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It is argued that in heavy ion collisions at the CERN Large Hadron Collider (LHC) there could be a
sizable production of baryons containing two or three heavy quarks from statistical coalescence. This
production mechanism is peculiar of quark gluon plasma, and the predicted rates, in heavy ion collisions
at LHC energies, exceed those from a purely hadronic scenario, particularly for �bc and �ccc. Thus, in
addition to the interest in the discovery of these new states, enhanced ratios of these baryons over singly
heavy flavored hadrons, like B or D, in heavy ion collisions with respect to pp at the same energy, would
be a clear indication of kinetic equilibration of heavy quarks in the quark gluon plasma.

DOI: 10.1103/PhysRevLett.95.022301 PACS numbers: 25.75.Nq, 12.40.Ee, 13.60.Rj, 25.75.Dw
Charm and bottom quarks are expected to be abundantly
produced in hadronic collisions at very high energies. In
heavy ion collisions (HIC), multiple pair production is
expected to occur, with average multiplicities which, at
the LHC energy of 5.5 TeV, attain O�10� for bottom and
O�100� for charm in central collisions. These quarks,
produced in the early stage of the collision off hard scatter-
ings, lose energy in the quark gluon plasma (QGP) and, if
the lifetime of the source is long enough, may reach
thermal [1] (not chemical, as their annihilation rate is
very low) equilibrium within the medium. At the hadroni-
zation point, they will coalesce into hadrons. If the coales-
cence process occurs statistically at the hadronization
temperature, there is a finite chance that two or even three
of them coalesce into the same particle, thus giving rise to
multiply heavy flavored hadrons, particularly baryons.
This phenomenon is likely to occur only if heavy quarks
get very close to thermal equilibrium reshuffling over a
large region because high momentum quarks, most likely,
will hadronize into different particles unless two or three of
them emerge very close in momentum from the hard
process. The latter production mechanism, where multiply
heavy flavored hadrons arise from correlated quarks,
predicts multiplicities which, at some large energy, are
exceeded by those predicted by the coalescence of uncor-
related quarks. The ultimate reason for this effect is that
the average multiplicity of heavy quark pairs increases
faster than soft hadrons’ multiplicity as a function of
center-of-mass energy. This is in turn related to the vol-
ume of the system at freeze-out. Consequently, the system
gets denser in heavy quarks at chemical freeze-out as
energy increases and so does the chance of formation of
multiply heavy flavored hadrons. Therefore, an enhanced
production rate of these objects relative to singly heavy
flavored hadrons (like B’s or D’s) is distinctive of HIC
and can be used as a probe of thermalization of heavy
quarks within the QGP, then as a signal of QGP itself. This
idea was advocated in Refs. [2,3] where the authors en-
visaged an enhancement of Bc and J= mesons’ produc-
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tion from the QGP with respect to hadronic collisions at
RHIC. In thisLetter, we amend and reinforce this picture
by observing that the main advantage of baryons (and
especially �bc and �ccc whose signal should be detectable
at LHC) over quarkonia and Bc is to enhance the difference
from the ‘‘background’’ of coherent production, i.e., direct
production of these states from early hard scatterings,
possibly followed by melting in the plasma. Furthermore,
in view of this relatively large production, HIC become a
suitable place to discover many of these yet unobserved
states.

That the production of multiply charmed baryons could
be enhanced in high energy HIC was first proposed in
Ref. [4] on the basis of a quark recombination model. A
different coalescence picture was used in Ref. [5]. How-
ever, in both studies, no relation was set between produc-
tion enhancement and heavy quark kinetic equilibration in
the plasma, and quantitative predictions of production rates
were dependent on an undetermined free parameter. On the
contrary, predictions are definite within the statistical co-
alescence model (SCM), whose basic idea has been intro-
duced in Ref. [3] following a work on statistical production
of J= [6], and used thereafter by many authors [7]. In
practice, the SCM is the statistical hadronization model
supplemented with the constraint of a fixed number of
heavy quarks and antiquarks.

