlap with pre-
vious studies [8,9]. Our energy-loss formula is simply a
Lorentz force [8] caused by the electric field in the plas-
ma medium and thus, in its original sense, should be used
for the energy loss by soft-gluon exchange. However, as
discussed in Ref. [9], it can be used for the total stopping
power (within the 10% level) with an appropriate ultra-
violet cutoff determined by the kinematic constraint. For
a typical jet energy (~ 10 GeV), the resulting stopping
power turns out to be 0.4—1.0 GeV/fm depending on the
plasma parameters (strong-coupling constant, Debye
mass). A new thing explored in this section is the pattern
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of the energy distribution supplied by the external parti-
cle. We calculate the spatial distribution of the energy
deposited per unit time per unit volume in the plasma
from the first moment of the kinetic equation and exam-
ine how this pattern depends on the velocity of the exter-
nal particle. Our result furnishes an intuitive way to look
at the energy-deposition mechanism.

In Sec. IV, we calculate the stopping power of a color
dipole (cc,bb) passing through the QGP, extending the
method used in the foregoing section. Our main finding
in this section can be summarized as follows. The energy
loss for a color-neutral QQ pair due to a relatively small
momentum transfer ( ~less than inverse size of the pair)
is about 1 order of magnitude smaller than the corre-
sponding energy loss of a single color-charged particle, as
is expected on the basis of ““color transparency.” Howev-
er, an extremely high-energy QQ pair whose size exceeds
the inverse of the pair momentum can lose its energy by
short-distance collisions with the plasma constituents.
(Here short distance means smaller than the size of the
dipole.) In this case the energy loss of the pair becomes
the incoherent sum of the energy loss of each quark.
Another interesting feature of the energy loss of the color
dipole is its dependence on the orientation of the dipole
with respect to the velocity: A longitudinally aligned di-
pole undergoes a larger stopping power than the trans-
versely aligned case. We show how this can be under-
stood intuitively by inspecting the spatial distribution of
the energy supplied by the dipole. In Sec. V, we give a
short summary of our findings.

II. DIELECTRIC PROPERTIES
OF A RELATIVISTIC PLASMA
IN THE KINETIC THEORY

In this section we summarize the kinetic theory
description of the dielectric properties of a relativistic
plasma which will be needed in our later discussion of the
plasma stopping power. We begin with the microscopic
form of Maxwell’s equations which can be written in
terms of the Fourier components of the fields as

k Xe(w,k)—wblw,k)=0, (2.1)
k Xb(w,k)+we(w,k)=—i jiq(0,k)+ jo (0, k)], (2.2)
k-e(w,k)=—i[pingl@, k)t pe(@, k)] , 2.3
k-blw,k)=0, (2.4)

where e(w,k) and b(w,k) are the Fourier components of
microscopic electric and magnetic fields, respectively,
and p;4(w,k) and j;4(w,k) denote the Fourier com-
ponents of the microscopic charge density and current
density, respectively, induced in the plasma in the pres-
ence of the external charge density p.,(w,k) and current
density j.,.(w,k). The microscopic-induced charge densi-
ty and current contain a random fluctuation due to the
microscopic fine structure of the plasma and this also
gives rise to the fluctuations in the microscopic fields.
The macroscopic Maxwell equations for a plasma are ob-
tained from these equations by replacing fluctuating mi-
croscopic variables by smoothed macroscopic variables,
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taking the average over some semimicroscopic scale.

In the kinetic theory, the average charge density and
current density induced in the plasma are given, respec-
tively, by

KJind(t,r)Eﬁind(t,r)

- dp y 55
gqaf Lm0, 2.5)
Jind(t!r)Ejind(t’r)
_ d?
—gq,,fa—f)gvp A6D1) 2.6)

where v,=p/g, is the velocity of plasma constituents
with energy momentum (g,,p) and f,(r,p;t) is the
single-particle distribution function of species o (spin,
color, flavor) in the single-particle phase space (r,p)
whose time evolution is determined by the Boltzmann-
Vlasov equations

of of 5 af, |9f,
EY +vp- ar +qU(E+vaB)~ 30 | 3

b
coll

(2.7)

where E and B are the macroscopic average electric and
magnetic fields, respectively. The right-hand side of (2.7)
is the collision term which contains the effects which
arise due to the random fluctuations in microscopic quan-
tities in the plasma [3]. We shall neglect these effects in
the following derivation of the plasma stopping power
formula. This approximation leads to the neglect of the
dissipative effect as is usually accompanied by the friction
force on the test charge [18].

The macroscopic Maxwell equations for the plasma
can be written as

kXE(w,k)—wB(w,k)=0, (2.8)
k XB(w,k)+oD(w,k)= —ij, (0,k), (2.9)
k-D(w,k)=—ip.(w,k), (2.10)
k-B(w,k)=0, (2.11)
where the displacement D(w, k) is defined, as usual, by
D(w,k)=E(w,k)+P(w,k) (2.12)
with the polarization vector P(w,k) introduced by
—ioP(w,k)=T 4w, k), (2.13)

which also satisfies ik-P(w,k)=—p; 4(»,k) due to the
current conservation k-J; 4(@,k)+op;4(0,k)=0. When
there is a linear relation between the polarization vector
and the average electric field (Ohm’s law), we can write
the constitutive relation

D(w,k)=¢€(w,k)-E(w,k) , (2.14)

which defines the dielectric permittivity tensor €(w,k) of
the plasma. This tensor characterizes the dielectric prop-
erties of the plasma medium. One of the most important
characteristics of the plasma is that €(w,k) has both spa-
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tial and time dispersion and it is a matrix. For the isotro-
pic medium, the dielectric tensor can be decomposed in
the rest frame of the plasma into two components:

, (2.15)

5 Kiks
ij k2

eij(w,k)=6L(w,k)—#+GT(w,k)
where the scalar functions €; and €4 are the longitudinal
and transverse dielectric functions, respectively [19].

