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We study the production o’ from hadronizing thermal gluons using recently propogéed-g effective
vertex. Thez' yield is found to be sensitive to the initial condition. At RHIC and LHC, the enhancement is
large enough to be easily detected.
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[. INTRODUCTION greater than 0.5 GeV. Therefore the gluon momenta are not
soft compared to the temperatures achievable in heavy ion
If the hadronic Lagrangian is symmetric under flav@BlJ  collisions. Second, this is a rare occasion when we kfgtw
which is spontaneously broken, then we would have nindeast we can parametrigéiow to fuse two on-shell gluons
pseudoscalar Goldstone bosons. In reality, we have eiglnd form a hadron. There are models in the literature that
light mesons {,K, ) corresponding to the octet of $8)  relateconstituentquarks to the hadrons, but to the author’s

and one heavy meson'. knowledge, there is no other known matrix element between
The pseudoscalar flavor singlgt is a remarkable reso- gluons and a known hadron state. .
nance. Its large mass poses thg(1l) problem and its pos- In this paper, we exploit these unique circumstances and

sible resolution relates its mass to the topological charge dftudy the production of thg" mesons from the hadronizing
the QCD vacuum and to the properties of the instanton liquidjuark-gluon plasma. One question we have to answer before
[1-4]. we proceed is how the interaction strengthl,

In heavy ion physics, they’ meson is a good probe be- =H(0,0Mf?,) changes as the temperature increases. To fully
cause it has a lifetimel000 fm long compared to the typi- answer this question, one has to evaluate the triangle dia-
cal lifetime of a fireball produced by a collision of relativistic gram which gives rise to Eq1.1) using an effective field
heavy ions. This was exploited by the authors of REl.  theory at finite temperature. Evaluation of such a diagram at
who studied possible lowering of th¢’ mass by the disap- zero temperature has been carried out by Muta and Yang
pearance of the instanton liquid at high temperatures. In ij12]. However, the finite-temperature calculation is still to be
the authors argued that even in dense matterstheneson  performed. In this work, we will simply take the coupling to

may decouple from the rest of the matter. be the same as the vacuum valHg=1.8 GeV 1. Work on
Recently, there was a surge of interestjihin the study  the finite-temperature correction is currently in progress.

of B-meson decays and search for new phy$&siQ]. In One can, however, make an interesting observation from

some of these studies, the axial anomaly relation the works on the finite-temperature modification ofyy

coupling. This is relevant because batf and ' are pseu-
doscalars and botly andg are vectors. Therefore the struc-
ture of the triangle diagram underlying E€L.1) (cf. Ref.

[12]) is very similar to the triangle diagram that gives rise to

is interpreted to imply that the gluons amd have an effec-  #%yy coupling. In Ref[13], it is shown that ther®yy ver-

tive Wess-Zumino-Witten—type interaction verfek10] (see  tex vanishes as the temperature approaches the chiral sym-

2
"2 =2Nfg—2Tr(G LGH) (1.2
5u 167 ’

also[11]), metry restoration temperature even though the axial anomaly
itself remains nonvanishind5—-17. The authors also antici-
My, 8% =H(p?,0% P?) 6%, s0"0"(e)\(€5), pated that a similar modification should be relevantfogg
(1.2 coupling. One would not, however, expegtgg coupling to

vanish in this limit becaus@’ is not a Goldstone boson. The

wherep,q are the gluon momenta andq),,, are the cor- 5 ihors of Ref[14] carefully analyzed the triangle diagram
responding gluon polarization vectors and the superscriptg; finite temperature and obtained

ab denote the color indices of the two gluons. The momen-
tum of %’ is denoted byP throughout the paper. By studying mg , B
JIy— 75"y decay process, Atwood and Sdifi] found that Uryy= 728 Onqaf [Gmqq @ @inlle, ... ], (1.4
this process is dominated by on-shell gluons and obtained
wherem, is the constituent quark massis the electromag-
HOEH(O,O,Mf],)wl.S Gev'l. (1.3} netic coupling constant, angl,,q is the 7°-quark-antiquark
coupling constantF is a finite function of coupling con-
The aboveggn’ effective vertex is interesting in many stants. The vanishing af®yy coupling is then attributed to
ways. First, since they’ mass is almost 1 GeV, at least one the vanishing of the constituentandd quark masses near
of the gluon momenta involved in the vertex should beT,.

