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The spectrum of baryons with two heavy quarks is predicted, assuming a configuration of a light quark

and a heavy diquark. The masses are computed within a semirelativistic quark model, using a potential

obtained in a gauge-gravity (anti-de Sitter/QCD) framework. All the parameters defining the model are

determined fitting the meson spectrum. The obtained mass of�cc is in agreement with the measurements.
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Doubly heavy baryons, i.e. baryons made up of two
constituent heavy quarks and a light quark, are predicted
to exist by the quark model [1]. However, the only state
observed so far is a candidate for �cc reported by the
SELEX Collaboration, which found a signal for the decay
�þ

cc ! �cK
��þ [2]. The same collaboration confirmed

the production of �þ
cc considering the decay mode �þ

cc !
pDþK� [3], with measured mass of �cc:

M�cc
¼ 3518:9� 0:9 MeV: (1)

Although at present no other experiment has observed such
hadrons, it is possible that forthcoming analyses at LHC
and Tevatron [4] and the future experiments like PANDA at
GSI could be able to observe the production and decays of
doubly heavy baryons. These particles deserve attention
since, as pointed out in Ref. [5], the observation at LHCb of
the decays of either �cc to charmless final states or�bb to
bottomless final states would be a signal for new physics,
being these processes strongly suppressed in the standard
model.

In the quark model, baryon spectroscopy has been dis-
cussed following two different approaches. One investi-
gates the three-body problem of the bound state of three
quarks. The other one is based on the hypothesis, intro-
duced in [6], that a diquark can form inside the baryon, thus
reducing the description to a two-body problem of the
bound state of a diquark and a quark (for a recent review
see [7]).

This paper follows the second approach, supposing that
a baryon can be treated analogously to a �qq system made
up of a diquark and a quark. This idea comes from the
observation, in group theory, that two quarks can attract
one another in the �3 representation of SUð3Þcolor, thus
forming a diquark having the same color features as an
antiquark. This suggests that the interaction between a
quark and a diquark inside a baryon can be studied in an
analogous way as the one between a quark and an anti-
quark inside a meson. However, this does not imply that a
baryon really has this structure: the issue is still debated

and one can consider this idea as the starting point for the
description of baryons. In particular, the system where
such an idea should be properly applied is the one we are
considering here, namely, the baryon where two heavy
quarks form a heavy diquark acting as a static color source
for the third constituent light quark. In fact, one expects
that the two heavy quarks are very close, in such a way that
they are seen as a whole system by the light quark. Heavy
particles are also the best objects to deal with in the model
described in this paper, since it involves a static potential.
The model was introduced in Refs. [8,9] to compute the
spectrum of heavy mesons, and it is based on a semi-
relativistic wave equation, the Salpeter equation, with a
static potential, whose eigenvalues are the masses of the
bound states.
In order to compute baryon masses in this approach,

there are three steps to follow.
The first step is to compute heavy diquark masses. A

diquark is a bound state of two interacting quarks, and the
energy of this pair is, in the one-gluon-exchange approxi-
mation, one half of the energy of a quark-antiquark pair
VðrÞ. Diquark masses can be computed solving the
Salpeter equation (we consider the ‘ ¼ 0 case)� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
1 �r2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 �r2
q

þ 1

2
VðrÞ

�
c dðrÞ ¼ Mdc dðrÞ;

(2)

where m1 and m2 are the masses of the quarks, Md and
c dðrÞ are the mass and the wave function of the diquark,
respectively, and

VðrÞ ¼ VAdS=QCDðrÞ þ VspinðrÞ: (3)

In (3), VAdS=QCDðrÞ describes the color interaction between
a quark and an antiquark, while the factor 1=2 in (2)
accounts for the quark-quark interaction in the �3. The
expression for VAdS=QCD, apart from a constant term V0,

has been obtained in a gauge/gravity framework in
Ref. [10] in a parametric form
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VAdS=QCDð�Þ ¼ g

�

ffiffiffiffi
c

�

r �
�1þ

Z 1

0
dvv�2

�½e�v2=2ð1�v4e�ð1�v2ÞÞ�1=2�1�
�

rð�Þ ¼ 2

ffiffiffiffi
�

c

s Z 1

0
dvv2e�ð1�v2Þ=2ð1�v4e�ð1�v2ÞÞ�1=2;

(4)

where r is the interquark distance and � varies in the range
0 � � < 2. The term VspinðrÞ accounts for the spin inter-

action, and is given by

VspinðrÞ ¼ A
~�ðrÞ
m1m2

S1 � S2 with ~�ðrÞ ¼
�
�ffiffiffiffi
�

p
�
3
e��2r2 ;

(5)

where � is a parameter defining the smeared delta function
while the parameter A gets two different values, Ab in case
of baryons comprising at least a beauty and Ac otherwise.
In the one-gluon-exchange approximation, the parameter A
is proportional to the strong coupling constant �s, there-
fore an argument supporting the two values Ac and Ab is
represented by the scales, OðmcÞ and OðmbÞ, to which �s

must be computed in the two cases.
A cutoff at small distance is introduced to cure the

singularity of the wave function; it consists in fixing the

potential (3) at the value VðrMÞ for r � rM, with rM ¼ 4��
3M

[11], M being the mass of the diquark and � a parameter;
� ¼ 1 in case of m1 ¼ m2, as discussed in [12].

