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Tetraquarks Production in Quark—Gluon Plasma with Diquarks

Vol. 23, No. 3 (2006) 568

*

MA Zhong-Biao( 5 j#)12** GAO Chong-Shou (/54 74)3

! Institute of High Energy Physics, Chinese Academy of Sciences, PO Box 918(4), Beijing 100039
2CCAST (World Laboratory), PO Box 8730, Beijing 100080
3 Department of Physics, Peking University, Beijing 100871

(Received 22 October 2005)

We present a way to calculate tetraquarks ratios for quark—gluon plasma with diquarks. The ratios of tetraquarks
over baryons produced from quark matter are high than hadronic gas model limits. It is a better way to search
for four-quark states in relativistic heavy ion collisions. It may become a criterion to judge whether quark—gluon

plasma has formed to search for four-quark states in relativistic heavy ion collisions.

PACS: 12.38.Mh, 25.75. —q

Multi-quark states means that the system can be
decomposed into more than one colour singlet, such
a simplest system consists of four quarks.
quark mesons were first considered in Refs.[1,2] in
the MIT (Massachusetts Institute of Technology) ver-
sion of the bag model. Theoretically, the existence
of the four-quark states was investigated in various
ways and some hadron nonet could be interpreted as
four-quark states, such as a¢(980), fo(980), f1(1420),
f2(1525) and ¥(4040), etc.>=°! In the experiments,
the BaBar collaboration has discovered a narrow state,
the D} with a mass 2317.6 + 1.3 MeV and a width
8.8+1.1 MeV. The SELEX collaboration has observed
a new narrow D77 resonance, ! D (2632) with total
width I' < 17 MeV. It is suggested that two resonances
are scalar four-quark mesons.!7]

The research of ultra-relativistic heavy ion col-
lisions is motivated by the search for quark mat-
ter. It is suggested that in a volume of nucleus
size, the hadronic matter phase will transit into the
phase of quark—gluon plasma under conditions of high
energy density and high temperature.®] The quark—
gluon plasma phase can not be observed directly. The
directly observable objects are leptons and photons
emitted by quark—gluon plasma and hadrons emit-
ted by the hadronization of the quark—gluon plasma
phase, which happens as the phase transition from
quark—gluon plasma phase to hadronic matter phase.
Based on the theoretical analysis, several kinds of ex-
perimental phenomena are proposed as the possible
signals of quark—gluon plasma formation.:'%!

Due to large gluon density and low energy thresh-
old for ¢¢ formation, strangeness production is en-
hanced in heavy ion collisions which has been sug-
gested as one of possible signals of quark—gluon
plasma. Low energy threshold for gg formation may
similarly lead to the formation of tetraquarks. Four-
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quark states may be produced in relativistic heavy ion
collision and may get larger yields, while quark—gluon
plasma is formed in relativistic heavy ion collisions.
The four-quark states could be a new candidate in
relativistic heavy ion collisions.

For the scalar mesons, JF¢
ticularly important in the theoretical point of view.
It needs at least one unit of angular momentum to
obtain a positive parity state from a gq pair. Appar-
ently, this costs an energy around 1 GeV since similar
meson state lie about 1.2 GeV. However, four-quark
states ¢?¢% can couple to 071 without orbital excita-
tion and therefore could explain the structure of the
scalar mesons.

Theoretically, the four-quark system has pre-
viously been studied in the frameworks of the
bag model®1! and the nonrelativistic potential
models,'? from many other points of view. How-
ever, the conclusions for existence of four-quark states
are quite model dependent and few investigations are
based on quantum chromodynamics. Several mesons
have been interpreted to the four-quark states in many
papers, but none of them has been definitely con-
formed as the four-quark state by experiments so far.
Whereas there exist numerous evidences in favour of
the ¢2¢? structure of these states. A look at the par-
ticle data group (PDG) review gives an idea of the
four-quark structure of the light scalar meson nonet,
o(600), fo(980) and ap(980). While the scalar nonet
can not be treated as the p-wave ¢q in the naive quark
model, it can be easily understood as the ¢2¢> nonet,
where ¢(600) has no strange quarks, (700 — 900) has
the s quark, fy(980) and a((980) have a s3 pair.

