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Abstract: With quark-antiquark annihilation and creation in the first Born approximation, we study the reactions:
KK — KK*, KK —» K*K, nK — nK*, nK — pK, nmr — KK*, nnr — K'K, nn - K*K*, np — KK, np — K*K*,
pp — K*K*, KK* — pp, and K*K — pp. Unpolarized cross sections for the reactions are obtained from transition

amplitudes that are composed of mesonic quark-antiquark relative-motion wave functions and the transition potential

for quark-antiquark annihilation and creation. Using a quark-antiquark potential that is equivalent to the transition po-

tential, we prove that the total spin of the two final mesons may not be equal to the total spin of the two initial

mesons. Based on flavor matrix elements, cross sections for some isospin channels of reactions can be obtained from

other isospin channels of the reactions. Remarkable temperature dependence of the cross sections was observed.
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1 Introduction

In hadronic matter that is created in ultrarelativistic
heavy-ion collisions, various types of meson-meson scat-
terings take place. The meson-meson scattering can be
studied in quark degrees of freedom or meson degrees of
freedom. Elastic s scattering for /=2 and elastic 7K
scattering for I = 3/2 have been studied in the quark inter-
change mechanism in the first Born approximation [1-4]
and in nonperturbative schemes along with the chiral per-
turbation theory [5-13]. The reactions nwr — pp for [ =2,
KK — K*K* for 1=1, nK — pK* for I=3/2, and so on
have also been studied in the quark interchange mechan-
ism [14, 15]. The reactions nr— KK, pp— KK,
np — KK*, and mp — K*K can be studied by quark-anti-
quark annihilation and creation in the first Born approx-
imation [16] or through one-meson exchange in effective
meson Lagrangians [17, 18]. Furthermore, the four
isospin channels, 7K — pK* for I1=1/2, nK* — pK for
I=1/2, nK* — pK* for  =1/2, and pK — pK* for [ = 1/2,
are studied under the assumption that quark interchange
as well as quark-antiquark annihilation and creation are
dominant mechanisms [19]. These studies have revealed
interesting features of these reactions. For example, the
cross section for the inelastic meson-meson scattering
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governed by quark interchange increases very rapidly and
attains a maximum value; then, it decreases rapidly while
the center-of-mass energy of the two colliding mesons in-
creases from the threshold. However, the cross section for
the inelastic meson-meson scattering governed by quark-
antiquark annihilation and creation may decrease very
slowly from the maximum value.

In the present work, we are interested in the inelastic
meson-meson scattering among x, p, K, and K* mesons,
which is assumed to be dominated by quark-antiquark an-
nihilation and creation. The meson-meson reactions stud-
ied in Ref. [16] include nr — pp, KK — K*K*, KK* —
K*K*, K*K —» K*K*, nm— KK, np— KK*, np— K*K,
and KK — pp. However, these reactions do not exhaust
all the 2-to-2 meson-meson reactions among r, p, K, and
K* mesons. Hence, in the present work, we study these
reactions: KK — KK*, KK —» K*K, nK - nK*, nK — pK,
ar — KK*, im — K*K , nm — K*K*, np — KK, np — K*K*,
pp — K*'K*, KK* — pp, and K*K — pp. These reactions
have not been studied elsewhere, and they complement
the reactions studied in Ref. [16].

The remainder of this paper is organized as follows.
In Section 2, we present the formulae of unpolarized
cross sections for 2-to-2 meson-meson reactions that are
governed by the annihilation of a quark-antiquark pair
and creation of another quark-antiquark pair. In Section
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3, we calculate the transition amplitudes with mesonic
quark-antiquark wave functions and the transition poten-
tial for quark-antiquark annihilation and creation. In Sec-
tion 4, we show unpolarized cross sections for inelastic
meson-meson scattering, and provide relevant discus-
sions. In Section 5, we summarize the present work.

2 Cross-section formulas

It is shown by the two Feynman diagrams in Fig. 1
that the reaction A+ B — C+D is caused by quark-anti-
quark annihilation and creation in the Born approxima-

Pl

Solid (wavy) lines represent quarks or antiquarks (gluon). The left diagram has gq; + g, — g3+ g4 for A(q1q1) + B(q232) —

Fig. 1.

tion. In the left diagram of Fig. 1, the quark of meson A
and the antiquark of meson B annihilate into a gluon; this
gluon creates a new quark-antiquark pair. The new quark
and the antiquark in meson A combine into meson C and
the new antiquark and the quark in meson B combine in-
to meson D. In the right diagram of Fig. 1, the antiquark
of meson A and the quark of meson B annihilate into a
gluon. The gluon creates a new quark-qnatiquark pair,
and the new antiquark and the quark of meson A form
meson C, and the new quark and the antiquark of meson
B form meson p. These are the processes that we con-
sider in the present work.

—»> >
C
D
- <

C(g3q1) + D(q234), and the right diagram has g, + ¢, — g3 + g4 for A(q141) + B(g232) — C(q144) + D(q342).

