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The feasibility of tetraquark detection is studied. For the cciid tetraquark we show that in present
(SELEX, Tevatron, RHIC) and future facilities (LHCb, ALICE) the production rate is promising and we

propose some detectable decay channels.
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L. INTRODUCTION

The purpose of this paper is to assess the possibility of
detecting certain tetraquarks in present and future facili-
ties. Among many possible tetraquarks, the double charm
tetraquark 7., = cciid = DD* with quantum numbers
ISP = 017" is particularly interesting since it is very sensi-
tive to the chosen effective interaction:

(i) It is very delicate; it is either weakly bound or
slightly unbound with respect to the two-body had-
ronic decay D + D*.

(i1) Its structure can be either predominantly ‘“‘molecu-
lar”” or predominantly ““atomic” with consequences
for the production and decay.

Double charm tetraquarks were intensively studied by
many authors. Various approaches were applied, from
lattice QCD [1] and chiral heavy quark effective theory
[2—4] to nonrelativistic potential models [5—8]. It was
shown that, although the predictions of these theories agree
in the baryon and meson sector, they give dramatically
different results for tetraquarks. For this reason, the double
charm tetraquarks present an important laboratory for dis-
criminating between different hadronic models.

Moreover, our estimates for the production cross section
of such states give us some hope that they can be experi-
mentally detected in near future.

The most important ingredient in the production of the
T,. tetraquark is double charm production. Experimental
data for such events are very puzzling. The production of
prompt J/i at B factories [9,10] as well as the production
of E.. at SELEX [11] are much larger than expected.
Therefore the comparison of T,. production with J/icc
at B factories and the comparison of T,. production with
E.. at SELEX could shed some new light on the mecha-
nism responsible for such a large double charm production.

In Sec. II we present our results for the T, production at
high energy colliders where we believe that the dominant
mechanism for the initial double charm production is
double gluon fusion. From experimental data we also
estimate phenomenologically the production of the T..
tetraquark at B factories and at SELEX. The results of
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detailed four-body calculations in nonrelativistic constitu-
ent quark model (Section III) encourage us to further
investigate this state. Since we found the T, tetraquark
to be weakly bound, we propose in Sec. IV the branching
ratio between hadronic and radiative decays as the most
promising mechanism for the detection of these states.

II. PRODUCTION OF DOUBLE CHARM AT
VARIOUS FACILITIES

The most promising mechanism for the production of
the T,. tetraquark is the formation of the cc diquark
followed by hadronization into cciid. An alternative
mechanism would exploit binding of D and D* mesons if
they are produced with small relative momenta. One might
expect that the latter mechanism could drastically enlarge
the production rate if the dominant configuration is mo-
lecular. Because of the very messy environment in hadron
colliders, however, such a weakly bound system would too
soon dissociate into free mesons by the interaction with
surrounding partons of initial hadrons.

The first step is to create two c¢¢ pairs with the ¢ quarks
close in the phase space and in color antisymmetric state,
so that in the second step they bind into the cc diquark. The
binding energy of a cc diquark in spin 1 and color anti-
triplet state calculated with the Bhaduri [12] or AL1 non-
relativistic potential models [13] is ~200 MeV [6]. Since
nonrelativistic potential models predict too small mass for
the E .. state compared with SELEX experiment [13] this
suggest even stronger binding for the cc diquark in this
state. There were studies of the production of double charm
baryons where sextet color and spin zero configuration of
the heavy diquark is taken into account [14] as well, which
can also be generalized to the production of double charm
tetraquarks. The production of double charm baryons by
this mechanism is shown to be smaller [14] although
significant. We will neglect this mechanism for the 7.
production. In the third step the diquark gets dressed either
with a light u or d quark into a ccu or ccd baryon or with a
light it d antidiquark into the ccii d tetraquark. The prob-
abilities for these two types of dressing can be estimated
using the analogy of a single heavy quark fragmentation.
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The branching ratio of the » — B and b — A, production
at the Fermilab and at LEP experiment is 0.9 and 0.1,
respectively [15]. Therefore we expect the same ratio in
the hadronization cc — E,. and cc — T,,, respectively.