0556-2813/2002/62)/0249038)/$20.00 65 024903-1 ©2002 The American Physical Society



SANGYONG JEON PHYSICAL REVIEW C 65 024903

Since the triangle diagrams are similar, we can borrow the
above expression to roughly estimate thégg coupling

constant at nonzer® to be ﬁ

~F

My
9,799~ Ho~ ?! (1.9
where all other factors in this case should®gl). NearT,, (@) (b)

theu andd quark masses vanish. However, the strange quark

mass does not vanish. Singé~ (uu+dd+ss)//3, this in-

dicates that the;’ gg vertex remains finite nedr.. Further-

more,d,, 4q IS proportional to the strange quark mass. This in

turn enables us to observe that thé mesons so produced 0 th i i v of

. . — o the antisymmetric property @f,z,,, .

O e o 00 o B, EMPIOYG the prncile of e blance, we thr

. , d e write the Boltzmann equation for the phase space density of

tion, we need to calculate the)'gg vertex at finite- ,

. . .. 7 as

temperature with full finite temperature complications. In

this work, we take a constamt;=1.8 GeV ! but take 7’

from gluon fusion to be in thess state so thatM,,

~0.7 GeV/[5]. 11 f d3p d3q
2 2Ep) (2m)%2p (2m)32q

x(2m)*8(p+a-P)|MIZ, ., {fg(p)fg(a)

FIG. 1. Feynman graphs for the retarded self-energy of

and the on-shell conditiong®=g?=0 and @+ q)2=Mf],.
Theap®p¢ term in Eq.(2.5 does not contribute t\ ry due

ot (P)+V-VE,,(P)

II. KINETIC THEORY APPROACH

Kinetic equations are a statement about the change of the

phase space density in time: X[1+f,(P)]-[1+fy(p)][1+fy(a)]f, (P)},
df @7
—=(gain ratg — (loss rate. 2.1
dt (9 #-( 4 @ wherev=P/Ep. Here it is understood that the distribution

_ _ S functions depend on the space-time. In the Boltzmann equa-
To write down a Boltzmann equation fop’ distribution tion, the first term in the collision integral describes the pro-
function, it is easiest to start with the decay rate. In terms ofjuction of ' from the gluons and the second term describes
the matrix element, the decay rategf to two gluons of the  the decay ofy’ into two gluons. These collision terms are

opposite colors and different polarizations is given by essentially the imaginary part of the retarded self-energy of
5 . 7' [18] depicted in Fig. tb).
do _sv Ly p d°p d°q In a series of paperd8,19, it was shown that in a ther-
7' =99 2 2Ep M (2m)2p (2m)32q mal medium, the real part of the self-energy must be also
A included in the mass parameter appearing in the Boltzmann
X (2m)*8 (p+a-P), (22 equation. With the effective vertex, EL.2), one can easily

) calculate the one-loop self-energy represented by the Feyn-
wherep andq are the gluon momenta arRiis the 7 mo-  man diagrams in Fig. 1. The details of their evaluation are
mentum. The first factor of 1/2 is the Symmetry factor. Sum'presented in Appendix A. In the present case, it turned out
ming over all final states gives the total decay rate. It is thefinat the thermal correction is negligibly small up ©
convenient to define ~0.5 GeV. Therefore we can safely ignore it for our pur-

