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Momenta of charmonia created in Pb-Pb collisions at the CERN Large Hadron Collider are so large that three
or more mesons may be produced when the charmonia collide with light mesons in hadronic matter. We study
the meson-charmonium collision in a mechanism where the collision produces two quarks and two antiquarks;
the charm quark then fragment into charmed mesons, and the other three constituents as well as quarks and anti-
quarks created from vacuum give rise to two or more mesons. The absolute square of the transition amplitude for
the production of two quarks and two antiquarks is derived from the S-matrix element, and cross-section formulas
are derived from the absolute square of the transition amplitude and charm-quark fragmentation functions. With
a temperature-dependent quark potential, we calculate unpolarized cross sections for inclusive D*, D°, DF, or
D** production in scattering of charmonia by 7, p, K, or K* mesons. At low center-of-mass energies of the
charmonium and the light meson, the cross sections are very small. At high energies the cross sections have
obvious temperature dependence and are comparable to peak cross sections of two-to-two meson-charmonium

reactions.

DOLI: 10.1103/PhysRevC.106.054901

I. INTRODUCTION

Plenty of efforts with quantum chromodynamics (QCD)
and effective field theories have been devoted to explor-
ing strong interactions of charmonia with light hadrons.
Four main approaches involved in the study are the
short-distance approach, the effective meson approach,
the quark-interchange approach, and QCD sum rules. In
the short-distance approach, methods in perturbative QCD,
for example, the operator product expansion, were applied
to charmonia of small sizes [1-3]. In the effective meson
approach, effective meson Lagrangians with different sym-
metries and Feynman diagrams with various vertex functions
have been used to get millibarn-scale cross sections for
meson-charmonium reactions [4—14]. Recently, =J/v, pn,,
and DD* (D*D) reactions have been put together to form
coupled channels. The corresponding scattering amplitude de-
rived in SU(4) chiral perturbation theory is unitarized [12—14],
and cross sections obtained for 7 J/y dissociation are differ-
ent from those given in Refs. [4—11]. In the quark-interchange
approach, charmonium dissociation in collisions with light
mesons is caused by quark interchange [15] between the char-
monium and the meson. The dissociation has been studied in
the Born approximation with quark potentials that reproduce
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spectroscopic data and provide mesonic quark-antiquark wave
functions [16-21]. In the QCD sum rules, 7w J/y dissociation
cross sections were obtained from the general vacuum-pion
correlation function with the currents of J/v and of charmed
mesons in the soft-pion limit [22].

The studies reported in Refs. [1-14,16-18,22] concen-
trate on charmonium dissociation in vacuum. In hadronic
matter the dissociation is different [23]. From perturbative
QCD and lattice QCD, a temperature-dependent quark po-
tential was derived in Refs. [19,24]. This potential leads to
temperature dependence of meson masses, mesonic quark-
antiquark relative-motion wave functions, and dissociation
cross sections [19-21]. Adopting temperature dependence
in meson masses and two-meson Green functions in the
coupled-channel unitary approach, temperature-dependent
cross sections for J/yr scattering by light mesons have been
obtained in Ref. [25].

For Pb-Pb collisions at the center-of-mass energy per
nucleon-nucleon pair /syy = 5.02 TeV at the CERN Large
Hadron Collider, the prompt-J/y transverse momentum mea-
sured by the CMS Collaboration [26] and the ATLAS
Collaboration [27] goes up to 50 GeV/c. J/¢ mesons with
such large transverse momenta may be broken up due to
collisions with light mesons in hadronic matter, and three or
more mesons can be produced. Since the reactions studied
in Refs. [4-14,16-22,25] were limited to two-to-two meson-
charmonium reactions, a mechanism for large-momentum
charmonium dissociation is proposed in Ref. [28] to study
the production of three or more mesons in pion-charmonium
collisions. In this mechanism a collision between a light me-
son and a charmonium produces quarks and antiquarks first,
the charm quark then fragments into charmed hadrons, and
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finally three or more mesons are produced. Besides pions, p
mesons, kaons, vector kaons, and so on in hadronic matter
also induce charmonium dissociation. This motivates studying
the production of three or more mesons in the dissociation of
large-momentum charmonia in collisions with light mesons in
the present work.

This paper is organized as follows. In the next sec-
tion we derive cross-section formulas for dissociation of
large-momentum charmonia in collisions with light mesons.
Numerical results and relevant discussions are presented in
Sec. III. A summary is in the last section.

II. FORMALISM

We obtain the cross section for A(q,42) + B(cc) — q; +
g»+c+¢— H.+ X from the cross section for A + B —
g1 + > + ¢ + ¢ and the fragmentation function for ¢ — H,,
where H, represents a hadron that contains the charm quark.
The fragmentation of the charm quark into hadrons is related
to quark-antiquark pairs created from the color field around
the charm quark, which is the scenario of Feynman and Field
[29]. The charm quark may combine the antiquark of a quark-
antiquark pair to form meson H.. Two quark-antiquark pairs
may also form another H,. All possible ways to form meson
H, are accounted for by the ¢ — H, fragmentation function.
Hence, only one H, symbol is in A(g142) + B(c¢) — q1 +
G +c+ ¢ — H.+ X. Unused quarks and antiquarks com-
bine ¢q;, ¢, and ¢ to form two or more mesons. The symbol
X indicates the two or more mesons that do not include me-
son H.. We first derive cross-section formulas for A + B —

J

q1 + @ + c + ¢. Let E; be the total energy of mesons A and
B, and let E; be that of one of constituents g, >, ¢, and ¢. The
S-matrix element forA+B — g1 + g2 +c+Cis

S = 8 — 2mwid(Er — E)({q1, 42, ¢, €|Vy,c|A, B)
+(q1, 42, ¢, €|V |A, B)
+ (‘11, 42, c, E|VqlclA’ B>+<qlv 5727 c, E|V(22L_|Av B))v (1)

where V,;, is the potential between constituents a and b. Let
7u be the relative coordinate of a and b, and denote the
momentum and the position vector of meson A (B) by P4 (Pg)
and R4 (Rp), respectively. The wave function |A, B) of A and
Bis
eiﬁA Ra eiﬁB Ry
Yap = WwA(rqlqz)WwB(rcé)» (2)
where every meson wave function is normalized in the volume
V, and ¥4 (¥p) is a wave function of color, flavor, spin, and
relative motion of the quark and the antiquark in meson A (B).
Let ﬁél (ﬁ(/h, P., pp) and 7y, (75, 7, 7z) denote the momentum
and the position vector of g; (2, ¢, ¢), respectively. The wave
function |q1, 2, ¢, ¢) of g1, @2, ¢, and € is

eiﬁ(;] '7111 eif’éz'?qz e"ﬁ[-'?c eiﬁé'Ff
VV VOV VY

X Qg,grcecolor Pg, g ceflavor Py, g cespin s (3)

Ipfllfich =

where Pq, gycccolor s Pg, gyccflavor s and Pq,gycespin Are the color wave
function, the flavor wave function, and the spin wave function
of q1, ¢», ¢, and ¢, respectively. Using the wave functions, we
get

(01820, EVslA. B) = [ 4 Py Tt Vi

- - >4 -
= / drIIltizdrCEdeOtaldrm172,65

e_iﬁf'ﬁlolal

Vv

e w Oy =
e Pyiay Ta1a e Weelee o Py gy.ce Ta1@p.ct

oo g

+ + + = -
X \/— Pa1gacecolor P, gacetiavor Py gacaspin Vab¥a (rfII a2 YWe(Fez)

eiﬁAB'FAB eipi'l_émm]
X—-: -
VoV
L. M,
= 2n)’8* (B - P) i

V3 2EAER2E, 2} 2EE]!