We now calculate the mean multiplicities hnji of heavy
flavored particles in the framework of the SCM. In HIC at
high energy, electric charge, strangeness, and baryon num-
ber conservation can be treated grand canonically, whereas
charm and beauty conservation cannot because the multi-
plicities of heavy flavored hadrons are not large. Thus,
besides the number Nc of c� �c quarks and Nb of b� �b
quarks, also the net charm C and net beauty B should be
fixed. In fact, instead of C, B, Nc, Nb, any combination of
these integers can be used to constrain the partition func-
tion. Indeed, it is advantageous to use the numbers 
c of c,

 �c of �c, 
b of b, and 
 �b of �b quarks. The relevant partition
function reads
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where Zl is the grand-canonical partition function includ-
ing all light-flavored species; zj are the one-particle parti-
tion functions,

zj �
gjV

2�2m
2TK2

�
m
T

�
’m	T gjV

�
mT
2�

�
3=2
e�m=T ; (2)

�j are the fugacities (with regard to electric, baryonic, and
strangeness charges) and 
cj, 
 �cj, 
bj, 
 �bj are the number
of c, �c, b, �b quarks, respectively, of the jth hadronic
species; the factor gj in Eq. (2) is its spin degeneracy,
and T is the temperature. The sum over j in Eq. (1) involves
all hadrons containing heavy quarks. The primary average
multiplicity of any of these, in events with fixed numbers of
heavy quarks, reads

hnji � zj�j
Z�
c � 
cj; 
 �c � 
 �cj; 
b � 
bj; 
 �b � 
 �bj�

Z�
c; 
 �c; 
b; 
 �b�
:

(3)

It can be realized that we would deal with factorized charm
and bottom integrals in Eq. (1) were it not for the presence
of hadrons carrying both flavors, such as Bc. To recover
factorization, we can expand the integrand in Eq. (1) in
power series of the zj of hadrons containing both c and b
(anti)quarks up to the first order. Defining
02230
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where f � c or b and jf running over all hadrons contain-
ing f or �f quark, the partition function can be rewritten as

Z�
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b; 
 �b� ’ Zl

�
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c; 
 �c�Ẑb�
b; 
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X
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 Ẑc�
c � 
cj; 
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 Ẑb�
b � 
bj; 
 �b � 
 �bj�

�
; (5)

where jcb runs over all hadrons containing both flavors. It
is now clear from (5) that we will henceforth be dealing
with factorized canonical partition functions because both
Ẑc and Ẑb no longer involve hadrons with both flavors.
Whether stopping the expansion in (5) at first order is
sufficient will be discussed later. If we now denote by
afn the sum of zj�j for hadrons with n units of open flavor
f, a �fn for those with n units of open antiflavor �f, and af0
for f �f states, we can calculate the Ẑf in (4) by expanding in
powers of af0:
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where
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and similarly for � �
 �f� with a �fn replacing the afn’s. We
note in passing that  �
f� � 0 if 
f < 0 and  �0� � 1. The
mass hierarchy in heavy flavored hadrons make af1 	
af2 	 af3 (f � c; b), because, according to (2), each
term is suppressed with respect to the preceding one by a
factor of � exp��mf=T� where mf is the c or b quark
mass. Neglecting af3 (i.e., �ccc or �bbb baryons), the
integrals in (7) give rise to a polynomial expression:

 �
f� ’
X

f=2�
k�0

a

f�2k
f1 akf2

�
f � 2k�! k!
(8)

and likewise for � . The ratio between the kth and �k� 1�th
term in the above polynomial is less than
�af2=a2f1�
f�
f � 1�=k � Rf=k. Recalling the definition
of the afn’s, one can roughly estimate it by assuming the
mass of the hadrons to be the sum of the constituent masses
of valence quarks and using Eq. (2):
Rf �
af2
a2f1


f�
f � 1� �

f�
f � 1�e2mu;d=T

geffV

�mf�mu�

2T
2�mf

�3=2
; (9)