Let E4 (EB, Ec, ED) and JAz (JBz; JCza JDz) denote the
energy and the magnetic projection quantum number of
the angular momentum Js (Jp, Je,-Jp) of meson A
(B,C,D), respectively. From the four-momenta of mesons
Aand B, P4 and Pp, the Mandelstam variable s = (P4 + Pg)?
is defined. The unpolarized cross section forA+ B — C+ D
depends on /s and temperature 7. Let 6 be the angle
between P and P’ which are the three-dimensional mo-
menta of mesons A and C in the center-of-mass frame, re-
spectively. The unpolarized cross section is [16]

unpol ~ 1 1 |1P(+5)
T V) = G D GT T s A5
xf”da
0

Z | M“‘{léz + M‘U?l% |2 Sing’
Jad b e:Ip:
where M,y g, and Mg 4, are the transition amplitudes cor-
responding to the left diagram and the right diagram in
Fig. 1, respectively. The transition amplitudes are given by
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where m, is the mass of constituent a; V,,,5, and V4, are
the transition potentials for ¢; +g> — ¢3+gs in the left
diagram and g; + g2 — g3 + g4 in the right diagram of Fig. 1,
respectively; ¥, and 7, are the wave function and the re-
lative coordinate of constituents a and b, respectively.
The relative coordinate and the relative momentum of
q1g1 and ¢G> are denoted by 7, 5, 4,5, and 7;,4,.4,3,» respect-
ively; 7%‘?1:‘]2‘74’ ﬁ%qh%‘_]v 7‘71@4,‘]352’ and ﬁql‘?a:‘h‘?zare defined
similarly.

3 Transition amplitude

To calculate the transition amplitudes, we need the
mesonic quark-antiquark wave functions and the trans-
ition potential for quark-antiquark annihilation and cre-
ation. The quark-antiquark annihilation and creation is
shown in Fig. 2 with q(p1)+g(—p2) = ¢’ (p3)+ G (-ps),
where p; and p; (p, and p4) are the four-momenta of
quarks (antiquarks). The transition potential shown be-
low is given in Ref. [16],
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Vaqq (]?) =

& A34) 121 (&(34)-k¢21)-k
K o2 2 4mgm,
d21)- prd(34)-F(21)d(21) -

2
4my

_F(3H)- j33(34)- F(21)F(34) -m)

—#(34)-#(21) -

2
dm ”

“4)
where K is the three-dimensional momentum of the
gluon, g, is the gauge coupling constant, m, (m,) is the
mass of the initial (final) quark, 1 are the Gell-Mann
matrices, and & are the Pauli matrices. (21) ((21)) de-
note matrix elements between the color (spin) wave func-
tions of the initial quark and the initial antiquark, and
134 (#(34)) denote matrix elements between the color
(spin) wave functions of the final quark and the final anti-
quark.

P P

P “Ps

Fig. 2. Corresponding to the process  q(p;)+g(—p2) —
q'(p3)+ G (—pa4), solid (wavy) lines represent quarks or anti-
quarks (gluon). k£ denotes the gluon four-momentum, e its
color index, and 7 its space-time index.

The wave functions of mesons A, B, C, and D are in-
dividually given by

Y4 = ParelP acolorPAflavorX's S ,.» )
YB = PBrel®Beolor@BflavorX S 58 5.» (6)
Ve = GcrelPCeolorPClavorX S oS s (7
YD = PDre1PDeolorP DllavorX's ,S . » (®)

where S; is the spin of meson i, and S, is its magnetic
projection quantum number. According to the two dia-
grams in Fig. 1, gy = Ya.a0 ¥B=Vq.q, ¥c =¥Yqa =¥qq,
and ¥p =¥y, = V43 The wave function of meson i is
made up of the quark-antiquark relative motion wave
function ¢;.), the color wave function ¢, the flavor
wave function ¢;naver, and the spin wave function ys s, .
The transition amplitudes contain color, spin, and fla-
vor matrix elements. The color matrix elements related to
the Gell-Mann matrices are 4/9 for the two diagrams in
Fig. 1. The spin matrix elements related to the Pauli

matrices are provided in Ref. [16]. Let Mgy 4 and
M.z.q.5 represent the flavor matrix elements that corres-
pond to the left and right diagrams in Fig. 1, respectively.
The values of the flavor matrix elements are listed in
Table 1,where  is the total isospin of the two initial or fi-
nal mesons for the reactions:

KK — KK*,KK — K*K,nK — nK*,nK — pK,

ar — KK*,nx — K*K,nn — K*K*,np — KK,

mp — K*K*,pp — K*K*,KK* — pp, K*K — pp.

The quark-antiquark relative-motion wave functions
are given by the Schrodinger equation with a temperat-
ure-dependent potential. The experimental masses of
ground-state. - mesons [20] are reproduced by the
Schrodinger. equation, while the up and down quark
masses are 0.32 GeV, and the strange quark mass is 0.5
GeV [21]. The temperature-dependent potential between
constituents a and b is given by [21]

Vab(;j = Vsi(?) + Vss(’_"), (9)
where 7 is the relative coordinate of a and b. The first

term Vg (7) is the central spin-independent potential, and it
depends on temperature:

7\
Vi()=——=— - —= D[l.b’—(;) tanh(Ar)

ia /Tb 6 v(Ar)

exp(—Er), (10)

where D=0.7 GeV, T.=0.175 GeV, A =1.5[0.75+0.25
(T/TH1® GeV, E=0.6 GeV, 1= +25/16n2/ with
o =104 GeV >, 1, (1) are the Gell-Mann matrices for
the color generators of the constituent a (b), and the di-
mensionless function v(x) is given by Buchmiiller and
Tye in Ref. [22].

This potential V(P) is relevant to the temperature of
hadronic matter and the distance r. It shows some charac-
teristics as follows. At very short distances r < 0.01 fm,
the potential arises from one-gluon exchange and perturb-
ative one- and two-loop corrections. At large distances
and blow the QCD phase-transition temperature 7., the
color screening produced by high-temperature medium
may be strong. Karsch et al. [23] have provided such a
numerical quark-antiquark potential at r>0.3 fm in a
temperature region from lattice QCD calculations. When
the distance between the quark and the antiquark be-
comes large, the quark-antiquark potential at a given tem-
perature becomes a constant value, which decreases with
an increase in the temperature.

