Eur. Phys. J. C 54, 259265 (2008)
DOI 10.1140/epjc/s10052-007-0516-z

THE EUROPEAN
PHYSICAL JOURNAL C

Regular Article — Theoretical Physics

Charmed exotics in heavy ion collisions

Su Houng Lee!+?, Shigehiro Yasui’*®, Wei Liu?¢, Che Ming Ko*4

! Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, South Korea
2 Cyclotron Institute and Physics Department, Texas A&M University, College Station, TX 77843, USA

Received: 13 July 2007 / Revised version: 20 September 2007 /
Published online: 24 January 2008 — © Springer-Verlag / Societa Italiana di Fisica 2008

Abstract. Based on the color—spin interaction in diquarks, we argue that charmed multiquark hadrons are
likely to exist. Because of the appreciable number of charm quarks produced in central nucleus—nucleus colli-
sions at ultrarelativistic energies, the production of charmed multiquark hadrons is expected to be enhanced
in these collisions. Using both the quark coalescence model and the statistical hadronization model, we esti-
mate the yield of charmed tetraquark mesons, T¢c, and pentaquark baryons, @cs, in heavy ion collisions at
RHIC and LHC. We further discuss the decay modes of these charmed exotic hadrons in order to facilitate

their detections in experiments.

PACS. 25.75.Dw; 14.20.Lq; 14.40.Lb

1 Introduction

The possible existence of exotic mesons consisting of two
quarks and two antiquarks was first suggested by Jaffe
in the framework of the MIT bag model [1,2]. Since
then, there have been continuous discussions on whether
the mesons in the scalar nonet are candidates for such
tetraquark mesons. Recently, interest in tetraquark mesons
has been extended to include those containing heavy
quarks [3, 4], as several heavy mesons that were observed
in B meson decays do not seem to fit well within the con-
ventional quark model [5]. Tetraquark mesons with two
heavy antiquarks (qgQQ), henceforth called Ty, are par-
ticularly interesting, as they are explicitly exotic from
flavor considerations [6]. Moreover, a simple theoretical
consideration based on the color—spin interaction [7] shows
that for such configurations the binding energy increases
as the mass of the heavy quark increases. Calculations
based on the flavor—spin interaction [8—10] or the instan-
ton induced interactions [11] also show that the mass of
T.. is below that of two charmed mesons. For a similar
reason, the chance of having a stable heavy pentaquark
(gqqqQ) increases as the mass of heavy antiquark becomes
larger.

The experimental observation of such explicitly exotic
hadrons is crucial in refining our understanding of multi-
quark interactions in low energy QCD. However, produc-
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ing the Thg from an elementary process is highly sup-
pressed as it involves creating two Q@ pairs from the
vacuum. In contrast, in relativistic heavy ion collisions
at LHC, ¢c pairs are expected to be abundantly pro-
duced [12]. Since the hadronization from the quark-gluon
plasma produced in these collisions tends to follow a statis-
tical description, the production of exotic hadrons in heavy
ion collisions at LHC is thus much more favorable than in
elementary reactions [13—15].

In this work, we first give a qualitative argument
that multiquark hadrons consisting of heavy quarks are
likely to exist. Using both the quark coalescence model
and the statistical hadronization model, we then give
estimates of how many Tog and charmed pentaquark
baryons, if they exist, will be produced in central heavy
ion collisions at both RHIC and LHC. Furthermore, pos-
sible decay modes of these charmed exotic hadrons are
discussed.

2 A schematic model for hadron mass
differences

2.1 Known hadrons

Sophisticated constituent quark model calculations have
been performed to study possible stable multiquark had-
rons that consist of heavy quarks. These results can be
roughly understood in terms of simple arguments based on
the color—spin interaction. To illustrate the mechanism, we
introduce the following simplified form for the color—spin



260

interaction [7]:

Cu Y 55— (1)

1>] v

Here m and § are the mass and spin of the constituent
quarks 7 and j. The strength of the color—spin interaction
C'y should depend on the wave function and the exact form
of the interaction as well as the color structure of either
the quark—quark or quark—antiquark pair. The color factor
would be 8/3 for diquarks in the color antitriplet channel
and 16/3 for quark and antiquark pair in the color sing-
let channel. This simple form with Cz = Cp for a diquark
and Cyg = C)y for a quark—antiquark pair can capture
some of the essential physics in hadron masses. To illus-
trate this point, we assume the following constituent quark
masses: My, g = 300 MeV, m, = 500 MeV, m, = 1500 MeV,
and my = 4700 MeV.