“

where I?mtal and I3f are the center-of-mass coordinate and the total momentum of g1, ¢», ¢, and ¢, respectively; 7,4, cz and j ;l DoncE
are the relative coordinate and the relative momentum of the two colored pairs ¢14> and ¢, respectively; p, .. is the relative

momentum of ¢, and g,; j.- is the relative momentum of ¢ and ¢; pap (P4, ﬁi) is the relative momentum (the relative coordinate,
the total momentum) of mesons A and B; E4, Eg, E (;] E 32, E/, and E] are the energies of A, B, g1, ¢», ¢, and C, respectively. M,
is the transition amplitude corresponding to V,;:

My = \[2EA2ER2E] 2E} 2E/2E, | dFy,d7ecdFy g, coe” Do Tt~ Pee T iPayin.ce T ce
q1 92 c c q192 9192,

+ + + = = =\ iPanT
Xwaqzcicolor(pqlqchﬂavorwaqzc-Espianb(rab)wA(rfh6?2 Wp(Fez)e 0. &)

Let @acolor (PBeolor)s Pafiavor (PBfiavor)> Parel (Psre1), and xa (xp) stand for the color wave function, the flavor wave function, the
quark-antiquark relative-motion wave function, and the spin wave function of meson A (B), respectively; denote the total angular
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momentum, the orbital angular momentum, and the spin of meson A (B) by J4 (Jp), L4 (Lp), and S4 (Sp), respectively. ¥4 and
¥ in Eq. (2) are given by

Va(Fy,3,) = PacolorPatiavor (Parel Xa )ﬁ:, (6)

Yp(Fez) = PBeolorPBitavor (PBrel XB )jﬁ s )

where Jy, (Jp;) is the magnetic projection quantum number of J4 (Jp), and the symbol (- - )jﬁ [¢-- jﬁ] indicates the space-spin
wave function of meson A (B). The product of ¥4 and ¥ is ’

YA (rqlqz)l/fB(rcc) = PacolorPBeolor PAflavor PBflavor Z(JAJAm]BJBzUJ )me , ®)
JJ.

where J is the total angular momentum of mesons A and B, and J, is its magnetic projection quantum number; (J4Ja.JpJp;|JJ;)
are the Clebsch-Gordan coefficients. Let L (S) and L, (S;) denote the total orbital angular momentum (total spin) of mesons A

and B and its magnetic projection quantum number, respectively. w * comes from the coupling of the space-spin states of meson
A and of meson B:

Y = [(Parer xa)™ (PBre1 X8) 1),

LA SA JA
=> V@i + D@5+ DL+ DS+ 1){Ls  Sp Js
LS L S J
X [(Parel PBrel )L (xaxa )S]jZ
LA SA JA
= Z QI+ D)2+ DRL+ DRSS+ 1)Ly Sz Js
LSL.S. L S J
X(LL:SS|JJ.)(baserbire) ;. (Xa X8B3 ©9)

where the two braces in each of the second and third expressions indicate the Wigner 9j symbol.
Denote by ¢ifavor, @i, and x; the flavor wave function, the space wave functiqn, and the spin wave function of constituent
quark or antiquark labeled as i (i = q1, §», ¢, &), respectively. In fact, ¢; equals €77 //V in Eq. (3),

Pg1gaceflavor = ¢q1ﬂavor¢qzﬂavorcc_': (10)
and
Paigacespin = Xqy Xgo Xe Xe- 11)
The wave function of g1, ¢», ¢, and ¢ is
qu Goc = ¢q| ¢q2 ¢c¢6(pq| GacecolorPq, gy ccflavor Py, G céspin - (12)

After the spin states of g; (¢) and of g, (¢) are coupled to the spin state with the spin S’ (S.,z) and its z component S/

AR q1+q2z
. . g , . _ ¢ . o :
(S, +z.)> the spin statgs with Sq1 + and with S/ . are coupled to the spin states of g1, g2, ¢, and ¢, which has the spin §’ and its z
component S;. In this way, we have
F— 41+172
©Pq1grcespin = 2 : (SQ1Sq1quzsqzz|Sql+q2 q1+q7z)(X(I1 Xqv)
S;] +3 S‘Il +a2z
X E (SeSezSeSez|S, oSy e)(Xe X" Sere
StreSese:
p— _ _ /
- : : (S‘IISCIIZSCIZS(JZZ| l]l+l]2SC]1+q7Z)

Sq1+q2Sql+q7 S(‘+rSr+r SS

X (S¢8ce8e522 1S, oSt e) (S0 oS! 1o S 1SS )y s, (13)

c+cMc+cz Q1+G27 q1+G225 c+¢ c+CZ

. . . . . . . . . s'S, .
where s; is the spin of constituent i, and s;; is the spin of its z component; the spin wave function ¥+ is

N o r 18
Viina = [ Xa) % (e xe) <, (14)
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According to Eq. (1), the transition amplitude forA +B — ¢ + §» +c + Cis
Mﬁ = Mq|E + quc + Mqlc + Mq_gc_" (15)

where Mz, Mg,c, My,¢, and Mg,z correspond to V, .z, Vg,e, Vy e, and Ve, respectively. Summing over the states of A, B, g,
G, ¢, and € gives

2. X M= )

Sqy28y25czSez JazTB: Sq128G325czSe2d -

J2EA2ER2E) 2E, 2EDEL Y
ab

Y = Y P N
x f A7 gy gy dTecd Ty g, coe™ P P =Pl PPy coFonisc

+ + + - JJ;
X wa gacccolor (pql gaccflavor §0ql Garccspin ng (rab ) 1pin

2

X (pAcolor ¢Bcolor ¢Aﬂavor ¢Bﬂavore PaeTas ( 1 6)
where ab in ), runs through ¢, §zc, qic, and G,¢.
The potential V,;, consists of the central spin-independent potential V; and the spin-spin interaction V:

Vab(Fap) = Vsi(Fap) + Ves(Fap)- a7

Below the critical temperature 7. = 0.175 GeV, the spin-independent potential is given by

Xa X;, T 4 Xa Xb 6 v(kra;,)
ViiPap) = —— - — 1.3—(—) tanh(&,r, — - ———exp(— , 18

5i(Fan) 25 51[ T :| (&2rap) + > 25 1, p(—&37ap) (18)

where & = 0.525 GeV, & = 1.5[0.75 4+ 0.25(T /T,)'°1° GeV, & = 0.6 GeV, and . = /3by/1672¢’ in which o’ = 1.04 GeV 2
and by = 11 — %N '+ with the quark flavor number Ny = 4. % are the Gell-Mann matrices for the color generators of constituent
a. The dimensionless function v(x) is given by Buchmiiller and Tye [30].

The spin-spin interaction with relativistic effects [31] is [19,24]

S'a . gb A Xb 4 1 dzv()»rub) Ea : §b

¥ Y 2 3
Xa Aplom? d exp (d®r2,)

Vi(Fpy) = — 20 . 262078 © TN T i ’
ss (Pap) 2 2 25 a2 mamy 2 22571y dri  mem

19)

where m, is the mass of constituent a, and d is given by

4 2
2= L L _Amame \TN | ( 2mams T
2 2\ (mg +my)? mg + mp
where d; = 0.15 GeV and d> = 0.705.

. . . . X 2 > 35 .
One-gluon exchange between constituents a and b gives rise to the Fermi contact term —% . %%63(rab):;‘ ’f; in the

nonrelativistic limit. The §3(7,;) function fixes the positions of the two constituents to 7;;, = 0. However, the constituent positions
fluctuate because each constituent is coupled to a gluon field which has vacuum polarization. This is similar to the well-known
fact that the fluctuation of an electron position arises from vacuum polarization of its coupled electromagnetic field [32,33].

To take into account this relativistic effect, 83 (%) is replaced with ﬂ‘éiz exp(—dzrgb) so as to arrive at the first term on the
right-hand side of Eq. (19). This is the smearing of the one-gluon-exchange spin-spin interaction [31]. The second term on the
right-hand side of Eq. (18) comes from one-gluon exchange plus perturbative one- and two-loop corrections. The second term on
the right-hand side of Eq. (19) originates from perturbative one- and two-loop corrections to one-gluon exchange [24]. The loop
corrections are another relativistic effect embedded in the spin-independent potential and the spin-spin interaction. Therefore,
the potential V,;, given in Eq. (17) is a relativized potential.

The potential at short distances is dominated by the the second term of the spin-independent potential and the two terms of the
spin-spin interaction. When the center-of-mass energy of mesons A and B is large, short distances are reached by constituents,
and the three terms with relativistic effects make a contribution to the scattering of mesons A and B.

The total-spin operator of A and B, i.e., of g1, ¢», ¢, and ¢, is

3 = qu + ng + §C + EE. (20)
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It is easily proved that the commutator of § and the Hamiltonian that includes V;;, equals zero. This leads to §' = S and S, = S..

We thus get

> IMgl* = 2E2ER2E], 2] 2E/2E]

Sq25G225czSez Az IB:

2
Li Si U4
x Z QIy+ DRI+ DS+ DRI+ 1)Ly Sz J
LSJL.S .. S L S J

q1+4p " ct+c

o o cap o oy - R,
= = = —iPy & Tg1Gy —1PeaTec—1Dy o, ceTq1Gr.ccTIDABTAB

~ = ~ - q1Gy " 9192 cc ¢ q142-c¢ 4192
dry,5,dV:dVy g, cce

SSitr, s L s
X (p;r] gacecolor (0;1 grceflavor 1/fﬁna] Vb (Fab )P acolor PBeolor Paflavor PBflavor (Parel PBrel )Lz (Xaxs )SZ

We take the Fourier transform of the mesonic quark-antiquark relative-motion wave functions and the potentials:

. &*pyg, o By Ta
Darel(7y,3,) = 2n ) Garel(Pg g, JeTna"n,
Pprel(Fez) = %‘p&'el (Pec)e'Pe e,
Vare(Fge) = g—Q)qula(Q)e@F‘“”,

Vre () = / (‘213Q)3 Vire(0)e7e,
Vare(Pgie) = %Vqlc(é)eié'%”,
Vi,e(Fane) = %Vqﬁ@)e@%.