The normal modes in the plasma can be found by solv-
ing Eq. (2.8) for B and inserting it into Eq. (2.9). This
gives

Alo,k)Blo,k)=—j, (k) , (2.16)
where the matrix A is defined by
k2 kik_;
A,-j(a),k)zeij(a),k)-:; 8;— 2 (2.17)

The dispersion relations for the normal modes are deter-
mined by the condition that Eq. (2.12) has a nontrivial
solution with j.,,=0. This condition reads

detA(w,k)=0. (2.18)

For the isotropic medium, this condition can be written
in terms of the longitudinal and transverse dielectric
functions €; and €;:

k2

€L(0,K)=0, erlok)="5 . (2.19)

2

The functional form of the plasma dielectric functions
is determined by calculating the induced current which
appears in the Maxwell equations in the linear response
approximation with respect to the field. Suppose that the
plasma is in a stationary homogeneous state at t = — o
with the distribution function f,(r,p;—)=sf%(p).
Any distribution function which is independent of the
spatial coordinate is a solution of the Boltzmann-Vlasov
equations (2.7) in the absence of the collision term be-
cause E and B vanishes identically due to the overall
charge neutrality. The electric- and magnetic-field dis-
turbance is then turned on adiabatically as (y— +0)

E(r,t)=38E(w,k)exp[ —i(wt —k'r)+nt],

B(r,t)=%kXSE(a),k)exp[-—i(wt—k-r)+nt] ,

in accordance with Eqgs. (2.8) and (2.11). In response to
these perturbations, the distribution function receives a
small disturbance:

fo(rp;t)=f2p)+8f,(p;0,k)

Xexp[ —i(wt —k-r)+nt] . (2.20)

Substituting the above three equations into the collision-
less Boltzmann-Vlasov equation, (2.8), in the absence of
the collision term, we find
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ilo+in—v,k)8f,(p;w,k)
afg(p) k-vp k,-vp,j
=qa apl - 811+ © SEJ .
(2.21)

We solve (2.21) for §f,, and insert it into (2.20). The
substitution of the result into (2.6) establishes the linear

relationship between the induced current and the field
(Ohm’s law)

8J;(0,k)=0;;(0,k)8E;(w,k) (2.22)
with the conductivity tensor given by
. d’p Pi 1
Ao, k)=— 2 =L
0'1](0) ) l%qaf (277_)3 8}7 Cl)_vp'k""iﬂ
% | 11— kv, af%(p)
) dp;
Afd(p) v, ;
+k._f—°p_~p’_f , (2.23)
ap @

from which we can determine the form of the dielectric
tensor by the relation

ey k)=8;+ =00k, (2.24)
which follows from (2.12) and (2.13). If we take the
Bose-Einstein or Fermi-Dirac distribution f2(p)=1/
(eﬂs"il) for the undisturbed stationary distribution and
let all the plasma constituents be massless (¢, =p), then
we obtain the well-known result [20]

2

mp o) w—k
yk)=1+—— |1+ —In|——
€r(w, k) 2 1 2kln otk
iTw
k— .
+ K o( ImI)J, (2.25)
2
mp 3] 1 »? w—k
k)=1+— | ——+— [1——
erlo.k) ok | 2 T VT ek
+ i -9 ok —loh |, @26
4 k? T
where m, is the Debye screening mass given by
(2.27)

2 — 22
mp= zcoqo‘T ’
o

with ¢, = (%) for a fermion (boson). For the case of
electromagnetic plasma consisting of e ¥ and e ~,

mp=(e?/12)T?X2X2 (spin and e Te ~)=e2T2%/3 .

The above formulas for €; and €, are the same as the
leading-order gauge-invariant part of the high-
temperature expansion of the perturbative result (i.e.,
T>>w,k) [14-17], if we identify the sum over ‘“charge
q,” in Eq. (2.27) as
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2
S g2 4N, | £ | Tr(AAh)=2N g%,
quark 2
2 q(27 ﬂzngacdfbcd =6g28ab ’
gluon

and thus m} =g2T2(1+Nf/6) [11]. Use of Egs. (2.25)
and (2.26) is also supported by recent perturbative QCD
analysis of finite-temperature gluon polarization based on
the resummation technique [17].

III. ENERGY LOSS OF A SINGLE PARTON

After these preparations it is now easy to derive the
stopping power for an external parton passing through a
quark-gluon plasma. Suppose a parton with charge Q is
moving in the plasma with a fixed velocity v. The exter-
nal current density created by the parton charge is

Jext(@,k)=27Qv8(00—v-k) . (3.1
Then Eq. (2.16) gives the electric field as

—dE CQas 3
4L _ LS k
dx N fd doo

1 1
—Im————+
k2 e (k)

2

U—F
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Elo,k)= —i;A“(a),k)-jext(a),k)

_ 2
=270 | — k 4 a;(v ko/k )2
ke (w,k) o eplw,k)—k

X8(w—v-k). (3.2)

The stopping power of the plasma, namely, the energy
loss of the parton per unit length, is simply the Lorentz
force exerted on the parton charge in the direction oppo-
site to the parton’s motion by the electric field created at
the position where the parton resides [12]:

—Z—f:—Q%-E(r'—‘vt,t)
= (2Q)4 Jdk do ¥ Blo ke itk 33
T

Inserting (3.2) into (3.3) and noting that the real part of
the dielectric functions €, (w,k) and €;(w,k) is an even
function of @ while the imaginary part is an odd function
so that only the imaginary part of €; ! and (w%e;—k?) ™!
survives the integration, we obtain the following expres-
sion for the stopping power:

2 1

m—————— §(o—v'k), (3.4)
oer(w,k)—k

where we have replaced Q2 /47 by Copa, with the strong-coupling constant =g? /47 and the Casimir invariant for an
SU(3) charge Q; Cy =4 (3) for a quark (gluon). This formula is the relativistic extension of the well-known formula for
the plasma stopping power [3].