It is obvious that the four-quark scalar states can
consist of diquark—antidiquark or ¢g pairs, which can
be considered either as bound states of two ordinary
pseudoscalar mesons or as bound states of two vector

= 0t is very par-
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mesons. We concentrate our analysis on the former  can obtain
only. 00 oo
Sy Wi 3 2
Considering Np = 4 quark flavours u, d, s and ¢, n(p;) = 5 5T Z/ x dz
the diquarks have 16 basis states of the form of | ¢;q;), 4 k=070
where 1 < i, j < 4. Ten symmetric states form a 10- e~ (k+1)(y/22+(mi/T)? —pui /T) (5)
representation and six antisymmetric states form a 6-
13]

representation. The spin of the quarks in each diquark
can couple to both singlets and triplets, while colour
can couple to both triplets 3 and 6-representation.
Diquarks may be in the following colour, spin and
flavour:

3:.03. = 66@36, 2:02; = 1,535, 4f ®4f = 10f@6f.

(1)
Since the quark is fermions with a spin of 1/2, the state
function of any diquark must be symmetric under in-
terchange of two quarks. Thus the basis for diquarks
q2 state

13.1,104), |3:3:6), [6:1.64), [6:3:104).  (2)

Then from combination of a diquark and an anti-
diquark which are colour singlets and obey the Pauli
principle we can construct the basis for ¢2¢% states:

2 —2>

e (a2, 4%.47), (T2, 32, T7)), (3)

which includes the two possible colour singlet, {33}
and {66}.

All the possible four-quark mesons can be clas-
sified into four types, ¢°¢> = [qql[qq] + (q9)(qq) +
{lgg)(g) * (49)(gal}, (¢ = u,d, s,c), where parenthe-
ses and square brackets denote symmetry and anti-
symmetry, respectively. As to the spin degrees of free-
dom, the ground state of the g2 system can be in
JP = 0%, 1F, 2*. The scalar [gq][qq] can only have
JP(©) = 0(+1) at the lowest level, the last two on the
right-hand side can have spin parity J© = 11 at their
lowest level, while the (¢q)(gq) with J¥ = 0F,1F,2%.
Each of them can be again classified into two classes,
since there exist two ways to obtain the colour sin-
glet ¢°¢°
quarks into a colour singlet hadron, we can combine
two colour triplets q into colour 6 or 3; similarly. Then
we can combine two colour antitriplet ¢’s into colour
3 or 6. Therefore, there are two ways to combine the
four quarks ¢2@? into the final colour singlet, to take
the SU,(3)3 x 3 or the 6 x 6 configuration.

For the quark—gluon plasma at the temperature T,
the numbers density of diquarks in the quark matter

4mp2dp

is
) = s [
n{p;) = )
a 2m)3 Jo  o(WPPHmEow)/T _ 4

where w; is the number of degrees of freedom of di-
quarks, and p; is chemical potential. If u; < T, one

states. For the combination of four colour

(4)

From the relation!

/ " 22dpe(HHOW/F T m /T
0
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where K is Bessel function, one has

n(pi) = ;7}: 22 Kz<k?1) kua/T - (7)

For the tetraquarks production process D; +D; —
Ty, it can be described with the effective Lagrangian
L = igD;D;T;, where g is the effective coupling con-
stant. It is assumed that g is the same in these process.
D is diquark with spin 0 or 1, and T is tetraquarks
with spin 0, 1, or 2. We suppressed the Lorentz indices
for mesons. For the processes DD — T, tetraquarks
produced in a time-step dt are

dNT = |VDi - I/Dj|le.pD],0'(Di + D] — Tl)dta (8)

where pp is the number density of diquarks, and cross-
section o(D; + D; — T;) is

o(DD — T) =(2n)* // MP
4ED@-ED]-|VD1- — I/D].|

’ 5(177“,2 - mTz2)

- pTz)e(ETz)

d* PTy
(2m)% (g

-*(pp, + pp,

where pr and pp are momentums of tetraquarks and
diquarks, respectively. The number of tetraquarks
produced in a time-step dt is!*