poses.
2 _ b 2 Before proceeding to analyze the Boltzmann equation, we
lM'”'ﬂgg % & )\Zy M1 @3 must ask if we can use the Boltzmann equation in a quark
gluon plasma. In other words, caji exist in a quark gluon
It is not hard to show plasma as a quasiparticle? It is possible that an excitation
with the same quantum numbers gs$ can exist in the
LY |f],ﬂgg:4|Ho|2|\/|‘:], (2.9 plasma(for instance, sef5]) but its width may be too broad
to be a quasiparticle. To be conservative, we apply the Bolt-
using the identities zmann equation starting only from one relaxation time be-
fore the hadronization time unless the hadronization time is
shorter than the relaxation time.
2 (DX (€)= —g*+appf, (2.9 If the steady state is reached during the evolution, then the
» Boltzmann equation dictates that distribution functions be-
come Bose-Einstein functions. In this case, the distribution
€apuve?’ =2(959,-9,9,), (2.6)  of »' at the hadronization time will be simply the Bose-
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Einstein distribution with a temperature @~0.17 GeV. momenta to be at the central rapidity so thgt=P,/Ep

This in itself is an interesting conclusion because there are=0. In that case, only the time derivative term from the

surely other hadronization processes and hadronic processé$t-hand side of the Boltzmann equation remains nonvanish-

that produce additionaly’. Since the' lifetime is about ing. The coordinate and the momentun® merely are pa-

1000 fm and the mean free path in dense hadronic mattégmeters in 1D ordinary differential equation

exceeds 10 ffi5], the final»" multiplicity will exceed ther-

mal model expectation. df(t,z,P) |H0|2M‘7‘7
However, local chemical equilibrium between and glu- dt 8nE

ons may not be readily reached during the quark-gluon

plasma evolution although quarks and gluons do reach local

equilibrium very fast. Thereforef,,, must evolve nontrivi- where we have omitted the subscript lalgl from the dis-

ally in time even if the gluons are already locally equili- tribution and#z andT are functions ot andz This is in the

brate.d. To calculate such an effect, we assume that the glqurm of a relaxation equation. The relaxation time is given
density is already thermal and rewrite the above as

’ [e—EP coshn/T(7) _ f(t,Z, p)],

(2.19

by
ot +v-VF_,
’ ’ rel__S7Ep
- 1 f d3p d3q |M|2 tP :W:Trel’yp, (215)
T 4Ep) (2m)3%2p (2m)32q' " 99—’ o
X (2m)*8(p+q—P) X fa(p)fg(a) wherer,=4.5 fm is the relaxation time in the rest frame of

the " and yp=Ep/M,, is the Lorentzy factor associated
with the " momentum. Here we usell,,=0.7 GeV in
accordance with our earlier discussion. Up to the momentum
of 1 GeV, the typicaly factor does not exceed 2. Therefore

X[1-f,(P)/fge(P)], (2.9

where fgg(P)=1/(efr/T—1). Substituting the matrix ele-

ment yields . : . . .
the relaxation time is comparable with the typical plasma
[Hol2M?, lifetime of 1—10 fm. The relaxation timg$' is independent
&tf,,,+v-Vf,,,=E—"[1—fn,(P)/fBE(P)]I’Z(P), of the temperature unleds, and/orM,, depends strongly
P
2.9 onT.

The solution of the above equation is given by
where the two-body thermal phase space factor is given by

t dt, ’ rei
T (P)_f d3p d3q (2 )4 f(t,Z,P): f ._rel e—(t—t )/tplfo(t,,Z,P), (216)
2 B (27T)32p (27T)32q m init Lp

X 8(p+q—P)fy(p)fy(a). (2.10  with the initial condition f(t;y,z,P)=0 and fy(t’,z,P)
=g Epooshut' /T2 \What we are interested in is the distri-
bution function at the hadronization tinbgq. In the Bjorken
model, the proper time at the hadronization is given by