The above formula for the plasma stopping power contains both the energy loss due to the collective plasma response
and that due to the scatterings with individual plasma constituents. One can see this by dividing the integral over the
transferred momentum k into two distinct regions: short wavelength (k, <k) and long wavelength (k <k,), where k,
is a momentum of the order of the Debye screening mass mj,. In a short-wavelength region, it is a good approximation

to set simply e, | =|e;| =1 so that the contribution to the stopping power from this part of the integral is

l_d_E

Coa,mp d3k
dx ~—~ 8 fk fda)a)2

k >k, 470 o<k k

Noting that m2~a,T?, it is now evident that this is

nothing but the energy loss of the parton due to the
scattering with individual plasma constituents at short
distances (r <1/mp). The first term in the parentheses
corresponds to the Coulomb scattering and the second to
the magnetic scattering. The above phase-space integra-
tion can be performed easily and we find

Coa.m? — 2 _

_dE _ Lo&Mp 1 u+1 v 1—v

dx k>k, 2 v? 2 1+v
XIn(k ., 7ky) (3.6)

where we have introduced a cutoff k,, in the otherwise
logarithmically divergent integral over k. This logarith-
mic ultraviolet divergence has arisen due to the assump-

1
P

(02

kZ

2
(8]
Uz‘*“

k2

1

m S(Q)—V'k) .

(3.5)

f

tion implicit in our derivation that the external parton
moves on the straight-line trajectory without recoil and
that the motion of the plasma constituents is ‘“averaged”
as a form of dielectric tensor of the plasma; this approxi-
mation fails at the very short distances comparable to the
mean interparticle distance in the plasma due to the
deflection of the parton by the scattering with individual
plasma constituents when the transferred momentum is
comparable to the momentum of the parton and/or plas-
ma constituents.

A more thorough discussion about the energy loss in-
cluding both medium effects and the short-distance col-
lision was given by Braaten and Thoma [9] using the mi-
croscopic Feynman-diagram calculation. There it is
shown that we can use Eq. (3.4) as a total stopping power
with an appropriate cutoff for the momentum integral,
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k ..«> €xcept for a tiny correction factor. The collision ki-
nematics, which is relevant to determine the cutoff k,,,
is discussed in the Appendix: For a massless parton and
a very fast massive parton (v—1) with energy E,
E>>T,M?/T (M is the mass of the parton and T is the
plasmon temperature), the maximum momentum transfer
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is k. ~ E. For a massive parton with moderate energy,
M <<E <<M?/T, kpya~2q/(1—0)~2T/(1—v), where
q is the energy of the plasma constituent (its precise form
is not as important since the divergence is logarithmic).

The contribution from the long-distance part of the in-
teraction,

S
Coa, ,k 2p2_ 2
_dE - et odk pok g |1 ka o __ |, (3.7)
dx |k <k, ) o k J—uk e la,k)  wleplw,k)—k
f

includes the effect of the collective plasma response dE 1 1—p? 1—v
through the dielectric functions so that the integral in T dx . =0.36— |v+ > In E.
the infrared region k—mj becomes finite due to the k>ko v
plasma screening. We note that this long-range part of
the plasma stopping power depends only on the velocity Xin(k,. /ko) GeV /fm (3.8)

of the partons, but not on its momentum explicitly. For
the comparative study with the dipole stopping power in
the next section, we plot in Fig. 1 the numerical values of
the long-distance part ( —dE /dx); <k for two values of

kg, mp, and 2my,, with mp =600 MeV and a,=0.3 (ap-
proximately equal to the data from recent results of lat-
tice QCD calculation [21,22]). If we identify the Debye
mass as the perturbative one as mp,=gTV 1+N /6,
these values correspond to T7=270 MeV with N,=2. In
Fig. 1 we plotted the longitudinal part [the first term of
Eq. (3.7)] and the transverse component [the second term
of Eq. (3.7)] separately. We can see from the figure that
the stopping power is dominated by the longitudinal
component.

With the same values for the parameters m; and o, we
find, for the short-distance part (3.6),

C T T T ‘ T T T T l T T L l T L T T T T
1071 -
E
E L
t L
> - 4
LY
S .
x 1072 B
< E E
~ - 3]
= F ]
o o ]
| = i 4
- 7 L 4
R
1078 s —
SRR KA R N .
o 0.2 0.4 0.6 0.8 1
velocity

FIG. 1. Stopping power for a quark due to the long-range
effects using two cutoffs: (1) mp, (2) 2my. Dashed lines are the
longitudinal part, dash-dotted lines are the transverse part, and
solid lines are the sum of these two.

which gives (—dE/dx)k>ko=1.0(O.76) GeV/fm if we

take k., =E =10 GeV, ky=mp =600 MeV (2mp=1.2
GeV), and v =1, which is much greater than the long-
distance part of the stopping power shown at Fig. 1. In
short, for a massless parton and a very fast massive par-
ton with the energy E >>T,M?/T, Eq. (3.6) with ky=m,
and k_,, =FE is a good approximation for the total stop-
ping power, while for M << E << M?/T, Eq. (3.4) should
be used with k_,, =27 /(1—v). We note that these nu-
merical values are very sensitive to the choice of the
screening mass m} and, if we take m =400 or 800 MeV
in place of 600 MeV, we find (—dE/dx)k>k0=0.44 or

1.7 GeV/fm with ky,=m . We note in passing a stop-
ping power with the plasma parameter obtained in a
quenched lattice calculation by Gao [22]: It gives
a,~0.12 and mp=4.5T,~700-900 MeV at
T=15T,~250-300 MeV, which results in
(—dE /dx)=0.54-0.9 GeV/fm for the above case.

