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Abstract: In the first Born approximation, we study the reactions K¢ — 7K, pK, 7K*, and pK* with quark-anti-

quark annihilation and creation. Transition amplitudes are derived with the development in the spherical harmonics

of the relative-motion wave functions of two initial mesons and two final mesons so that parity is conserved and the

total angular momentum of the final mesons equals that of the initial mesons. Unpolarized cross sections are calcu-

lated from the transition amplitudes that also contain mesonic quark-antiquark relative-motion wave functions and

transition potentials for quark-antiquark annihilation and creation. The notable temperature dependence of the cross
sections is shown. The cross sections for K¢ — pK, K¢ — nK*, and K¢ — pK* may be of the millibarn scale,

whereas the cross section for K¢ — 7K is small.
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I. INTRODUCTION

Since enhanced ¢ yield was first suggested as a signa-
ture for the formation of quark-gluon plasmas [1, 2],
many measurements on ¢ mesons have been made in re-
lativistic heavy-ion collisions, such as Au-Au collisions
at the BNL Relativistic Heavy Ion Collider [3—11] and
Pb-Pb collisions at the CERN Large Hadron Collider
[12—15]. Measured ratios such as ¢/, ¢/K, and Q/¢ ex-
hibit enhancement in ¢ mesons produced in relativistic
heavy-ion collisions relative to p+p collisions. This indic-
ates that strange quarks and strange antiquarks are pro-
duced in parton-parton scattering in initial nucleus-nucle-
us collisions and deconfined matter. The combination of a
strange quark and strange antiquark forms a ¢ meson at
the hadronization of quark-gluon plasma. The ¢ meson in
collisions with hadrons in hadronic matter may be
broken, and this changes the ¢ yield. For example, the ¢
nuclear modification factor as a function of transverse
momentum is smaller than 1 for central and midcentral
Au-Au collisions at the center-of-mass energy per nucle-
on-nucleon pair +/syy =200 GeV [3, 6] and for central
and midcentral Pb-Pb collisions at +/syy =2.76 TeV
[13]. Therefore, studying inelastic hadron-¢ scattering is
fundamental in relativistic heavy-ion collisions.

Hadron-¢ reactions can be studied in hadron degrees
of freedom [16—22] or quark degrees of freedom [23, 24].
Starting from an effective meson Lagrangian, Feynman
diagrams with one-kaon exchange have been considered,
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and squared invariant amplitudes for n¢ — KK*+K*K,
p¢p — KK, and ¢¢ — KK were provided in Ref. [17]. By
using a Lagrangian based on an effective theory in which
vector mesons are identified as the dynamical gauge bo-
sons of the hidden U(3)y local symmetry in the
UQ3)LxUB3)r/U3)y nonlinear sigma model, large cross
sections for K*¢ —» nK and K¢ — nK* were obtained in
Ref. [22]. With n¢p coupling, cross sections for
¢N — N, ¢N — pN, and ¢N — A were obtained in Ref.
[20]. With NAK coupling, cross sections for ¢N — KA
were shown to be considerably larger than those for
¢N — N, §N — pN, and ¢N — nA. Experimental efforts
to extract the ¢ + N total cross section from d(y,pK*K )n
have been made by the CLAS Collaboration [25]. The
¢+ N cross section may lead to a difference in ¢ produc-
tion between n~-induced reactions on C and W targets
[26]. Inelastic 7+ ¢ scattering and inelastic p+ ¢ scatter-
ing were studied in Ref. [23] in the quark interchange
mechanism [27, 28]. By adopting temperature depend-
ence in a quark potential, mesonic quark-antiquark wave
functions, and meson masses, prominent temperature-de-
pendent cross sections were obtained for inelastic 7+ ¢
and p+¢ scattering in hadronic matter [23]. Besides pi-
ons and rho mesons, kaons in hadronic matter also inter-
act with ¢ mesons. However, the quark-level study of in-
elastic K+¢ scattering has not yet been conducted.
Moreover, the temperature dependence of inelastic K + ¢
scattering is unexplored both experimentally and theoret-
ically. Therefore, this study aims to investigate inelastic

©2023 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

084102-1


http://orcid.org/0000-0001-5489-9275

Yi-Hao Pan, Xiao-Ming Xu

Chin. Phys. C 47, 084102 (2023)

K + ¢ scattering and its temperature dependence.

Some meson-meson reactions may be dominated by
the process of a quark and an antiquark annihilating into a
gluon, followed by the gluon creating another quark-anti-
quark pair. Such quark-antiquark annihilation and cre-
ation has been used in Refs. [29, 30] to obtain unpolar-

ized cross sections for the reactions &m— pp,
KK - K*K*, KK*— K*K*, K'K—- K'K*, nn— KK,
no— KK*, n1p—> KK, KK-pp, KK-— KK,

KK — K*K, nK — nK*, nK — pK, imr — KK*, imr — K*K,
nn — K*K*, ip — KK, np — K*K*, pp — K*K*, KK* — pg
and K*K — pp. The s quark (or 5 antiquark) of a kaon
may annihilate with the 5 antiquark (or s quark) of a ¢
meson to produce a gluon, and subsequently, the gluon
splits into a uit or dd pair. The uit or dd pair combines
with spectator constituents of the K and ¢ mesons to form
two mesons that are not ¢ mesons. Thus, quark-antiquark
annihilation and creation leads to inelastic K + ¢ scatter-
ing. By contrast, quark interchange does not cause in-
elastic K+ ¢ scattering. The mechanism that governs in-
elastic K + ¢ scattering completely differs from the mech-
anism that governs inelastic 7+¢ and p+¢ scattering.
Therefore, with quark-antiquark annihilation and cre-
ation in the first Born approximation, we study the reac-
tions K¢ — 7K, K¢ — pK, K¢ — nK*, and K¢p — pK*.

The remainder of this paper is organized as follows.
In the next section, we derive transition-amplitude formu-
las for 2-to-2 meson-meson scattering driven by quark-
antiquark annihilation and creation. Numerical results and
relevant discussions are given in Sec. IIl. A summary is
presented in the final section.

