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Gluon decay as a mechanism for strangeness production in a quark-gluon plasma
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A calculation of thermal gluon decay shows that this process contributes significantly to
strangeness production in a quark-gluon plasma. Our analysis does not support recent claims that
this is the dominant process. In our calculations we take into account the resummed form of the
transverse and longitudinal parts of the gluon propagator following the Braaten-Pisarski method.
The estimate of the damping rate entering the effective gluon propagator subjects our results to

uncertainty.

PACS number(s): 25.75.4+r, 11.10.Wx, 12.38.Mh

I. INTRODUCTION

A possible signal for quark-gluon plasma formation is
the enhancement of the production of strange particles.
The original proposal by Rafelski and Miiller [1] was
followed by extensive discussion in the literature [2-7].
In this context thermal gluon decay has been recently
discussed [5-7]. It has been claimed that the process
g — @q dominates for a wide range of quark masses [6,7].
Normally, the gluon cannot decay into a strange quark-
antiquark pair because its thermal mass is too low. Even
for the optimistic case where one takes the coupling con-
stant ¢ = 2 in a plasma with two massless quarks, the
gluon mass is given to lowest order in perturbation theory
by

2

For a temperature of T= 200 MeV this gives my = 267
MeV which is below the threshold for the production of
strange quarks. The important observation by Altherr
and Seibert is that in addition to acquiring a thermal
mass of the order g27T [8] gluons also acquire a width
determined by the large damping rate. This is the reason
why thermal gluon decay into a heavy quark-antiquark
pair is allowed, even though the gluon mass is below the
threshold for strange pair production.

In this paper we present a systematic reevaluation of
the production rate of massive quarks in a quark-gluon
plasma due to the processes of quark-antiquark annihila-
tion, gluon fusion, and thermal gluon decay in the spirit
of Altherr and Seibert. Since the production rate de-
pends strongly on the damping rate we take a more con-
servative approach in its estimation. Our main point is
that we cannot support the claim that gluon decay is the
dominant mechanism for strange quark production in a
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quark-gluon plasma. To the best of our knowledge, the
gluon fusion mechanism remains the leading process.

This paper is organized as follows. In Sec. II we briefly
review the properties of thermal-gluon propagators and
the damping rate. In Sec. III we calculate the produc-
tion rates. In Sec. IV we present results and concluding
remarks.

II. GLUON PROPAGATOR
AND THE DAMPING RATE

The effective gluon propagator at finite temperature in
the Feynman gauge is given by [9]

iD% (g0, q) = —i6°[PL, Az (q0,9) + PL,AL(20,9)], (2.1)

where PZ:, and Plf’,, are transverse and longitudinal pro-
jectors, respectively, and

AT,L(QOv q) = Q2 ! (2'2)

—r,.(g0,9)’

where Q% = g2 —g2. The real transverse and longitudinal
parts of the gluon self-energy in the high temperature
limit are given, respectively, by

3 ,[4d ., 23\ %0, 9+4q
Rettz ) =5 [+ (1-2) S et
(2.3)
and
3 2 +
Rellz(g0,9) = Emf’ ( - Z—g) [2 - %Oln ——wgz — Z] . (24)

The positions of the poles in the propagator (2.2) are
determined by the dispersion relations
% = ¢” +I1,.(g0,9)- (2.5)

If a pole is located at
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go = wr,L + Y.L, (2.6)

then the imaginary shift of the pole 7 1, is related to the
imaginary part of the self-energy through
vr,r = Res(Ag 1)Imlly 1, (2.7)

where Res(A) is the residue of the propagator given by

AN}
Res(Arz) 't = ——& 2.8
es(Ar,z) 540 ; (2.8)
wT, L
or, explicitly in terms of wr .
2 3m2wT
Res(Ar) ™! = — g 4 e 2.9
es(Ar) wT+wT+w:2,.—q2 (2.9)
2 3m?2
Res(Ap) ™! = —wy + L+ 29, (2.10)
wr, wr,
Thus we can write (2.2) as
Q? — Rell
A =
@ (Q? — Rell)? + Res(A) 242
iRes(A)~1
+ iRes(8) "™y (2.11)

(Q? — Rell)2 + Res(A)—242’

where we suppressed subscripts T, L; i.e., A, II, and v
are either transverse or longitudinal. This expression will
be used to replace the mass-shell § function for thermal
gluons.