At this point one may wish to recall the nonrelativistic
formula for the collisional energy loss of a charged parti-
cle in a dense medium, whose velocity dependence takes
the form of (1/v2)(Inv +const) at a small velocity. This
behavior appears in ordinary plasma physics because one
can replace the boundary of the o integration by f . dw
due to the condition that the velocity of the particle is
much larger than the thermal velocity of the plasma con-
stituents v, =(T/m)'/? since their motion is nonrela-
tivistic. Then one can employ the sum rule to carry out
the integration over the transferred energy o [3]. In our
case this replacement is not allowed since our plasma
consists of massless quarks and gluons and they are all
moving at the light velocity and therefore the region of @
integration is limited to the spacelike region (|w|<k)
even at maximum velocity v =1 by scattering kinematics.
The resultant o integral becomes strongly velocity depen-
dent and thus alters the v dependence of the stopping
power from the well-known nonrelativistic result. The
change of the velocity dependence is thus caused by the
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breakdown of the nonrelativistic sum rule in the relativis-
tic regime. (A similar effect is known in the Coulomb
sum rule [23].)

The same kinematic constraint leads to another impor-
tant difference of the mechanism of energy loss in relativ-
istic plasmas from that in nonrelativistic plasmas; name-
ly, the absence of the Cherenkov emission of the collec-
tive plasmons. In the nonrelativistic plasma the energy
loss by the long-distance part of the interaction is dom-
inated by the pole of 1/¢€;(w,k), which corresponds to
the excitation of the collective modes since the plasmon
dispersion relation is given by €;(w,k)=0. The same
thing would occur if the integral in (3.7) goes through the
pole of the integrand; this, however, does not happen in
our case since the plasmon dispersion relation for the ul-
trarelativistic (massless) plasma is always timelike while
the energy and the momentum provided by the external
probe is always spacelike.

Further insight on the energy-loss mechanism may be
obtained by studying the spatial distribution of the ener-
gy deposited by the parton in the plasma. For this pur-
pose, we first calculate the divergence of the kinetic
energy-momentum tensor of the plasma,

TH(x)= zf—l’—’if (r,p;t) , (3.9)

from the collisionless Boltzmann-Vlasov equation (2.7).
The result can be written in a concise form as

8,T*(x)=F", (x)j #a(x) . (3.10)

v2—w?/k?
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The time component (v=0) of this equation simply
means that the rate of the energy absorption by unit
volume of plasma is given by the work done by the elec-
tric field on the charged plasma constituents per unit
volume,

=E(x)-Jjq(x) , (3.11)
while the spatial components express the rate of the
momentum absorption per unit volume of plasma.

Let us first check with these relations that the energy
lost by the external test charge is equal to the increase in
the kinetic energy of the plasma constituents. The total
energy supplied to the plasma from the parton per unit
time is

‘ii—’:’ = [[d%r E(x)-J;pq(x)

fdo [do' [ d*k E(w,k)

CQn)
XJind(a)'> _k)ei(w+m’)l .
(3.12)

Substituting the Fourier components of the induced
current

Jind,i(w’k) 1(0[5 ((l),k) ] J(Cl),k)

into (3.12), and then using (3.2) for the electric field,

Crogi
d—W=— - [dkdoo

1
dt szL(CO,k)

(02— w?/k* ) w*—k?)

w*er(w,k)—k? B

 [wPer(o,k)—k ey

1
ke (w,k)e, (—w, k)
Slo—v-k) . 3.13
o —K7] (0—v-k) (3.13)

The last two terms in the large parentheses, as well as the real part of the first two terms, are even functions of o so that

they vanish upon integration over w. Therefore, we obtain

d—W= _ CFCl
dt

1 1
LIS SO S
K2 e (@, k)

2

= [dkdoo

Comparing with the formula for the plasma stopping
power (3.4), we find

dw __ dE
dt Vdx

which implies that the total energy received by the plas-
ma constituents is indeed equal to the energy loss per unit
time of the test charge.

We show in Fig. 2 the contour plots of several
snapshots of d*W /dt d*(x) in the rest frame of the plas-
ma. In these graphs the test parton resides at the origin
of the coordinate and is moving in the positive z direction
with four different velocities: v =0.3, 0.6, 0.9, and 0.99.

(3.15)

vE— —

Im— ! Slo—v-k). (3.14)