Table 1 shows the mass differences between baryons
that are sensitive to the color—spin interaction only. By fit-
ting Cp to M — My, we obtain Cg/m?2 = 193 MeV and
find that the mass differences My, — M, and Ms, — My,
are well reproduced. This is in no way an attempt to make
a best fit, but the point is that with typically accepted con-
stituent quark masses, the mass splitting is larger than Cp,
reflecting that the quark and antiquark correlation is about
three times stronger than that between two quarks.

When both quarks are heavy, the value of Cp is ex-
pected to become larger as the strength of the relative
wave function at the origin is substantially increased.
Fitting instead its value to the mass difference between
J/¢ and 7., we find C.z/m? =117 MeV. Assuming that
the corresponding attraction between charmed diquark is
three times smaller than that between the charm quark—
antiquark pair as in the case of light quarks, we have
Cee/ mg =39 MeV. We could introduce an additional mass
dependence in Cp and in C)s by fitting the mass differ-
ences in the strange, charm and bottom hadrons from

Table 1. Baryon mass differences. The first column is a fit
to the approximate difference between experimental A and N
masses. Units are in MeV

Diff. A-N X-A Ye—Ac Eb_Ab
3C C “ C w c N
Form. 5,8 GE(L-%) SE(-m) REO-S)
Fit 290 77 154 180
Exp. 290 75 170 192

Table 2. Meson mass differences. The first column is a fit
to the approximate difference between experimental p and 7
masses. Units are in MeV

Diff. p—T K*_ K D*_D B* - B
c c c c
Form. m—J‘QZ muiﬂs mu]\r/fnc mu%lb
Fit 635 381 127 41
Exp. 635 397 137 46
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Tables 1 and 2, respectively. However, these introduce only
minor changes in the analysis to follow, and therefore we
will just use the mass independent Cgr obtained above.

2.2 Charmed tetraquark mesons

Using the above parameters, we argue in this subsection
that the doubly charmed tetraquark meson might be sta-
ble. Let us consider a tetraquark meson Tj, 4, that is made
up of udgigz. The reason we start with the ud diquark
is that for a diquark the strongest attraction is expected
when the two quarks are light, and their total color, flavor
and spin are all in the antisymmetric states. Therefore, if
there is any stable configuration, it must involve a scalar ud
diquark. We then add two antiquarks in the relative s-wave
state and look for a stable configuration.

The stability of T}, 4, depends on whether it is energeti-
cally favorable against recombining into two mesons of ug;
and dg. As we have discussed previously, the attraction
C)s between a quark—antiquark pair is stronger than Cp in
a diquark. This means that when both ¢ and ¢, are light,
the two-meson states would be energetically much more fa-
vorable, and Ty, 4, will not be stable. However, when ¢; and
g2 become heavy, the attraction in the quark—antiquark
pair in the meson decreases, while in Tj, 4, the attraction
in the ud diquark remains the same and the interaction in
the 1 @2 decreases substantially. Therefore, the tetraquark
state could become stable. A simplification in working with
a spin zero ud diquark in T}, 4, is that there is no spin-
spin interaction between the ud diquark and ¢; or ¢o, and
it is sufficient to only estimate the attractions inside the di-
quark or antidiquark. If ¢g; and g are identical quarks, then
their total spin has to be zero, because their color combi-
nation is antisymmetric in the present configuration. This
means that their total spin has to be 1, which is a repul-
sive combination. However, the repulsion becomes smaller
when quark masses become heavy. Moreover, the quantum
number of Ty, 4, has to be 17, so that it cannot decay into
two pseudoscalar mesons. The threshold for its decay is
then the masses of the vector and pseudoscalar mesons.

Table 3 shows the mass difference between a tetraquark
meson with identical diquarks and the sum of vector and
pseudoscalar meson masses due to the color—spin interac-
tion of (1) with the Cpy parameters determined previously.