The quark-antiquark relative-motion wave functions in momentum space, @arel (Pgg,) and  @prei(Pee)s

B . . 3 N N .
f (21:.([“)22 ¢Xre1(quqz )Parel (quqz) = f éTpﬁfﬁgre] (Pee)@Bre1(Pez) = 1. We finally arrive at

Y IMsl? = 2E2E2E] 2E] 2E[2F;

Sq128Gy28czSezIAzBz

2
LA SA JA
x Z QI+ DRI+ 1DQ2S+ DRI+ D)3l S J
LSJIL.S! .. S/ L S J

q1+4p " c+e

+ SS.+
| wa gacccolor (pql G>ccflavor ¥ final

L

- . " ~ . me
X {Vqlé(Q)[(pArel <P;1qz - mQ)%m (Péa ey m_Q)L
1 2 ¢ ¢ .

o . mz . L
+ Ve (Q) |:¢Arcl (P;,qz y + e >¢Bre1 e—— Q):|Lz
L
+Vq1c(é)|:¢Arel <17(/,l(,2 - + o >¢Brel - n_:jm Q):|
q T Mg, I
- N my A ., me 1"
Ve (Q) |:¢Arel (quqz + mQ)‘PBrel (Pce - mQ)iL}

S 2
x (XaxB )Sz D aflavor PBflavor PAcolor PBeolor |

where Q is the gluon momentum.
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Let doyee represent the differential cross section corresponding to the factor ng;;r > b Var (ParePsrel )i( XAXB )gw in Eq. (28),

@n)* dp,  dpy, Pp. dpl
. \/( Py Poy — nim (GTV2E, (2n)2E;, (2w 2E] 2n)2E;

dotee =

4 S+
X 87 (Py + Pp — p;] - pi?z - p/c - p/E)ZEAZEBZEt;I2E¢%22Eé|(p;qzcécolor‘p;q‘zcéﬂavorwﬁna]

A =/ Mg, A =/ me A ‘
x {Vqlé(Q)l:¢Arel (quqz - mQ) PBrel (PL-a - ﬁQ)]
q1 q2 me c

L,

+ quc(Q) |:¢Arel <ﬁ£;1£12 ql + qu )¢Brel m, + me i|
+ V. c D re p, - ! Bre _>
0c(Q) [¢A 1<I7{M2 -~ + qu 1 mc + oy —0 }
+ V- zc(Q) |:¢Arel <P(Mz >¢Brel mc + mc i| }
X (XAXB)gz¢Aﬂavor¢Bﬂav0r¢Acolor¢BCUlor| ) (29)

where my (mp) is the mass of meson A (B); Py = (Ejy, ﬁA) P = (Ep, 133); s = (P4 + Pg)%; and P, = (E], p}), withi = qi, ¢,
¢, and €. doye. depends on Ly, S4, Lg, Sg, L, S, L;, S/ G+ and S|_ ;. The unpolarized differential cross section for A+ B —
q1 + > + ¢ + ¢ is thus

(2m)* Cry Ly dEp &

do_unpol(\/g7 T) —
free 4 \/( Py Py — mini (2m)2E] (2m)32E}, (27 32E, (27)32E],

XS Pa+ Py —p, — P —Pe—P) Y. Mgl
Sq128G225czSezIaz Bz

2

Li Si Ja
= Z @S+ DI+ D{Lg Sg Jp '} dotee. (30)
LSJL.S .. S L S J

q1+qp " e+

Now we give the cross section for A+ B — ¢q; + g» + ¢ + ¢ — H. + X, which includes the fragmentation process ¢ —
H,. Denote by z the fraction of energy passed on from quark c to hadron H,. The fragmentation function D (z, u?) at the
factorization scale u indicates that D% (z, 4?)dz is the number of hadron H, produced at z and within dz. Consequently, the
unpolarized differential cross section forA +B — ¢+ +c+¢ — H. + X is

do" (5, T) = doge?® (/5. TIDY (2, 1)z
2

Ly Sa Ja
= >, @S+D@+DLe Sp Jpp doweDi (2 p)dz. 31
LSIL:S) .. S. L s J

q1+q et

The present work involves the three cases: Ly =0, Ly =0; Ly =0, Lg #0,S4 =0;and Ly =0, Lp =1, S4 =1, Sp = 1.
Values of the Wigner 9 symbol in these cases reduce the unpolarized differential cross section to

1
dUUnpol s, T)= 28 + 1 dUreeDHL z 2 dz. 0
(s, T) 284+ DH)(2Sg+ (2L + 1) L SSZ B ( )dotee D (2, 1°) (32)

q1+qp e+

The unpolarized cross section forA+B — ¢+ @ +c+¢ — H. + X is

1
unpol = » 25 +1 33
o""PN((/s, T) (2SA+1)(2SB+1)(2LB+1)LBSS » (28 + o (s, T), (33)
with
O’(\/E, T) = fdafree (Z M )d (34)
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The cross section depends on temperature and the center-of-
mass energy /s of mesons A and B.

III. NUMERICAL RESULTS AND DISCUSSIONS

For large-momentum charmonia we consider the following
charmonium dissociation reactions:

T+J/y - H+X,7+¢y — H +X, 7w
+XC_)HC+Xa

p+J/Yy > H+X,p+V' - H +X,p
+ x. — H. + X,

K+J/y—>H+X,K+v¥' — H. +X,K
+ x. = H. + X,

K*+J/Yy > H +X,K*+ vy — H,
+X,K* + xc = He + X,

where H, is DT, D°, D, or D**. We solve the Schrodinger
equation with the potential given in Eq. (17) to ob-
tain @are1 (74,4, )> PBre1(Fez), and temperature-dependent meson
masses where the up-quark mass, the strange-quark mass, and
the charm-quark mass are 0.32, 0.5, and 1.51 GeV, respec-
tively. The momentum-space wave functions [@are1(Pg,4,) and
dpre1(Pez)] appearing in Egs. (22) and (23) are used in Eq. (29)
to calculate dofyee.

According to Egs. (17)—(19) and (29), we need to calcu-

: + ha M
late the color matrix elements ¢ piscccolor 3 3 PAcolorPBeolor-

@q1grcecolor 18 derived in the Appendix. Corresponding to the
potentials Vg, Vg,e, Vy e, and V2, the color matrix elements
are

53 /6
(pqlqzcécolor% ’ ?¢Acolor¢Bcolor = T (35)

g Xc \/6
(p;] Gacccolor % : E¢Acolor¢Bcolor = - T . (36)
Ao e NG
gDf;LlfizcEcolor % : ?¢Aco]or¢3color = T , (37)
Ag XE NG
(ﬂ; Gaccolor % : ?¢Acolor¢Bcolor = 7 . (38)

The flavor matrix elements (p;]qzcéﬂavor%ﬂavor¢Bﬂavor in
Eq. (29) are 1.

1

09 F T/T =0 -
F ——— 065 ]
0.8 — 0.75 -
[ 0.85 1

L —-—-- 09 =
07¢ 0.95 1
~ 06 E
=} . 4
E E
z 05F =
"o E ]
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03F -
02F -
0.1F 3
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3 4 5 6 7 8 9 10 11 12
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FIG. 1. Cross sections for pJ/y — D*X + D°X + D}X +
D*tX at various temperatures.

According to Eqs. (17)—(19) and (29), we calculate
W:far (xaxs )§7 for the central spin-independent potential and
¢gfal+ Sa - Sp(XaxB )ﬁz for the spin-spin interaction. These spin
matrix elements are listed in Table I. They are independent of
S,, and d o 1s thus independent of S;.