W ET(co,k)—k2

—

We plotted the contours only at relatively large distances
from the parton [ =2 1/(2mp)] where the collective plas-
ma response is more prominent. It is seen that, at rela-
tively small parton velocities, the plasma gains energy in
the forward hemisphere but loses energy in the backward
hemisphere and, as the velocity increases, the region
where d*W /dt d*r becomes negative disappears. The ap-
pearance of the negative-energy region can be understood
as a “pushing” effect of the plasma constituents in the
backward hemisphere. In fact, in our relativistic plasma,
all the plasma constituents are moving around isotropi-
cally at light velocity. When the longitudinal velocity of
the plasma constituents in the backward hemisphere is
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large enough in the positive z direction compared with
the velocity of the external parton, they can efficiently
transfer positive energy to the parton by the collision,
and hence negative-energy deposition. All the other plas-
ma constituents get energy from the incoming parton.
Therefore, as the velocity of the external parton in-
creases, the negative-energy region shrinks, and at the
same time the transverse component of the electric field
gets stronger by a factor 1/V'1—v? due to the Lorentz
contraction and thus the energy is distributed strongly in
the transverse direction. [See Figs. 2(c) and 2(d).] The
pattern of the energy deposition shown in Fig. 2 can also
be understood by considering the direction of E and J;,4.
The electric field emanates from the external parton with
some Lorentz contraction depending on the partons’ ve-
locity. Because of the presence of the incoming parton,
the plasma constituents in front of the parton are
“pushed away” once from the parton’s position, then go
around and come back to the original place from the
back side. Correspondingly, the induced current J, 4
draws similar curves. Therefore, E-J; 4 exhibits the pat-
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4
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& ]
4
2
@
g
2

tern shown in Fig. 2.
We note that this process of energy deposition in the

plasma by a high-energy parton is adiabatic; that is, there

is no increase of entropy associated with the energy

transfer. This can be proved directly by calculating the

divergence of the entropy current as defined by

B = —
sH(x) f 2m) &

[f Inf, F(1xf )In(1xf,)] .

(3.16)

Using the Boltzmann-Vlasov equation (2.7) one can show

d
9,s"(x)=3 q, ?—E—- [E(x)+v, XB(x)] FJ;L
af, ’ ] £
In N
ot coll lifu
(3.17)
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FIG. 2. Contour plots of the distribution of the energy supplied to plasma constituents by an external parton per unit time for four
velocities of the parton: (a) v =0.3, (b) v =0.6, (c) v =0.9, (d) v =0.99. The external parton is at the origin of each figure and is mov-
ing into the positive z direction. The system has an azimuthal symmetry with respect to the z axis and the distribution is shown as a
function of z and the collision parameter b. The lengths are shown in units of Debye mass mp. The numbers attached to the con-

tours indicate the energies in units of GeV/fm?3.
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where the first term in the large square brackets can be Landau damping of the collective plasma oscillation

converted to a vanishing surface term by using which occurs also in the absence of the collision term.
of fo 3 -
o =9 + + IV. ENERGY LOSS OF A COLOR DIPOLE
ap In 1xf. ap[falnfa+(1_fa)ln(l_fa)]
(3.18) The foregoing analysis of the plasma stopping power

for a single parton may be extended directly to a pair of
and v, =0¢e,/dp. The divergence of the entropy current  partons with charges @, and Q, moving together in the
therefore indeed vanishes in the absence of a collision plasma with the same velocity v at a fixed separation 7.
term. The mechanism of the energy deposition by the  The Fourier components of the external current generat-
external test charge is essentially the same as that of the ed by the pairs is given by

J
. oo r r
jg?'”(w,k)zfdtd3re“"'_‘k" Q,vé’ r——2 —yt +Q,v83 r+— —yt
=2mvé(w—v-k) |Q exp -—ék-ro +Q,exp ék'ro ] 4.1)

For small k( <<1/r;) the exponentials can be expanded as a power series of kr(, yielding multipole expansion whose
leading terms are given by

P00, k) =27v8(w—v-k) |Q —éd-k——g—(k-ro)2+ | 4.2)

where the first term is the current produced by the point test charge (monopole) equivalent to the net charge on the pair
Q =0, +0, and the second term is the current by the motion of the dipole moment

d:(Ql—Qz)ro . (43)

For a neutral pair the monopole term vanishes and the dipole term gives the leading contribution. The third term
which contains the quadrupole current and a correction to the monopole current due to the finite-size effect will also
vanish for a neutral pair.

In the linear response approximation, the electric field induced by this external current in the plasma is just the su-
perposition of two fields which would be generated by each component of the pair in the absence of the other, and
therefore the Fourier components of the electric field are

EP0,k)= = A" (@,k) 5w k)

1

+o|lv—2 — 5 Swo—v-k) . (4.4)
wer(w,k)—k

e (w,k)

- i d— L e
=—i2 P Q 2kd 8(kr0)+

The net force acting on the pair is given in terms of the field strength at the locations of the charges,

F(pair): _QIE(pair) LZO“*‘VI,I _QZE(pair) l_%+vt’t
. 3 . Q 3?2 .
—_ (pair) —143. | 2 _g(pair) t A (pair) — e 4.5)
QEP(vt,1)—1d al_E (r,1) T8 roiloj [ar,-arj E'P*"(r,1) lr:w (
which can be written in terms of the Fourier components of the field as
Fpair) = — ?2—1)—4 fd3k dw |Q +ék-d— %(k-ro)2+ <o |EPAD (k) . (4.6)
T

Substituting (4.4) into (4.6) we find

_ 2
k n o(v—owk/k?)

So—vk) . @7
Ke, (0yk) | @tep(,k)—k @

2
Q2+ Hked?— L (iery P+ -

(pair) — i
F® —(Zv)3fd3k do

It is not difficult to see from this expression that the direction of the force acting on the pair is always parallel to the
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direction of the motion of the pair. (This is so because v is the only vector which can appear in the positions of the vec-
tor k after the integration over k and ».) The stopping power on the pair is therefore given by

_dE

v2—w?/k?