Table 3. Tetraquark mesons Ty, ¢, (ud@; g2) with spin S =1 for
q1 = q2, where g1, g2 = s, ¢ and b. Units are in MeV

Tg1q2 (S = 1) uqi (S = 1) ) (S = 0) Tg1q2
3C 1C 1 C 3_C = —
“Ims TIwE Tmamg “TmamgT  udl—ug
Tss K* K
—127 92 —285 63
Tee D* D
—143 31 —95 —-79
Ty B* B
—145 10 —30 —124
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Table 4. Tetraquark mesons Ty, ¢, (ud@1 g2) with spin S = 0 for
q1 # q2- q1, @2 = s, c and b. Units are in MeV

T2 (S=0) uqi (S=0) dg2 (S=0) Tq1q2
3Cp _3_C 3_C 3_C T
I " Tmgrig  Amamgr  dmamg U@ — U@
Tsc D
—162 —285 —95 218
T K B
—150 —285 —30 165
T, D B
—146 —95 —30 —21

Table 5. Tetraquark mesons Ty, ¢, (ud@1 g2) with spin S =1 for
q1 # q2, where q1, g2 = s, c and b. Units are in MeV

Tqg» (S=1) uqr (S=1) dgz (S=0) Tq1q2
3Cp , 1_C 1_C 3_C .
“Ims Vimgmg,  Imamg “Imamg Ul — U@
K* D
Tsc 95 —-95 —139
~139 D* K
31 —285 114
K* B
o 95 -30 —208
—143 B* K
10 —285 132
D* B
T 31 ~30 ~145
—144 B* D
10 —-95 —59

As expected, the mass difference decreases as ¢; and ¢o be-
come heavy, and the tetraquark mesons T, and Ty, with
c or b quarks are bound. Although our result is based on
a very crude estimate, essentially the same result has been
obtained in the full constituent quark model calculation [9,
16] and the QCD sum-rule calculation [17].

For ¢; and g¢o of different flavors, their total spin
could be either zero or one. The quantum number of the
tetraquark meson could then be either 0T or 17. Tables 4
and 5 show the mass differences in such cases. As in the pre-
vious case, bound tetraquark mesons with &b could exist.
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2.3 Charmed pentaquark baryons

Similar observations can be made for heavy pentaquark
baryons. Many constituent quark model calculations show
that the O [18], if it exists at all, cannot be explained
as a bound state of ududs constituent quarks [19]. This is
due to the strong attraction between the 5 and the light
quark, so that it is energetically much more favorable for
ududs to form a meson and a baryon. The attraction to
form a meson becomes smaller if the 5 is replaced by either
a ¢ or b. Full constituent quark model calculations [20—
22] indeed find a possible stable heavy pentaquark baryon.
A likely pentaquark structure would be that suggested
in [23] with the two scalar diquark ud combined into an
L =1 and color antisymmetric state. The excitation en-
ergy of a diquark in a L =1 state, AEL_1, can be esti-
mated by approximating the charmed baryon as a sum of
a charm quark and a diquark, because the interaction be-
tween them is small in the heavy quark limit. Attributing
the mass difference between the parity doublet partners
of the positive parity AT (2286 MeV) and the negative
parity A*T (2595 MeV) to the L = 1 excitation of the di-
quark, as the heavy charm quark would act as the center of
mass, leads to AEr—1 = 309 MeV. Applying this L =1 ex-
citation energy to the relative excitation of two diquarks,
we find that while a strange pentaquark baryon is very
unlikely to exist, the heavy pentaquark baryons ©, and
Oy, could be closer to the threshold as shown in Table 6,
consistent with the full constituent quark model calcu-
lation [20-22,24] and the QCD sum-rules study [25], in
which a possible stable heavy pentaquark baryon has been
found.

For a pair of ud and us diquarks in ©.s(udusc), they
do not have to be in the L = 1 state, and hence there is no
additional contribution from the orbital energy [26]. The
result from our simple estimates are given in Table 7. Pre-
vious experiments [27,28] have tried to search for this pen-
taquark baryon assuming that it is bound and has a life-
time similar to that of Ds. The experiment could only
determine an upper bound greater than 0.02 for its produc-
tion cross section relative to that for the Dy, which is larger
than typical theoretical estimates. From a simple applica-
tion of statistical hadronization model, the number of @,
relative to that of D, is roughly exp(—(meo,., —mp,)/T) ~
exp(—5) = 0.007, assuming a hadronization temperature of