The second term V(7) in Eq. (9) is the spin-spin in-
teraction, which originates from one-gluon exchange and
perturbative one- and two-loop corrections [24]; it de-
pends on the constituent masses, and includes relativistic
effects [1-4, 25]:
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(11)

where §, (5)) is the spin of constituent a (b), and d is giv-
en by

2= d2 1 4mymy 4 - 2mgmyp 2 (12)
2" 2\ (g +mpy? \mg+my)

=0.15GeV and d, = 0.705.

mamy,’

where d,
4 Numerical cross sections and discussions

We consider the following inelastic meson-meson
scattering processes that mainly take the two Feynman
diagrams in Fig. 1:

KK — KK*, KK — K*K, 7K —nK*, nK — pK,
ar— KK*, nr— K'K, nn— K*K*, np— KK,
ap— K*K*, pp— K*K*, KK*—pp, K'K— pp.

The total spin of 7 and K mesons is not equal to the
total spin of 7 and K* mesons or of p and K mesons, i.¢.,
the total spin in either 7K — 7K* or 1K — pK is not con-
served. Thus, quark interchange does not occur in the two
reactions. M, 5, and M,g,4, are proportional to the flavor
matrix elements. If the transition amplitudes equal zero,
the unpolarized cross section given in Eq. (1) is zero. As
seen in Table 1, the flavor matrix elements for the two re-
actions for I = 3/2 are zero. Quark-antiquark annihilation
and creation does not happen in the two reactions for
I =3/2, too. Therefore, cross sections for 71K — nK* for
I=3/2 and 7K — pK for I =3/2 are zero in the present
work; however, we still investigate 71K — 7K* for I =1/2
and 7K — pK for I =1/2 of which M,z ,,s are not zero.
The other reactions must involve quark-antiquark annihil-
ation and creation, but do not involve quark interchange.

It is shown in Table 1 that only the right diagram in
Fig. 1 contributes to the reactions 7 — KK*, nr — K*K,
am— K*K*,np — KK, mp — K*K*, pp — K*K*, KK* — pp,
and K*K — pp. Because the flavor matrix elements for
the reactions for 7 =0 are V6/2 times the ones for = 1,
the cross sections for the reactions for 7 =0 are 1.5 times
the cross sections for 7=1. The cross section for
KK — K*K (nmn— K*K, K*K — pp) equals the one for
KK — KK* (nmm — KK*, KK* — pp). Thus, we do not plot
the cross sections for KK — K*K, nm— K*K, and
K*K — pp.

. .2 .
The gauge coupling constant is d for quark-anti-

quark annihilation and creation [19, 22]. According to Eq.
(1), we calculate unpolarized cross sections at the six
temperatures 7/7. =0, 0.65, 0.75, 0.85, 0.9, and 0.95. In
Figs. 3-12 we plot the unpolarized cross sections for the

Table 1. Flavor matrix elements.

Channel Maq,é;f Mat?.q:f
I=1KK - KK* 0 1
I=0KK — KK* 2 1
I=1KK - KK 0 1
I=0KK - K'K 2 1
I=3/2nK — nK* 0 0
I=1/2nK — nK* 0 %
I1=3/27K — pK 0 0
I=1/2 71K — pK 0 %

I=1nr~ KK* 0 -1
I1=0ar— KK* 0 _?
I=1nn— KK 0 -1
I=0nr > KK 0 —g
I'=1nr— KK 0 -1
I=0nr— K*'K* 0 _?
I=17p— KK 0 -1
I=0rp— KK 0 _g
I=17p— K*'K* 0 -1
I=0mp— K*K* 0 _\/76
I=1pp— K'K* 0 -1
I=0pp— K'K* 0 _\/76
I=1KK* - pp 0 -1
I=0KK*— pp 0 _\/76
I=1KK—pp 0 -1
I=0K"K — pp 0 _\/76

following ten channels:

I=1KK— KK*, I=0KK —» KK*, I=1/27K — nK*,

I=1/27K - pK, I=1nan— KK*, I=1an— K*K*,
I=1np— KK, I=1m0— K*K*,
I=1pp— K*K*, I=1KK*— pp.

The last channel is endothermic at 7/7T. = 0 and exo-
thermic at T/T. = 0.65, 0.75, 0.85, 0.9, and 0.95. The oth-
er nine channels are endothermic. The numerical cross
sections for endothermic reactions are parametrized as

i (B8 ol 5]

o a5,
(13)
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where +/so is the threshold energy, and ay, by, e, az, ba, The parameter values are listed in Tables 2-4. In the
and e, are parameters. The numerical cross sections for three tables the quantity dy is the separation between the

exothermic reactions are parametrized as

peak's location on the v/s-axis and the threshold energy.

S . The smaller d; is, the faster the cross section increases
unpol P2 ‘/__ ‘/S_O ‘ ‘/__ ‘/S_O 0 . . .
ol (s, T) = 4l | Pl 1—b— from zero to the peak cross section. The quantity /s, is
P ! ! the square root of the Mandelstam variable at which the
(23 . . .
g Vs — \/S_o) Mexp o1 Vs — /50 (14)  Cross section is 1/100 of the peak cross section. The
2|l ——— 2|l ——]|¢- . . .
by by quantity +/s; — v/so —dp is the difference between +/s; and
LS ] 072"' UL
; : a3 TT,=0 E
1.50 TIT,=0 3 061 ]
125F E 0.5F
= S 04 E
g 100 ] E 04
£ o5t E 2 03f
© r 0.95 ] r
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025F E 01k
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Fig. 3. (color online) Cross sections for kKK — Kk K* for [ =1

at various temperatures.
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Fig. 4. (color online) Cross sections for kK — KK*for I =0

at various temperatures.
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Fig. 5. (color online) Cross sections for 7K — nK* for [=1/2

at various temperatures.
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Fig. 6. (color online) Cross sections for 7K — pK for I=1/2
at various temperatures.
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Fig. 7. (color online) Cross sections for zr — KK* for 1
at various temperatures.
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Fig. 8. (color online) Cross sections for zx — K*K* for I =1
at various temperatures.
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Fig. 9. (color online) Cross sections for np — KK for /=1 at

various temperatures.
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Fig. 10. (color online) Cross sections for 7p — K*K* for I =
1 at various temperatures.
105""I""I""I'"'I""I'"'I""I""I""I"";
1
g
= 0lf
% 0.9
0.01 | -
E AR
! . 0.85
- | NN
0.001 Loeotiwa e b b et e Nt
0 05 10 15 20 25 3.0 35 40 45 50
52 (GeV)
Fig. 11.  (color online) Cross sections for pp — K*K* for I =