II. FORMALISM

The reaction A(q141)+ B(q232) — C(q3q1) + D(q244)
(A(q1q1) + B(q232) — C(q144) + D(q34>)) takes place when
a quark ¢; (g2) and antiquark g, (g;) in the initial mesons
annihilate into a gluon, and the gluon subsequently cre-
ates a quark ¢; and antiquark g4. The two processes
q1+q2 — q3+q4 and Gy +q2 — g3 + g4 give rise to the two
transition potentials Vi, 5, and Vg 4,, respectively. E; and
P; (Er and PBy) denote the total energy and total mo-
mentum of the two initial (final) mesons, respectively.
Let E4 (Ep, Ec, Ep) be the energy of meson 4 (B, C, D),
and V the volume where every meson wave function is
normalized. The S-matrix element for A+ B— C+D is

Ma‘ll‘?z +M€w’11qz

2\2EA2ER2EC2ED’
(D

S = 66— (2n)*i6(E — E6>(Py — Py) %

where M,q,5, and Mg, are the transition amplitudes
given by

3
my, +mg
Mgz, =(‘1n173q) V/2E\2ER2EC2Ep

0
=2 =2 =2 +
X / dr‘]lql dr‘h@ drf]x% 242G wCD Va(1| 78
X wABeiﬁum 002 '?411‘71 002 _iﬁf/zﬁl-uz‘u '7!/;'?|-<lz‘74 N (2)

3
+ -
Mg, =w 2E2Ep2Ec2E]
m

9
=2 =2 =2 +
x / dr‘]l‘?l dr‘{s‘?z dr‘!l 44:439> wCD Va% 9>
X wABeiﬁtu‘ﬂJ/zﬁz '?41‘714/2172 _iﬁl/ﬂh-dz‘?z '7‘“'74-4;‘72 s (3)

where my, (mg,, mg,, mg,) is the mass of ¢ (G, g3, Ga),
7 1s the relative coordinate of constituents a and b,
Pogiad Tadnads T5a.05) 15 the relative coordinate of
q1q1 and ¢2g> (g3q1 and 2G4, 914 and q3G2), Py,g.q.a.
(Pg:d.0:3: > Paranasa,) 18 the relative momentum of ¢;g; and
0242 (¢3q1 and @244, q134 and q3G2), Yap (Ycp) is the
wave function of mesons 4 and B (C and D), and ¥,
(¥&p) is the Hermitian conjugate of Yz (Ycp). The wave
function of mesons 4 and B is

WAB = ¢Acolor¢BC010r¢Arel¢BrelXSASA:XS,;S » PABflavor, (4)

and the wave function of mesons C and D is

Yep = dccolorPDeolorPCrelPDrelX s S e XS bS . PCDAAavor, (5)

where S4 (S5, Sc, Sp) is the spin of meson 4 (B, C, D)
with its magnetic projection quantum number S 4, (S g;,
SCZ: SDz)a ¢Acolor (¢Bcolora ¢Ccolora ¢Dcolor)a ¢Arel (¢Brela
Gcrets Ppret)s and xs,s,. (Xs,5,> XScSc.» XS,5,.) are the col-
or wave function, quark-antiquark relative-motion wave
function, and spin wave function of meson 4 (B, C, D),
respectively, and @apaavor (¢cpiavor) 1S the flavor wave
function of mesons 4 and B (C and D).

The development in the spherical harmonics of the re-
lative-motion wave function of mesons 4 and B (aside
from a normalization constant) is given by

o L
e Tonn =4xy "N " i Brgiga | Faaigs)
L=0 M=—L;

X YZM,(ﬁ%q“‘hﬂ_]z)YL.Mi(?Q|Q|aqqu)’ (6)

and the development in the spherical harmonics of the
relative-motion wave function of mesons C and D leads
to
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0 L,

“Biyirma Tonnn — E E L 1Ei (13 - - o
e 43414244 " 43919234 _471' 1 ’( 1) f.]L;(l pq;q“sz% | rq;q.,qup)
Li=0 M;=—L;

% A A~
XY v, Pagg.a) v, (Fa.gan.)s

(7
in Myg,q,, and
0 L,
e*U’q,@,q;:ﬁ"’“(74,43:72 :4’71-2 Z iLf(_l)ijLx(l ﬁq@h‘h‘?z | rq.é«qu]z)
Li=0 Mi=—L;
* A~ A~
X YL.M: (p%zhsqﬂ?z)YL'M'(rq|‘74s‘13q:)’
(®)

in Mag,q,» Wwhere Yp . (Y7,u,) are the spherical harmon-
ics with the orbital-angular-momentum quantum number
L;i (L¢) and the magnetic projection quantum number M;
(My), jr and ji, are the spherical Bessel functions, and

ﬁﬂh‘?lﬂﬂ: (ﬁq3L7Isq2‘74’ ﬁ‘h@u‘]ﬁz’ ?“I@h‘h%’ ?“Iﬂh%%’ ?‘qﬁmq;%) de-
notes the pOIa’r angles Of ﬁ‘ll‘_]hqﬁz (ﬁqﬁhquh’ ﬁqﬂm%[h’
ﬁ]lél"]zqz H Ftiséu,qz% H ?111544]352)‘ . .

Let xss. (xs's;) denote the spin wave function of
mesons 4 and B (C and D), which has the total spin S
(8") and its z component S, (S7). The Clebsch-Gordan
coefficients (S48 4.S5S B|SS ) relate xss. t0 xs,5,X5,5,.
and (S¢S c:SpSp:lS’S?) relate xs.s: t0 X5.5.X5,5,.:

N S

XSS XSuSn = O > (SaSaSBS 5SS Iyss., ()]
S=S 0 S.=
St S

XSS Xsosn = D > (ScSc:SpSpilS'Sxss..  (10)
§'=S ), S1=—8"

where S in =[SA=SB1, Smax =Sa+S8, Shin=ISc=Sp 1,
and S}« =Sc+Sp. Ypu and xss. (Yiu, and xs.s.) are
coupled to the wave function ¢, (¢a!), which has the
total angular momentum J (J’) of mesons A and B (Cand
D) and its z component J; (J7),

oo
Yomxss. = Y Y (LiMiSS )¢, (11)
J= i J.=—
S T
Yomxss: = > (LiMiS'SITI IS, (12)
where Juin =|Li=S |, Jmax =Li+S, J.. =ILi—S’|, and
Jhax = Le +S7. (LiM;iS S |JJ;) and (LiM;S’S’|J'J!) are the
Clebsch-Gordan coefficients. It follows from Eqgs.
(6)—(12) that the transition amplitude given in Eq. (3) be-
comes