Table 6. Strange, charm and bottom pentaquark baryons Oq(ududq) (¢ = s, ¢ and b)
with spin S =1/2 or 3/2. AE;,_1 =309 MéV is an excitation energy of two diquarks
with relative angular momentum L = 1. Units are in MeV

Oq wud dgo Oq — wud — dg

3C 3C 3 _C
2(—178) +AEL— ~Im? ~ Iy

O N K

—290+ AE[_, —145 —286 1414+ AE[_
O N D

—290+ AE[_, —145 —95 —50+AE[_,
6, N B

—290+ AE_, —145 —30 —114+AEp 4
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Table 7. Charm— and bottom—strange pentaquark baryons Ogs(udusq) (¢ = ¢ and b)

with spin S = 1/2. Units are in MeV

N sq Qqs —N-— sq
_3Cum 3 _Cum
4 m2 4 mymg
Oy b, dg Ogs — ¥ —dg
_3Cp _3 _Cg 1Cp _ _Cs _3 Cum
4m?2 4 myms 4m2 My Mg 4 mymg
A uq Qqs —A—ucj
_3Cs _3_ Cu
4m?2 4 mymg
N Dg Ocs — N — Dg
—145 —57 —-30
Ocs X D Ocs—X—D
—232 —67 —-95 —69
A D Ocs —A—D
—145 —-95 8
N Bs Ops — N — Bs
—145 —18 —68
Ope b B Ope— X —B
—232 —67 —30 —133
A B Ope—A—B
—145 —-30 —56

T =200 MeV. This is smaller than the experimental upper
bound, and therefore further search is essential.

3 Production of charmed exotics in relativistic
heavy ion collisions

As discussed above, tetraquark mesons and pentaquark
baryons are more likely to exist in the heavy quark sector
such as the Tec, Tep, Top, Ocs, and O.. It is, however, very
unlikely that they can be observed in B decays or elemen-
tary processes, as the favorable exotics involve two heavy
quarks. However, the abundance of heavy quarks is sig-
nificantly enhanced in ultrarelativistic heavy ion collisions;
e.g., in a central collision at the LHC, more than 20 c¢ pairs
are expected to be produced in one unit of midrapidity.
Therefore, while a heavy quark produced in an elementary
process will most likely find a heavy antiquark instead of
a heavy quark, the probability to find a heavy antiquark or
a heavy quark in a heavy ion collision is similar. The prob-
ability to form a T.. compared to a J/v thus will only be
suppressed by the additional statistical factor coming from
combining an additional ud diquark.

3.1 Charmed tetraquark mesons

The number of heavy tetraquark mesons produced from
the quark—gluon plasma formed in relativistic heavy ion
collisions can be estimated in the coalescence model [29, 30],
which has been shown to describe very well the pion and
proton transverse momentum spectra at intermediate mo-
menta [31,32] as well as at low momenta if resonances are
included [33—-35], and the yield and transverse momentum
spectra of the phi meson and the Omega baryon [36] as well

as the charmed meson [37]. We employ the formula that
was previously used to calculate the yields of tetraquark
D, ;(2317) meson [38] and pentaquark ©F baryon [13] at
RHIC to study T, production in central Au+ Au collisions
at RHIC and Pb + Pb collisions at LHC. In this model, the
T.. number is given by

pldold p’L
Ncoal _
ce chc /UC ’L]l 27_(_ 3E

Xchc(ilfl,...,

(CL‘“ i)

(2)

In the above, the color—spin-isospin factor gr.. =3 X
1/3%x1/2% =1/432 is the color-spin—isospin factor for
the four quarks to form a hadron of the quantum num-
ber of the tetraquark meson and do denotes an element of
a space-like hypersurface at hadronization. Assuming the
Bjorken correlation y = n between the space-time rapidity
1 and the momentum-energy rapidity y and neglecting the
transverse flow as well as using the non-relativistic approx-
imation, we obtain the following expression for the number
of T, produced from quark coalescence:

x4;p17"'7p4)-

/2
1 NNNNdﬁ (4m )

, 3
432 2 Ve (14 2pTco?) ®)