Once the diquark masses have been obtained, one can
use the Salpeter equation to study the interaction between a
diquark and a quark, obtaining the baryon masses. As
already stated, the energy of a quark-diquark pair is as-
sumed to be the same as the one of a quark-antiquark pair:
this suggests to adopt again the potential (3). However,
diquarks are extended objects: therefore, to keep this into
account we construct the potential using a convolution with
the diquark wave function

~VðRÞ ¼ 1

N

Z
drjc dðrÞj2VðjRþ rjÞ; (6)

where c d is the wave function of the diquark, and N is a
normalization factor. The integral (6) runs from r ¼ 0 to a
radius rmax, which ensures that the diquark is on average
inside the baryon’s bag. The obtained potential ~VðrÞ is in
Fig. 1, together with the quark-antiquark potential (3)
[continuous line]: the dashed line represents the potential
obtained through the 1S wave function of the diquark fccg,
while the dotted line represents the potential obtained
through the 2S wave function of the diquark fccg (fccg
indicates a spin 1 diquark with two charm quarks). The
figure shows that a similar potential is obtained for the
interaction between a quark and a diquark, when the di-
quark is in the 1S or 2S state.

The Salpeter equation for a baryon can be finally written
in the following way:

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

q �r2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

d �r2
q

þ ~VðrÞÞc ðrÞ ¼ Mc ðrÞ; (7)

where mq is the mass of the constituent quark, md is the

mass of the constituent diquark, and M and c ðrÞ are the
mass and the wave function of the baryon, respectively.
Again, we only consider the ‘ ¼ 0 case for the system
quark diquark.
The Salpeter Eqs. (2) and (7) can be solved through the

Multhopp method [12]. The parameters of the model, as in
Ref. [9], are c ¼ 0:4 GeV2, g ¼ 2:50, V0 ¼ �0:47 GeV,
Ac ¼ 14:56, Ab ¼ 6:49, � ¼ 0:47 GeV, � ¼ 0:5 in the
potential, and the constituent quark masses mq ¼
0:34 GeVðq ¼ u; dÞ, ms ¼ 0:48 GeV, mc ¼ 1:59 GeV,
and mb ¼ 5:02 GeV: these values have been obtained by
a best fit of the meson masses computed in this model to
their experimental values [13].
The values obtained for diquark masses are shown in

Table I for the 1S and 2S states. A diquark with spin 1 is
denoted by fQQg, while a diquark with spin 0 is denoted by
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FIG. 1 (color online). Quark-diquark potential ~VðrÞ, for the
fccg diquark in the 1S state (dashed line) and for the fccg diquark
in the 2S state (dotted line), and quark-antiquark potential VðrÞ
(3) [continuous line].

TABLE I. Diquark masses in GeV. fQQgnS (resp. ½QQ�nS)
means a spin 1 (resp. spin 0) diquark QQ in S wave with radial
number n.

Diquark State Mass

fccgnS 1S 3.238

2S 3.589

½bc�nS 1S 6.558

2S 6.882

fbcgnS 1S 6.562

2S 6.883

fbbgnS 1S 9.871

2S 10.165
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½QQ�. Notice that a diquark with two identical quarks in �3
can only have spin 1, as far as the ‘ ¼ 0 case is considered,
in order to make the wave function of the two quarks
antisymmetric [14].

The masses of doubly heavy baryons are shown in
Table II for baryons with a fccg1S diquark, in Table III
for baryons with a fbbg1S diquark, and in Table IV for
baryons with a ½bc�1S or fbcg1S diquark. The results are
compared with recent models: Refs. [16–18] describe
baryons by a nonrelativistic quark model based on a
three-body problem; in Refs. [4,19] potential models based
on the quark-diquark hypothesis are investigated, the first
one relativistic and the second one nonrelativistic; in
Ref. [20] doubly heavy baryon masses are computed in
the framework of QCD sum rules; Refs. [15,21] deal with
quenched lattice QCD, and finally Ref. [22] is based on the
bag model. In Fig. 2, the wave functions of the first three
radial excitations of �cc and �bb are shown. Since ‘ ¼ 0,
all the states have positive parity.

A few remarks are in order. First, the value found in this
paper for the mass of �cc is in agreement with the experi-

mental value found by the SELEX Collaboration (1), tak-
ing into account the uncertainties in the quark masses and
those related to our description of the baryon. In fact, the
difference between the experimental and the theoretical
value of the mass is of the same order than the differences
found for meson masses in [9]. The only remarkable
difference between our results and the others shown in
the tables concerns the radial excitations, since the masses
evaluated within this paper are higher than the ones found
in Ref. [16], which could be due to the different value of
the string tension; however, the parameters in our approach
are fixed by a best fit of meson masses, including radial
resonances of J=c and �.
In [17] it was argued that the first excited state of a

baryon comprising a quark and a heavy diquark is the one
with the diquark in an excited state, namely, the 2S state:
this level could be lower than the one corresponding to the
2S radial excitation of the whole baryon. The masses of
baryons with the diquark in the 2S state computed in our
approach are shown in Table V, together with the results of
other models. The masses we have obtained are compa-

TABLE II. Masses (GeV) of baryons composed by a diquark in the lowest mass configuration fccg1S and a light quark (q or s). In the
case of Ref. [15], the first and the second results are obtained using � ¼ 2:1 and � ¼ 2:3, respectively.