The charm-quark fragmentation functions used in Eq. (34)
are solutions of the Dokshitzer-Gribov-Lipatov-Altarelli-Paris
(DGLAP) evolution equations with u = /s [34,35]. The
starting point for the DGLAP evolution in pu is taken to be the
charm-quark mass. Unpolarized cross sections for charmo-
nium dissociation in collisions with 7, p, K, and K* mesons
are calculated with Eq. (33). For the convenient use of the
unpolarized cross sections, they are parametrized as

UUﬂpol(ﬁ’ T) = a <M)

by
\/E—«/So
xexp|c |1l ——————
by

45F T/T =0 -
' ——— 065 ]
4= 0.75 —
E - 0.85 -7 1
F—-—- 09 - 3
3¢ 0.95 e E
r yd ]
3W —
=2 ¢ 4 ]
E e 1
3 251 / =
5, / ]
2 / e
£ / ]
LsE e T .
1E -
0sF : =
ob =i I I B B
3 4 5 6 7 8 9 10 11 12

s’ 2 (GeV)

FIG. 2. Cross sections for py' — D*X + D°X + DFX + D**X
at various temperatures.
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FIG. 3. Cross sections for px. — D*X + D°X + DI X + D**X
at various temperatures.
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FIG. 4. Cross sections for KJ/¢ — DX + D°X + D¥X +

D**X at various temperatures.
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FIG. 5. Cross sections for Ky’ — DX +D°X +DIX +

D**X at various temperatures.

ra(5)

X exp [c2<1 _ 5= ;/s—")], (39)

where ,/s¢ is the threshold energy and equals the sum of the
H. mass, the D mass, the g; mass, and the §, mass. The
values of the parameters ay, by, c1, az, by, and c; are listed in
Tables II-X. In these tables, dj is the separation between the
peak’s location on the /s axis and the threshold energy, and
/5 18 the square root of the Mandelstam variable at which the
cross section is 1/100 of the peak cross section that is obtained
from the parametrization. We note that the parametrization of
a reaction at a given temperature is valid in the /s region
where the cross-section curve for the reaction is displayed
below.

Cross sections for the pion-charmonium reactions were
obtained with an early version of FORTRAN code in Ref. [28].
After an error is removed, a new version is used to calcu-
late pion-charmonium dissociation cross sections, which are
smaller than those shown in Ref. [28]. We do not plot the cross
sections, but list values of a1, b1, c1, az, b2, ¢2, dp, and /5 in
Tables XI-XIII.

In Figs. 1-9 we plot unpolarized cross sections for the
following reactions:

oJ/¥ — DTX 4+ D°X + DX + D**X,
oy’ — DX + D°X + DX + D*X,
pXe — DX +D°X + DIX + D*'X,

KJ/Y — DX + D°X + DX + D*X,
Ky’ — DX +D°X + DfX + D*X,
Kx. — DX +D°X + DX + D*'X,

K*J/Y — DX + D°X + DX + D*"X,

K*y' — DX + D°X + DX + D*"X,

K*x. — D™X + D’X + DX + D**X.

Since mesons A and B are broken up in the reaction A + B —
q1 + > + ¢ + ¢, the produced constituents ¢, §», ¢, and ¢ are
described by plane waves. The first term on the right-hand
side of Eq. (18) stands for the confining potential. In the con-
finement regime the mesonic quark-antiquark relative-motion
wave functions are mainly determined by the confining po-
tential and are nonperturbative. The perturbative part of the
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FIG. 6. Cross sections for K x, — D*X + D°X + D¥X + D**X
at various temperatures.

mesonic quark-antiquark relative-motion wave functions is
mainly determined by the second term on the right-hand side
of Eq. (18) and the spin-spin interaction. At low energies near
threshold, the nonperturbative part of the wave functions of
mesons A and B overlap, and it is very difficult for the collision
of mesons A and B to break them to produce plane waves of
q1, ¢2, ¢, and ¢. Therefore, the unpolarized cross sections near
threshold are negligible. With increasing /s, more and more
the perturbative part of the meson wave functions is probed,
the production of plane waves gradually increases, and the
cross sections increase.

We present the unpolarized cross sections in the /s region
that are generally accessed by collisions between light mesons
in hadronic matter and the three charmonia (J/v, ¥/, and ).
Cross sections for some reactions at some temperatures reach
maximum values around /s = 11 GeV. Examples are the
cross sections for pJ/¥ — D**X at T/T, = 0.95 in Fig. 10;
p¥’ — DX at T/T, =0.65, 0.75, 0.85, 0.9, and 0.95 in
Fig. 11; and K*x. — D°X at T/T, = 0.85 and 0.9 in Fig. 12.
Therefore, we use /s = 11 GeV in discussions in the next
two paragraphs.

At large /s values, the dependence of the cross sec-
tions on temperature is obvious. For example, at /s = 11
GeV the cross sections for pJ/iy reactions decrease with
increasing temperature, but the cross sections for p¥’, px.,
K + charmonium, and K* 4 charmonium reactions increase
first and then decrease. Denote by o 1min (011max) the smallest
(largest) cross section among the six cross sections corre-
sponding to T /T, = 0, 0.65, 0.75, 0.85, 0.9, and 0.95 at /s =
11 GeV. Because omin is the cross section at T /T, = 0.95
as seen in Figs. 1-9, it is used as a benchmark to see the
temperature dependence of cross sections for all reactions.
The ratio of 0imax tO Op1min May represent the variation
of the cross section with respect to temperature. For exam-
ple, from the dashed curve and the dot-dot-dashed curve in
Fig. 8, 01 1max/O11min €quals 7.46 for K*y' — D*X + DX +
DfX + D*"X. The value indicates that the cross sections for
K*y' reactions change rapidly with increasing temperature.
In order of the decrease of 0 1max/11min, We list the reactions

0.9 T T T T T
0.8} —T/Tc:()
F——— 065
F 0.75
Rl 0.85
Fo—-- 09
0.6 - 0.95
205k
g ok
=b0'4;
03F
02F
0.1
E B
bl e 2T L L
3 4 5 6 7 8 9 10 11 12

"7 (Gev)

FIG. 7. Cross sections for K*J/y — D*X + D°X + DX +
D*tX at various temperatures.
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FIG. 8. Cross sections for K*y' — D*X 4+ D°X + DX +
D*tX at various temperatures.

3T

S ]
——— 065 -7

0.75 7 B
————— 0.85 . b
- == 09 , ]

0.95 7

T N P P T B

4 5 6 7 8 9 10 11 12
s’ 2 (GeV)

FIG.9. Cross sections for K*x.— D'X +D°X + D}X +
D*tX at various temperatures.
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FIG. 10. Cross sections for pJ/y — D**X at various
temperatures.

that produce DX, D°X, D} X, and D**X: K*y/, py', K*x.,
o Xes KN, KX I/, pd /Y, e, K Xe, T Xey KT/, and ] /4.
A low-energy reaction between a light meson and a
charmonium produces two charmed mesons. While /s
increases from threshold, the cross section for every
endothermic reaction rises from 0, arrives at a maximum
value, and decreases, but the cross section for every
exothermic reaction decreases rapidly from infinity and
then may increase, reaching a maximum and decreasing.
Peak cross sections of J/y dissociation in collisions with
7w, p, K, and K* mesons are collected from some references
and are listed in Table XIV. In the last row of the table, we
show cross sections at /s = 11 GeV and T = 0 GeV for
nJ/y — DTX + D°X + DX + D**X + D*°X + DX,
oJ/¥ — D*X + D°X + DX + D**X + D*°X + D**X,
KJ/¥ — DYX + DX + D¥X + D**X + D*°X + D**X,
and  K*J/¢ — DX + D°X + D} X + D*"X + D*X +
D;"*X , which are obtained in the present work. Since ¢ — D*0
and ¢ — D;‘* fragmentation functions are unknown, cross
sections for wJ/¥ — DX, nwJ/y¥ — DX, pl/¥ —

0.4 T T T T T T
oasf  —— TI=0 P

' ——— 065 7 ]

r 0.75 s/ b
03 - 0.85 d 3

L -=-=-09 yad ]

r 0.95 ’ 1
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= r a1
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3 02 &
o f 1
015 &
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4 5 6 7 8 9 10 11 12
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FIG. 11. Cross sections for py' — D} X at various temperatures.

n

I — 110 i
125 ——— 065 S5

= 0.75 5 1
ro-- 0.85 - ]

[ —--=-- 09 / ]

1= 0.95 P .

= [ ]
e [ ]
3 075 -
oo ]
05l -
0251 N
07\ L1l LL\ Ll JM L1l ‘ L1 11 ‘ L1 11 ‘ - ‘ - ‘ L1 \7

3 4 s 6 7 8 9 10 11 12

"7 (Gev)

FIG. 12. Cross sections for K*x. — D°X at various temperatures.

DX, pJ/¥ — DX, KJ/¢¥ — DX, KJ/¥ — DX,
K*J/¥ — D*X, and K*J/y — D**X are not calculated. In
order to estimate the eight cross sections at 4/s = 11 GeV and
T = 0 GeV, itis assumed that the ratio of the cross section for
inclusive D*0 (D**) production to the one for inclusive D**
production equals the ratio of the one for inclusive D° (D)
production to the one for inclusive DT production; that is,

unpol unpol

Ontjy—>0ox  Onjjy—>nox
unpol ~_unpol ’

O o

7 [y DX 7 /Y—D+X
unpol unpol

0. o}
wy—D*X  Onijy—DixX
unpol - O_unpol ’

Onl/y—D+x wJ/Y—D*X
unpol unpol
pd/y—DX 9 pj/p—D0X
unpol ~_unpol ’
oljy—D+x  Ppljy—sDrX

and so on. It is shown from the Table XIV that the cross
sections at high /s in the present work are comparable to
those peak cross sections at low 4/s.