TCC :
=1

where Tc = 170 MeV is the critical temperature and V¢
is the fireball volume at hadronization, which is about
1000fm? in central Au-+ Au collisions at s}v/fv =
200 GeV [38] and about 2700 fm?® in central Pb+ Pb col-
lisions at 8%12\, =5.5TeV [12]. The quark numbers at
hadronization are denoted by N, and Ny for light quarks
and N, and N; for heavy quarks. Their values are taken to
be N, = Ny = 245 [38] and 662 [12] as well as N, = Nz =3
and 20 in central RHIC and LHC collisions, respectively,



S.H. Lee et al.: Charmed exotics in heavy ion collisions

all in one unit of midrapidity. The charm quark numbers
are based on initial hard scattering of nucleons in the col-
liding nuclei [12,38]. In obtaining (3), we have used the
quark momentum distribution function

fq(z,p) =66(n—y) exp (— (m2 +p7) Y21e)  (a)

and the tetraquark meson Wigner distribution function

Z ye —ik%o?) G

Z =1

f1 (z;p) =8 exp (

where the relative coordinates y; and momenta k; are re-
lated to the quark coordinates x; and momenta p; by the
Jacobian transformations defined in (7) and (8) of [38]. The
width parameter o; in the Wigner function is related to the
oscillator frequency w by o; = 1/,/p;w with the reduced
masses p; defined in (9) of [38].

In Fig. 1, we show the numbers of T,.. produced at
RHIC and LHC as functions of the oscillator frequency.
Because of the larger abundance of charm quarks at LHC
than at RHIC, the number of T, produced at LHC is more
than an order of magnitude larger than that produced
at RHIC. For the oscillator frequency w = 0.3 GeV, deter-
mined from the size (r}, )cn ~0.124 fm? of the D (¢5) me-
son based on the light-front quark model [39], the number
of T,.. produced at RHIC and LHC is about 5.5 x 10~ and
9.0 x 1075, respectively.

It is of interest to compare the predicted number of
T.. mesons from the coalescence model with that from the
statistical model. In this model the number of 7. mesons
produced at hadronization is given by [38]

Ve YaBHDPT
~ (27T)(23/mem2Te (T , (6)

where Vi and By are the volume and radial flow vel-
ocity of the formed hadronic matter, and ¢ is the fugac-
ity parameter for ensuring that the number of charmed
hadrons produced statistically at hadronization is same as
the number of charm quarks in the quark-gluon plasma.
With Vg ~ 1908 fm?3, Ty = 175 MeV, By = 0.3¢, and the
charm fugacity ¢ ~ 8.4 [38], we obtain Nz, ~7.5x 1074

stat

H m
TH
Toe Io

107

- == RHIC |
——LHC

10-5_ \\

-6 .
10 0.1 0.2 0.3 0.4 0.5

o (GeV)

Fig. 1. Numbers of T¢c produced at RHIC and LHC as func-
tions of the oscillator frequency used for the quark wave func-
tions in T¢e
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in central Au-+ Au collisions at RHIC. The yield of T,
increases to 8.6 x 1073 in central Pb+4 Pb collisions at
LHC, where we have used Vi ~ 5220 fm?, Ty = 175 MéV,
Br = 0.47c, and the charm fugacity yc ~ 16.3 [12]. Com-
pared to those from the coalescence model, predictions
from the statistical model are almost two orders of magni-
tude larger.

3.2 Charmed pentaquark baryons

For the yield of the pentaquark baryon O (udusc), the co-
alescence model gives

)3/2

. (7
Ve 1—|—2M1Tca') ( )

Using again the oscillator frequency w = 0.3 GeV and tak-
ing the antistrange quark numbers to be 150 [38] and
405 [12] at RHIC and LHC, respectively, the numbers of
O.s produced at RHIC and LHC are about 1.2 x 10~% and
7.9 x 1074, respectively.

Since the predicted numbers of D, mesons from the co-
alescence model are about 5.3 x 1072 at RHIC and 0.58
at LHC, the estimated ratio of numbers of ©.; and D
is about 2.3 x 1072 at RHIC and LHC. This is consis-
tent with the Boltzmann factor due to the uud compon-
ent in @.. In fact, extracting the s¢ component from
uudsc, the remaining uud ~ N component has a Boltz-
mann factor e "N/T ~ 4.0 x 1073 with T = 170 MeV. A
similar estimate also works for the case of the A and
D in O.,. Using the value 0.16 and 1.1 for the D me-
son numbers at RHIC and LHC, respectively, the calcu-
lated ratio of numbers between ©., and D is about 0.74 x
1073, while the uds component has a Boltzmann factor
ofe”™a/T ~1.4x1075.