(mg, +mg,)? > &
Mgy, =% V2EA2ER2EC2Ep(4nY > Y iV} 4y (Padig.a)

q L=0M=-L,

oo L;

-L, Ly a + + + = = = + + rQr
X Z Z (=1 rYLfo (pq|q4,qséz)¢Ccolor¢Dcolor90CDﬂav0r / drq.q. drq:t?zdrqut?A,qzl?z Pre1PDrel Z(S cSczSpSplS Sz)

Li=0M,=—L,

JJ

. N . N
XJL1(| pq@hqﬁz | r%@s‘]ﬂ?z)]Lr(I pqﬂ_]mqﬂ?z | rqﬁhq,w%)'

5's:

X Z(LfoS /Sgljl‘];)QO?’nJa}l Vﬂqﬂ?z Z(SASAZS BS leS Sz) Z(LiMiS Sz|JJZ)90ijnj:¢Arel¢Bre1¢ABﬂavor¢Acolor¢Bcolor
SS. JJ.

(13)

Conservation of the total angular momentum implies that J equals J’ and J. equals J.. This leads to

(my, +mg,)? > &
Mugg. =2 \AER2EQEC2ED(4n)’ Y Y~ iV} i (Pogiaa)

@ Li=0 M;=—L,
0 L,

-Lg Li v A 2 - -
X Z Z le(_ 1) YL. M; (p11|<?4,f13f?z)¢Ec010r¢;‘)color90z0ﬂavor / drquf?l drqxézdrq.rb,q@ ¢Erel¢]-5rel Z(S cSc:SpSpelS /S;)

Li=0 M;=—L;

Y

XY (LeMsS'S TS Vagig, > (S aS 42 5S oIS S NLiMiS S | TT) @) Gare1d sre1Pasavoracolor® seolor

JJ, SS.

. - .
X‘]L'(| p‘hqwh% | rﬂhﬁ_lnﬂh[]z)jlaf(l ﬁqﬁaa%% | r41674,ﬂI352)'

Using the relation

(14)
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Oy =Y (LiMiSS\JJ)Y iy xss - (15)
WS

O = (LeMS'SIT )Y g xs s (16)
M.S’

where (LiM;S S |JJ.) and (L¢M;S’S?|JJ;) are the Clebsch-Gordan coefficients, we get

(mg, +mg,)> K
Mg, === \AE2ERQEC2ED(n)’ Y | > Y]y (Pogiga)

[ Li=0 M=—L;

xZ Z it (- 1>L'YL,Mf<pqquqxq)Z(SCSCZSDSDAS S0

Li=0 M;=—L;

XY (LeMyS'SUTJ) > (LeMiS'SIIT) D (S aSa:S S IS S2)
JJ, MS: SS.

X (LiM;S S :|JJ2) Z(LiMiSgZIJJZ)¢Z‘color¢5€olor‘pEDﬂavorX§/S;
MS.

- > - . - s
X /drq11?1 dr‘I3‘71dr‘I1l?4»q,wl71JLf(| Pq,3..9:3 | r‘]lqm%qz)YL.M‘ (rql%,qiqz)

o+ . > A
X ¢Crel¢DrelVal?1qz¢Arel¢Brel]L,(| p’l!‘?lqu‘?z | rqﬂ?h‘b(b)YL;M, (rqll%,qzlh)

XXSSZ@ABﬂavor¢Aco]or¢Beolor~ 17)

Furthermore, we need the identity

d3/

W*‘“l’ PO =D Y16, (18)

jl(pr)Ylm(f') = /

which is obtained with the help of fom Jipr)ji(p'r)r*dr = %6@ —p’) [31, 32], and where # (p’) denotes the polar angles
of 7 (7). Substituting Eq. (18) in Eq. (17), we get

(mg, +mg 4)
Mag,q, =22 \/ZEAZEBZECZED(MT)ZZ Z Y} 1 (Pasdraras)

ql L=0M=

<y Z (= 1)LrYL‘Mf(pqlqAqqz)Z(ScScZSDSDZIS S7)

Li=0 M;=—L;

XY (LeMyS'S\IT) > (LiMiS'SITT) Y (SaSa:S5SplSS2)
JJ. .5 SS.

M3
X(LiM;S S -|JJ2) Z(LiMiSS-Z|‘IJZ)¢Z‘co]or¢5C010r902DﬁaV0rX;'Sé
MS,
d Pfrm 2

3 —Q
(2 ) q]‘h 939>

6(' Pq.4.,9:9> | | ﬁfrm |)l'[l"(_1)l“f YL[Mf(ﬁfrm)
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></(13[7irm 2n 2
(2 )3 =2 _

‘11%,‘12‘12

>
6(| P4:4:.9:4. |

= Brem D" (=D Y 7 (Piem)

- - - + +
X/dr‘]l‘?ldr%‘?zdr‘]l@m‘lxéz¢Cre]¢DrelVa%qz(ﬁArelq)Bre]

Pien Ty da.a3y @l Biem Ty 1.2
X e'Pm T asasi glPm a0 “XsS. ©ABflavorP Acolor® Beolor -

Let 7. be the position vector of constituent c¢. ¢ar and
¢prel are functions of the relative coordinate of the quark
and antiquark inside mesons A and B, respectively. We
take the Fourier transform of V, Vagigrs Parel, and

aq,G,»
¢Brel-
&k P\ ik (7~ 7))
Vaga.(Pq, —Tg,) = @ny Vagg, (k)™ s ™al, (20)
d*k P RR, -7,)
3%677(? rq,) (2 )3 Vaﬁ_]l%(k)e AR (21)
pqlq' =S iﬁf/ﬂ/].ﬁ/l'?l 22
¢Are1( q.ql) (2 )3 ¢Arel([)qlql)e s ( )

(19)

p 2> i P
¢Brel(rqzq )= / (2 q);] QbBrel(ﬁqzég)611)"2"2 ?[’”2- (23)

In Eqgs. (20)—(21), & is the gluon momentum, and in Eqs.
(22)—(23), Pa» is the relative momentum of constituents a
and b. In momentum space, the normalizations are

dqu@ ¢X l(ﬁ 7 )¢Arel(ﬁ a) =1,
(271_)3 re 919 99

&*pg.z.
/ L D eel(Pa.g.)PBrel(Pyg,) = 1.