The imaginary part of the pole in (2.6) gives the damp-
ing rate of the plasma oscillations [8,10]. In the following
we consider transverse gluons, and we set v = yr. The
damping rate is related to the so-called gluon magnetic
mMass Mmag, Or the inverse magnetic screening length at
high temperature. Unfortunately the exact relation be-
tween 7 and Mmag is not known. A closed expression for
the damping rate, derived by Pisarski, in the limit where
Mmag > v (8], is

2 2
Z9NT - Mg +1.09681...| ,

8w Minag T 2MmagY

(2.12)
where the thermal gluon mass is given by
N 272
2 f\9

= — ] . 2.13

The magnetic mass at high temperature is of the form

Mmag = cng> T, (2.14)

where ¢y is a number depending on the gauge group
and cannot be calculated by a perturbation expansion.
Lattice estimates [11,12] for SU(2) giving

cy = 0.27 £ 0.03 (2.15)

have been confirmed by recent semiclassical calculations

[13]. So far no reliable estimate exists for SU(3) [14]. The
best one can do is extrapolate the SU(2) value using [15]

3
C3 = —Ca.

5 (2.16)

Expanding the log in (2.12) in powers of v/mpya, and
retaining only the leading terms one finds

2
mmag

INT m2
y=(1+n)"1Y 2 [ln < g ) +1.096 81...:| . (2.17)
T
1 = 0 if we keep the leading log term only. If the next-

to-leading term is included then

N
T dmen

n (2.18)

To check the consistency of Pisarski’s approximation we
plot in Fig. 1 the damping rate for both values of n as well
as the damping rate used in [6,7] and compare these with
Mmag- We note the poor validity of the approximation
for small values of g. The approximation is well justified
if one uses the expression (2.17) in the range 1 < g < 2.5.

In what follows when comparing our results with other
papers we shall use the value g = 2. Since we approxi-
mate the thermal gluon width in such a way that it van-
ishes just below g = 2.5 (which is probably unrealistic),
the ratio of our estimated width to that of Altherr and
Seibert is made artificially small for g > 1. For that rea-
son we shall use in our calculations all three parametriza-
tions of the gluon width depicted in Fig. 1.

L s Altherr & Seibert ]
(2.17)., n=0
(2.17) 4

i — . Eqg.
L — . Eq.

—__ magn. .mass

2.5

FIG. 1. The damping rate and the magnetic mass versus
the coupling constant.
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III. PRODUCTION RATES

Consider a quark-gluon plasma in which the gluons
and the light quarks (u,d) are in thermal and chemical
equilibrium. The strange quarks are also in thermal equi-
librium, but away from chemical equilibrium, having very
large and negative chemical potentials 4 = u, = puz. The
chemical reactions

q+4d e s+ 35, (3.1)

J

d3pq

d*p,

g+ge s+3, (3.2)

g s+3s (3.3)

will then take place until chemical equilibrium is reached.
The total production rate due to (3.1)-(3.3), including
the reverse processes, is given by [4]

SR = (1 — e®")(Ryg—ss + Rgg—ss + Rgres), (3.4)

where

3 —
Ps__ on)i5(P, + P; — P, — Py)

dqu
Rygses = / (271')32Eq (27.‘.)32Eq (27-,-)32Es (27r)32E§
XfFD(Eq)fFD(EQ)[]‘ - fFD(Es)][l - fFD(Eg)] Z |M(qq — S§)|27

d3p2

d®p,

(3.5)

d3p§

gg—)ss

and

d%q d®p,

/(27r)32E1 (2m)32E, (27)°2E, (27)32E;
x fBe(E1) fBE(E2)[1 — frp(ES)][1 — frp(Es)] Z |M(gg — s5)|?,

d3p§

(2m)*8(Py + P, — P, — Ps)

(3.6)

(2m)*8(Q — Pa — Px)

Rg—)si =

x feE(Eg)[1 — frp(

In our notation the four-momenta are denoted by the
capitals P, Q, etc. The summation in the above equa-
tions extends over all colors and polarizations of the glu-
ons and the final state quark-antiquark pair. We have
included the Pauli blocking factors although, as long as
the density of strange quarks is well below one, Pauli
blocking does not play a significant role. Following Mat-
sui, McLerran, and Svetitsky [4] we can investigate the
evolution process in terms of the relaxation time deter-
mined near equilibrium. Therefore we have to evaluate
the rates (3.5)—(3.7) at p = 0, i.e., when quarks are in
both thermal and chemical equilibrium. Thermal field
theory calculations become fully legitimate in this way.
In particular, we can use the thermal quark mass given
by [16]

g2T2

m(T) ]

=mZ(0) +

(3.8)

and the thermal gluon mass (2.13).