In the statistical model, the yield of Oz is given by
a formula similar to (6) except for the power in the charm
fugacity parameter ~c. Since there is only one charm
quark in @, the yield is only proportional to v¢. Using
same parameters for evaluating the yield of T,., we ob-
tain 4.5 x 1072 and 2.7 x 10~ 2 for ., produced in central
Au+ Au collisions at RHIC and central Pb+ Pb colli-
sions at LHC, respectively. These values are again signifi-
cantly larger than those predicted from the coalescence
model.

4 Decay modes of charmed exotics

In this section, we discuss the observable decay modes of
the tetraquark T.. and the pentaquark @.s. As we have
discussed already, T.. is most likely a stable state, since
its mass is below the threshold of D*D. To be more gen-
eral, we consider nevertheless both cases in which the mass
of T,. is above or below the threshold, and we discuss in
each case possible decay modes that can be realistically
detected in experiments with good performance. For the
T.. above the threshold of D*D, it can decay to D*~ DY
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Table 8. Possible decay modes of T¢c. In the bottom row, we would observe the corre-
lations (K7 )(Kt7n ™ )n~ and (K Ta 7T n~)(K" 7 )7~ in the final states. See the

text for details

Threshold

Mch > Mp«+Mp
2Mp + Mx < Mt,, < Mp++ Mp

Decay mode Lifetime
D*~ DO hadronic decay
DODO%— hadronic decay

My, <2Mp + My D Ktn™ ,D* " KtnTa 7~ 041x107'%s
Table 9. Possible decay modes of Ocs
Threshold Decay mode Lifetime

M@CS >MN+MD5
Mp+Mp < Mg,, < My+ Mp,

Mo,, <Mps+Mp

pDy hadronic decay

AD° hadronic decay

AD™ hadronic decay
AK T  JAK Tntn n™ 0.41x 1072
AK n— 7~ 1.0x 107125

via a strong process.! For the T,. below the threshold of
D*D and above DD, the decay channel to D*~ DO is en-
ergetically forbidden, but the D*~ component in T,. can
decay through a strong process, leading to the final de-
cay mode D°D%r~. On the other hand, when T, is be-
low the threshold of DDm, the decay channel of D*~ is
closed and only the weak decay of the D° component in
T.. is allowed via DY — Ktn~ or Ktntn—n—. There-
fore, T,.. would be detected by the decay modes D*~ K 7~
and D*~KTrta~7n~. The last two decay patterns would
most likely occur since the binding energy of T, is esti-
mated to be about 80 MeV as shown previously, which is
sufficiently larger than the mass difference (about 6 MeV)
between D*~ and D°7~. Below the threshold of DD, it
may also be interesting to see the decay of D*~ compon-
ent in T,.. Considering that the D*~ component contains
a quantum number of D%~ and D° decays into K7~
and Ktntn~n~, we may observe the D°K*+7xt7~ and
DYK+rtata—n~ decays.

Among the weak decays below the threshold of DD,
the decay of the D® component in T, can be distinguished
from that of the D*~ component. The former has the corre-
lations (K7~ )(KTn " )r~ and (K Tntntn (KTn™)n—,
and the latter has the correlations (K t7~)(K 77 ™) and
(KTn )(KTntm 7 7n~), where brackets denote corre-
lated particles. However, the D?D%7~ state, which would
appear in Ty, in the latter process, contains six quarks,
hence further analysis is needed to discuss its stability.

The pentaquark ©.; also has interesting decay pat-
terns. As can be seen in Table 7, the mass of ©.s could
be slightly above the AD° threshold, in which case its life-
time will be shorter than that of D. Then the only possible
way to look for it is from the hadronic decay to A+ D°

! The decay to the D*°*D~ mode may not be a good signal in
experiments, since the D*0 decays to D70 instead to DT 7™
and D~ n T, which are energetically forbidden due to the mass
difference.