The spherical polar coordinates of piy, and ppy, are ex-
Pressed as (| ﬁirm |, girm, ¢irm) and (| ﬁfrm |’ 9frm»¢frm): re-
spectively. Integration over | Fim |, | Pam |s 74,5 74:3,» and
Pg.3..0:3. 10 Eq. (19) yields

) L
Magq. =\/2EA2ER2EC2ED Y | > Yi 1y (Pggqeie)

in which | gim |=| ﬁqlé.,qzéz | and | Pgm |=] ﬁl]]éq,(]}éz [, Pirm
(Prrm) denotes the polar angles of Firm (Prm), and m,, and
mg, are the ¢» and g, masses, respectively. The expres-
sion for the other transition amplitude M, 5, is similar to

Li=0 M=—L,

XY Z (=D YL.M,<pq.q4qzq>Z<ScsczSDSDz|s S)

Li=0 Mi=——L,
xS (LeMeS'SUIT) S (LSS ;IJJZ) S (S S 4SS 5IS S )
JJ. MS: SS.
X (Li MiS § Z|JJZ) Z(Li MIS S Z|JJ1)¢Z‘Color¢z)color90zDﬂavorX;r§;
MS.
X / dOfmdetrm Sin Ofrn YL, M, (Pfrm) / dOimddiem Sin G, YL, A, (Pirm)
Fpga [ EPrea my
X 1 242 g _ + e 4' + -
/ (2r)3 (2n)3 Pcrel(Paa, my, +mg Pirm g +1g Ptrm)
X ¢5 l(ﬁ 5t 4 ﬁirm + 4 ﬁfrm)
rel\q>q> mg, + mg, my, n mg,
7} D My, Mg, >
XVaqqu[qu‘?Z_pqﬂ?! —( - )Dirm]

Mg, +qu my

X ¢Arel (ﬁql q )¢Br€l (ﬁngz )XS S. QOABﬂavor¢Acolor¢Bcolor s (24)

the right-hand side in Eq. (24) and is thus given from
Ma‘?l‘]z by

. A - m, —
replaCIHg Pq.@,qﬂ?a (qu‘?1 + my, +I;n(7| Pim+

my, = —»_+ i = + = -
my, +m‘74 Pfrm ’ ptqu my, +m<72 Plrm my, +m pfrm ’ pq2q2 pqlql
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(m”:./m _m +m )Pmn) with Pa.a, qzq4 (pq\q. #ﬁirm_
m, +m pfrms Pq &~ m, +m Prrm pq.ql ﬁqzq“'
(m +’;ﬂ m +m )plrm) Thus far, we have obtained new
express1ons for the transition amplitudes from Egs. (2)
and (3).

With the transition amplitudes, the unpolarized cross
section for A+B— C+D is

m, +m p irm

1 1 |P'(+5)]
(2Ja+1)(2Jp+1) 327s | P(+f5) |

/d@ Z IMaqlqz+ququ| sind,

Ja s Je. Io.

o5, T) =

(25)

where s is the Mandelstam variable obtained from the
four-momenta P4 and Pp of mesons A and B using
s = (P4 +Pp)?, T is the temperature, J4 (Jz, Jc, Jp) and
Jaz (Upz, Jcz, Jp;) of meson A (B, C, D) are the total an-
gular momentum and its z component, respectively, @ is
the angle between P and P, which are the three-dimen-
sional momenta of mesons 4 and C in the center-of-mass
frame, respectively. Let my, mp, mc, and mp be the
masses of mesons 4, B, C, and D, respectively. Pand P
are given by

P (N9 = o[ (=t =) = o] 20
P2(¥9) = - [(s=m-mb)”

—dmEm3] . Q27)

Based on the relativistic energy-momentum relation, we
have

Es=\/P2+m} = 2\'/_(s+mA m%), (28)
Ep= \/P2+m% = ! ——(s—m3 +m3), (29)
B 2\/_
> 1
Ec= "2+ mZ = oW \/E(s+m% —m3), (30)

Ep=\/P?+m} —2‘/_(s me +mp). (31)

We calculate the cross section in the center-of-mass
frame of the two initial mesons. According to the Feyn-
man rules, the two processes ¢ +qg> — q3+qg4 and
g1 +q2 — q3 + ga contribute to meson-meson scattering on
an equal footing, and the sum My, g, + Mag,4, appears in
Eq. (25) if Myg,q, #0 and Mag,q, #0.

III. NUMERICAL CROSS SECTIONS AND

DISCUSSIONS
The quark-antiquark relative-motion wave functions
Garel and Ppre in Eq. (4) as well as ¢¢re) and ¢pee in Eq.
(5) are solutions of the Schrédinger equation with a tem-
perature-dependent quark potential. The potential
between constituents a and b in coordinate space is [29]

. i, 1 T\*
Vab(rab)=—3“-3”§1 {1.3— (7)
C

/Ta & 6£ V(Arap)

tanh(fZ T ab)

5205 o exp(=&srap)
A, A, 1602 &3 Sy 8
—7“'7"*25 o e

P A L L (32)

ma mb

=0.525 GeV, & = 1.5[0.75+0.25(T/T.)'°16 GeV,
& =06 GeV, and A= +/25/16r2’ with o =1.04
GeV~2, T.=0.175 GeV is the critical temperature at
which the phase transition between quark-gluon plasma
and hadronic matter takes place [33—35], m,, §,, and 1,
are the mass, spin, and Gell-Mann matrices for the color
generators of constituent a, respectively, the dimension-
less function v is given by Buchmiiller and Tye in Ref.
[36], and the quantity d is related to constituent quark
masses via