IV. SUMMARY

We have obtained temperature-dependent cross sec-
tions for dissociation of large-momentum charmonia in
collisions with w, p, K, and K* mesons in a mecha-
nism where the collision between a light meson and a
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TABLE I. Spin matrix elements.

SA O 0 O
Sg 1 1 1
Slilﬁrt?z 0 1 1
S(‘+E 1 0 1
S 1 1 1
Vimi (XA X3, 1 0 0
$Sits = |
final ®q1 ° sE(XAXB)gz 0 -z zlﬁ
St = X 1
final ®q2 SC(XAXB)?[ 0 -7 5/
g:;l+311| : ng(XAXB)gf 0 i 21%
€:§I+§172 “Se(Xaxs )§Z 0 % 21%

1 1 1 1 1 1
1 1 1 1 1 1
0 0 1 1 1 1
0 1 0 1 1 1
0 1 1 0 1 2
0 0 0 1 1 1
V3 1 1 _1 _1 1
4 272 22 2 4 4
3 1 1 _1 _1 1
4 242 272 2 4 4
3 1 1 _1 1 1
4 22 22 2 4 4
V3 1 L _1 _1 1
4 272 22 2 4 4

charmonium produces two quarks and two antiquarks first,
then the charm quark fragments into charmed mesons, and the
other three constituents combine with quarks and antiquarks
created from vacuum to form two or more mesons. According
to the mechanism, we have derived the transition amplitude
for A+ B — g1+ @ + c+ ¢ from the wave functions of
mesons A and B and of ¢q;, ¢», ¢, and ¢. An expression for
the absolute square of the transition amplitude is derived from
the mesonic quark-antiquark relative-motion wave functions
and the spin wave functions. The color wave functions of
q1, @2, ¢, and ¢ are derived in group representation theory.
With the charm-quark fragmentation functions, the unpolar-
ized cross section for A+B— q1+@p+c+¢— H. +X

is derived. We have calculated the color, flavor, and spin
matrix elements. The mesonic quark-antiquark relative-
motion wave functions result from the Schrédinger equa-
tion with the temperature-dependent quark potential. We have
provided parametrizations of the numerical unpolarized cross
sections.

The unpolarized cross sections for inclusive D¥, DY, Dj,
and D** production increase with increasing center-of-mass
energy of the colliding light meson and charmonium, depend-
ing on the contributions of the nonperturbative part and the
perturbative part of the quark-antiquark relative-motion wave
functions of the colliding mesons. At high +/s the change
of the unpolarized cross sections with increasing temperature

TABLE II. Quantities relevant to the cross sections for the pJ/¢ dissociation reactions. a; and a, are in units of mb; by, by, dy, and /s,

are in units of GeV; and ¢, and ¢, are dimensionless.

Reaction T/T. a b, Ci a b, C dy V5
o+J/y —> Dt +X 0 0.02 4 4.1 0.16 8.3 6.2 8.11 27.19
0.65 0.01 2.9 4.2 0.13 7.2 7.9 7.16 22.27
0.75 0.006 2.5 4.4 0.106 7.7 5.7 7.69 26.2
0.85 0.002 1.8 5.7 0.084 8.2 4.2 8.2 31.01
0.9 0.002 2 5.1 0.082 8.7 3.8 8.7 33.94
0.95 0.002 1.9 6.4 0.068 8.7 32 8.7 36.47
po+J/v — D' +X 0 0.05 4 4.1 0.43 8.3 6.3 8.13 27.04
0.65 0.02 2.4 5.3 0.34 7.6 6.8 7.6 24.45
0.75 0.007 1.8 6.4 0.302 8.6 4.4 8.6 31.84
0.85 0.003 1.5 9.7 0.23 8.8 3.7 8.8 34.83
0.9 0.004 1.8 5.9 0.186 8 39 8 31.18
0.95 0.008 1.9 5.9 0.162 7.6 39 7.6 29.61
p+J/Yy - DFr+X 0 0.007 3.1 4.6 0.084 7.3 5.7 7.23 25.32
0.65 0.003 1.9 5.7 0.066 6.9 5.2 6.9 24.9
0.75 0.01 34 4.2 0.051 6.7 8.9 6.51 20.21
0.85 0.001 2 4.9 0.042 7.5 4.2 7.5 28.82
0.9 0.001 2.9 4.5 0.038 7.8 4 7.78 30.31
0.95 0.004 3.7 4.3 0.031 8 4.3 7.75 29.81
o+J/¥ — Dt + X 0 0.008 3.1 5.6 0.181 8 6.3 7.99 26.42
0.65 0.002 1.7 7.2 0.156 8.5 4.8 8.5 30.63
0.75 0.005 2.2 5.8 0.123 7.6 6 7.6 25.53
0.85 0.05 7.2 10.4 0.05 7.4 3 7.24 30.58
0.9 0.003 1.9 5.8 0.086 7.9 3.8 7.9 31.2
0.95 0.002 1.6 7.8 0.071 7.5 3.1 7.5 32.44
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TABLE III. The same as Table II except for py/’.

Reaction T/T. a b, c a, b, fo doy V5
o+¢¥ — D" +X 0 0.01 1.7 5.3 0.347 8.4 3.6 8.4 34.23
0.65 0.1 5 9 0.7 8.2 6.4 7.88 26.51
0.75 0.2 5 9 0.6 9.7 7.3 9.3 29.13
0.85 0.02 3.2 12.5 0.28 7.3 6.8 7.3 23.42
0.9 0.003 2.5 12.9 0.162 6.9 5.5 6.9 23.96
0.95 0.002 2 4.9 0.098 7.3 4 7.3 28.28
p+y — D4+ X 0 0.1 2.9 3.8 0.816 7.1 6.6 7.01 23.5
0.65 0.2 5 8 1.8 7.9 7 7.67 24.92
0.75 0.11 3.9 19.2 1.71 8.3 6.2 8.3 27.08
0.85 0.11 3.9 9.2 0.72 7 9.2 6.86 20.54
0.9 0.02 3 8 0.42 6.8 6.3 6.79 22.54
0.95 0.01 2.6 39 0.26 7.6 4.2 7.58 28.69
p+v — DI +X 0 0.01 2 5.1 0.17 6.9 4.7 6.9 25.98
0.65 0.12 4.2 12 0.332 7.1 10.3 6.72 20.37
0.75 0.04 34 19.6 0.299 6.4 9.9 6.39 18.98
0.85 0.022 33 20.6 0.139 6.2 10.4 6.19 18.16
0.9 0.011 3.3 21.1 0.077 6.4 7.7 6.39 20.22
0.95 0.005 3.2 12.8 0.048 6.9 53 6.89 24.25
o+ — DT+ X 0 0.01 2 6.5 0.35 7.7 5 7.7 27.84
0.65 0.031 3.5 29.8 0.79 6.9 9.7 6.9 20.36
0.75 0.11 3.9 14.7 0.61 6.6 15 6.52 17.47
0.85 0.07 4.2 10.5 0.33 7.9 6.7 7.7 25.15
0.9 0.01 3 13 0.18 6.6 54 6.59 23.26
0.95 0.01 3.5 39 0.11 7.8 35 7.6 31.72

TABLE IV. The same as Table II except for px..