The double charm baryons were probably detected at
SELEX [11]. It was estimated that 40% of singly charmed
baryons which they have seen, result from the decay of
doubly charmed baryons. The most probable mechanism
for the double charm production at SELEX is production of
the single cc pair in the processes gg — c¢¢ or gg — ccC
while the second c¢ pair is created in the fragmentation of
the heavy quark ¢ — ccc. However, theoretically it is still
unclear why the SELEX has such a large cross section for
double charm production. Since SELEX is a fixed target
experiment the cc diquark is most likely to be produced
with high lab momenta which might be helpful in the
detection as discussed in [16]. But since SELEX found,
with their cuts, only about 50 candidates for double charm
baryons, the statistics for detecting double charm tetra-
quarks should be improved.

Next, we look at the production and detection of the 7.
tetraquark in Bfactories. Since the total mass of four D
mesons is close to the c.m. energy, the ¢ quarks created in
this process have small relative momenta which is very
important in 7. production. This feature also ensures a
smaller number of additional pions created in the e*e”
annihilation and thus a cleaner reconstruction of 7'.c. Belle
[9,10] has reported a measurement of prompt J /¢ produc-
tion in e*e” annihilation at /s = 10.6 GeV and found
that most of the observed J/¢ production is due to the
double c¢¢ production

olete” = J/ce)/o(ete” — J/PX)
=0.597315 £ 0.12
which corresponds to [9,10]
a(ete™ — J/pct) = 0.87753 £0.17 pb

or to about 2000 events from their 46.2 fb~! data sample.
The theoretical nonrelativistic QCD prediction for this
process is an order of magnitude smaller [17-20] so this
process is still not well understood [21]. However, it is very
likely that the analogous mechanism would also enlarge
the cross section for the prompt production of cc diquark
and thus the E . baryon and T, tetraquark. The cc diquark
production cross section at B factories is ~0.15 pb as was
estimated by Berezhnoy and Likhoded [22] where they
obtained it with the method based on factorization theorem
and also on the hypothesis of quark-hadron duality. The
distribution over invariant mass of the cc pair in color
triplet state or cc¢ pair in color singlet state coincide with
each other for small invariant mass, therefore this estima-
tion is close to the NRQCD prediction for the J/icc
production at B factories. The number of doubly charmed
hadrons produced at this facilities can then be estimated to
be ~10* =, [22] and thus about ~103 T, per year.
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We now present our calculation for the T, production at
high energy colliders. The two colliding nucleons in TeV
machines can be considered as two packages of virtual
gluons whose number is huge for low Bjorken-x. Therefore
we expect [23,24] that in these facilities the dominant
mechanism for double charm production would be a dis-
connected double gluon-gluon fusion: (g + g) + (g +
g)— (c+¢)+ (c+ o).

The usual hard production mechanism is heavy quark
production followed by fragmentation; however, this
mechanism does not include all the possible Feynman
diagrams. In Ref. [23,25,26] it has been shown that at
high energy colliders a significant rate of events with
double heavy quark pairs is expected. To compute all the
fourth order a; Feynman diagrams we have to consider the
two different mechanisms leading to the same final state:
the usual single parton scatterings and the double parton
scatterings.

In Ref. [25,26] we have shown that double parton scat-
terings dominate the four heavy quarks (bbbb, cécé, cebb)
integrated cross section, both in central rapidity region of
the ALICE experiment and a larger rapidity values of the
LHCb experiment. In both cases it is evident that the single
parton scattering term becomes important only after apply-
ing cuts to the transverse momenta of the order of 10 GeV.
The two colliding nucleons in TeV machines can be con-
sidered as two packages of virtual gluons whose number is
huge at small x: in fact, the mass of the c-quarks is very
small as compared to the center of mass energy and then
x ~ m./+/s < <1. Therefore the large parton flux at high
energy is dominated by gluons that produce heavy quarks
via gluon-gluon fusion. In single parton interactions the
leading partonic subprocess is gg — cccc, while the lead-
ing double parton subprocessis (g + g) + (g + g) — (c +
¢) + (¢ + ¢), where the two distinct interactions occur in
the same hadronic event. Therefore at the LHC experiment,
in the multiple heavy quarks production at relatively low
momenta, one has to compute all the multiple parton
contributions and these contributions give the leading
part of the cross section.