P =d l+1(74’"“m” )4 +d2(2m“m”)2 (33)
T2 7 2 \(mg +mp)? 2\mg+my/

where dy =0.15 GeV and d; =0.705. The potential ori-
ginates from perturbative quantum chromodynamics
(QCD) at short distances and lattice QCD at intermediate
and long distances. The first and second terms are the
central spin-independent potential of which the short-dis-
tance part arises from one-gluon exchange plus perturbat-
ive one- and two-loop corrections in vacuum [36] and the
intermediate-distance and long-distance part effectively
fits the numerical potential, which was obtained in lattice
gauge calculations [33]. The third term is the smeared
spin-spin interaction that originates from one-gluon ex-
change between constituents @ and b [37], and the fourth
term is the spin-spin interaction that arises from perturb-
ative one- and two-loop corrections to one-gluon ex-
change [38]. The temperature dependence of the poten-
tial is given by the first term and originates from the lat-
tice gauge calculations [33]. At long distances, the spin-
independent potential is independent of r,, and obvi-
ously exhibits a plateau at T/T.>0.55. The plateau

where &
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height decreases with increasing temperature. Thus, con-
finement becomes progressively weaker.

The Schrodinger equation with the potential yields
energy eigenvalues and quark-antiquark relative-motion
wave functions in the coordinate space. The sum of the
quark mass, antiquark mass, and an energy eigenvalue
gives the meson mass. In this study, we use the constitu-
ent quark masses 0.32 GeV for the up and down quarks
and 0.5 GeV for the strange quark. The quark masses are
independent of temperature. The experimental masses of
the «, p, K,K*, 5, @, and ¢ mesons are reproduced from
the Schrodinger equation with the potential at 7 = 0. Fur-
thermore, the temperature dependence of the potential
leads to the temperature dependence of meson masses
and mesonic quark-antiquark relative-motion wave func-
tions. The temperature dependence of the z, p, K, and K*
masses is shown in Ref. [39], where the temperature cov-
ers the temperature region of hadronic matter, and the
parameterizations of these meson masses are given. The
temperature dependence of the ¢ mass is shown in Ref.
[40], which is parameterized as

T 5467132
o[- (2T
mg =0.93 { 12T, } (34)

Because confinement becomes progressively weaker
with increasing temperature, the spatial extension of the
mesonic quark-antiquark relative-motion wave functions
becomes progressively larger. Because the orbital-angu-
lar-momentum quantum numbers of the =z, p, K, K*, #, w,
and ¢ mesons are zero, the wave functions are not zero at
rap = 0. When the temperature increases, the absolute val-
ues of the wave functions at r,;, = 0 decrease.

The transition potentials V5 and V,;,, are derived
from the perturbative QCD in Ref. [29]. From the wave
functions and transition potentials, we get the transition
amplitudes Mg, and Myg,4,. In practical calculations,
the summations over L; and L¢ inthe transition amp-
litudes are from O to 3. The orbital-angular-momentum
quantum numbers L; and Ly are selected such that parity
is conserved and that the total angular momentum of the
two final mesons equals the total angular momentum of
the two initial mesons. The values of L; and L; are listed
in Table 1.

We consider the four K+¢ reactions K¢ — 7K,
K¢ — pK, K¢ — nK*, and K¢ — pK*. Myg,5, and Mg,
are proportional to flavor matrix elements. Because the
flavor matrix elements for the K+¢ reactions with total

o 1 6
isospin I = 5 are zero for M,y and —g for Mag,q,»

only the process §; +¢> — g3+ ga contributes to these re-
actions. The unpolarized cross section for the four K+¢
reactions is

Table 1. Total spin and orbital-angular-momentum quantum
number.
Reaction S S’ L; L¢
K¢ —» nK 1 0 1 1
1 0 2 2
1 0 3 3
K¢ — pK 1 1 0 0,2
1 1 1 1,3
1 1 2 0,2
1 1 3 1,3
K¢ — nK* 1 1 0 0,2
1 1 1 1,3
1 1 2 0,2
1 1 3 1,3
K¢ — pK* 1 0 1 1
1 0 2 2
1 0 3 3
1 1 0 0,2
1 1 1 1,3
1 1 2 0,2
1 1 3 1,3
1 2 0 2
1 2 1 1,3
1 2 2 0,2
1 2 3 1,3
.
O_unpol( \/3, T) — 1 1 | P,( \/E) I

(2Ja+1DQ2Jp+1) 3275 | B(+5) |

T
x/ A0 > [ Mg, Psine.  (35)
0

Todude o,

If the sum of the masses of the two initial mesons of a
reaction is larger than that of the two final mesons, the re-
action is exothermic. Even slowly-moving initial mesons
may start the reaction, and a certain amount of the initial
meson masses are converted into the kinetic energies of
the final mesons. If the sum of the masses of the two ini-
tial mesons is smaller than that of the two final mesons,
the reaction is endothermic. The initial mesons need kin-
etic energies to satisfy energy conservation and to start
the reaction, and a certain amount of the kinetic energies
are converted into the masses of the final mesons.

The reaction K¢ — pK* is endothermic at 7/T.=0
and exothermic at T/T, =0.65, 0.75, 0.85, 0.9, and 0.95.
The other three reactions are exothermic. The cross sec-
tions for exothermic reactions are infinite at threshold en-
ergies. Thus, we begin cross section calculations for exo-
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thermic reactions at \/s = mg +my + 10~* GeV, where mg
and m, are the masses of the kaon and ¢ meson, respect-
ively. Numerical unpolarized cross sections for
K¢ —» nK, K¢ - pK, K¢ —» nK*, and K¢ — pK* are plot-
ted as red solid curves in Figs. 1 to 4. Because the quark
potential, meson masses, and mesonic quark-antiquark re-
lative-motion wave functions depend on the temperature,
|P|, | P'|, Es, Eg, Ec, Ep, and Mag.q,» Which are given
in Eq. (24) and Egs. (26)—(31), depend on the temperat-
ure. This leads to the temperature dependence of the un-
polarized cross sections.