final states. Since ALICE will be able to reconstruct the D°
through its hadronic decay, it will be an excellent oppor-
tunity to search for @.s. Considering more general cases,
and assuming ©., to be above the threshold of N Dy, the
O.s can decay into pD; and AD° or AD~ via the strong
process. Although the X'D channel is also a possible decay
mode, it is more difficult to detect as compared to N D, and
AD. When the mass of @, is below the ND, and above
the AD threshold, it decays only to AD® or AD~. On the
other hand, below the threshold of AD, the hadronic de-
cay channels are closed and only weak decays are possible.
In this case, the lifetime of ©.; will depend on the lifetime
of the different components inside the O, such as the A,
D and D~, whose lifetimes are respectively 2.6 x 10719,
0.41 x 10712 and 1.0 x 10~ '2s. Therefore, once the O, is
formed as a deeply bound state, it will decay by the weak
process of D° or D~. Consequently, possible final states
would be AKTn=, AKtntn=n~ and AK T~ 7.

Since the lifetimes of T,.. and @, are in the order of
1012 s, their decays occur outside the collision region and
they are thus identifiable by vertex reconstruction. There-
fore, T, and ©.s would be identified clearly in experiments
if they exist. We summarize our results on possible decay
modes of T,.. and ©.s in Tables 8 and 9.

Lastly, we comment on the possibility to measure dou-
bly charmed baryons in heavy ion collisions. The doubly
charmed baryon =1+ have been observed by the SELEX
Collaboration in the A7K 7" and in the pDTK~ de-
cay modes with a mass of (3518.7+1.7) MeV [40, 41]. The
same collaboration has also successfully measured =7 in
the AT K~ 77t decay mode with a mass of 3460 MeV [42].
On the other hand, attempts by the FOCUS Collaboration
in the photoproduction experiment and by the BABAR
Collaboration in eTe™ annihilation experiments [43,44]
have so far failed to establish the existence of the doubly
charmed baryons. Hence, it is an interesting problem to
search for the doubly charmed baryons in heavy ion colli-
sions. Using the coalescence model, we find that the num-
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ber of =, produced are 1.9 x 10~° at RHIC, and 3.2 x 1074
at LHC. Therefore, we will be able to realistically measure
Z1 and Z1 " through their decay vertices to AT K~ 7" and
pDTK~ and to AT K~ w7, respectively.

5 Summary

Based on the consideration of the color—spin interaction
between diquarks, which describes reasonably the mass
splittings between many hadrons and their spin flipped
partners, we have shown that tetraquark mesons and pen-
taquark baryons that consist of two charmed quarks could
be bound. Using the quark coalescence model, their yields
in heavy ion collisions at both RHIC and LHC are esti-
mated. Because of the expected large charm quark number
in central Pb+ Pb collisions at LHC, the abundances of
the tetraquark meson 7,. and pentaquark baryon O, are
about 10~ and 1073, respectively. We have also discussed
their decay modes to illustrate how they can be identi-
fied in heavy ion collisions. In our studies, we have not
taken into account the hadronic effect on the abundance
of these charmed exotics, as hadronic reactions that affect
their annihilation and production are unknown. Since the
yields of T,. and O, from the coalescence model is sig-
nificantly smaller than those expected from the statistical
hadronization model, including the hadronic effect is ex-
pected to increase their yields substantially and reduces
the differences from the predictions from the quark coales-
cence model and the statistical hadronization model. Also,
charmed hadrons would be more abundantly produced,
particularly the T.., if charm quarks are produced from the
QGP formed in these collisions. We also comment on the
possible measurement of doubly charmed baryons in heavy
ion collisions, and the estimated numbers are 1.9 x 107>
and 3.2 x 10~* at RHIC and LHC, respectively. We thus
expect that the open and hidden charmed hadron physics
will be an interesting subject in the forthcoming heavy ion
collision experiments.

Acknowledgements. The work of SHL and SY was supported
by the Korea Research Foundation KRF-2006-C00011, while
that of CMK and WL was supported by the U.S. National Sci-
ence Foundation under grant No. PHY-0457265 and the Welch
Foundation under grant No. A-1358.

References

1. R.J. Jaffe, Phys. Rev. D 15, 267 (1977)

. R.L. Jaffe, Phys. Rev. D 17, 1444 (1978)

3. S. Zouzou, B. Silvestre-Brac, C. Gignoux, J.M. Richard, Z.
Phys. C 30, 457 (1986)

4. C. Semay, B. Silvestre-Brac, Z. Phys. C 61, 271 (1994)

. S.L. Zhu, arXiv:hep-ph /0703225

6. A.V. Manohar, M.B. Wise, Nucl. Phys. B 399, 17 (1993)

[\V]

ot

10.
11.