1 at various temperatures.

the peak's location on the +/s-axis. The smaller
\S:— \/so—dp is, the faster the cross section decreases
from the peak cross section to zero.

The potential given in Eq. (9) depends on the temper-
ature. The Schrodinger equation with the potential yields
temperature-dependent meson masses. For any endo-
thermic (exothermic) 2-to-2 meson-meson reaction the
threshold energy is the sum of the masses of the two fi-

1005""I""I""I""I""I""I""I""
10 £
) 1t
E |
B : \
B 015— |
i .
r N
001 |
0.001-....I....I....I....I....... PN PRI
0 05 1.0 15 20 25 3.0 35 40
s'2 (GeV)
Fig. 12.  (color online) Cross sections for KK* — pp for /=1

at various temperatures.

nal (initial) mesons. Because the meson masses decrease
with increasing temperature, the threshold energy de-
creases with increasing temperature.

Let my (mg, mc, mp) be the mass of meson A (B, C,
D). In terms of the meson masses we have

I | \/(s—mf\ —m%)2 —4mim%

Pl=-
|I2

Pt \/(s—mg—mg>2_4mgm;)
2 s '

>

N

For endothermic reactions the threshold energy is
\/so = mc +mp, and we obtain

|| \/ws- VSO(V5 + V50)ls — (me —mp)?]

Bl [s— ma +mp)21Ls — (ma —mp)?]

. P’
When +/s is close to +/5q, | »|
P|

/

is sensitive to vs— +/5¢.

Because Eq. (1) contains

the unpolarized cross sec-

Bl
tion in Eq. (13) may be proportional to (+/s— /50)">.
(Vs+ v/so)ls — (mc —mp)*]

[s = (ma +mp)?][s — (ms —mp)*]

ﬁ/
| — | and the
{ [P
3 | Mag,g, + Mag,q, I* in Eq. (1) modify the dependence of

Nevertheless, the factor \/

in the factor

expression  of

the unpolarized cross section on /s — 4/so. Therefore, we
use (vs— +/50)* and (/s— +/s0)> in Eq. (13) instead of
(Vs — /50)*. Indeed, it can be observed from Tables 2-4
that the values of e; and/or e, are near 0.5.

ool /5. T) denotes the cross sections calculated
from Eq. (1), which are plotted in Figs. 3-12. By compar-
ison, o-}’,ZfaOI( V/s,T) denotes the cross sections given by
Egs. (13) and (14). We change ay, by, e, az, b, and e, to
make | (Thats (VS T) =0 (VS, T)/oup (V. T) | as

small as possible. The parameter values that make
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Table 2. Values of the parameters. a; and a, are in units of millibarns; by, b,, dy, and /s, are in units of GeV; e, and e, are dimensionless.

reactions T/T, a by ey a by e dy Vs
I=1KR - KR* 0 0.14 0.173 03 127 0.124 0.6 0.125 3.06
0.65 0.1 0.209 0.2 0.9 0.142 0.7 0.15 291

0.75 0.1 0.26 1.0 0.69 0.128 0.5 0.15 2.87

0.85 0.1 0.03 0.5 0.4 0.157 0.51 0.1 2.82

0.9 0.2 0.04 0.6 0.35 0.153 0.41 0.075 2.77

0.95 0.3 0.21 0.5 0.32 0.035 0.45 0.05 2.76

I=0KK — KK* 0 4.0 0.108 0.63 3.05 0.251 0.44 0.125 7.21
0.65 33 0.127 0.67 1.5 0.267 0.35 0.15 6.12

0.75 2.5 0.114 0.56 1.3 0.25 0.39 0.15 5.78

0.85 1.1 0.059 0.5 1.4 0.195 0.45 0.075 5.58

0.9 1.4 0.183 0.4 1.7 0.04 0.5 0.05 5.34

0.95 1.6 0.16 0.33 2.0 0.03 0.52 0.025 5.74

I=1/27K — nK* 0 0.4 0.22 1.5 0.45 0.329 0.5 0.225 6.47
0.65 0.3 0.18 1.0 0.26 0.275 0.4 0.25 5.78

0.75 0.1 0.33 0.3 0.33 0.2 0.8 0.25 5.71

0.85 0.2 0.17 0.5 0.04 0.439 0.4 0.15 5.81

0.9 0.07 0.1 0.9 0.17 0.219 0.4 0.15 6.05

0.95 0.1 0.1 0.5 0.15 0.308 0.47 0.15 6.23

1=1/27K — pK 0 0.309 0.33 0.5 0.33 0.18 1.1 0.225 6.22
0.65 0.061 0.84 0.29 0.29 0.21 0.8 0.25 4.81

0.75 0.15 0.19 0.8 0.09 0.34 0.4 0.25 4.78

0.85 0.055 0.4 0.5 0.1 0.14 0.5 0.15 4.94

0.9 0.05 0.61 1.4 0.11 0.1 0.5 0.15 5.02

0.95 0.05 0.71 1.6 0.12 0.12 0.5 0.15 5.37

Table 3. The same as Table 2, but for three other reactions.