The numerical cross sections for endothermic reac-
tions are parameterized as

0_unp01( \/E’ T) =a, ( \E; \/S_O) !
1

X exp |c1 (1—\/_;1\/%)}
eto)
X exp {cz (1 - \/E;;/s_o)} ) (36)

where +/sg is the threshold energy, and a,, by, c1, az, by,
and ¢, are parameters. The numerical cross sections for
exothermic reactions are parameterized as

pr2 _ Ci
IS T = {al (o)
P2 b

)

o (Y’

b

X exp {cz (1—\/522\/?0)}}. 37

The parameter values are listed in Table 2. dj is the
separation between the peak's location on the +/s-axis
and the threshold energy, and +/s; is the square root of
the Mandelstam variable at which the cross section is
1/100 of the peak cross section. For the endothermic reac-
tion K¢ — pK* at T =0, a peak is displayed in Fig. 4, and
dy =025 GeV and +/s; = 3.04 GeV are obtained from the
numerical cross section for K¢ — pK*. Peak cross sec-
tions may not be observed for exothermic reactions;
however, P2/P’? times numerical cross sections must re-
veal peak cross sections for exothermic reactions. Hence,
for exothermic reactions, dy and /s; are obtained from
P2/P" times the numerical cross sections.

The cross sections given by the parameterizations are
plotted as green dashed curves in Figs. 1 to 4. For the
exothermic reactions, the solid and dashed curves appear

L2000 g e e

0.0004 [- 0.65 E
£ | ]
E | TT=0 ]
__0.0003 ; 075 | [ —f
5 E [ ]
E £ ] | [ B
£ E [ E
© 0.0002 - | L E
E 085 | | [ 1
g Col :
E | | | 3
00001 F 095 09 | | | : ]
: [ N N ]
= | (. N ]
P P I I W W s === S i S| ]
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 225 2.5
"% (GeV)
Fig. 1. (color online) Cross sections for K¢ — nK at various

temperatures. The red solid curves and green dashed curves
are obtained from Eqs. (35) and (37), respectively.
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Fig. 2. (color online) Same as Fig. 1 except for K¢ — pK.
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Fig. 3. (color online) Same as Fig. 1 except for K¢ — nK*.

to coincide. For the endothermic reaction K¢ — pK* at
T =0, a difference between the solid and dashed curves
exists around the two peak cross sections and at +/s > 2.2
GeV.

The threshold energy for each of the exothermic reac-
tions K¢ —» nK, K¢ — pK, and K¢ — rK*is the sum of
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Fig. 4. (color online) Cross sections for K¢ — pK* at vari-

ous temperatures. The red solid curves and green dashed
curves are obtained from Eq. (35) and Eqgs. (36)—(37), respect-
ively.

the K and ¢ masses. When the temperature increases, the
decreases in the masses lead to a decrease in the threshold

energy, as shown in Figs. 1-3. As +/s increases near the
threshold energy, the cross sections for these reactions
decrease rapidly owing to the factor |B’|/|P| in Eq.
(35). The threshold energy of the endothermic reaction
K¢ — pK* at T =0 is the sum of the p and K* masses. As
/s increases from the threshold energy, the cross section
for K¢ - pK* at T =0 increases rapidly from zero,
reaches a peak value of approximately 1.66 mb, and then
decreases.

Because the reactions K¢ — 7K, K¢ — pK, and
K¢ — nK* are exothermic, the exclusive final states 7K,
pK, and nK* can always be found in a K+¢ reaction.
However, the exclusive final state pK* may not be found
in a K+¢ reaction in vacuum because the reaction
K¢ — pK* is endothermic at T = 0. If the total energy +/s
of the K and ¢ mesons in the center-of-mass frame is
smaller than the threshold energy of K¢ — pK*, the reac-
tion does not occur. If +/s is larger than the threshold en-
ergy, pK* production can be observed.

In hadronic matter with high temperatures, the four

Table 2. Values of the parameters. a; and a, are in units of millibarns, by, b, dy, and +/s; are in units of GeV, ¢, and ¢, are dimen-
sionless.

Reaction T/T. ap by cl az by 2 do Vsz
K¢ —» nK 0 0.0000026 0.17 0.62 0.0000046 0.27 1.95 0.3 2.83
0.65 0.000002 0.13 0.54 0.000003 0.24 1.2 0.15 2.57

0.75 0.0000002 0.1 0.25 0.0000037 0.19 0.86 0.2 2.46

0.85 0.00000076 0.239 8.37 0.00000124 0.136 0.58 0.2 2.15

0.9 0.00000042 0.271 4.7 0.00000094 0.237 0.59 0.3 1.97

0.95 0.0000008 0.43 59 0.0000009 0.23 0.55 0.45 2.17

K¢ — pK 0 0.64 0.125 2.21 0.6 0.107 0.53 0.1 2.87
0.65 0.11 0.12 0.52 0.07 0.14 2.15 0.15 2.65

0.75 0.04 0.137 0.49 0.03 0.148 1.93 0.15 1.4

0.85 0.004 0.183 2.54 0.005 0.167 0.48 0.25 2.81

0.9 0.00233 0.202 0.5 0.00115 0.2582 4.2 0.25 2.2

0.95 0.0009 0.371 6.63 0.0014 0.258 0.53 0.4 3.52

K¢ — nK* 0 0.1 0.153 0.34 0.33 0.096 0.95 0.1 2.94
0.65 0.121 0.132 0.51 0.068 0.121 1.84 0.15 2.69

0.75 0.05 0.147 0.5 0.027 0.127 1.65 0.15 2.52

0.85 0.0025 0.2 34 0.0044 0.18 0.55 0.2 2.14

0.9 0.00089 0.211 0.54 0.00145 0.256 2.24 0.35 2.27

0.95 0.0014 0.358 3.9 0.0016 0.153 0.55 0.3 1.86

K¢ — pK* 0 0.29 0.17 0.72 1.29 0.22 6.18 0.25 3.04
0.65 0.062 0.14 0.49 0.096 0.226 39 0.25 4.19

0.75 0.013 0.202 3.04 0.019 0.123 0.55 0.2 2.48

0.85 0.00018 0.34 0.28 0.00059 0.11 0.91 0.15 2.16

0.9 0.000087 0.199 1.86 0.000105 0.153 0.54 0.25 1.48
0.95 0.00007 0.26 2.7 0.00013 0.17 0.62 0.2 18.02
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reactions considered in this study are exothermic and al-
ways take place. The K and ¢ mesons satisfy the Bose-
Einstein distribution functions. The reactions and distri-
bution reduce the ¢ number and affect the ¢ momentum
spectra and ¢ nuclear modification factor, which are ob-
served in ultrarelativistic heavy-ion collisions [3, 6, 13].