We give an estimate of the production cross section at
high energy in the region of small transverse momenta
where the multiple parton interactions provide the leading
contribution to the cross section [25,26]. We compute the
production cross section of two c-quarks, ¢y, ¢,, very close
in momentum space |p1j — pzjl <A,j=xY,z asafunc-
tion of A. We consider the heavy quark production in the

kinematical range of LHCb (\/E =14TeV, 18<n<
49), and for completeness for ALICE (/s =
14 TeV, [n|<0.9), Tevatron (/s = 1.8 TeV, [y|<

1) and RHIC (y/s = 200 GeV, [7n| < 1.6) experiments;
in the last case we calculate also the production cross
sections in proton-nucleus interactions [27].

We evaluate the double parton scattering cross section at
lowest order parton model and then we have to multiply the
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cross section by a K-factor in order to take into account of
QCD higher order corrections. One should notice that the
double parton scattering cross section o (cccc) is propor-
tional to the single parton scattering cross section squared,
o s(c?)?, and therefore one should rescale the lowest order
op by a factor K2. In the calculation we use as the heavy
quark mass the value m, = 1.4 GeV and, following [27],
the K-factor K = 6.6. The results are shown in Fig. 1. One
can notice that the cross section do/d>p at small A is
almost uniform therefore it is approximately proportional
to the momentum volume A3

In the second step, the two ¢ quarks join into a diquark.
We assume simultaneous production of two independent ¢
quarks with momenta p;, p,. Since they appear wherever
within the nucleon volume, we modulate their wave func-
tions with a Gaussian profile with the “oscillator parame-
ter” B = ./2/3+/<r*> = 0.69 fm corresponding to the
nucleon rms radius

—42 2 4 i . — 2 2 +ips-
N pe r1/2B>+ip, 1) N ge r3/2B>+ip;y -1,

= N(B/ﬁ)e_Rz/z(B/ﬁ)ZHP'RN(Bﬁ)e_rz/z(Bﬁ)z+ip'r
where the normalization factor is N 3 = 7734732 In
the case of the nucleon-nucleus collision, we must take into
account the possibility that the double gluon fusion occurs
on two neighboring nucleons in the target. The above
equation transforms now into

N (B/ﬁ)e—RZ/z(B/ﬁ)2+iP~R N(Bﬁ)e—(r—ra)z/z(z;ﬁ)z+ip-r
Here r, is the average distance between two nucleons in
the target nucleus. For proton-gold experiment at RHIC
which is of the great importance for us, this mechanism
contributes two thirds to the total cross section, while the
remaining is due to the double charm production on the
same nucleon in the target. We use the value r, = 2.4 fm.

We make an impulse approximation that this two-quark
state is instantaneously transformed in any of the eigen-
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FIG. 1. Production cross section of two ¢ quarks in momentum

space A at LHC (LHCb and ALICE), at Tevatron and at RHIC.
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states of the two-quark Hamiltonian. Then the amplitude of
the diquark formation M is equal to the overlap between
the two free quarks and the diquark with the same center-
of-mass motion. By approximating the diquark wave func-
tion with a Gaussian with the oscillator parameter
B = 0.41 fm we get

M(p) = f PrN e~ T 2B o N o2

For the production cross section we take into account
that do/d’ p is practically constant and can be taken out of
the integral

33 do

— = | BPp——M?

91 f i (p)

1 da’( 2/mh )3 — 2B
—_— e a

P\\2B7 + B

where factors in front of the integral are due to the projec-
tion on the color and spin triplet states. If we insert the
values of do/dp* obtained from Fig. 1, we get o = 27 nb
and 58 nb for LHCb and ALICE at LHC, o = 21 nb at
Tevatron and o = 4 nb and 755 nb at RHIC for proton-
proton and proton-gold interaction, respectively.

The last step of the T, production is dressing of the
heavy diquark. It either acquires one light quark to become
the doubly-heavy baryon ccu, ccd or ccs, or two light
antiquarks to become a tetraquark. With this we neglect
the possible dissociation of the heavy diquark into a DD
pair so the results are an upper estimate for real T,
production. Little is known about the mean free path of
the diquark inside the colliding hadrons. We expect that at
least those formed near the surface of the nucleon survive.
We assume that the probability for dressing the cc diquark
into the ccud tetraquark is 0.1 [15], as pointed out at the
beginning of the section. Our estimates for the production
rates of the 7. tetraquark at LHC, Tevatron and RHIC are
listed in Table I.

g =

T4

QU

III. STRUCTURE OF T,

The structure of the T, tetraquark has been studied in
Ref. [28]. We summarize here those features which are
particularly relevant for the detection.