3|M |2

dNt =
T~ 3072

——T?F(mp,,mp,,m,, T)dt, (10)
where

mD mD amTlvT)

dED dEp;,
// eEp o)/ T 4 1][e 2512 T 1) (44
and the integrating ranges is
mp S ED S Q. (].2)

Then one can obtain that the tetraquarks produced in
the process D; + Dj — T read
dN 3
dt — 32m2

|M|*T*F(mp,, mp,,mg,,T).  (13)
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For a given tetraquark state Tj, several production
process can probably produce it. Thus one needs to
sum over all possible reactions that can produce it.
The relative yields of two possible tetraquark states
are
Ny _ E‘M1|2Fl(mDmmD1’mTz7T)
N2 E|M2|2}‘ﬂ2(’l’nl);,’I’I'LD;_,’I’?’LTZI,T‘)7

(14)

where 1 and 2 stand for the possible tetraquark states.

The study of hadronic particle production in rel-
ativistic heavy ion collisions offers an opportunity to
explore the physical properties of the deconfined quark
matter phase. In principle, production and emission
of particles of particles can occur throughout the evo-
lution of the dense matter fireball. However, it has
been generally assumed that the bulk of particles is
produced in the final moments of evolution when the
temperature of dense matter sinks below the decon-
finement condition.[!8] In the deconfined region, di-
quarks and anti-diquarks can combine to produce a
tetraquarks, baryons in the hadronic gas come from
the fusion reaction between quarks and diquarks.

Let us generally denote quarks by ¢, diquarks by
D and baryons by B. The possible fusion reactions
are

q(q) + D(k) — B(p). (15)

For the process gD — B, baryons produced in a time-
step dt read

dNp = |vg —vplpgppo(q+ D — B)dt, (16)
where p, is the number density of quarks

1 7 pEdE,
Pa = w2 mg e(Eq_l‘«I)/T'|'17

and cross-section o(q + D — B) is

|M|?
o(¢gD — B) = (27) //4E Eplvg = vp]
d*
5(ps> — mp®)5* (py + pp — 5)0(Ep) (27]:)3 .
(17)

Baryons have spin 1/2 or 2/3, therefore the ef-
fective Lagrangian density of the reactions has three
cases:

Ly = igip(p)vuysuq(a)e (k),
Lo = igup(p)uq(q)e(k),
L3 = igup,(p)uy(q)ep(k), (18)

where it is assumed that g is the same in these pro-
cesses. For particles with spin 1/2 we have

m—1iy-p

T (19)

Y us(p)a(p) =

528"

where s, and s, are the spin z-components. For par-
ticles with spin 3/2 we have

s, s,/ _m— "y p 1
3 i @ () = T2 5~ e
8.8
7 2
+ %(Vupu - ’Yupu) + Wpupu]-
(20)
Then
|My|* = 2[(7"”19+7nq)2 —mbp),
1 (m% —m?)?
|M|* = EQQ [7"% & —mp — mg + 6m3mq},
1
|M;|? = 692 [16mqm3 — 8(m% +mi —m})
(m% +mi —mp)?
- mimi,
- (2mgmp — m¥y + mg —m%)|. (21)

Diquarks |gg) can fuse into baryons with three
colour quarks. For these fusion reactions, it is obvious
that the number of baryons is equal to the number of
diquarks fusing with quarks in the same fusion reac-
tion. Thus we have

dN; 3
dt ~ 3272

|Mi|2T2F(mqi7mdumBi7T)v (22)

where ¢ represents the possible reaction. From the
rates mentioned above, it can be figured out how many
percent in diquarks |ud) will fuse into baryon with u,
d or s quark respectively, which is also the number
of baryons.
tain the numbers of all kinks of baryons which can be
expressed by the number of diquarks.

However, the rate for baryon production is compli-
cated. In the quark fusion processes, fusing with corre-
sponding quarks, different diquarks can form baryons
which contain equal favour quarks. For example, the
reaction |uu) + |u) — |uuu) makes only one [uuu]
baryon (A*) but not three. On the other hand, [uds]
can be constructed from three different quark—diquark
fusion processes. Therefore for the number of baryons
|uds), produced in the system hadronization, must in-
clude contribution from these three kinds of diquarks.

Therefore, in the same way, we can ob-

For the number of all these three quarks states, we
must sum over all the possible cases.