The evaluation of"',(P) can be found in Appendix B. In the
Boltzmann limit,

1
Ty(P)=g—e &/l (2.19) To\®

|
Cc

(2.1

For simplicity, we take the Boltzmann limit from now on.
As for the gluon evolution, we use hydrodynamic modelsWe then take the initial proper time for thg evolution to
with one-dimensional(1D) expansion to make a simple be the larger ofry, and
physical estimate. In terms of the space-time rapidity
=(1/2)IN(t+2)/(t—2)], the flow velocity in the 1D Bjorken

a Tinit= Thad ™ Trel - (2.18
model is given by

u=(cosh,0,0,sinhy). (2.12 The Mikowskian time and the proper time is related by

Using the ideal gas equation of moti@ 3p results in a t=\r*+2° (219
simple time dependence of the temperature

Therefore, the farther away from the origin, the later the
initial time is. This is due to the strong longitudinal flow and
time dilation associated with it. The longitudinal flow is
faster farther away from the origin. It also means that at large
where 7= \t?—7? is the proper time and| is the tempera- z, there will be very little time between the onset gf

ture at the initial(prope) time 7,. Further, we limit they’ production by fusing gluons and the hadronization time.

o 1/3
T(1)=Tg — (2.13
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7 - - - - - is not as large as the enhancementatf»=0. Here we used
6r 1 dN,, d?Pr 5
[ d_y|y°:f(ZT)3EPf d°xf(thag,z,P7). (3.3
51 1
[ This enhancement factor is not particularly sensitive to the
04 b ] initial temperature. Keeping, fixed, the ratio is 1.8 af
= =0.3 GeV, increases up to 2.6 84=0.35 GeV, and then
3r ] decreases to 2.2 d@,=0.4 GeV.
[ One should note that this @ topof other processes that
o[ ] producen’ at the hadronization and in later times. There-
i fore, this result definitely indicates a large enhancement in
1L ] the »' yield due to the thermal gluon fusion process at
[ RHIC.
[ At LHC, the initial temperature can reacfy=1 GeV.
05 s Accordingly, the hadronization takes place much latgg,

=10-20 fm, even though the equilibration time is shorter,

. . 70~0.1 fm [21]. Therefore the rate of the change in the
FIG. 2. The ratio of the solution of Eq(2.1§ and fo  temperature is slower than the rate at RHi€call the T

=e MocosATEY at P=0 as a function of time. HerMo 1 (70 /7)Y3) This implies that even though the initial tem-

=0.958 GeVis the vacuum’ mass. From the bottom, the curves neraire is much higher than the temperature at RHIC, the

correspond to thénal space-time rapiditieg=0.0-0.5 in steps of nhancement f Fmavn much differen i
0.1 att,,g. Calculated with the RHIC parameters. The end pointse ancement factor may not be much different. Wiliixed

at 0.1 fm, we get
correspond tdin, = \/75,+ 22 andtg,= \/72,+ 2. g
1. NUMERICAL RESULTS (dN,, /dy)¢

——F—~2-3 (LHOC) (3.9
(dN,,,/dy)fvac
To evaluate Eq(2.16), we takeT,=0.334 GeV andr,

=0.6 fm. These parameters are taken from a recent hydro- _

dynamic study of the elliptic flow at RHIC20]. The initial ~ betweenT,=0.5 GeV andT,=1.0 GeV. The maximum

temperature corresponds to the average energy density Bfhancement factor 3 is reachedigt=0.6 GeV.

about 23 GeV/fm?®. The hadronization proper time with At SPS, the enhancement factor is more sensitive to the

these parameters ig,,=4.6 fm. Sincery,— 7q=0.1 fm  initial temperature. Keeping,=0.8 fm [20], the ratio in-

is shorter thanrg, we setr;= 7o. creases as the temperature increases within 0.2<GgV
Figure 2 shows the numerical solutions wRk=0 within ~ <0.25 GeV:

the time intervalt;,;<t<t; 4. In Fig. 2 we plot the ratio of

our solution and what one expects from the thermal model, (dN,, /dy);
B3=—"T """ =<11 (SPS. (3.5
fLac=exd — M, coshy(t,2)/T(t,2)], (3.1 (dN, /dy)s, .
whereM, is the mass ofy’ in vacuum. Sincen’ decays topma in 65% of the time, one may ask if