There are two extreme spatial configurations of quarks
in a tetraquark. The first configuration which we call
atomic is similar to A, with a compact cc diquark instead
of ¢, around which the two light antiquarks are moving in a
similar manner as in the Ac¢ baryon. The second configu-
ration which we call molecular resembles deuteron, the
two heavy quarks are well separated and the two light
antiquarks are bound to them as if we had two almost
free mesons. The atomic configuration is more likely to
appear in strongly bound tetraquarks while the molecular
configuration can be expected in weakly bound systems.

014008-3



A. DEL FABBRO, D. JANC, M. ROSINA, AND D. TRELEANI
TABLE 1.
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Estimations for the T,. tetraquark production at various facilities. At RHIC

experiment, the results are for scattering of the nucleon on gold. Production rate for the gold-
gold scattering is due to the small luminosity significantly smaller. Estimate for production at
SELEX and in Belle B factory are obtained from experimental data on double charm production.

LHC Tevatron RHIC SELEX Belle
LHCb ALICE

Luminosity 103 103 g x 103" 2 x 10%

(em™2s71)

Cross section (nb) 27 58 21 755

No. of events 9700/hour  20900/hour  600/hour  12/hour 5 1000/year

We present results using two different one-gluon ex-
change potentials. The Bhaduri potential [12] quite suc-
cessfully describes the spectroscopy of the meson, as well
as baryon ground states. This is an important condition
since in the tetraquark we have both quark-quark and
quark-antiquark interactions. The AL1 potential [13]
slightly improves the meson spectra by introducing a
mass-dependent smearing of the color-magnetic term.

We expand tetraquark wave function with Gaussinas of
three sets of Jaccobi coordinates. In this basis we were able
to reconstruct the wave functions of deeply bound tetra-
quarks as well as of two free mesons - the threshold state.
This is important if one is searching for weakly bound
tetraquarks with molecular structure. We found that the 7.
is weakly bound for both the Bhaduri and AL1 potential in
contrast to the results of calculations in harmonic oscillator
basis [7] where asymptotic channel cannot be accommo-
dated as shown in Table II.

In Fig. 2 we present the probability densities p;; for
finding (anti)quark i and (anti)quark j at the interquark
distance r;; and the ratio of the projections on color sextet
state |6,,634)c and color triplet state |3,,354)c where, e.g.,

pﬁ}ﬁp')(r) = (Y1312330) (312334l c8(r — rip)|h).

Here particles 1 and 2 are the two heavy quarks ¢ and
particles 3 and 4 the light antiquarks & and d. The wave
function between heavy quarks is broad and has an expo-
nential tail ~exp(—«r) at large distances where k =
VIE Mg/, Ey is the binding energy of the system
and M4 the reduced mass of the D and D* mesons. At
small distances the dominant color configuration is 3;,334.
Here we have a diquark-antidiquark structure and this

TABLE II. Column 1: type of potential, Column 2: lowest
meson-meson threshold for a given potential in MeV, Column
3: our results in MeV, Column 4: results in MeV of Ref. [7,8],
Column 5: mean distance in fm between two heavy quarks (r,.).

threshold our calc. Ref.[7,8] (r.c)
Bhaduri 3905.3 3904.7 3931 2.4
AL1 3878.6 3875.9 3892 1.6

region present about a third of the total probability while
for r > 1 fm sextet color configuration become larger. The
ratio of these two configurations stabilizes at 2, since here
we have a molecular structure of the two color singlet
mesons which has in diquark-antidiquark basis the

[113124) = /1/31312334) + 4/2/31612654) color decompo-
sition, while the octet configuration [8;38,4) =
—2/31312334) + /1/316,2654) is negligible.