Reaction T/T. a b, C a by fo dy N
p+xe—>DT+X 0 0.01 2.3 4.1 0.31 8.5 3.9 8.5 33.33
0.65 0.014 2.5 9.6 0.451 7.1 7 7.1 22.9
0.75 0.1 6 6 0.4 8.1 5.8 7.62 26.8
0.85 0.02 4 9 0.28 7.7 5.6 7.62 26.22
0.9 0.02 4 7 0.18 8.7 4.7 8.59 31.02
0.95 0.002 2 7.4 0.121 8.3 3.6 8.3 33.14
o+ xe— D' +X 0 0.1 4 34 0.96 10.2 4.3 10.03 37.47
0.65 0.01 7 2 1.25 8.1 5.1 8.1 28.75
0.75 0.1 3.8 8.4 1.3 7.5 7.5 7.44 23.31
0.85 0.1 4.1 7.5 0.7 7.5 7.8 7.33 22.85
0.9 0.01 3 10 0.4 7.2 5 7.2 25.74
0.95 0.02 3 4 0.3 7.8 4.7 7.74 28.02
P+ xe— Df +X 0 0.01 3 4.1 0.16 8 3.8 7.94 32.07
0.65 0.005 5 2.9 0.232 6.5 6 6.48 22.57
0.75 0.014 3.9 15 0.247 6.4 7.1 6.34 20.96
0.85 0.02 34 16.1 0.14 6.4 8.8 6.37 19.52
0.9 0.01 3.5 17.1 0.08 6.4 7.2 6.36 20.65
0.95 0.013 3.7 8.8 0.049 7.1 7.1 6.85 22.35
p+x.—> DT+ X 0 0.01 2.6 5.6 0.33 8.1 4.9 8.1 29.28
0.65 0.1 5.5 114 0.6 10.1 4.9 9.8 35.23
0.75 0.1 4.9 8.4 0.5 7.6 8.4 7.25 22.7
0.85 0.012 3.1 13.1 0.305 6.3 7.3 6.29 20.34
0.9 0.01 2.7 11.2 0.192 6.9 5.3 6.9 24.3
0.95 0.03 34 44 0.12 7.1 7 6.81 22.25

054901-12



DISSOCIATION CROSS SECTIONS OF LARGE-MOMENTUM ... PHYSICAL REVIEW C 106, 054901 (2022)

TABLE V. The same as Table II except for KJ /.

Reaction T/TC a) bl Cq ap bz Cy do \/E
K+J/yr — D" +X 0 0.01 0.01 0.08 0.11 9.13 3.77 9.13 36.18
0.65 0.01 0.01 0.07 0.11 8.83 3.8 8.83 34.93
0.75 0.01 0.01 0.08 0.105 8.71 3.68 8.71 34.91
0.85 0.01 0.01 0.09 0.097 8.42 3.57 8.42 34.21
0.9 0.01 0.01 0.07 0.088 7.99 3.46 7.99 33
0.95 0.01 2.9 4.4 0.08 7.7 4.7 7.62 27.88
K+J/Yy — D’ +X 0 0.01 0.01 0.06 0.28 9 3.85 9 35.41
0.65 0.01 0.01 0.05 0.28 8.73 3.87 8.73 34.32
0.75 0.01 0.01 0.09 0.29 9.13 3.64 9.13 36.56
0.85 0.01 0.01 0.08 0.26 8.62 3.58 8.62 34.88
0.9 0.01 0.01 0.08 0.24 8.39 341 8.39 34.67
0.95 0.02 2.9 4.4 0.22 8.3 4 8.25 31.82
K+J/y - DM +X 0 0.01 0.01 0.08 0.05 7.38 4.05 7.38 29.34
0.65 0.01 0.01 0.07 0.06 8.12 3.69 8.12 32.97
0.75 0.01 0.01 0.09 0.05 7.25 3.84 7.25 29.35
0.85 0.01 4.4 4.6 0.05 9.4 4.1 8.9 35.48
0.9 0.01 4.1 4.7 0.04 8 53 7.48 27.69
0.95 0.01 3.7 5.1 0.04 8.7 4.9 8.41 30.61
K+J/y — D" +X 0 0.01 0.01 0.09 0.11 8.5 4.5 8.5 31.73
0.65 0.01 0.01 0.07 0.12 8.43 4.32 8.43 31.91
0.75 0.01 0.01 0.13 0.12 8.45 4.04 8.45 32.76
0.85 0.01 0.01 0.1 0.107 7.76 3.71 7.76 31.37
0.9 0.01 0.01 0.09 0.099 7.35 342 7.35 30.86
0.95 0.01 2.5 4.7 0.09 7.1 4.2 7.06 27.23

TABLE VI. The same as Table II except for K/'.

Reaction T/Tc ay b] Cq a bz Cy do \/E
K+vy' - DM+X 0 0.01 0.01 0.08 0.18 8.02 3.69 8.02 32.63
0.65 0.01 0.01 0.03 0.28 6.78 7.22 6.78 22.02
0.75 0.1 4.8 9 0.243 8.47 9.6 7.9 23.92
0.85 0.02 3.7 10 0.188 7.8 5.8 7.76 26.36
0.9 0.02 4 7 0.15 8.7 4.5 8.55 31.75
0.95 0.02 4.2 3.8 0.1 8.7 4 8.15 32.99
K+vy - D'+X 0 0.01 0.01 0.06 0.48 8.19 3.69 8.19 33.23
0.65 0.01 0.01 0.02 0.73 6.81 7.26 6.81 22.06
0.75 0.14 43 10 0.705 8.13 7.67 7.96 249
0.85 0.1 4.2 8 0.481 8.1 6.9 7.86 25.55
0.9 0.1 4.7 6 0.44 10.6 4.4 10.25 38.11
0.95 0.01 3 6 0.3 8.6 33 8.59 35.76
K+vy' —DrH+X 0 0.01 0.01 0.08 0.1 7.48 3.63 7.48 31.06
0.65 0.05 4.2 13.6 0.15 7.6 7.5 7.34 23.89
0.75 0.03 3.7 19 0.133 6.83 7.67 6.79 21.72
0.85 0.017 34 20 0.091 6.6 7.5 6.59 21.18
0.9 0.014 35 15 0.067 6.9 6.4 6.86 23.01
0.95 0.02 4.1 6.6 0.05 8.6 6.4 8.1 27.36
K+vy' - D" +X 0 0.01 2.6 6.4 0.2 7.7 5.7 7.7 26.7
0.65 0.1 5 14 0.47 10.4 6.5 10.36 32.68
0.75 0.05 4.1 18 0.318 7.94 7.41 7.92 24.81
0.85 0.047 3.9 10 0.211 7.6 7.1 7.44 24.06
0.9 0.04 4 7 0.18 9.2 4.4 9.01 33.66
0.95 0.03 4 4 0.12 9.3 3.5 8.65 37.19
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TABLE VII. The same as Table II except for K ..

Reaction T/T. a b, C as b, (o) dy 52
K+ x.—Dt"+X 0 0.01 0.01 0.06 0.18 8.93 3.37 8.93 37.29
0.65 0.01 0.01 0.05 0.23 7.6 4.98 7.6 27.53
0.75 0.1 5.5 6.4 0.273 11.4 5.8 10.65 36.57
0.85 0.03 4 8 0.183 7.9 6.2 7.72 25.98
0.9 0.02 4 6.7 0.15 8.6 4.5 8.43 3143
0.95 0.01 3.6 5 0.12 9 33 8.9 37.23
K+x.— D" +X 0 0.01 0.01 0.05 0.46 8.85 3.42 8.85 36.75
0.65 0.01 0.01 0.04 0.59 7.59 5.04 7.59 27.38
0.75 0.1 4.7 8.1 0.695 9.51 4.97 9.31 33.23
0.85 0.1 4.4 8 0.519 9.1 53 8.89 31.06
0.9 0.1 4.3 5.9 0.37 8.4 6.5 7.96 26.69
0.95 0.1 5.1 4 0.4 14 32 13.51 56.52

K+ x.—DfH+X 0 0.01 0.01 0.08 0.09 7.6 3.52 7.6 31.9
0.65 0.01 0.01 0.06 0.12 6.59 5.26 6.59 24.06
0.75 0.013 3.6 18 0.12 6.9 5.8 6.88 24.04
0.85 0.032 39 12 0.089 7.4 8.2 7.2 22.55
0.9 0.02 3.7 11.3 0.07 7.3 7.5 7.17 22.85
0.95 0.01 32 9.5 0.05 6.7 6.2 6.61 22.52
K+ x.—> D" +X 0 0.01 0.01 0.08 0.18 8.29 4.11 8.29 32.22
0.65 0.01 0.01 0.06 0.28 8.15 5.44 8.15 28.35
0.75 0.1 5.3 8.4 0.303 10.92 5.49 10.46 36.12
0.85 0.05 4 9 0.207 7.6 7.1 7.35 24.04
0.9 0.03 3.8 7.2 0.17 8.2 4.5 8.01 30.17

0.95 0.02 3.7 4.6 0.13 8.7 32 8.39 36.6

TABLE VIII. The same as Table II except for K*J/v.