The processes of gluon fusion and quark-antiquark an-
nihilation have been discussed in Ref. [4] and we shall use
their expressions for (3.5) and (3.6). The thermal gluon
decay, also discussed by Altherr and Seibert [6,7], can
be calculated similarly. We first replace the integrations
over g, ps, and p; by

d*q

25 = 1R I(Q —m)0w), (3.9)

(27)32E, (27)°2E, (27)2E,
E,)][1 - frp(Es

ND IM(g — s3) . 3.7

d®p, d3ps
P 2 P2 _ 4%P, §(P? — m?)0(p%) d*P5 5(P2 — m2)0(p?),

2E, 2F;
(3.10)
and change variables
Q' = P + P;,
p= %(Ps — Py (3.11)

After trivially eliminating integrals over d*Q’ and d3p we
find

1

R 1
Roross = eyt | $03(Q° = m2)_ foe(a)

x /dpo{l — fro(3g0 + po)][1 — fFrp(390 — Po)]

x> |M(g — s3)[%,

where the integration space is restricted by the following
kinematical constraints:

(3.12)

0<gq<(g2—4m? )1/2
2

2 q a4m

p0<Z( Qz)

It immediately follows that Ry_,,s = 0 if my < 2m,.
At the relevant temperatures the thermal gluon mass is

(3.13)
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not high enough to allow for decay into a strange quark
pair. It is only because of its width that the gluon can
decay. To take this into account the é function is replaced
by a function similar to a Breit-Wigner resonance. In the
case of a narrow resonance the width of the resonance is
related to the imaginary shift of the pole in the propaga-
tor in the complex go plane

1 1
@~ (VE+m?+iy)?2  Q*—m?

+

i24/¢% + m2y
(Q? = m2)2 + 4(q® + m2)4?
(3.14)

which in the limit v — 0 yields the standard free particle
propagator

1 1 .
=Por 2 ind(Q% —m?). (3.15)

Q%2 —m? — ie Q

Thus for a Breit-Wigner resonance with width T' = /2
the mass-shell § function should be replaced by

V@& +m2T

(@ —m)? + (& + mA)L?

5(Q% — m?) - % (3.16)

This simple prescription cannot be directly applied to the
case of thermal gluons because the location of the pole is
determined by complicated dispersion relations (2.5) for

transverse (T') and longitudinal (L) gluons. Instead of
(3.16) we use (2.11) to obtain

Res(Ar,r) 'yr,L
(Q% — Rellr,1)? + Res(Ar,) 242 1,

(3.17)

1

The transverse and longitudinal Breit-Wigner-like distri-
butions are shown in Figs. 2(a) and 2(b), respectively,
for three different values of the momentum ¢g. One can
clearly see the peak corresponding to the thermal gluon
mass. This peak levels off as one increases the value
of q. Also shown is a vertical line corresponding to the
strange quark production threshold 4m?, where we have
taken m, to be 0.2 GeV [17]. Note that this threshold is
in the tail of the distribution. Only the part to the right
of this line contributes to strange quark production.

The matrix element is simply given by

M(g = 53) = geu(QUP)T Aav(Py),  (3.18)

where €,(¢) is the polarization vector of the decaying
gluon and the A, are SU(3) matrices.

Summing over colors and polarizations of the gluon
leads to

D Mg = s3)?

a,{

I

_492’1.\1'[(}05 + me)Yu(Ps — ms)v¥]

= 16g%(2m? + Q?). (3.19)

Since the frame of the quark-gluon plasma introduces a
preferred direction, it is furthermore necessary to distin-

guish between the transverse and the longitudinal com-
ponents of the gluons. If the sum is taken over transverse
or longitudinal polarization only, we find

ET: [M(g — s5)|* = 8¢° [4m§ +Q? (1 + 45—%)] , (3.20)

XL: |M(g — s5)|* = 84°Q* <1 - gé) : (3.21)

By making use of (3.17), (3.20), and (3.21) we find from
(3.12)