Now we show that additional weak three-body interac-
tion can transform the molecular structure of the T, tetra-
quark into atomic. For the radial part we take the simplest
possible radial dependence —the smeared delta function of
the coordinates of the three interacting particles [28]. The
color factor in the two-body Bhaduri or AL1 potential is
proportional to the first (quadratic) Casimir operator C!);

T { T { T { T { T { T
= .
{ \
Lo i
[
[
L ,' \‘ 4
! \
.
Lo \ i
—_ ! \
— ! \
—= i \
i= Lo i
R — P
0.5+ 4 cc
T p—(r)
[ : : \\ ’ aq
I .
1 - __ - (I
] Pge®
IR \\ (sext.) (trip.)
[ AN cc cc )
<<<<<<< s Rt =

FIG. 2. Results for the ALl potential: probability density
between two heavy quarks p.c, between two light antiquarks
P55 and between a light antiquark and a heavy quark p;. in T,
as a function of the interquark distance. The ratio of the projec-
tion on color sextet and color triplet configurations is also shown.
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C = X - A. It is then natural that we introduce in the
three-body potential the second C? (cubic) Casimir op-
erator C® = %), - A, - A.. A deeper discussion of the
properties that the color dependent three-body interaction
must fulfil can be found in [29-31].

In the baryon sector the three-body interaction was used
to better reproduce the baryon ground state spectroscopy
[13]. A color structure is there irrelevant since there is only
one color singlet state and thus the color factor is just a
constant which can be included into the strength of the
potential. In tetraquarks the situation is different since
there are two color singlet states: 31,334 and 6,,65, (or
113154 and 8,38, after recoupling). The three-body force
operates differently on these two states and one can antici-
pate that in the case of the weak binding it can produce
large changes in the structure of the tetraquark. This cannot
be otherwise produced simply by reparametrization of the
two-body potential, so the weakly bound tetraquarks are a
very important laboratory for studying the effect of such an
interaction.

A drastic change in the width of the probability density
can already be seen for strength Uy, = —20 MeV (Fig. 3),
where the binding energy of the tetraquark becomes
—14 MeV for Bhaduri potential. Here T.. loses the mo-
lecular structure, the triplet-triplet color configurations
become dominant and the T, tetraquark becomes similar
to Tp,. In the baryon sector such an interaction would
merely lower the states by about U, so it would have no
dramatic effect nor would it spoil the fit to experimental

1 — U,=0 -
Fo U,=20MeV -

08f -

0.4 : -

0.2 > .

r [fm]

FIG. 3. Results for the Bhaduri potential: probability density
between two ¢ quarks p,.. in the T, tetraquark as a function of
interquark distance for two different values of the strength of the
three-body potential.
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data. Since the predicted energies of ground state baryons
for the Bhaduri and AL1 potential are above the experi-
mental values, this is actually a desirable feature.

IV. DETECTION

In order to identify a weakly bound 7. tetraquark we
have to distinguish the pion or photon emitted by the D*
meson bound inside the tetraquark from the one resulting
from free D" meson decay. We can exploit the fact that the
phase space for D* — D + 7 decay is very small. This has
a strong impact on the branching ratio between radiative
and hadronic decay. Since the D* meson inside the tetra-
quark with molecular structure is not significantly influ-
enced by the other D meson in the tetraquark, we expect
that the partial width for the magnetic dipole M1 transition
would be very close to the width of the free meson while
the width for hadronic D* — D + 7 decay will decrease
with stronger binding and will become energetically for-
bidden below the D + 7 threshold. The hadronic decay of
the T,c tetraquark is a three-body decay which is com-
monly represented by the Dalitz plot.

If the T, tetraquark is below the D + D* threshold but
above the D + D + y and D + D + 7, as was the case in
our nonrelativistic potential models, the partial decay rate
for the T,., — D + D + 7 is given by

1 1 —

where particles 1 and 2 are two final D mesons and particle
3 is the pion emerging from the decaying tetraquark. Here
m}, = (pp + pp)* and m3; = (pp + p,)* and M is the
mass of the tetraquark. Since the total masses of the D* +
D and 2D + 7 are so close there is a strong isospin
violation in the decay which cannot be reproduced with
the Bhaduri or AL1 potential where the D* and the D
isospin doublets are degenerate. We shall not try to modify
the interaction to accommodate the dependence of the
decay on the isospin of the particles, but we shall rather
work with the experimental masses taken from the PDG
[32] where we see that mp«+ —mp+ —m o =56 =%
0.1 MeV, mpo —mp —mpo=71=%