2
Q (k-ry)2+

fd3k doolm

dx (27)3

pair

2€L((l),k) CUZGT((U,k)—

Q2+%(k-d) 8(w—v-k)

(4.8)

where we have again used the fact that the real and imaginary parts of €; (w,k) and e;(w, k) are, respectively, even and
odd functions of w so that only the imaginary part of the term in large parentheses survives the integration over a)
This result may be transcribed for the case of non-Abelian charges through the following replacement: Q2=C g

and (Q, —

sentation of the net (non-Abelian) charge Q on the pair. For a color-octet pair (Cy =3, C;=

0,)=2(Q?+0%)—0*=C,g* with C, —4Cf Cy, where C, is the Casimir invariant for the SU(3) repre-

1), the leading monopole

term gives the same result as we obtained in the previous section for a single octet parton (gluon) and the corrections

due to the finite extension of the system are negative.

(Note that the incoherent sum of the contributions from two

color-triplet charges would give § in place of 3 for Cj.) On the other hand, for a color-singlet pair, C, =0 so that the

leading contribution is the dipole term

C a; 2_ 2,2
4B ik dooTm | —— V0 /KT gy (0 —vk) ®.9)
dx | gipole 8y ke (w,k) o°ep(w,k)—k
with C;=18. It is evident that this stopping power depends on the relative direction of the dipole moment and the
motion of the dipole. We can decompose it into scalar and tensor parts:
dE A
T ix =S(w)+TW[3(%-d)*—1], (4.10)
X dipol
pole
where
Cya,r3 2_ 2,12
Sw=——22 [d% dwwk’Im |— el AL FYPRRE 4.11)
2477y ke (w,k) o°erlw,k)—k
Cya,rd 2 2 2_ 2,22
T(v)=——2 Ofd3kdwa) (o_z__k_ Im | — 1 2U o /k 5 [8lo—v-k) . (4.12)
1672 v 3 ke (w,k)  o’eplw,k)—k

The scalar part of the stopping power gives the average over the direction of the dipole moment with respect to the

direction of the motion.

We calculate (4.11) and (4.12) by separating the k integrals into two parts, short-distance (k > k) and long-distance
(k <kg) parts, as done for a single parton. Let us first examine the long-distance part of the dipole stopping power:

Caa,ry %o vk 1 vkt —w?
S (v)=— dk k d Im s 4.13
k<ko 12m0° J, J oo eL(@0,k) | wlep(wk)—k> @13
Cda "o vk a)2 k? 1 v2k?—w?
Ty <y (V)=— dk |7 doo| = -1 4.14
k<ko f f 3| er(@k) | oep(a k) —k2 @14

It is easy to see by dimensional analysis that the magni-
tude of this long-distance part of the color dipole stop-
ping power is given beside some numerical factor by
C,a,mprd, which is smaller than the corresponding part
of the monopole stopping power by the factor (mpry)>.
This reduction is simply due to the color neutrality of the
dipole at large distances.

We plot the numerical result of S, <kq (v) and T, <kq (v)

in Fig. 3 for the cases ko=mp and ko—ZmD (the same
cutoffs as Fig. 1) with ro=1/2m ;. (We have implicitly
assumed that ry <1/mj, since, otherwise, the pair cannot
form a bound state due to the screening of the binding

r

force [24].) As expected, the magnitude of these long-
distance parts of the dipole stopping power is 1 order of
magnitude smaller than the same part of the stopping
power for a single parton shown in Fig. 1. Note that the
tensor part is always positive. This implies that the di-
pole stopping power is larger when the dipole moment is
oriented in the direction of the motion of the pair. We
compare in Fig. 4 the dipole stopping power for the two
extreme cases =0 and 7 /2, where 6 is the angle of the
orientation of the dipole moment with respect to the
direction of motion. The reason for this angular depen-
dence of the dipole stopping power may be understood
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FIG. 3. Dipole contributions to stopping powers for a color-
singlet QQ dipole due to the long-range effects using two cutoffs:
(1) mp, (2) 2mp. Solid lines are the scalar part S(v) and dashed
lines are the tensor part T (v).

intuitively by inspecting the spatial distribution of the en-
ergy deposited in the plasma, Eq. (3.11), as plotted in Fig.
5 (8=0) and Fig. 6 (6=m/2). The pattern of Figs. 5 and
6 can be easily understood by the same consideration as
the single parton case. The electric field E emanates from
Q, and sinks into Q,. J;,4 draws similar curves to the
case of a single parton due to the presence of the incom-
ing QQ. Therefore, the induced current J,,y has more
parallel components with E in the longitudinal case
(8=0) than the orthogonal case (§=/2). In the former
case, the region of positive-energy deposition
(d*W /dtd*r > 0) extends even more in the longitudinal
direction compared with the case of single test charge (re-
call Fig. 2). Actually, the flow pattern of J, 4 receives
some superposition of the component moving along E
onto the above “removal-return” pattern, so the energy-
deposition pattern gets more complicated in the orthogo-
nal case. From Figs. 5 and 6, we can see that the region
in which d*W /dt d3r > 0 is wider in the longitudinal case
than in the orthogonal case, and hence the former under-
goes a larger stopping power. As a whole, the energy
supplied by test charges (both a single charge and a pair)
is distributed more in the transverse direction than in the
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FIG. 4. Stopping power for a color-singlet dipole due to the
long-range effects for two relative orientation angles: (a) §=0,
(b) 6=m/2. See the caption of Fig. 1 for the meaning of the
lines.

longitudinal direction with respect to the velocity of the
test charges, especially when the velocity becomes larger.
From this fact one may say that the screening effect for a
pair is larger in the transverse case than the longitudinal
case, and hence the larger stopping power for the latter.