where geff�T; �� is an effective degeneracy parameter in-
cluding the spin degeneracy and the different states with
the same numbers of heavy quarks, weighted by the ratio
zj�j=z1�1, z1 being the one-particle partition function of
the lowest lying state. In Eq. (9) we tacitly assumed that
geff is the same for hadrons with one or two heavy quarks,
which approximately holds according to our numerical
check. From known states with one heavy quark, either c
or b, one expects geff � 10 at T � 165 MeV and �j � 1.
Taking constituent quark masses mc � 1:54 GeV, mb �
4:95 GeV, mu;d � 0:33 GeV, ms � 0:51 GeV, and T �
165 MeV, i.e., the fitted chemical freeze-out temperature
at very large energy [8,9], it turns out that Rc � 
c�
c �
1�=0:34 fm�3 V and Rb � 
b�
b � 1�=1:4 fm�3 V.
Therefore, with the large volumes involved in HIC, Rc
and Rb are likely to be � 1 unless 
c or 
b are consistently
large. In this case we can approximate the  in Eq. (8) with
its first term, i.e.,  �
f� ’ a


f
f1=
f!, so Eq. (6) becomes
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Again, the ratio between the hth and the �h� 1�th terms is
less than af0
f
 �f=af1a �f1h, which is approximately equal
to Rf=h, with Rf quoted in Eq. (9), because 
f differs from
02230

 �f by a few units and with af1 very close to a �f1 if chemical
potentials are not too large. Therefore, under the same
conditions needed for its validity, the sum in (10) can be
approximated with its first term, i.e., Ẑf�
f; 
 �f� ’
a

f
f1a


 �f
�f1
=
f!
 �f!. By using this approximation, we can fi-

nally estimate the ratio between the first and the zeroth
order terms in the expansion (5). For instance, for Bc
mesons carrying one c and one �b quark:
X
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For hadrons with two b’s and one c and vice versa, it can
easily be shown that this ratio is even smaller. If Rcb � 1
(which is likely to be), the first order term in the expansion
of the partition function (5) is negligible. Under these
circumstances, and provided that the aforementioned con-
ditions on Rc and Rb are met, the primary average multi-
plicity of heavy flavored hadrons for a fixed number of c, �c,
b, �b quarks is especially simple (with 
fj > 0):

hnji� zj�j
Y

f�c; �c;b; �b


f�
f�1�����
f�
fj�1�

a

fj
f1

: (12)

Equation (12) is to be further averaged over the multi-
plicity distribution p
c of c �c and p
b of b �b pairs created in
a single collision. If they are independently produced, this
is a Poisson distribution and, for open flavored hadrons, the
sum (12) yields its factorial moments, i.e.,

hhnjii � zj�j
Y

f�c; �c;b; �b

�
h
fi

af1

�

fj

� zj�j
Y

f�c; �c;b; �b

'

fj
f ; (13)

whereas for quarkonia it is more complicated since 
c �

 �c and 
b � 
 �b. Equation (13) is our final formula. As has
been mentioned, it is an approximated expression valid if
Rc; Rb; Rcb � 1. However, it can be shown, by performing
an asymptotic expansion of the integral (6) [10], that it still
holds under the weaker condition Rf=
f � 1 if 
f is large.
Altogether, Eq. (13) implies that the contribution of had-
rons carrying more than one heavy flavored quark in the
balance equations

P
jhnji
fj � h
fi is neglected. It is

interesting to note that the enhancement factors 'f �
h
fi=af1 are proportional to the density of heavy quarks
at the hadronization temperature, as af1 / V. Therefore,
the ratio between multiply and singly heavy flavored had-
rons, proportional to �h
fi=V�
fj�1, increases with center-
of-mass energy because the volume (or the charged multi-
plicity) increases much slower than (c �c and (b �b do.