1.5 ———T—r—TT— T T T R
L (q) T=0.2 GeV l 4
L g=2 | |
L | ]
] 1 ~
& q=0.0 |
~ 1.0 -
5 |
5 | 1
=z
P | -
¢ L | |
f g=0.2 |
i o.s|- | .
g - |
b q=0.4
< L ]
|
L ! <
L ' ]
|

Longitudinal Breit-Wigner (T2)

FIG. 2. The Breit-Wigner form given in Eq. (3.17) as a
function of Q? for three different values of the gluon momen-
tum g (units are in GeV). (a) Transverse part, (b) longitudinal
part.
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T gz oo q0—4m
Ry, = gz/z qufBE(QO)/O dQQ/J

Mg

Res(Ar) 'yr

2 2(14422
X(QZ—ReHT)2+Res(AT)_2’Y% [4m"+Q ( + qz)]’

and a similar expression for Rg ,s5 - The production rate
due to gluon decay is given by the sum

+ RE

g—88"*

Rg—)ss - RT

g—>88

(3.23)

If we neglect the Pauli blocking factors the integral
over po can be done explicitly, leading to

2 oo

2
Rl ;= i qufBE(qo)/

4
37t Jam, 0

2_ 2
o —4m3

xdgq q® (Q2 + 2m?)

4

Q?
Res(AT)“lfyT

Q? — Rellr)? + Res(Ar) 242

ok (3.24)

and a similar expression for Rg 85

We use the full high temperature expressions for
Relly,; given by (2.14) and (2.15) and numerically
solve the dispersion relations (2.5) in order to deter-
mine Res(Ar, 1) from (2.9) and (2.10). The temperature-
dependent gluon mass is given by (2.13), and the damp-
ing rate v = yp & vr, is estimated using (2.17).

107

107 I L 1 I
. } 0
m,(0)/T

FIG. 3. The quark production rate for thermal gluon de-
cay for different damping rates (short-dashed, long-dashed,
and dot-dashed lines) corresponding to the damping rates de-
picted in Fig. 1 compared to the production rate for gluon
fusion (solid line) and quark-antiquark annihilation (dotted
line). The mass m, is temperature independent.

1— "—Q’L‘;
d;

T am2

- dpo[l — frp (390 + Po)l[1 — frp(390 — Po)]

4m

(3.22)

IV. RESULTS AND CONCLUSION

The rates for different processes are depicted in Figs.
3 and 4. Our numerical calculation of the thermal gluon
decay is done using Egs. (3.22) and (3.23) with (2.3),
(2.4), (2.9), (2.10), and (2.17). We calculate the rates for
quark-antiquark annihilation and gluon fusion by making
use of Egs. (3.23)—(3.25) in Ref. [4]. We fix the QCD
running coupling constant at the value g = 2 because the
temperature during the time evolution is almost constant
and the running coupling effect is negligible.

In comparison with Ref. [4] our calculation of gluon
fusion and quark-antiquark annihilation differs in that we
include effects of the thermal quark mass (Fig. 4) and
in the choice of parameters: we fix ¢ = 2 and m, = 0.2
GeV versus as = 0.6 and m, = 0.15 MeV. Our choice
reduces their rates by about a factor of 3.

In Fig. 3 the quark mass is kept fixed while in Fig. 4 it
varies with temperature according to (3.8). In both cases
we find that gluon fusion dominates everywhere. The
gluon decay process is comparable to the gluon fusion in
the narrow region around m,(0)/T = 1 only if we choose
the optimistic parametrization [7] of the damping rate.
Had we used g = 1 instead of g = 2 the difference between
the gluon decay rates with the different parametrizations
of the width would not be so pronounced (about 30-50%
for g = 1 compared to 70-80% for g = 2).

A more complete calculation should also include ther-

107 1 1 1 1

1.0 2.0 3.0

® m(0)/T

FIG. 4. Same as Fig. 3 with the thermal mass m, given by
Eq. (3.8).
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mal gluons and resummed propagators in the gluon fu-
sion process. For the present analysis this is not neces-
sary because of the following arguments. Gluon fusion
with massless gluons and nonzero m, is of the order a%.
Including the thermal gluon mass would amount to cor-
rections

e (4.1)

m2 m2
Rgg—+s§~ag <1+a_g +b7—n—g +)
with mg ~ ag. If the thermal width is included there
will be additional corrections

2 v? ¥?
Rgg_,,,grvas(l—l—---—l—cﬁ—i—d—r’l—g%—---) (4.2)
with v ~ aslnag. Constants a,b,c,d can be calcu-
lated using for example the amplitude square given in [5].
Thus, the corrections coming from the thermal mass are
of the order o and those from the width are a}(Inas)?.