Reaction T/T. a b, (a3} a b, o dy N
K*+J/y — D" +X 0 0.01 3 44 0.15 8.3 5 8.27 29.69
0.65 0.009 2.5 4.3 0.154 8.1 54 8.09 28.17
0.75 0.01 2.7 4 0.12 7.9 5.6 7.87 27.13
0.85 0.002 1.6 6.6 0.083 8.6 34 8.6 35.62
0.9 0.01 2.8 4.1 0.07 7.1 6.5 7.01 23.27
0.95 0.003 2 6 0.062 8.6 2.9 8.6 38.01
K*+J/y — D’ +X 0 0.1 6 34 0.41 11.3 43 10.43 40.86
0.65 0.01 1.8 5.6 0.39 8.3 4.3 8.3 31.44
0.75 0.01 1.9 4.8 0.31 8.2 4.2 8.2 31.32
0.85 0.01 2 5 0.22 8.1 4.1 8.1 31.17
0.9 0.03 3.1 39 0.17 7.2 7.1 7.05 22.83
0.95 0.004 1.5 8 0.14 7.4 3.1 7.4 32.23
K*+J/y - DM +X 0 0.02 4.3 4.1 0.07 8.2 6.5 7.7 26.61
0.65 0.005 23 4.2 0.073 6.9 4.9 6.88 25.64
0.75 0.007 32 35 0.057 7.8 4.3 7.62 29.76
0.85 0.001 2 55 0.046 8 34 8 33.55

0.9 0.004 2.6 5.1 0.031 6.9 53 6.85 24.6
0.95 0.006 3 4.8 0.024 6.6 6.8 6.38 21.52
K*+J/y — D*" +X 0 0.03 4.7 4.6 0.15 8.4 7.5 8.07 2597
0.65 0.007 2.5 4.9 0.147 7.4 5.8 7.39 25.56
0.75 0.01 2.7 4.7 0.12 7.2 6.2 7.17 24.31

0.85 0.003 1.7 6.6 0.094 7.7 3.7 7.7 31.2

0.9 0.002 1.7 7.4 0.079 7.8 3 7.8 34.5
0.95 0.003 1.5 9.6 0.062 6.8 3 6.8 30.39
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TABLE IX. The same as Table II except for K*y/'.

Reaction T/T. a b, c a b, o dy V5
K*+¢' — D" +X 0 0.01 2 5.1 0.31 8.4 3.5 8.4 34.78
0.65 0.2 5.2 8.9 0.7 9.6 5.2 8.87 3291
0.75 0.1 4 9.5 0.6 7.5 8.1 7.36 22.91
0.85 0.02 3 11 0.28 6.7 6.8 6.69 22.01
0.9 0.002 2.2 11.2 0.164 6.9 4.8 6.9 25.4
0.95 0.01 6 3 0.09 8.6 2.9 8.28 37.66
K*+vy — D'+ X 0 0.1 29 4.2 0.78 7.5 6 7.42 25.53
0.65 0.08 3.5 24 1.91 7.5 6.3 7.5 25
0.75 0.2 3.8 9.8 1.6 7.1 8.7 7.01 21.46
0.85 0.1 33 9.5 0.8 6.9 8.5 6.86 21
0.9 0.01 3 10 0.44 7.5 4.4 7.5 28.21
0.95 0.001 1.2 7.7 0.229 7.3 32 7.3 31.38
K*+vy' — Dr+X 0 0.005 1.7 6 0.151 7.1 3.7 7.1 29.48
0.65 0.08 4 14 0.36 7 6.9 6.79 22.97
0.75 0.06 35 15.7 0.31 6.5 8.8 6.45 20.04
0.85 0.031 34 15.8 0.145 6.4 8.9 6.36 19.63
0.9 0.009 3.1 16.7 0.083 6.4 6.9 6.39 21.12
0.95 0.005 3.1 7.5 0.042 6.7 5.1 6.62 24.17
K*+vy' — D"+ X 0 0.01 2 6.3 0.32 7.7 4.7 7.7 28.69
0.65 0.3 4.9 11.5 0.8 8 12.8 7.58 21.3
0.75 0.1 4.2 16.3 0.7 7.5 7.5 7.43 23.58
0.85 0.08 4 9 0.37 7.9 6.7 7.72 25.33
0.9 0.04 4 6 0.17 7.5 4.8 6.96 27.12
0.95 0.003 1.9 7.2 0.109 7.3 3 7.3 32.34

TABLE X. The same as Table 1I except for K* x..

Reaction T/TL ay bl Cq ar bz Cy d() \/E
K*+ x.—> Dt +X 0 0.02 3 3.5 0.3 9.1 3.9 9.05 35.54
0.65 0.004 2 6.6 0.472 7.5 5.1 7.5 26.98
0.75 0.1 5.5 7.4 0.4 8.2 4.7 7.4 29.57
0.85 0.009 2.6 12.4 0.277 6.7 6 6.7 22.97
0.9 0.01 3 7.3 0.18 7.8 4.6 7.79 28.66
0.95 0.01 3.1 3.6 0.11 8.4 3.8 8.3 32.86
K*+x.— D' +X 0 0.1 4.1 3.2 0.88 10.7 3.9 10.49 40.95
0.65 0.02 6.7 2.1 1.23 7.7 4.9 7.69 28.24
0.75 0.1 3.8 6.8 1.3 7.6 6.3 7.52 25.17
0.85 0.02 2.4 14.9 0.75 6.9 5.9 6.9 23.67
0.9 0.04 4.7 7.7 0.43 8 4 7.7 30.94
0.95 0.01 4 3 0.29 8.7 3.1 8.59 37.16
K*+ x.—> DF+X 0 0.02 33 3.8 0.14 8.1 4.2 7.9 31.22
0.65 0.01 5 3 0.24 6.3 5.7 6.27 22.62
0.75 0.04 4 10 0.25 6.9 6.1 6.64 23.57
0.85 0.018 3.1 17.5 0.152 6.3 7.7 6.29 20.25
0.9 0.02 34 11.2 0.08 6.4 9.6 6.28 19.09
0.95 0.006 3.1 9.4 0.048 6.6 53 6.55 23.54
K*+ x. > D" +X 0 0.01 2.7 5.2 0.31 8.6 43 8.6 32.64
0.65 0.1 4.8 13.7 0.95 12.9 4 12.9 47.98
0.75 0.1 4.7 10 0.5 8 59 7.56 26.9
0.85 0.04 3.5 9.8 0.337 7.1 6.3 7.04 23.71
0.9 0.02 3 6 0.19 6.7 5.9 6.63 22.97
0.95 0.01 2.8 4.1 0.12 7.8 32 7.73 33.26
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TABLE XI. The same as Table II except for wJ/v.

Reaction T/TC ay b] Cq a b2 Cy do \/E
T+J/Yy —> Dt +X 0 0.01 0.01 0.09 0.12 9.27 4.18 9.27 3491
0.65 0.01 0.01 0.09 0.12 9.17 4.16 9.17 34.56
0.75 0.01 0.01 0.1 0.11 8.67 4.16 8.67 32.82
0.85 0.01 0.01 0.09 0.102 8.23 4.12 8.23 31.36
0.9 0.01 0.01 0.11 0.099 8.08 3.93 8.08 31.35
0.95 0.01 32 4.9 0.1 8.3 4.6 8.24 29.84
7 +J/y — D+ X 0 0.01 0.01 0.09 0.3 9.15 4.23 9.15 34.34
0.65 0.01 0.01 0.09 0.31 9.13 4.2 9.13 34.29
0.75 0.01 0.01 0.08 0.3 8.92 4.16 8.92 33.65
0.85 0.01 3.1 54 0.29 8.6 4.7 8.59 30.86
0.9 0.01 0.01 0.09 0.27 8.33 3.93 8.33 32.19
0.95 0.02 3 5 0.26 8.1 4.6 8.07 29.21

7 +J/y — Df +X 0 0.01 0.01 0.1 0.06 7.98 441 7.98 30.1
0.65 0.01 0.01 0.1 0.06 7.87 4.24 7.87 30.11
0.75 0.01 4.5 5.1 0.06 9.5 4.5 9.14 34.41
0.85 0.01 4.1 54 0.05 8 6.2 7.67 26.13
0.9 0.01 4.2 5.7 0.05 8.7 52 8.36 29.88
0.95 0.006 35 6.3 0.044 7.6 5 7.46 26.88
T+J/Yy —> D+ X 0 0.01 0.01 0.1 0.12 8.58 5.01 8.58 30.48
0.65 0.01 0.01 0.09 0.12 8.3 4.85 8.3 29.89
0.75 0.01 3.6 5.9 0.12 7.9 6.7 7.84 25.35
0.85 0.02 4.5 4.8 0.13 9.4 5 9.09 32.49

0.9 0.01 35 4.9 0.12 8.3 44 8.21 30.6
0.95 0.01 3 5.1 0.11 7.8 4 7.74 29.96

TABLE XII. The same as Table II except for w/'.