The formula (13) can now be applied to estimate the
average multiplicity of multiply heavy flavored hadrons in
HIC at RHIC and LHC. For the sake of simplicity, we
confine ourselves to full phase space integrated quantities,
disregarding spectra. To get started, we need the cross
sections (c �c and (b �b in pp collisions at relevant ener-
gies. There is a large uncertainty on these values; re-
cent calculations indicate (c �c � 110–656 )b and (b �b �
1:2–2:86 )b at
			
s

p
� 200 GeV [11] and (c �c �

3:4–9:2 mb and (b �b � 88–260 )b at
			
s

p
� 5:5 TeV

[12]. The production of heavy quark pairs is a hard process
and should scale like the number of collisions Ncoll in the
Glauber model. Specifically, if (inel is the total inelastic
NN cross section, the average multiplicity of c �c pairs is
h
fi � h
 �fi � Ncoll(f �f=(inel. At RHIC, in Au-Au colli-
sions at

								
sNN

p
� 200 GeV, (inel ’ 42 mb and for a 5.5%

centrality selected sample, corresponding to an impact
parameter range 0–3.5 fm, Ncoll � 1080 [13]. Thus, the
average multiplicity of c �c pairs ranges from 2.8 to 17,
whereas for b �b pairs from 0.03 to 0.07. On the other
hand, at LHC, in Pb-Pb collisions at

								
sNN

p
� 5:5 TeV,

(inel ’ 60 mb and for a 5.1% centrality selected sample,
corresponding to the same impact parameter above,
Ncoll � 1670 [13]. In this latter case, the average multi-
plicity of c �c pairs ranges from 95 to 256 and from 2.4 to 7.2
for b �b pairs. It should be noted that these estimates do not
take into account possible structure function saturation
effects, which are predicted to reduce the heavy quark
cross section at LHC [14]. Since there is not clear-cut
evidence of this phenomenon as yet, we stick to the tradi-
tional picture of Ncoll scaling, though this possibility is
worthy of consideration in the future.

The other key ingredient in our calculation is the volume
V. In order to extrapolate from CERN SPS to RHIC, we
take advantage of the fact that V is proportional to the
average multiplicity of pions. In Pb-Pb at SPS at

								
sNN

p
�

17:2 GeV, V ’ 3:5
 103 fm3 in full phase space [9], and
h�� � ��i ’ 1258 [15]. At RHIC, at

								
sNN

p
� 200 GeV in

full phase space h�� � ��i ’ 3343 [16] leading to V �
104 fm3. This extrapolation assumes very little variation of
temperature and baryon-chemical potentials from SPS to
RHIC, which approximately holds [9]. In order to extrapo-
late from RHIC to LHC, we pragmatically use the satura-
tion model (which proved to be successful in extrapolating
multiplicity from SPS to RHIC) which predicts an increase
in hnchi by a factor ’ 4:5 from

								
sNN

p
� 200 GeV to

5.5 TeV [17]. This means that VLHC � 4:5
 104 fm3

with a fair uncertainty up to a factor of 2. By using the
above values for V, and, conservatively, the upper esti-
mates for h
ci and h
bi, we obtain from Eqs. (9) and (11)
Rc � O�10�2�, Rb � O�10�7�, Rcb � O�10�4� at RHIC
and Rc � O�1�, Rb � O�10�4�, Rcb � O�10�1� at LHC,
1-3



PRL 95, 022301 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
8 JULY 2005
by using as input parameters mc, mb, mu;d, and T the same
as quoted below Eq. (9). Therefore, both at RHIC and LHC
energies the formula (13) should be fairly accurate, be-
cause either the R’s are � 1 or, as in the charm sector at
LHC, h
ci 	 1 and Rc=h
ci � 1.