reactions T/T, ai by el a by e do Vs
I=1nr— KK* 0 0.15 0.25 0.7 0.03 0.28 2.2 0.3 3.69
0.65 0.06 0.2 1.0 0.09 0.24 0.5 0.2 33

0.75 0.016 0.35 0.4 0.095 0.19 0.6 0.2 3.17

0.85 0.004 0.41 0.2 0.06 0.2 0.6 0.2 3.0

0.9 0.011 0.26 0.3 0.041 0.2 0.7 0.2 291

0.95 0.01 0.17 0.3 0.06 0.22 0.6 0.25 2.82

I1=1nr— K*K* 0 0.09 0.22 1.0 0.3 0.31 0.7 0.25 4.76
0.65 0.13 0.5 1.9 0.098 0.09 0.6 0.3 3.61

0.75 0.024 0.83 8.0 0.09 0.225 0.56 0.3 3.35

0.85 0.013 0.98 8.6 0.022 0.24 0.54 0.35 3.08

0.9 0.008 1.13 7.42 0.012 0.26 0.5 0.45 3.03

0.95 0.003 1.42 15.0 0.0181 0.41 0.5 0.35 3.01

I=1np— KK 0 0.55 0.3 2.6 0.58 0.174 0.6 0.3 2.98
0.65 0.082 0.25 1.7 0.19 0.163 0.5 0.2 3.04

0.75 0.027 0.22 1.5 0.11 0.17 0.5 0.2 3.09

0.85 0.003 0.23 24 0.053 0.18 0.5 0.2 3.11

0.9 0.005 0.5 1.3 0.04 0.16 0.5 0.2 3.08

0.95 0.01 0.46 1.2 0.04 0.16 0.5 0.2 2.97
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Table 4. The same as Table 2, but for three other reactions.

reactions T/T, aj b el a b, e dy Vs
I=1rp— K'K* 0 0.4 0.61 2.0 0.6 0.13 0.7 0.225 4.77
0.65 0.048 0.78 3.9 0.073 0.17 0.6 0.35 3.96

0.75 0.017 0.13 0.6 0.024 0.7 3.1 0.55 3.65

0.85 0.0012 0.1 0.63 0.006 0.65 1.88 0.75 3.18

0.9 0.0019 0.13 0.63 0.0051 0.66 1.81 0.5 3.02

0.95 0.01 0.544 1.1 0.006 0.1 0.5 0.25 2.9

I=1pp— K'K* 0 3 0.1 0.72 1.49 0.32 0.5 0.1 423
0.65 0.165 0.16 0.54 0.1 0.98 4.5 0.15 3.98

0.75 0.016 1.0 4.0 0.04 0.26 0.6 0.25 3.72

0.85 0.0104 0.377 1.21 0.0017 0.58 0.57 0.3 3.25

0.9 0.006 0.29 2.1 0.01 0.36 0.78 0.25 2.9

0.95 0.017 0.32 0.5 0.031 0.21 1.3 0.2 2.53

I=1KK*—pp 0 2.2 0.11 0.7 1.0 0.29 0.3 0.1 4.6
0.65 0.18 0.33 0.23 0.35 0.05 0.6 0.05 4.0

0.75 0.048 0.87 1.7 0.09 0.07 0.45 0.05 3.96

0.85 0.006 1.18 4.2 0.012 0.19 0.51 0.2 3.56

0.9 0.005 0.092 0.6 0.007 0.7 1.7 0.3 34

0.95 0.002 1.21 18 0.01 0.32 0.5 0.25 3.28

| (T (5, T) = o (5, T)) [ (+/5,T) | smallest are
provided in Tables 2-4.

A feature of the endothermic reactions in Figs. 3-11 is
that the peak cross section decreases first and then in-
creases as the temperature increases. As the temperature
increases from zero, confinement shown by the potential
in Eq. (10) gradually becomes weaker, the Schrodinger
equation produces increasing meson radii, and the meson-
ic quark-antiquark states become looser and looser. On
one hand, as the temperature increase, the weakening
confinement makes combining final quarks and anti-
quarks to form final mesons more difficult, and thus re-
duces the cross sections. On the other hand, the increase
in the radii of initial mesons causes an increase in the
cross sections as the temperature increases. The two
factors determine the change in peak cross section with
respect to the temperature. Another feature is that the
cross section increases rapidly from zero to a maximum
value when the total energy of the two initial mesons in
the center-of-mass frame increases from the threshold en-
ergy; the cross section further decreases from the maxim-
um value or exhibits a plateau on the right of the peak as
seen in Figs. 8 and 10.

The unpolarized cross sections for KK — KK* for
I=1 and for /=0 are shown in Figs. 3 and 4, respect-
ively. Quark-antiquark annihilation and creation takes
place in the two isospin channels. If M, 5, (Maz,4,) for a

reaction equals zero, the left (right) diagram does not
contribute to the reaction. From Table 1, it can be ob-
served that the two diagrams in Fig. 1 contribute to
KK — KK* for I =0, and only the right diagram contrib-
utes to KK — KK* for 7 =1. The peak cross section of
KK — KK* for I =0 at a given temperature is more than
four times the one for 7 = 1, and +/s; for I =0 in Table 2 is
approximately two times that for 7 = 1. When T/T, =0,
0.65, and 0.75, dy of KK — KK* for I =0 is equal to dy
for 1=1, when T/T.=0.85, 0.90, and 0.95, dy of
KK — KK* for I =0 is less than d, for 1 = 1. Therefore,
the cross section for KK — KK* for I =0 is larger than
the one for KK — KK* for [ = 1.