Reaction T/Tc aj b] Cq a) b2 Cy do \/E
T+y - Dt+X 0 0.01 0.01 0.08 0.17 8.07 4 8.07 31.53
0.65 0.01 0.01 0.03 0.25 6.97 7.64 6.97 21.93
0.75 0.03 4.2 13 0.246 8.2 6.9 8.15 25.82
0.85 0.017 3.8 11 0.172 7.7 6.5 7.66 24.86
0.9 0.05 4.9 6.4 0.17 10.6 6 10.21 33.48

0.95 0.01 3.7 5.1 0.12 8.5 4 8.38 323
T4+y - D+ X 0 0.01 0.01 0.06 0.44 8.04 4.06 8.04 31.23
0.65 0.01 0.01 0.02 0.64 6.91 7.88 6.91 21.57
0.75 0.05 4 14 0.614 7.7 7.2 7.67 24.15
0.85 0.05 4 10 0.458 7.9 6.6 7.83 25.26
0.9 0.1 4.5 6.7 0.36 8.4 7.6 7.98 25.12
0.95 0.1 4.8 4.5 0.31 9.7 5.6 8.95 31.43
7+y — Df +X 0 0.01 0.01 0.06 0.09 7.26 4.05 7.26 28.76
0.65 0.03 4.1 18.7 0.14 7.5 73 7.44 23.69
0.75 0.023 3.8 24 0.117 6.9 7.9 6.88 21.52
0.85 0.021 3.8 19.5 0.091 7.6 7.1 7.59 23.98
0.9 0.018 39 15.1 0.073 8.1 6.2 8.07 26.39
0.95 0.02 4.2 8.3 0.07 10.5 4.9 10.44 35.98
T+ - D+ X 0 0.01 0.01 0.01 0.19 8.13 4.8 8.13 29.61
0.65 0.09 5 16.7 0.82 14.2 5.7 14.2 44.98
0.75 0.095 4.9 14.5 0.732 14.3 5.7 14.3 45.15
0.85 0.031 39 13 0.202 7.7 6.7 7.65 24.64
0.9 0.03 3.8 7.7 0.16 7.7 6.1 7.52 25.28
0.95 0.03 4 4.9 0.15 9.8 3.8 9.52 37.49
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TABLE XIII. The same as Table II except for 7 x,.

Reaction T/TC ay bl C1 ap b2 Cy d() \/E
T+ x.—> D" +X 0 0.01 0.01 0.1 0.17 8.86 3.72 8.86 35.27
0.65 0.01 0.01 0.06 0.21 7.83 5.29 7.83 27.41
0.75 0.05 5 7.2 0.21 8.8 6.9 8.32 27.27
0.85 0.02 4 10 0.18 8.2 6 8.14 26.97
0.9 0.03 4.4 6.7 0.15 9 5.6 8.71 29.79
0.95 0.01 3.8 5.8 0.13 8.8 3.8 8.71 34.07
T+ X —> D%+ X 0 0.01 0.01 0.07 0.45 8.98 3.75 8.98 35.56
0.65 0.01 0.01 0.05 0.54 7.85 5.33 7.85 27.39
0.75 0.1 5 9 0.68 10.3 5 10.14 35.38
0.85 0.12 4.7 8 0.495 9.2 6.9 8.9 28.26
0.9 0.1 4.7 6.5 0.41 9.6 5.8 9.21 31.07
0.95 0.1 5 4.5 0.36 11 4.4 10.26 38.89
7+ x.— DF+X 0 0.01 0.01 0.09 0.09 7.74 3.93 7.74 30.74
0.65 0.01 0.01 0.06 0.11 6.6 5.85 6.6 23.01
0.75 0.01 3.6 19 0.109 6.94 6.42 6.93 23.14
0.85 0.02 3.8 15 0.085 7.1 8.2 7.02 21.65
0.9 0.02 3.9 12.7 0.07 7.6 7.7 7.49 23.23
0.95 0.02 39 9.3 0.06 8 7.6 7.81 24.15
T+ x.—> D+ X 0 0.01 0.01 0.08 0.17 8.09 4.64 8.09 29.88
0.65 0.01 0.01 0.07 0.23 7.96 5.92 7.96 26.77
0.75 0.08 53 9.8 0.377 12.5 52 12.45 41.48
0.85 0.027 3.8 11.6 0.199 7.5 6.9 7.44 23.87
0.9 0.03 3.9 7.9 0.17 8.2 53 8.04 28.11
0.95 0.03 4 5.1 0.15 9.4 3.8 9.08 36.1
is obvious. Compared to the peak cross sections obtained in ACKNOWLEDGMENT

the effective meson approach and in the quark-interchange
approach at low 4/s, a similar scale of cross sections at high
/s has been obtained.

TABLE XIV. Values selected from references are peak cross
sections, and the four values in the last row are the cross sections
obtained in the present work at /s = 11 GeV and T = 0 GeV. The
cross sections are in units of mb.

Reference wJ /Y oJ /v KJ/y K*J /¢

[5] 2.5 0.9

[6] 3.7 2.9

[7] 6.2 3

[10] 1.56

[11] 0.83

[12] 3.8

[13] 7 2.7

[14] 0.5 1.7 0.36 1.2

[16] 7

[17] 0.9 5.7 0.8

[18] 1.41 10.4

[19] 0.37 2.12

[20] 0.6

[21] 1.05
0.82 1.28 0.76 1.11
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APPENDIX: THE COLOR WAVE FUNCTION
OF q1, ‘_I29 C, AND ¢

Based on Ref. [36], we provide a way to construct the
color wave functions of ¢y, §», ¢, and ¢ that are produced in a
collision of mesons A and B. The three color wave functions
of a quark (an antiquark) are denoted by r, g, and b (7, g, and
b), respectively. To apply a permutation group to obtain the
color wave function ¢, g,czcolor» W€ use 1, 2, 3, and 4 to label
q1, 2, ¢, and ¢, respectively. The numbers 1 and 2 form an §;
group, and the numbers 3 and 4 form another S, group. The
direct product of the two permutation groups is the group that
has the following four elements:

4
4 9

ae( 13 ne
w191l

Each group element forms a class, and the S, x S, group has
four classes. The class operator is defined as the sum of all
group elements in the class. The group has the following four
class operators:

1
1

1
1

NS 2 \S] [\S I\
B W W W
—_ N = \®]
B~ W W W

Ci=Ri, =Ry, G3=R3, C4 = Ry. (A1)
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In the class space, the class operators give

4

CCi =Y Dij(C)Cr,
k=1

(A2)

where Dy ;(C;) form a matrix that defines a representation of
C; as

1 0 0 0 01 0 0
01 0 0 1 0 0 0
00 0 1 00 1 0
00 1 0 00 0 1
00 0 1 00 1 0
D=1 o o o] P=|o 1 0 o
01 0 0 1 0 0 0

Let Q and J; individually stand for the eigenvector and the
eigenvalue of C; in the class space, and Q is expressed as

(A3)

4
0= ZQjCja
Jj=1 |

where g; are determined by

C;0 = \0, (AD)
that is,
1 0 0 O q1
01 0 O |
D(C)) — A; 00 1 0 | = 0. (A5)
0O 0 0 1 q4

Solving the above equations, we get the projection operator
which differs from Q by a constant:

P =qC +C +Cs+Cy). (A6)
Let P operate on the following six color wave functions:
1 = r(Hr(2)r(3)r(4), (A7)
@2 = g(1)(2)8(3)8(4), (A8)
@3 = b(1)b(2)b(3)b(4), (A9)
pa = r(1)g(2)r(3)g(4), (A10)
@5 = g(1)b(2)g(3)b(4), (A11)
w6 = b(1)r(2)b(3)F(4), (A12)

and then add normalized Py, P>, Pp3, P4, Pps, and Pyg
to give the color singlet of g1, ¢, ¢, and ¢,

1 -
Pqigacecolor = %{r(l)r(2)f(3)f(4) + 8(1)g(2)8(3)8(4) + b(1)b(2)b(3)b(4)
1
+51r(1g2)7(3)8(4) + r2)g(HF(3)g(#) + r(1)g2)r(4)8(3)
1 - -
+r@2)g(DHFAZG)] + 5 [8(1DB(2)8(3)b(#) + 8(2)b(1)5(3)b(4)

_ _ 1 _
+8(Db(2)5()b3) + (BB + S B (2)b(3)F(4)

+b2)r(1)b(3)F(4) + b(1)r(2)b(4)7(3) + b(2)r(1)b(4)F(3)1}. (A13)

It satisfies

(X‘Il + 7‘(?2 + Xc + XE)(pqltizcEcolor =0. (Al14)
Denote by @y cm (Pgscms Peems Peem) the color wave function of
q1 (@2, ¢, €). When m runs from 1 to 3, ¢y,cm and @eenm are r,
g, and b, and ¢g,cn and ¢z are 7, g, and b, respectively. With

(

this notation the color singlet is given by the following short
expression,

3 3
1
Pq,gycccolor = 2_«/6 Z Z(‘ﬁqwm‘l’ccn‘b(hcmd’écn

m=1 n=1

+ ¢q1 cm¢ccn ¢qzcn ¢Ecm ) (A 1 5)
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