The total spin of the two initial mesons in the reac-
tion K¢ — nK is 1, and the total spin of the two final
mesons is 0. Because the two total spins are unequal, the
cross section for K¢ — nK is small. For K¢ — pK,
K¢ — nK*, and K¢ — pK*, the total spin of the two ini-
tial mesons may equal that of the two final mesons, and
the cross sections may be a few millibarns when +/s is
not at the threshold energy.

IV. SUMMARY

With the development in the spherical harmonics of

the relative-motion wave functions of the two initial
mesons and two final mesons, new expressions are ob-
tained for the transition amplitudes. With the transition
amplitudes, we calculate unpolarized cross sections for
Kp - nK, K¢ —» pK, K¢ —» nK*, and K¢ — pK*, which
are governed by quark-antiquark annihilation and cre-
ation. Both parity conservation and total-angular-mo-
mentum conservation are maintained. To use the numer-
ical cross sections conveniently, we parameterize the
cross sections. Each of the exothermic reactions
K¢ —» nK, K¢ — pK, and K¢ — nK* first exhibits a rapid
decrease and then a slow decrease in cross section with
increasing +/s from the threshold energy. Whether the re-
action K¢ — pK* is endothermic or exothermic depends
on temperature. The temperature-dependent cross sec-
tions are related to the temperature dependence of the
quark potential, quark-antiquark relative-motion wave
functions, and meson masses.

References

[17  J. Rafelski and B. Miiller, Phys. Rev. Lett. 48, 1066 (1982)
[2]  A. Shor, Phys. Rev. Lett. 54, 1122 (1985)
[3] B.I Abelev et al., Phys. Rev. Lett. 99, 112301 (2007)
[4] B.I Abelev et al., Phys. Lett. B 673, 183 (2009)
[5] B.I Abelev et al., Phys. Rev. C 79, 064903 (2009)
[6] A. Adare ef al., Phys. Rev. C 83, 024909 (2011)
[71 L. Adamczyk et al., Phys. Rev. C 88, 014902 (2013)
[8] L. Adamczyk et al., Phys. Rev. C 93, 021903 (2016)
[91 J. Adam et al., Phys. Rev. C 102, 034909 (2020)
[10] M. S. Abdallah ef al., Phys. Rev. C 105, 064911 (2022)
[11]  N.J. Abdulameer et al., Phys. Rev. C 107, 014907 (2023)
[12]  B. Abelev et al., Phys. Rev. C 91, 024609 (2015)
[13] J. Adam et al., Phys. Rev. C 95, 064606 (2017)
[14]  S. Acharya et al., Phys. Lett. B 802, 135225 (2020)
[15]  S. Acharya et al., Phys. Rev. C 106, 034907 (2022)
[16] P.-Z.Biand J. Rafelski, Phys. Lett. B 262, 485 (1991)
[17] C.M. Ko and D. Seibert, Phys. Rev. C 49, 2198 (1994)
[18] K. Haglin, Nucl. Phys. A 584, 719 (1995)
[19]  W. Smith and K. L. Haglin, Phys. Rev. C 57, 1449 (1998)
[20] W.S. Chung, G. Q. Li, and C. M. Ko, Nucl. Phys. A 625,
347 (1997)
[21] L. Alvarez-Ruso and V. Koch, Phys. Rev. C 65, 054901
(2002)
[22] A. Martinez Torres, K. P. Khemchandani, L. M. Abreu et
al., Phys. Rev. D 97, 056001 (2018)
[23] Z.-F. Luo and X.-M. Xu, Chin. Phys. C 36, 836 (2012)
[24] X.-M. Xu and H. J. Weber, Mod. Phys. Lett. A 35(33),

2030016 (2020)

[25] X. Qian et al. (CLAS Collaboration), Phys. Lett. B 680, 417
(2009)

[26] J. Adamczewski-Musch et al., Phys. Rev. Lett. 123, 022002
(2019)

[27] T. Barnes and E. S. Swanson, Phys. Rev. D 46, 131 (1992)

[28] E.S. Swanson, Ann. Phys. (N.Y.) 220, 73 (1992)

[29] Z.-Y. Shen, X.-M. Xu, and H. J. Weber, Phys. Rev. D 94,
034030 (2016)

[30] T.-T. Wang and X.-M. Xu, Chin. Phys. C 43, 024102
(2019)

[31] G. B. Arfken and H. J. Weber, Mathematical Methods for
Physicists (Elsevier, Amsterdam, 2006)

[32] C.J. Joachain, Quantum Collision Theory (North-Holland
Publishing Company, Amsterdam, 1983)

[33] F. Karsch, E. Laermann, and A. Peikert, Nucl. Phys. B 605,
579 (2001)

[34] S. Digal, P. Petreczky, and H. Satz, Phys. Lett. B 514, 57
(2001)

[35] X.-M. Xu, C.-Y. Wong, and T. Barnes, Phys. Rev. C 67,
014907 (2003)

[36] W. Buchmiiller and S.-H. H. Tye, Phys. Rev. D 24, 132
(1981)

[37] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985)

[38] X.-M. Xu, Nucl. Phys. A 697, 825 (2002)

[39] Z.-Y. Shen and X.-M. Xu, J. Korean Phys. Soc. 66, 754
(2015)

[40] W.-X. Li, X.-M. Xu, and H. J. Weber, Eur. Phys. J. C 81,
225 (2021)