12.
13.

14.

15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.
36.
37.
38.

39.
40.

41.
42.

43.
44.

265

. A. De Rujula, H. Georgi, S.L. Glashow, Phys. Rev. D 12,

147 (1975)

. LY. Glozman, D.O. Riska, Phys. Rep. 268, 263 (1996)
. S. Pepin, F. Stancu, M. Genovese, J.M. Richard, Phys.

Lett. B 393, 119 (1997)

D.M. Brink, F. Stancu, Phys. Rev. D 57, 6778 (1998)

S. Chernyshev, M.A. Nowak, I. Zahed, Phys. Rev. D 53,
5176 (1996)

B.W. Zhang, C.M. Ko, W. Liu, arXiv:0709.1684 [nucl-th]
L.W. Chen, V. Greco, C.M. Ko, S.H. Lee, W. Liu, Phys.
Lett. B 601, 34 (2004)

C. Nonaka, B. Muller, M. Asakawa, S.A. Bass, R.J. Fries,
Phys. Rev. C 69, 031902 (2004)

L. Maiani, A.D. Polosa, V. Riquer, C.A. Salgado, Phys.
Lett. B 645, 138 (2007)

B. Silvestre-Brac, C. Semay, Z. Phys. C 59, 457 (1993)
F.S. Navarra, M. Nielsen, S.H. Lee, Phys. Lett. B 649, 166
(2007)

LEPS Collaboration, T. Nakano et al., Phys. Rev. Lett. 91,
012002 (2003)

E. Hiyama, M. Kamimura, A. Hosaka, H. Toki, M. Yahiro,
Phys. Lett. B 633, 237 (2006)

F. Stancu, Phys. Lett. B 595, 269 (2004)

F. Stancu, Phys. Lett. B 598, 295 (2004) [Erratum]

F. Stancu, AIP Conf. Proc. 775, 32 (2005)

R.L. Jaffe, F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003)
K. Maltman, Phys. Lett. B 604, 175 (2004)

Y. Sarac, H. Kim , S.H. Lee, Phys. Rev. D 73, 014009
(2006)

H.J. Lipkin, Phys. Lett. B 195, 484 (1987)

E791 Collaboration, E.M. Aitala et al., Phys. Rev. Lett.
81, 44 (1998)

ET791 Collaboration, E.M. Aitala et al., Phys. Lett. B 448,
303 (1999)

R. Mattiello, A. Jahns, H. Sorge, H. Stocker, W. Greiner,
Phys. Rev. Lett. 74, 2180 (1995)

R. Mattiello, H. Soérge, H. Stocker, W. Greiner, Phys. Rev.
C 55, 1443 (1997)

R.J. Fries, B. Miiller, C. Nonaka, S.A. Bass, Phys. Rev.
Lett. 90, 202303 (2003)

R.C. Hwa, C.B. Yang, Phys. Rev. C 67, 034902 (2003)

V. Greco, C.M. Ko, P. Lévai, Phys. Rev. Lett. 90, 202302
(2003)

V. Greco, C.M. Ko, P. Lévai, Phys. Rev. C 68, 034904
(2003)

V. Greco, C.M. Ko, R. Rapp, Phys. Lett. B 595, 202 (2004)
L.W. Chen, C.M. Ko, Phys. Rev. C 73, 044903 (2005)

V. Greco, C.M. Ko, R. Rapp, Phys. Lett. B 595, 202 (2004)
L.W. Chen, C.M. Ko, W. Liu, M. Nielsen, Phys. Rev. C 76,
014906 (2007)

C.W. Hwang, Eur. Phys. J. C 23, 585 (2002)

SELEX Collaboration, M. Mattson et al., Phys. Rev. Lett.
89, 112001 (2002)

SELEX Collaboration, A. Ocherashvili et al., Phys. Lett. B
628, 18 (2005)

SELEX Collaboration, J.S. Russ, arXiv:hep-ex/0209075
S.P. Ratti, Nucl. Phys. Proc. Suppl. 115, 33 (2003)
BABAR Collaboration, B. Aubert et al., Phys. Rev. D 74,
011103 (2006)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