The unpolarized cross section for KK — pp for [ = 1 is
shown in Fig. 15 of Ref. [16], and that for KK* — pp for
I = 11s shown in Fig. 12 in the present work. At zero tem-
perature, the peak cross section for KK — pp for [ =1 is
smaller than that for KK* — pp for | = 1; the cross sec-
tion for KK — pp for | = 1 decreases from the peak cross
section slower than that for KK* — pp for | = 1 because
/s, of the former is larger than that of the latter. When
the two reactions are exothermic, the cross section for
KK - pp for =1 decreases slower than that for
KK* — pp for [=1 with increasing center-of-mass en-
ergy of the two initial mesons from the threshold energy
plus 10 * GeV.

In the present work and in Ref. [16], we studied the
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following reactions: KK — KK* K*K, and K*K*
nm— KK, KK*, K*K, and K*K*, np — KK, KK*, K*K,
and K*K*. As an example, we compare the production of
KK* with the production of K*K* in the K + K reaction.
The unpolarized cross sections for KK — K*K* for [ =1
and for 7 =0 are shown in Figs. 8 and 9 of Ref. [16], re-
spectively. Quark-antiquark annihilation and creation
takes place in the two isospin channels. The peak cross
section for KK — KK* for [ = 1 (I =0) at a given temper-
ature is larger than that for KK — K*K* for =1 (I=0).
The Mandelstam variable /s corresponding to the peak
cross section for KK — KK* is smaller than that corres-
ponding to the peak cross section for KK — K*K* at a
given temperature. Because the two reactions have the

2
> 8 1 12 -
Vagar(k) = —k—; 3151(31)12(42) +54,3D- /1}(42)] x

4000 b N
5BD@2)~ =161 1 (42)] [—

same initial mesons, the initial mesons in KX — KK*
have a smaller value of | P|, corresponding to the peak
cross section than in KK — K*K*. The cross section giv-
en by Eq. (1) is proportional to the inverse of s|P|.
Therefore, the peak cross section for KK — KK* is larger
than that for KK — K*K*.

The total spin of the two final mesons may not equal
the total spin of the two initial mesons in the reactions in
the present work. This can be attributed to a quark-anti-
quark potential, which is equivalent to the transition po-
tential in Eq. (4). The quark-antiquark potential is ob-
tained from the transition potential under the Fierz trans-
formations in Ref. [16],

3 1,
5—50'(31)-0'(42)

L 0@ puc(2)-pp  0GD-p0GBD)-p1 360G p10E2) B GG F10ED) P GG F30(42) o

2
8mymy 8mymy qu

8mymy 8mymy

L 306D -p30M2) - pu  GBDHIGD - f10(42)5E2) GOHIGD - f15(42)-pad42)  FG1)- 30 (31) - G(42)F(42)- p

2 8m2

8m 7 7

L IGD-pG1)IA2) fad(42)  G(42)-pad(31)- G(42)3(42)-pr _ (1) p36(31)-G(42)F 3D - pi

8mymy 8mymy

s)

2
8m, 8mgmg

b
8mymy ]

where /l?c is a 33 unit matrix in flavor space, 1 4 are the Gell-Mann matrices that operate in flavor space, and 2° is a
3 x 3 unit matrix in color space. The superscript 7 in Egs. (15), (16), and (19)-(21) denotes transposition [26].
For the left diagram in Fig. 1, the quark-antiquark potential corresponding to ¢; + g» — ¢3 + g4 1s between ¢ and g»,

2
g 1 1 = >
=396 DA%42) + 5@(31)1?(42)

Vaqw_hF(lz) = _k2 3

N 0'(42) - P3.0(42) - P, . 31 - Pg,0(31)- P, . 30(31)- Py, 0(42) - Py,

4 0 0 3T
X[§A 3BhHa (42)—6/1(31)% (42)] [—

J

1 - -
50G1)-3(42)

\OY ON]

d(31)- p,,0(42)- py,

F(31)- Py, 0(42) - Py,

8my, my, 8my, my, 8m3, 8mgy,my, 8mgy,my,
L 30CD A, 04 Fy, FGNIGD) 5, 0@DFE By, FBDFGL): ), F42)- Pr.o(42)
8m§3 8m3,1 8my, my,
N d(31)- ﬁ% (31)-F#(42)(42)- Pa, N a(31)- Pa, d(31)a(42)- Pa.0(42)
8my, my, szzb
_ 0(42) - p5,06(31) - 0(42)0(42) - 5, B d(31)- p,,0(31)-0(42)d(31) - p,, ] (16)
8my, my, 8my, my,

To carry out the Fierz transformations, quark 3 (antiquark 4) and quark 1 (antiquark 2) must have the same flavor. Then,
quark and antiquark masses possess mg, =m,, and mg, =mg,. For convenience we use p, =p, and p, = ps. The
Hamiltonian corresponding to the left diagram in Fig. 1 is

Hi =Vagq.r(R) + Vyg, + Vaa, + \/mél + 72+ \/mé +ﬁ§h + \/méz + 2+ \/mgh +ﬁ§h, (17)
where V, 5, and V,,;, are the Fourier transforms of V,,(7) in Eq. (9). The total spin of the two mesons is
§=8,+55+S5,+S55. (18)

The commutator of the z component S, of the total spin and the Hamiltonian is
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g 1 1 1o 4 1 ) )
[Squ]:_k_; (3/12| /10 Z/l‘IIf./lT )(9/12/122 12/1 g X{0—’?2}’[pC}zZp1?2y_p‘?2yp1?21_p%yp%l-{_p%lp%y