084102-10


https://doi.org/10.1103/PhysRevLett.48.1066
https://doi.org/10.1103/PhysRevLett.48.1066
https://doi.org/10.1103/PhysRevLett.48.1066
https://doi.org/10.1103/PhysRevLett.54.1122
https://doi.org/10.1103/PhysRevLett.54.1122
https://doi.org/10.1103/PhysRevLett.54.1122
https://doi.org/10.1103/PhysRevLett.99.112301
https://doi.org/10.1103/PhysRevLett.99.112301
https://doi.org/10.1103/PhysRevLett.99.112301
https://doi.org/10.1016/j.physletb.2009.02.037
https://doi.org/10.1016/j.physletb.2009.02.037
https://doi.org/10.1016/j.physletb.2009.02.037
https://doi.org/10.1103/PhysRevC.79.064903
https://doi.org/10.1103/PhysRevC.79.064903
https://doi.org/10.1103/PhysRevC.79.064903
https://doi.org/10.1103/PhysRevC.83.024909
https://doi.org/10.1103/PhysRevC.83.024909
https://doi.org/10.1103/PhysRevC.83.024909
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.93.021903
https://doi.org/10.1103/PhysRevC.93.021903
https://doi.org/10.1103/PhysRevC.93.021903
https://doi.org/10.1103/PhysRevC.102.034909
https://doi.org/10.1103/PhysRevC.102.034909
https://doi.org/10.1103/PhysRevC.102.034909
https://doi.org/10.1103/PhysRevC.105.064911
https://doi.org/10.1103/PhysRevC.105.064911
https://doi.org/10.1103/PhysRevC.105.064911
https://doi.org/10.1103/PhysRevC.107.014907
https://doi.org/10.1103/PhysRevC.107.014907
https://doi.org/10.1103/PhysRevC.107.014907
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1016/j.physletb.2020.135225
https://doi.org/10.1016/j.physletb.2020.135225
https://doi.org/10.1016/j.physletb.2020.135225
https://doi.org/10.1103/PhysRevC.106.034907
https://doi.org/10.1103/PhysRevC.106.034907
https://doi.org/10.1103/PhysRevC.106.034907
https://doi.org/10.1016/0370-2693(91)90627-3
https://doi.org/10.1016/0370-2693(91)90627-3
https://doi.org/10.1016/0370-2693(91)90627-3
https://doi.org/10.1103/PhysRevC.49.2198
https://doi.org/10.1103/PhysRevC.49.2198
https://doi.org/10.1103/PhysRevC.49.2198
https://doi.org/10.1103/PhysRevC.57.1449
https://doi.org/10.1103/PhysRevC.57.1449
https://doi.org/10.1103/PhysRevC.57.1449
https://doi.org/10.1016/S0375-9474(97)00198-X
https://doi.org/10.1016/S0375-9474(97)00198-X
https://doi.org/10.1016/S0375-9474(97)00198-X
https://doi.org/10.1016/S0375-9474(97)00198-X
https://doi.org/10.1103/PhysRevC.65.054901
https://doi.org/10.1103/PhysRevC.65.054901
https://doi.org/10.1103/PhysRevC.65.054901
https://doi.org/10.1103/PhysRevC.65.054901
https://doi.org/10.1103/PhysRevD.97.056001
https://doi.org/10.1103/PhysRevD.97.056001
https://doi.org/10.1103/PhysRevD.97.056001
https://doi.org/10.1088/1674-1137/36/9/008
https://doi.org/10.1088/1674-1137/36/9/008
https://doi.org/10.1088/1674-1137/36/9/008
https://doi.org/10.1142/S0217732320300165
https://doi.org/10.1142/S0217732320300165
https://doi.org/10.1142/S0217732320300165
https://doi.org/10.1142/S0217732320300165
https://doi.org/10.1016/j.physletb.2009.09.024
https://doi.org/10.1016/j.physletb.2009.09.024
https://doi.org/10.1016/j.physletb.2009.09.024
https://doi.org/10.1016/j.physletb.2009.09.024
https://doi.org/10.1103/PhysRevLett.123.022002
https://doi.org/10.1103/PhysRevLett.123.022002
https://doi.org/10.1103/PhysRevLett.123.022002
https://doi.org/10.1103/PhysRevLett.123.022002
https://doi.org/10.1103/PhysRevD.46.131
https://doi.org/10.1103/PhysRevD.46.131
https://doi.org/10.1103/PhysRevD.46.131
https://doi.org/10.1016/0003-4916(92)90327-I
https://doi.org/10.1016/0003-4916(92)90327-I
https://doi.org/10.1016/0003-4916(92)90327-I
https://doi.org/10.1103/PhysRevD.94.034030
https://doi.org/10.1103/PhysRevD.94.034030
https://doi.org/10.1103/PhysRevD.94.034030
https://doi.org/10.1103/PhysRevD.94.034030
https://doi.org/10.1088/1674-1137/43/2/024102
https://doi.org/10.1088/1674-1137/43/2/024102
https://doi.org/10.1088/1674-1137/43/2/024102
https://doi.org/10.1088/1674-1137/43/2/024102
https://doi.org/10.1016/S0550-3213(01)00200-0
https://doi.org/10.1016/S0550-3213(01)00200-0
https://doi.org/10.1016/S0550-3213(01)00200-0
https://doi.org/10.1016/S0550-3213(01)00200-0
https://doi.org/10.1016/S0370-2693(01)00803-6
https://doi.org/10.1016/S0370-2693(01)00803-6
https://doi.org/10.1016/S0370-2693(01)00803-6
https://doi.org/10.1016/S0370-2693(01)00803-6
https://doi.org/10.1103/PhysRevC.67.014907
https://doi.org/10.1103/PhysRevC.67.014907
https://doi.org/10.1103/PhysRevC.67.014907
https://doi.org/10.1103/PhysRevC.67.014907
https://doi.org/10.1103/PhysRevD.24.132
https://doi.org/10.1103/PhysRevD.24.132
https://doi.org/10.1103/PhysRevD.24.132
https://doi.org/10.1103/PhysRevD.24.132
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1016/S0375-9474(01)01259-3
https://doi.org/10.1016/S0375-9474(01)01259-3
https://doi.org/10.1016/S0375-9474(01)01259-3
https://doi.org/10.3938/jkps.66.754
https://doi.org/10.3938/jkps.66.754
https://doi.org/10.3938/jkps.66.754
https://doi.org/10.3938/jkps.66.754
https://doi.org/10.1140/epjc/s10052-021-09005-y
https://doi.org/10.1140/epjc/s10052-021-09005-y
https://doi.org/10.1140/epjc/s10052-021-09005-y
https://doi.org/10.1140/epjc/s10052-021-09005-y

	I INTRODUCTION
	II FORMALISM
	III NUMERICAL CROSS SECTIONS ANDDISCUSSIONS
	IV SUMMARY
	References