On the other hand, gluon decay is of the order
a%(Inas), which can be seen from (3.22), and therefore it
is legitimate to compare gluon decay to gluon fusion cal-
culated to lowest order. Moreover, including the above-
mentioned corrections would be consistent only if one
also includes other a2 contributions.

The production of massless quarks is another matter.
In that case the above corrections contribute to low-
est order, and one needs the resummation program for
the gluon fusion process. In addition the resummation
is believed to cure a kinematic divergence of the type
In(Q?/m2) [18] as discussed by Altherr and Seibert [7].
However, this program goes beyond the aim of our paper.

It has been shown that the time dependence of the
strange-quark density can, to a great degree of accuracy,
be described by the approximate evolution equation [4]

t

ng(t) = ntanh (—27 + const) , (4.3)

where the relaxation time is defined as

1 On,
= 4.4
"7 28R ou |, (4.4)
with

R = qu—ms + Rgg——)si + Rg—)si- (4~5)

The derivative of n, with respect to p at fixed energy
density is given by

On, . . -
ns | _ on _ on & ﬁ’ (4.6)
Ou |, Oup oT \oT Ou
where
d®p
ns = 2Nf/waD(Es,#) (4.7)
and

(N2 — 1)xT* &p
€=+ 4N,N/ (33 Palen(Ba,0)

d3

+4N/ (_Z?%EsfFD(Es’H)' (48)
All the quantities in (4.4) are to be evaluated at p = 0.
In Fig. 5 we plot the relaxation time for the satura-
tion of the strange-quark density for the massive quarks
with the zero temperature mass m,(0) = 0.2 GeV along
with the classical approximation. In this approximation
Pauli blocking factors (1—fpp) are eliminated and the re-
maining Fermi-Dirac and Bose-Einstein distributions are
replaced by the Boltzmann distribution. For comparison
we also plot the relaxation time for the massless quarks.
Despite the inclusion of gluon decay, our relaxation time
is still larger than Ref. [4] by about a factor of 2 due to
the effect of a thermal quark mass and a more conserva-
tive choice of parameters.

We comment here on the various approximations made
in the gluon decay calculation. First of all, use was made
of the Braaten-Pisarski resummation scheme. This is
strictly valid only when ¢gT <« T, which is clearly not
the case here. However, this is the case with most ap-
plications of QCD at finite temperatures. Second, the
magnetic mass has been introduced although only very
limited knowledge is available. It has been used to calcu-
late the damping rate of a thermal gluon inside a plasma.
In comparison to the calculations of Refs. [6,7] we keep
the standard form of the Breit-Wigner distribution. The
consequence of this is that the rate for high masses is re-
duced, while for low masses it is enhanced. We also avoid
a rather heuristic assumption that the thermal quark

3
10 : T T ]
r ]
L t[fm] B
10° =
10" | e
: :
o ]
TV -

~ S~ B
L e .
10° | TR .

1 I L

0.20 0.30 0.40

T [GeV]

FIG. 5. Relaxation times for the density of massive (solid
line) and massless (long-dashed line) quarks. Corresponding
relaxation times in the classical approximation are plotted
with dashed and dotted lines, respectively.
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mass is generated by gluons only. Since our rates are
defined near equilibrium our thermal mass includes both
thermal gluon and thermal quark contribution. Most of
the difference from the results of Altherr and Seibert is
due to the fact that, for the temperature range of inter-
est, the strange quark is not very massive, so the limit
m/T — oo is not accurate for calculating strange quark
production rates. This can be seen in the fact that the
rate from quark-antiquark annihilation is only 10% of
that from gluon fusion, while in the heavy quark limit
the two should be nearly equal. Comparison of the exact
ratio of the fusion to annihilation rates with the approxi-
mate one indicates that the heavy quark limit is not very
accurate for m/T less than about 25.

Our main point has been that even with the param-

eters chosen in Refs. [6,7] we do not support the claim
that gluon decay prevails over gluon fusion processes as
the dominant mechanism for strange quark production
inside a quark-gluon plasma. To the best of our knowl-
edge, the gluon fusion mechanism is the leading process.
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