+ Py yPhe — pq|zpq2y = PyyPase + PPy + PyyPase = PaePay + PaePay = PayPaz) + Tauxl PG, Paux = PoxPac = PaxPanz
+PgePgx + PgxPi. — PazPx = PaxPasz + P iPaox + PoyxPaye = PagePax + Py zPaix = PaxPaz) + Ta iy Py :Pay = PyyParz
= Pg.2Pay + PayPa: = PgiPay + PayPaz + PyzPay = PayPa + PPy = PayPau: + PanePary = PyPascl + TgixlPy, - Py.x
~ PyxPaz = PgePax + PaxPase — PacPiyx + PanxPaz + Py cPiox = Py xPase + Py el = Pyxlise + PizPane — PixPanc]
+104,x05,:[=3Pg,yPgz + PaiyPi. + PoyPa: = 3PP = PazPasy + Py 2Py + PazPsy = PayePay + PayPin: + P cPany
+ Py Pay + PgyPaz) T 10490 3,2[3Pg,xPa.e = PgixPy,: = Py xPase + 3Pg xPaz + PaiePaox = PaieP,x — Py Paux + Py Py«
= P.ePax = Pyxlise = Py Pave = Py xPaa) + 10 qxTay + 04 3T 3,.0[4Pg,xPae = 4P,y Pasy = 2PgxPix + 2Paiy Py
=2 «Paux + 2Dy 3Py + 4Dy P = A0y Py = 2P5 xPanx + 2D5.yPary = 2Py xPaix + 2P gy Paiyl + (04,0 g,y
~ 04x T3, 4Pg,yPax + 4PaixPary = 2PaiyPiox = 2PaxPiy = 2Py Piox = 204 xPasy + 4P P + 4P xPiy = 2P,y Piox
~2Df wPasy = 20y Paix = 20, xPaiy) + 104,204,y [3Pg,ePaux = PayePx = PyiPase + 3Pt Piux + PauxPane = PagyxP
= Py xPae+ Pyalhz = PayePasx = PaxPae = Py 2Paix = PyxParz) + 104,20 a,5l=3Pg,ePay + PazP.y + Py Pasy
= 3P4, Phy — PayPae + PPz + PyyPa: = PayPz + PrcPay + Paylae + Py sPaiy + PyyPaicls (19)
where pix, piy, and p;; are the three components of the momentum of incoming quark i (i = q1,32); p},, p;y, and p;_are the
three components of the momentum of outgoing quark i (i =q,32); 0¢,x, 04y, and oy, are the three components of
#,, =3(31); 0z, 0gy and oy, are the three components of J-q = #(42); /lo =0 6D, 20 o= /lo 1(42),
qu r= 1 (31, Zqz r= 1 £(42), /121 = 2031), /122 = 210(42); /qu =1(31), and /T = 1(42). Applymg the momentum conserva-
tion 7, = Py, + Py, — Py, We obtain
(S, H]= —i—; 8;151 (; A0+ ; Ay AL f)(SAS,AO 1121 AL | %A g [Pl yPaz + PlyyPas: = Ply2Pay = Ply2Pasy + PasyPasz
= PgzPaiy) + T, [Py xPac + Py xPasz = Py oPax = Py ePaox + PanxPaz = PaszPaix) + TPl Py = PyyPaiz = PavePasy + Py, 2Pasy
+ PgiyPae — PayPad + Tqxl Py . Paix = PygisPaiz = PaizPax + Py :Paox + PgxPaz = Py xPaoc] + 104,30 3,2 [~ Py iy P, = 3P4 Pz
=3Py yPazt 4Dy Py = PyePay + PacPasy + 2Pa2Pasy + 2P,y Pase = P cPaiy) + 10 4,y0 4,2 PgixPa.e + 3P xPayz + 30 1 Panz
—A4py Pyt Py Pax — PazPiux ~ 2Pa,2Pgx = 2PqielPagx + PP + U0 4 xT g,y + T4y 0 3,.0[4P) 1Py + 4Dy 1P
= 4Dy Py = 4Py yPay =405y Pay + APgy Py + 2PayPary = 2PaixPax + 2Pa.y Py = 2Pg,xPg.x]
+i(04,y0 gy = T4 x05,0[4Py  Pary + 4Py Pary = 8P x Py + 4PgyPaix + 404 yPaox = 4PgixPayy = 4Py Pg.x]
+i04,:0,5[PgePg.x + 3P, :Pgix + 305, :Paix — 4P, :Pygx + Py xPaz + Py xPaz — PqixPisz — 2P3.xPg: — 2Pg,xPg,z)
+1004,:05,xl=PgzPgz — 317:]1117111)' - 317:1,117(?2)1 + 4p;,zp;,y - p:hypqzz - P;lypq.z +2pg,:Pay + 2PgyPa.c + PgyPacl}- (20

Replacing the subscripts, x in Eq. (20) with y (z), y with z (x), and z with x (y), we obtain [S, H,] ([S,,H]). Clearly,
(S« Hil, [Sy,Hi], and [S;, Hi] may not be zero. Therefore, S, Sy, and S, may not be conserved, and hence, the total spin
may not be conserved, i.e., the total spin of the two final mesons may not equal the total spin of the two initial mesons.