The curves in Fig. 2 start from zero and keep growing.this SPS result is compatible with the multiplicity mea-
This is due to two reasons. One, the solution itself overs,rement by WA80 and the low mass dilepton spectrum mea-
shoots the equilibrium distributiof, (which has the same gred by CERES. Thermal ratio af’ and 7 within the
in-mediumM ,,,=0.7 GeV) because the temperature is a degjorken scenario is 17%. Therefore one would expect that
creasing function of time. Initially the slopéf/dt is too  gphout 11% ofy comes froms’ decay. Doubling that would
steep for the eventual temperatureTof=0.17 GeV. Two, indicate about 10% increase in themultiplicity. However,
since the in-medium mass is 30% smaller than the vacuungt present the experimental uncertainty is bigger than 10%
mass,f,cin Eg. (3.1) decreases much faster than either  [22 23,
fo astincreases. More detailed information than the yield can be obtained

It is also apparent that for larger or equivalently larger i the transverse momentum distribution shown in Fig. 3.
z, there is not enough time betwegp,= Tiznirl- z? andt;,  There is a clear difference between our calculation and the
= \/rfzin+ z° for the solution to grow ovef, .. Consequently, thermal distribution. As one can see, the dependence of the

the enhancement @fN,, /dy at the midrapidity y=0), solution Eq.(2.16 on Ty and 7y is nontrivial. Since the
simple 1D model we employ does not take into account the
(dN,,/ /dy); transverse flow, the slope parameter of prespectra in Fig.
(dNT)%Z'S (RHIC), (3.2 3 should be taken as qualitative estimates rather than quan-
7' 1OY )t e titative predictions.

024903-4



PRODUCTION OF7' FROM THERMAL GLUON FUSION PHYSICAL REVIEW C 65 024903

10° . . . . . 3 As to the validity of the hydrodynamics, the measure-

] ments of the elliptic flow indicate the existence of collective
motion. Whether this implies thermal and chemical equilib-
rium is not entirely certain. Since our result indicates that the
n' density is proportional to the square of the gluon density,
the measuredy” dN/dy must reflect the underlying gluon
distribution be it thermal or the gluandistribution function.
For instance, if the plasma is gluon dominated right up to the
hadronization, then one should see even mgréhan what
we have estimated.

One may also question the validity of the 1D expansion
model we employed. The full 3D calculation with a realistic
equation of state is clearly out of the scope of this paper.
! However, our main results should be robust since faster fall-
107 : - : . : ] ing temperature makes the’ distribution overshoot even

0 05 1 1.5 2 25 3 more.

Pr (GeV) The temperature dependence of thgzn’ vertex and

FIG. 3. The transverse momentum spectrumzofcalculated ~ Properties ofy” itself are at present not fully understood. In
with the solution Eq(2.16) (solid line) and the thermag—Es coshnT,  this study, we made simple as;umptions to make a progress.
(dashed linewhereE? is calculated with the vacuum’ mass. For AS We argued in the Introduction, the strengthgaf’ ver-
the top two lines, we usefl,—1 GeV andr,=0.1 fm estimated {eX Will not vanish as the strength of’yy vertex does at
for LHC in Ref. [21]. SPS and RHIC parameters aiB, Ic- If one accepts the rough estimate, EQ5) at face value,
=0.257 GeV,T,=0.334 GeV andr,=0.8 fm, 7,=0.6 fm, re- then the strength of thgg»’ coupling could even be larger
spectively[20]. Transverse expansion is not taken into account. than Hy. The exact temperature dependence of the vertex,

however, has yet to be worked out. The crucial question is
IV. DISCUSSION AND CONCLUSION then,_ what exactly is the re_lation b_et\_/vebha andM,, as a
function of temperature? High-statistics measuremeny’of