The short-distance part can be evaluated in the same
way as we have done in (3.5) for a single test charge:

Sk>k0(v):£dzg:—f—r%fk>kod3kdmkw2 %~%’:—Z) 8(0—v-k)

:___Cd“;f:f"%f; [v+ 1—2”21 l:i , S drk .15)
Tk>k0(v>=g’—(;—;—'§r—(z’—fk>kod3kdw£"k—2 %’;J‘TZ F—ZLI:Z—;)—“Z’Z_/—’;% 8lw—v-k)

:___Cd“;':’gr‘z’# %v5—03+v+“_”2’é3'”2)m i;” J, k. (4.16)
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These integrals suffer a more severe (quadratic) divergence in the ultraviolet region than that in (3.5). There are now
two physical conditions which set the upper limit on the k integral: (i) a constraint on the maximum momentum
transfer by two-body collision kinematics [k <k ,,=2T(E +T)/(E —p +2T)] (p is the momentum of the parton; see
the Appendix for details), and (ii) the condition for the convergence of the multipole expansion (k <1/r,). When
K ax <<1/r,, condition (i) becomes stronger; therefore,

2
g
&
]
%
£
00
-1
FIG. 5. Contour plots of the distribution of the energy sup- 0.0 Lo L S

plied to the plasma by a longitudinally aligned (§=0) color-
singlet dipole per unit time for three velocities of the dipole: (a)
v =0.3, (b) v =0.6, (c) v =0.9. @, and Q, denote the positions
of the two charges composing the dipole. See the caption to FIG. 6. The same as Fig. 5 but for the orthogonal case
Fig. 2. (6=m/2). See the caption of Fig. 5.
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C'dasrnlz)(rokmax)2 1 1 U2 1—v
Sk>ko(v)2 48 U_z‘ v+ 5 1+v , (417)
C‘das’n[z)(rOkmax)2 1 4 5 (1 02)(3__1)2) 1—
~ LI e A v
Tys g (0) =~ n " TR +v+ 6 In 5 , (4.18)

where we assumed k.. >>k,. As we see, in this case the multipole expansion of the stopping power becomes the ex-
pansion in (even) powers of k.. r,( <<1). From Eq. (4.18), we can see that the tensor part is positive, T} >ko(v) >0, as
we interpreted from Figs. 5 and 6 in the previous paragraph.

On the other hand, if k_,, >>1/r,, then one would rather like to take the ultraviolet cutoff at Kk ~1/r,. This pro-
cedure would make both S, >ko(v) and T, >ko(u) independent of r,. This signifies the breakdown of the multipole ex-

pansion. In this case, all higher multipoles give the same order-of-magnitude contribution to the stopping power and
therefore the sum of the entire series is required. It is not difficult to find the limiting behavior of this sum. The exact

form of the stopping power for a pair of changes can be obtained from

—% pairz—QI%E‘Pai” I;——i—vt,t —Q, 5 E™ —%+vt,t
:—(2;)3vfd3kdwcolm kzeLia),k) wZL;i(—wa’)Z/)lizkl Q,exp —%k-ro +Q,exp —;.-k-ro l
X | Q exp ék-r0 +Q,exp —ék'r0 S(wo—v-k)
- (2771')3vf @’k dooln ke, (@, k) wzi:wiﬁzkz

X(02+02+0,0,e F04+0,0,¢ 8w —v-k) .

At large k (>>1/ry), the last two “interference” terms in
the small parentheses oscillate rapidly so that the integra-
tion of these terms cancel out in the short-wavelength re-
gion. The remnant is a simple incoherent sum of the
stopping power on two individual charges Q, and Q,:

2
I_ dE k>ko:(CQ1+CQ2)ast 1
dx pair 2 Uz
2
—v 1—v p
+ 1
Xt
(4.20)

Thus, the energy loss of a color-neutral pair of partons
becomes of the same order of magnitude as that of a sin-
gle color charge as long as the pair momentum becomes
greater than the inverse size of the pair. These short-
distance incoherent collisions naturally involve large
momentum transfer to individual components of the pair
and therefore work to disrupt the coherent motion of the
pair, resulting in the suppression of the bound-state for-
mation from these pairs. What is calculated here is the
loss of the energy associated with the center-of-mass
motion of the pair without referring to the change of its
relative motion energy.

This result may first appear to contradict with the
“color transparency” effect [25] that the plasma medium

(4.19)

becomes transparent for a color-singlet pair at sufficiently
high energies. To avoid possible confusion, we note that
the absence of the color transparency here is merely due
to the condition that the pair size is greater than the in-
verse momentum of the pair. Actually, in a real physical
situation, the pair is created initially with a very small
mutual separation which is of order of the inverse
momentum of the pair by the uncertainty principle and
this distance will remain small for high-energy pairs due
to the Lorentz time dilatation unless the pair traverses in
the plasma for a very long time. Therefore, we expect
that high-energy pairs created in the collision will escape
the plasma of finite space-time extension without
suffering much from the energy loss and the suppression
of the bound-state formation heals for the high-energy
pair. An estimate of these effects on the spectrum of the
charmonium requires a more dynamical treatment of the
plasma evolution, which is out of the scope of the present
study.

V. SUMMARY AND CONCLUSIONS

In this paper we have studied the energy-loss mecha-
nism of partons traversing a quark-gluon plasma in terms
of the semiclassical kinetic theory. The energy-loss for-
mulas which embody the screening of the long-range part
of the interactions were derived and examined by the
standard kinetic method which describes the plasma as a
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continuous dielectric media in terms of the collisionless
Boltzmann-Vlasov equation. Our result for a single par-
ton in homogeneous equilibrium plasmas essentially
agrees with that of Thoma and Gyulassy. We have ap-
plied this method also to compute the energy loss of a
pair of partons in equilibrium plasmas. We recapitulate
our result.