After calculating the evolution of the number of
a given type of three quarks state (e.g. uud), at the
final time, the number is distributed between the cor-
responding multiplets, i.e. the lowest lying octet and
decuplet for baryons (anti-baryons), according to the
spin degeneracy. In order to determine how this num-
ber distributes between octet and decuplet for baryons
(anti-baryons), it is necessary to write out all SU(6)
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wave functions of octet and decuplet for baryons (anti-
baryons). From all these wave functions, it is obvious
that one should distribute the number of a given type
of quark between the corresponding multiplets accord-
ing to the spin degeneracy. e.g. the number of uds
quark group is distributed between the A, ¥° and X*°
in the ratios of 1, 2 to 4 while uuu quark group pop-
ulates only the AT* resonance, and so on.

We consider baryons (anti-baryons) including the
lowest lying octet and decuplet between the corre-
sponding multiplets according to the spin degeneracy.
However, in experiment, hadrons can be observed to
be p,n, A, X, =, Q and their anti-particles emitted by
the hadronization of the quark—gluon plasma phase,
which happens to be the phase transition from quark
gluon plasma phase to hadronic matter phase. Fi-
nally A, X* and =* hadronic decays are taken into
account with the dominant branching ratios obtained
from the particle data table.[4
ondary hadron—hadron interactions have a negligible

It is assume that sec-

effect on the finally observed hadronic composition.
Therefore the total number of a baryons produced
in the hadronization process of quark matter is

3
N = Z 3272 |MB‘2T2F(in7mdmmBnT)a (23)

where we sum over all possible reactions that can
produce baryon B. Then the relative yields of two
baryons read

NB1 _ Z ‘M1|2F(mqumd1amBlaT)

= . 24
P SDTAD D M

The ratio of tetraquarks to the baryons is
& N Z‘MTPF(mdnmd;amTi’T) (25)

NB B Z|MB‘2F(m(Ij7ijamBj7T)-

In Ref.[15], the light four-quark states are cal-
culated using the traditional sum rules while four-
quark states containing one heavy quark are computed
with the heavy quark effective theory (HQET). It is
found that the spin—colour combination has little ef-
fect on the mass of four-quark states. Therefore, we
can constituent quark masses: m, = mg = 310 MeV,
mg = 450 MeV, and m,. = 1430 MeV.

The minimum of the coupling constants ratio of gr
to g can be fixed by the hadronic gas model.['®:17] For
the hadronic gas of thermal chemical equilibrium, the
relative yields of hadrons can be calculated, based on
the free gas model. The temperature of hadronic mat-
ter should be lower than the critical temperature T,
of phase transition, so the ratios of tetraquarks over
the other hadrons from hadronic matter can give the
upper limits of the relative yields of tetraquarks. The

minimum of the coupling constant ratio amin = gr/9B
can be fixed by upper bounds of relative yields of
tetraquarks to € in the hadronic gas.

D},(2632) is interpreted as an iso-singlet four-
quark meson and is supposed to be dominated by
the c3s5 structure.[®!8] Therefore D];(2632) mass is
MD:’J(2632) = my, + 2m, + m. = 2640 Mev. Relative
yields of tetraquarks to € are obtained to be 0.0656
when gr/9p = 2amin, where chemical potential of u,
d and s quark are 13.3,13.3, and 5.1 MeV.[17:19]

In summary, we have presented a way to calcu-
late hadrons ratios produced in relativistic heavy ion
collisions. In contrast with the normal hadrons, exis-
tence of the multiquark state is neither forbidden nor
required by colour confinement. Even though there
exists no multiquark state, it is helpful to study multi-
quark configurations to understand final state interac-
tions. Four-quark states is probably produced largely
in relativistic heavy ion collision, so it is a better way
to search for four-quark states in relativistic heavy ion
collisions. The ratio of tetraquarks to baryons pro-
duced from quark matter with diquarks is higher than
the hadronic gas model limits. It may become a cri-
terion to judge whether quark—gluon plasma has been
formed to search for four-quark states in relativistic
heavy ion collisions.

The author would like to thank B. S. Zou for help-
ful discussion and valuable remarks.
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