In this paper, we calculated the yield and the momentunspectrum can potentially answer this question by employing
spectrum of the flavor singlef’ mesons produced by the the ideas developed in this paper.
fusion of thermal gluons. It is shown above that at RHIC and The kinetic equation description is valid when the mean
LHC, there is a significant enhancementjhyield. Further-  free path is much larger than any other length scale. This is
more, thep; spectrum ofy’ shows an interesting deviation certainly the case. The mean free time of theis longer
from the M scaling. The onset of the deviation from the than 4 fm. The dense medium &t=300 MeV has a much
naive Mt scaling contains information on the initial condi- smaller interparticle distance. The effect of inclusion of other

tions such as the initial temperature and the thermalizatiowocesses such aﬁ_l—> »’ can be roughly estimated by rais-
time. This may be feasible sinog has a long lifetime and a  jng the value oH,. In our calculation, this leads to morg
long mean free path. _ production by shortening.

Further implication of our result includes the low-mass | summary, we have shown that is a good probe of
dilepton enhancement. The brang:hing_ratiom_f—> N i_s the gluons density using the recently proposesh’ effec-
65%. A large number of;’ results in a sizable increase in  tive vertex. Other application along the same idea includes
multiplicity which in turn gives rise to the; Dalitz peak in  the investigation of the in-medium properties #f and its
the dilepton invariant mass spectrum. At SPS, the enhanceyssible link to the fate of the axial anomaly in a quark-

ment is not significant enough to be noticed. But at RHICy|yon plasma. It will be also interesting to study formation of
and LHC, there can be a substantial increase of the peak,’ \ithin gluon jets. These and other aspects are currently

Another observable wherg’ enhancement plays a role is ynder investigation.

the HBT correlation. As shown in Ref24], enhancedy’

production reduces the strength of the HBT correlation at ACKNOWLEDGMENTS
smallpr.
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(ii) The strength ofggn’ vertex is independent of the
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temperature. . o _ APPENDIX A: REAL PART OF THE %’ SELF-ENERGY IN
(i) The mass ofp’ involved in this process is lower than
. o . THERMAL GLUONS
the vacuum value since only tlequark loop is involved in
the anomalous coupling. The Feynman diagrams for the one-loop retarded self-
(iv) Kinetic equation is valid in this regime. energy of they’ in equilibrium are given in Fig. 1. These
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can be calculated in many ways. In this paper, we adopt the
set of Feynman rules derived in RE25]. The diagrams then

corresponds to the expressions
—i[ d* d“q

2a(P)=7 (2 (27)4(277)45(D+q— P)
X[TrM(p,q)?1G(p)G(q)
and
—i d* d*
5uP)=5 | gt (27 P+ P)
X[TrM(p,@)?]A.(p)AL(q),
where
i
G(P)= 757, + Nee(P)27S(p")
and

AL (p)=0(p%)2mS(p?) +nge(p®)2mS(p?).

d4
Sas(P)=-16H3 [ - Pap-P)?

i
2
XMZ=2p prie (P)27a(PT)  (ALD)

(A1)
and

d4
EavZ(P): _SIHSJ (27::;4([) P)Zn(EP—p)

(A2)
X2mw8(M?=2P-p)n(p)27d(p?), (A1ll)

(A3)  and we used the on-shell conditiopé=0 andP2=M?2,
The real part of the self-energy comes only framg,(P):

(A4) ReX o(P)=ReZX, (P)

The prefactor 1/2 comes from the fact that the two interme-
diate gluons are identical. Using these propagators, it is clear
that the real part of the self-energy comes only from the

d*p
:16H§f (271_)4(p- P)2PP

diagram(a). Hence we concentrate on evaluation®&ffrom
now on.
First, we evaluate the vertex trace

(Tr M(pr)z):z 561132 M:'yM)\'y
ab Ny

= 8ngaﬁyveaﬁpgpﬂqyppqo’

=16H3[(p- a)*~p?e?] (A5)
using the identities
2 () (eph=—g+appt (AB)
and
eaﬂyveaﬁpo—: Z(Qﬁg;_ggg;) (A7)

Theap“p? term does not contribute due to the antisymmetric

property ofe Then

afuv:

Ea(P)z—sngf

4 4

d*p d“q
(2m)* (2m)*

X[(p-9)*—p?a*1G(p)G(q)

(2m)*s(p+q—P)

d4
=—8iHéf (sz)Ll{[p«P—p)]Z

—pA(P—p)*G(p)G(P—p). (A8)

The zero-temperature part of this diagram is badly divergent.
In view of the effective theory nature of this vertex, we will
simply drop the zero-temperature part in this calculation. The X

thermal part can be separated into two parts,
2a(P)=2,2(P)+244(P), (A9)

where

1
2
X7 P (P27 a(p?)