We can now perform our predictions. To estimate the
'f’s, we use the approximation af1’geffV
�mf�mu�T=
2��3=2 exp
��mf�mu�=T� with input parameters as for
the ratios Rf. We then obtain 'c � 1:7–10 and 'b �
�3:5–8:2� 
 106 at RHIC and 'c � 12–34 and 'b �
�0:63–1:9� 
 108 at LHC. With these numbers, assuming
the mass of multiply heavy flavored hadrons to be the sum
of its quark constituent masses, using Eq. (13) with �j � 1
(i.e., taking vanishing chemical potentials) and appropriate
spins, we get average primary yields of doubly charmed
baryons (like �cc and �cc) between 0:7
 10�4 and 7

10�3 in central collisions at RHIC and between 0.019 and
0.38 at LHC. For mixed charmed-beautiful hadrons (like
�bc, �bc, and Bc meson), the yields should range between
4
 10�7 and 6
 10�5 at RHIC and 3
 10�4 and 0.022 at
LHC. For doubly beautiful baryons (like �bb and �bb), our
estimates range between 2
 10�9 and 3
 10�8 at RHIC
and between 2:6
 10�6 and 7
 10�5 at LHC. For the
�ccc baryon, the predicted yields are affected by a large
uncertainty due to the cubic dependence on 'c; they range
between 7
 10�7 and 10�4 at RHIC and between 10�3

and 0.03 at LHC. For charmed baryon yields at LHC, the
predictions of Eq. (13) turn out to be in good agreement
with a preliminary calculation with the exact formula. All
of the previous yields are enhanced by the feeding from
heavier states, even by a factor of about 4–5; another factor
� 2 comes from antiparticle yields. These factors should
roughly compensate for the limited rapidity window ac-
cessible to experiments. Therefore, while at RHIC only
doubly charmed hadrons seem to be within reach, and at
LHC, with a statistics of 107 central events/year, doubly
and triply charmed, charmed-beautiful, and perhaps dou-
bly beautiful hadrons could, in principle, be observed.

We can now compare the above yields with the predic-
tions by production models based on QCD hard scattering.
At LHC, a model where heavy diquarks produced in O�*4

S�
diagrams are assumed to fully hadronize into ccq baryons
yields an upper bound on inclusive production of
�10�4–10�3�h
ci at

			
s

p
� 14 TeV [18] in pp, to be com-

pared with geff�0:8–2� 
 10�3h
ci from coalescence in
HIC at

								
sNN

p
� 5:5 TeV. A larger difference is found in

the �bc sector, where in p �p at
			
s

p
� 1:8 TeV the 1S-wave

cross section is predicted to be about 1 nb [19], implying a
ratio h�bci=h
bi � 10�5 to be compared with g1Seff�3–9� 

10�4 from coalescence, i.e., at least 1 order of magnitude
larger. Since the production process is O�*6

S�, the differ-
ence is even larger for �ccc, for which a recent calculation
[20] predicts a ratio h�ccci=h
ci � O�10�7� in pp at

			
s

p
�

14 TeV; this is between 2–3 orders of magnitude lower
than our estimated ratio from coalescence at

								
sNN

p
�

5:5 TeV, i.e., �0:1–1� 
 10�4. For charmonia and Bc, the
02230
two mechanisms give closer predictions. For hJ= i=h
ci,
the difference is estimated to be a factor of about 2.5 at
LHC [12], while for Bc cross sections calculations [21] at			
s

p
� 14 TeV imply a ratio hBci=h
bi � O�10�3�, about

the same as from coalescence at
								
sNN

p
� 5:5 TeV. Also, it

should be pointed out that, unlike J= and Bc, multiply
heavy flavored hadrons have not been measured in had-
ronic collisions, so the predictions of the models based on
hard scattering are still to be checked.

The predominant uncertainty on the previous estimates
is that of the heavy quark cross section. Other relevant
uncertainties are those on masses, effective degeneracy,
extrapolated temperature, and charged multiplicities, a
modulation of the production as a function of rapidity as
well as the replacement of the approximated formula (13)
with the exact one. Yet, all these effects, which will be
discussed in detail in a forthcoming paper [10], cannot alter
the ratios of multiply to singly flavored hadron yields by
1 order of magnitude. So the conclusion remains that if a
statistical coalescence scheme applies, a large enhance-
ment in the measurement of h�bci=hBi, which becomes
dramatic for h�ccci=hDi, could be found in heavy ion
collisions with respect to pp at the LHC energy. This could
be a clear indication of QGP formation.
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