(1) In the case of a single parton, the short-range part
of the interaction gives a much bigger contribution to the
energy loss than the long-range part, which is screened by
the plasma collective response. The logarithmic infrared
divergence, which would appear in the bare one-gluon-
exchange interactions, is removed by the dynamic screen-
ing. The logarithmic ultraviolet divergence, which arises
due to the neglect of recoil in the two-body collision kine-
matics at short distances in our treatment, is removed by
introducing a cutoff at the maximum momentum transfer
allowed in the collision. This procedure gives approxi-
mately (within 109%) the same stopping power given by a
microscopic Feynman-diagram calculation [9]. At very
high energy, the stopping power shows the logarithmic
energy dependence. We showed that the region where
the energy is deposited depends strongly on the velocity
of the test charge. As the velocity increases the energy is
deposited more in the transversely extended region
reflecting the Lorentz contraction of the induced field.
We note that there appears no singular behavior in either
the induced field or the pattern of the energy distribution,
as already anticipated by the absence of the collective ex-
citation in the energy transfer.

(2) The energy loss of a color-singlet dipole depends
strongly on the ratio of the size of the pair and the in-
verse of its net momentum. When this ratio is small, the
dipole stopping power is weakened substantially com-
pared to the stopping power for the single test charge as
expected from the overall color neutrality of the pair,
while in the other case the dipole stopping power be-
comes essentially dominated by the short-range (un-
screened) part of the interactions and, consequently, it be-
comes comparable to the stopping power for the single
test charge. Although relatively weak compared with the
absolute strength, the dipole stopping power depends on
the orientation of the pair with respect to the direction of
the motion and the alignment in the direction of the
motion is favored for effective energy deposition.

(3) Numerically, our estimate of the energy loss gives
(—dE /dx)~0.4-1.0 GeV/fm both for a single parton
and a color dipole with an energy ~10 GeV near the
deconfinement transition temperature and its precise
value is very sensitive to the value of the screening mass.
These values are comparable to that of the hadronic
string tension (~ 1 GeV/fm), which gives the scale of the
energy loss per unit length of colored parton(s) in a
confining QCD vacuum.

The mechanism of the energy deposition studied in the
present paper is adiabatic, namely, it does not involve the
increase of entropy in the plasma and thus our method
does not describe the thermalization of the energy depos-
ited by the high-energy partons. This is a direct conse-
quence of our neglect of the collision term in solving the
Boltzmann-Vlasov equation. This approximation is
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equivalent to the neglect of statistical fluctuations in the
microscopic distribution of the plasma constituents and
the local field. Although this approximation may be well
justified for ordinary nonrelativistic plasmas, it is only
marginal in the case of the quark-gluon plasma [26]. It
thus deserves further study to refine our present calcula-
tion by the inclusion of the collision term. It is also im-
portant to incorporate the inelastic collisions (brems-
strahlung and pair creation) which are expected to dom-
inate at high energies [27].
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APPENDIX

In our whole discussion about the stopping power
based on kinetic theory, we completely neglected the
recoils of both the incident external parton and the scat-
tered plasma constituents. The neglect of the recoils of
the plasma constituents leads to the logarithmic diver-
gence in the expression for the stopping power. If we de-
rived the stopping power starting from the microscopic
Feynman diagram as is done by Braaten and Thoma [9],
we could automatically get the kinematic constraint
which determines the momentum cutoff in the expression
of the stopping power. The momentum dependence of
the stopping power is, however, at most, logarithmic, and
therefore, by taking into account the kinematic con-
straint as the form of the momentum integral cutoff, we
can reproduce the results of the stopping power in the
microscopic derivation by our simple kinetic theory ap-
proach except small correction factors. In this appendix
we summarize the kinematics of the two-body collision
relevant to our study.

Suppose an external parton with mass M and four-
momentum P =(E,p) (E=V M?+p?) has an elastic col-
lision with a massless plasma constituent with the four-
momentum Q =(q,q) (g =|q|) and their_momenta, re-
spectively, become P'=(E’,p') (E'=V M?*+p’?) and
0'=(q',q") (¢’=Iq'|]). The energy and momentum
transfers are, respectively, w=FE —E'=q'—q and
k=p—p’'=q'—q by the conservation of four-momentum.
From the relation k=q'—q and o =¢g'—¢q, we get

lol=lg—q'| <k =|k|<qg+g¢'=2¢+0 . (A1)

other hand from w=E—E'=E—
VM*+(p—k)?*=E —VE?+k?—2p-k we get the rela-
tion

—2pk +k?< 0’ —20E <2pk +k? ,

On___ the

(A2)

where p =|p|. From Egs. (A1), (A2), and the condition
p >>w,q, we get the following constraint for w:
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—2q(p +q) <o< 2q9(p —q) (A3)
E+p+29g = T E—p+2q

It follows from this equation and Eq. (A1) k <w+2q that

K < 2q(E +gq) _ 29(1+q/E)
T E—-p+2q 1—v+2q/E’

where v =p/E is the velocity of the external parton.
Condition (A4) can be simplified in several limits. For
this purpose we note the denominator of Eq. (A4) can be
estimated as

(A4)

(AS)

Therefore, we can approximate condition (A4) in two
limits. If 1>T/E>>(M/E)*, ie, E>T and
E >>M?/T, then

k<E . (A6)

If 1>>(M/E?>>T/E, ie., T <<M <<E <<M?*/T, then
2

k < 29 2T (A7)

T 1-v 1—v
For the massless quark (E =p), conditions (A3) and (A4)
become

—q=w<p—q, k<p+gq. (A8)

In our kinetic theory calculation, the condition w=v-k
appeared from the beginning corresponding to the
straight path approximation for the external parton.
This approximation is allowed when E >>T as is seen
from the relation

2
T

w=E—V E*+k?—2Ev-k=v-k+EO (A9)
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