0.1 MeV, mp+ —mpo — m,+ = 5.87 £0.02 MeV. Let
us consider the decay T, — D' D70, The allowed region
of integration over dm?, and dm3, for three different
binding energies of the T is plotted in Fig. 4. We have
now actually here two thresholds to which we can define
the binding energy, the D**D* and D°D™* at 3876.1 +
1 MeV and 3874.6 = 1 MeV, respectively. Since due to
the experimental uncertainty of D meson masses, we can
neglect this and take for the threshold the average value of

3875.4 MeV. If we assume that |M|? is constant, which is
very plausible in our case, the allowed region will be
uniformly populated with experimental events so that the
measured partial decay rate I" will be proportional to the
kinematically allowed area from Fig. 4. This is shown in
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4.04 : : :
- E, =-5MeV
- E =-25MeV
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4.03 — E,= 0MeV
— E, = +2.5 MeV
T 4.02F -
(0]
)
Q
“c 4.01- 4
4 _
3.99 : 1

FIG. 4. Dalitz plot for four different values of the binding
energy Ey.

Fig. 5, where we assumed that for the molecular state, the
width of the T tetraquark with zero binding energy would
be the same as the width of the free D* meson.

Let us now consider also the possibility that T, is not a
bound DD* state but a resonant state above the D + D*
threshold. Here will appear also the two-body decay T,.. —

027171 1 1 T
0.15r-
3
< o1
—
0.05r-
1 l 1 l 1 l 1 J
0-8 -6 -4 -2 0 2

Eb (MeV)

FIG. 5. Width of the T.. tetraquark obtained with integration
of the Dalitz plot [ dm?3,dm3;/M? where M = mp + mp- + E,
is the mass of the tetraquark. The width at £, = 0 is normalized
to be equal to the width of the free D* meson decay.
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D + D* beside the three-body T,. — D + D + 7 decay.
To obtain the branching ratio between these two mecha-
nisms, we must somehow estimate the decay width for the
two-body decay, while the decay width for the three-body
decay can be deduced from the Dalitz plot Fig. 5 for the
given positive binding energy. We exploit the analogy with
the charmonium #(3770) state, which is also a resonance,
situated 36 MeV above the DD threshold into which it
dominantly decays. The width of this state is
25.3 = 2.9 MeV. Let us assume, that the 7. tetraquark is
also 36 MeV above the D + D* threshold and that its decay
width for the two-body decay is the same as for the
(3770) resonance, since the masses of the final particles
are similar. The width for the three-body decay is propor-
tional to the area of the Dalitz plot at the binding energy
E, = +36 MeV which is 37 times greater than the area at
the threshold E, = 0. Since we normalized the decay
width at E, = 0 to be equal to the decay width of the
free D* meson, which is according to the PDG [32]
I'(D* — D7) = 96 = 4 = 22 keV we can estimate that
the the decay width for the 7... — DD three-body decay
would be I' ~ 37 - 96 keV = 3.6 MeV. We thus expect the
branching ratio for 7,. — D#D and T,.— D*D to be
3.6 MeV /25 MeV = 0.15. The Dalitz plot for the T..
resonance would not be uniformly populated but there
will be a strong band where m,; = mp- reflecting the
appearance of the T,. — DD* — D(wD) decay chain. In
this estimation we have neglected the interference between
these two decay mechanisms, since the width of the D* is 2
orders of magnitude smaller than the width of the tetra-
quark if it were 36 MeV above the threshold.

V. CONCLUSION

We have shown that the T, tetraquark production is
comparable to double charm baryon production (possibly
10%, as suggested by the analogy with the branching ratio
(b — Ap)/(b — B)). Therefore they may be seen in
SELEX if statistics is improved. Similarly, it is comparable
to prompt J/¢cc production which is reasonably abundant
in B-factories. In high energy colliders we may expect an
optimistic number of events due to double ¢¢ production
via double two-gluon fusion (see Sec. II). Therefore time
has come to start the hunt!

Regarding the detection of the T,. = DD" tetraquark we
propose a nice opportunity —the very small phase space of
the D* — D decay which is very sensitive to the binding
energy of D* to D. One possibility would be to measure the
branching ratio between the pionic and gamma decay of
T.. = D*D, where essentially we have the decay of the
bound D* meson, while the D merely acts as a spectator.
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