For the right diagram in Fig. 1, the quark-antiquark potential corresponding to g1 + g2 — ¢3 +ga is between ¢, and g,

3
Vag.g,r (k) = gé /10(32)10(41)+ Af(32) /lf(41) 40(32)/10(41)— 1(32) @ [———-0—(32) F(41)
N 0(41)~pq40'(41) - Pa, . 0(32)- p,,0(32)- By, . 37(32) ~pq20'(41)-pql B 0(32)- p,,0(41) - p, B 0(32)- p,0(41)- g5,
8my,my, 8myg,mg, 8"12, 8mg,myg, 8mg,myg,
30'(32) g, 0 (41)- pq4 3(32)0(32) - P, (A1) (41) - pq1 7 (32)0(32) - Py, 7(41) - Pz, (41)
8m‘13 Sml]z 8m‘]2m%
N 7(32)- pg,0(32) - (41)d(41) - g, . F(32) - P, 0(32)3(41) - pz,0*(41)
Sm‘bm‘b Sm;
0(41)- p5,0(32)-(4)o(4l)- g5, (32)- P, 5(32)-3(41)F(32) - Py, o1
8m’12m¢I3 Sm‘hm‘h ' ( )
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To carry out the Fierz transformations, quark 3 (anti-
quark 4) and quark 2 (antiquark 1) must have the same
flavor, and the quark and antiquark masses should satisfy
mg, = mg, and mg, = mg. The Hamiltonian corresponding
to the right diagram in Fig. 1 is

H2 :V“‘hQLF(k) + V‘Il‘?l + V‘Iz‘?z
+ \/mgl + 72+ \/mc211 +ﬁ§1l
+ \/mé + 72+ \/mf?z +ﬁ§z. (22)

We may obtain the commutator [S,, H;] from [S,,H;] in
Eq. (20) by the replacements ¢, « ¢» and g, & g>. We
can also obtain [S,,H>] and [S,,H,] from [S,,H,] and
[Sy,Hi] by the replacement. [S , H>], [S, H2], and [S;, H»]
may not be zero. This indicates that S, S, and S, may
not be conserved, and hence, the total spin may not be
conserved, i.e., the total spin of the two final mesons may
not equal the total spin of the two initial mesons.

The development in spherical harmonics of the relat-
ive-motion wave function of mesons A and B (aside from
a normalization constant) is given by

0 L

[T §:§:L S

e'Puarasn Taa o =4 i JL,(I DPq.Gv.q: |rq1t?|,q:qz)
L=0M=-L

X YZ,M,(ﬁ%‘_Inqzq:)YLva(;‘41‘71’4217:)' (23)

The development of the relative-motion wave function
of mesons C and p (aside from a normalization
constant) is

0 L,

Darar vy Tardi iy — Lo -
e'Paai i T g _471-2 Z i ’]L.(| Pasinaris | rqanq;@)
Li=0 M;=—L;

X Y}:Mr(ﬁq;q“qﬂ%)YLfo(?‘IJqMIz@)’ (24)

in Mg, and

o L
1Dy a0 4300 Tayqeady — Jpos > _ ~ B
e T _4”2 Z " jl Pagoga: | Ta.a.0:2.)
L=0 My=—L,

X Ysz.-(ﬁqM?uflzq:)YLxM' (?41514,113!72)’ (25)

in Mug,q,- Yim(?) are the spherical harmonics with the or-
bital-angular-momentum quantum number [, and the
magnetic quantum number ), and # denotes the polar
angles of 7. Let S (S’) and S (S7) be the total spin of
mesons A (C) and B (D) and its z component, respect-
ively. In the transition amplitudes we have

Sa+Ss S
D (5484585 SS)

S§=[8,=S5|S.=—

L+S J

x Y (LMiSS: | ), (26)

J=|L-S|J.=—J

YLMXS,S.XSsSs =

S48, S8
YL M XSS XS 050 = D (ScSc:SnSnelSS)
S'=lS =Sl S1=-5"
L+S’ J
x> W MS ST T
=L -S| =T

27
where the Clebsch-Gordan coefficients are used. The
spherical harmonics and the spin wave functions are
coupled to the wave functions <p§ , and goj;/ » Where J (J')
is the total angular-momentum quantum number of the
two initial (final). mesons, and J; (J)) is its z component.
Even though the total spin of the two final mesons may
not be equal to the total spin of the two initial mesons in
the reactions listed in Table 1, the total angular mo-
mentum of the two final mesons equals the total angular
momentum of the two initial mesons. In addition, parity
is conserved. The parity conservation connects the orbit-
al-angular-momentum quantum numbers in the relative-
motion wave functions of the initial and final mesons.
The orbital-angular-momentum quantum numbers are se-
lected to satisfy the parity conservation, symmetrization
of wave functions of identical bosons, and J = J’. For ex-
ample, L;=L;=J excluding L;=Ly=0 is required in
KK — KK*, KK — K*K, 7K —nK*, 7K —pK, and
mp— KK; Li=Ly=J with L; >0, odd L; for /=1, and
even L; for I =0 in ar — KK* and nnr — K*K . In practic-
al calculations, the summations over L; in Eq. (23) and
over Ly in Egs. (24) and (25) are from 0 to 3.

5 Summary

From the transition potential and the mesonic quark-
antiquark relative-motion wave functions, we calculated
the unpolarized cross sections for the 2-to-2 meson-
meson reactions that arise from quark-antiquark annihila-
tion and creation in the first Born approximation. The fol-
lowing reactions were studied: KK — KK*, KK — K*K,
nK — nK*, 71K — pK, nn — KK*, nim — K*K, nim — K*K*,
np— KK, np— K'K*, pp— K'K*, KK*—pp, and
K*K — pp. The Hamiltonian of the two mesons contains
the quark-antiquark potential, which is equivalent to the
transition potential. We derived the commutation rela-
tions of the total spin of the two mesons and the Hamilto-
nian. Owing to the quark-antiquark potential, the com-
mutators may not be zero, and the total spin may not be
conserved in the reactions. As the center-of-mass energy
of the two initial mesons increases from the threshold en-
ergy, the cross sections for the endothermic reactions in-
crease very rapidly to the peak cross sections first, and
then decrease or display plateaus for n7r — K*K* and
np — K*K* at some temperatures. The cross sections ex-
hibit remarkable temperature dependence. To use the
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cross sections conveniently, we parametrized the numer-
ical cross sections for the ten isospin channels of reac-
tions. Based on the flavor matrix elements, the cross sec-

tions for the other isospin channels of reactions can be
obtained from the cross sections for the ten channels.
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