4

dp
— _ Al2M2
4H M f(27)4

n(p)2mas(p?)
d*p op 1
(2m* "M?-2P-p

xn(p)2mw(p?), (A12)

+4H§|v|4f

where PP signifies the principal part.
For simplicity, we orientP*=(Ep,0,0P) and approxi-
mate the Bose-Einstein factor by a Boltzmann factor

n(p)~e P'T. (A13)

Then
2n 12 1 —|pl/T
ReX(P)~—4HiM 2m)? dppe P
d*p 1
2z 4 PP a—|pl/T 2
+4H0M f(zw)4rrM2_2Ppc 27T5(p)
2
o A2Mm2
=—4H2M @

L M?2 fd ot M?—2Ep+2Pp
~Tap2) 9P T M MZ 2B 2Pp
M2+2Ep+2ppm

N Mz 2Ep=2Pp

(A14)

024903-6



PRODUCTION OF7' FROM THERMAL GLUON FUSION PHYSICAL REVIEW C 65 024903

The result can be expressed in terms of the exponential intever, at this temperature, our Boltzmann approximation is no

gral functions longer appropriate. We can ignore the temperature depen-
) dence of thep’ mass for our estimates.

4HOT2< L M?2

ReS (P)=—M2——— A(P)), (A15)

2m?2\ " aPT APPENDIX B: TWO-BODY THERMAL PHASE SPACE
where We start from the expression
d®p d3q
- (P—Ep Iy(P)= f (2m)*
A(P):Mze (P+Ep)/2T _eEP/TEI< 5T ) 2( ) (277')32[) (27T)32q\ )
T ~PHEe| P ERITE] —(P+Ep) X8(p+q—P)fg(p)fg(a). (B1)
€ \ToT € ! 2T Carrying out thed®p integral and they angle integral yields
(P+Ep 1 d3q
—E'( } (A16) F2<P>=—f — 5o (2ma(|P—dl+a—Ep)
2T 4) (2m)%|P—q
Numerically, betweerT=0.17 GeV andT=1.0 GeV, the X f4(|P—a])fg(q)
second term is important only neRB=0. Therefore we ap-
roximate the above with 11 1 (9max
P “2257p). Gaf(Ee-0f@, (B2
ReX ¢(P)~2(P=0) fmin
24H§T2 where
— - 2
(2m)? M
M2 qmln 2(EP+ P) (83)
M/2T =;
X 1—E[e Ei(—M/2T) and
M2
+ e‘M’ZTEi(M/ZT)]) . (A17) Amax= Z(E, —p)" (B4)

We can self-consistently determiiby solving the follow-  USINg the Bose-Einstein functions farwe get

ing equation forM with My=0.7 GeV: T . e
by FZ(P):fBE(EP)8—|P|[|ﬂ(eqmax —1)—In(emin’t —1)
M“=Mg+ReX (0). (A18) 7"

Ep /T _ Almin/T) — Ep/T_ Almax/T
Numerically solution of this equation indicates tha{(T) is (e —e )~In(e*r" —e )] (B9

a slow varying function ofT. At T=0.17 GeV, M(T)  |n T—0 limit, we recover the Boltzmann result
=0.7 GeV is indistinguishable fromM,. Even at T

=0.5 GeV, M(T)=0.68 GeV. Only aroundT=1 GeV, T,(P)= ie*Ep/T (B6)
M(T)=0.64 GeV is appreciably different froml,. How- 2 8w '
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