Particle State JP Quark-diquark content This paper [16] [17] [18] [19] [4] [20] [15] [21] [22]

�cc 1S 1
2
þ qfccg1S 3.547 3.579 3.676 3.612 3.620 3.48 4.26 3.562 (3.588) 3.549 3.557

2S 4.183 3.876

3S 4.640

��
cc 1S 3

2
þ qfccg1S 3.719 3.656 3.753 3.706 3.727 3.61 3.90 3.625 (3.658) 3.641 3.661

2S 4.282 4.025

3S 4.719

�cc 1S 1
2
þ sfccg1S 3.648 3.697 3.815 3.702 3.778 3.59 4.25 3.681 (3.698) 3.663 3.710

2S 4.268 4.112

3S 4.714

��
cc 1S 3

2
þ sfccg1S 3.770 3.769 3.876 3.783 3.872 3.69 3.81 3.737 (3.761) 3.734 3.800

2S 4.334

3S 4.766

TABLE III. Masses (GeV) of baryons composed by a diquark fbbg1S and a light quark (q or s).

Particle State JP quark-diquark content This paper [16] [17] [18] [19] [4] [20] [23] [22]

�bb 1S 1
2
þ qfbbg1S 10.185 10.189 10.340 10.197 10.202 10.09 9.78 10.127 10.062

2S 10.751 10.586

3S 11.170

��
bb 1S 3

2
þ qfbbg1S 10.216 10.218 10.367 10.236 10.237 10.13 10.35 10.151 10.101

2S 10.770 10.501

3S 11.184

�bb 1S 1
2
þ sfbbg1S 10.271 10.293 10.454 10.260 10.359 10.18 9.85 10.225 10.208

2S 10.830 10.604

3S 11.240

��
bb 1S 3

2
þ sfbbg1S 10.289 10.321 10.486 10.297 10.389 10.20 10.28 10.246 10.244

2S 10.839 10.622

3S 11.247
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rable with the values found within the other models.
Concerning baryons in Table IV, these excited levels are
not reported because the excited states of diquarks fbcg and
½bc� are not stable due to the emission of soft gluons [4].

In this model, the parameters used to compute baryon
masses are fixed by a best fit of meson masses. However, if
we attempt to slightly change the mass of a constituent
quark, the variation of baryon masses is proportional to the
variation of the mass of the quark. For example, if we vary
the mass of the quark charm by 6% of the fitted value, the
mass of �cc changes by 5%.

It is interesting to analyze the results using the language
of HQET. Analogously to the 1=mQ expansion of the mass

of a baryon comprising a single heavy quark [25], one can

attempt to write an expansion with respect to the inverse of
the heavy diquark mass for a baryon made up of a heavy
diquark and a light quark

MfQQgq ¼ mfQQg þ ��þ �1

2mfQQg
þ AQdH

�2

2mfQQg
; (8)

where mfQQg is the mass of the diquark, and dH is dH ¼
SfQQg � Sq. The mass splitting between JP ¼ 3=2þ and

JP ¼ 1=2þ baryons turns out to be, for example, in case
of �QQ

��
QQ ��QQ ¼ AQ

3�2

4mfQQg
: (9)
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FIG. 2 (color online). Wave functions of the first three radial excitations of�cc (left) and�bb (right). The continuous line represents
the 1S wave function, the dotted line the 2S wave function, and the dashed line the 3S wave function. The wave functions are
dimensionless: they are normalized as

R
dkj~uðkÞj2 ¼ 2M, being k the modulus of the relative 3-momentum of the quark-diquark pair.

TABLE IV. Masses (GeV) of baryons composed by a diquark bc in the lowest mass configuration and a light quark (q or s).

Particle State JP Quark-diquark content This paper [17] [18] [19] [4] [20] [22]

�bc 1S 1
2
þ qfbcg1S 6.904 7.011 6.919 6.933 6.82 6.75 6.846

2S 7.478

3S 7.904

�0
bc 1S 1

2
þ q½bc�1S 6.920 7.047 6.948 6.963 6.85 6.95 6.891

2S 7.485

3S 7.908

��
bc 1S 3

2
þ qfbcg1S 6.936 7.074 6.986 6.980 6.90 8.00 6.919

2S 7.495

3S 7.917

�bc 1S 1
2
þ sfbcg1S 6.994 7.136 6.986 7.088 6.91 7.02 6.999

2S 7.559

3S 7.976

�0
bc 1S 1

2
þ s½bc�1S 7.005 7.165 7.009 7.116 6.93 7.02 7.036

2S 7.563

3S 7.977

��
bc 1S 3

2
þ sfbcg1S 7.017 7.187 7.046 7.130 6.99 7.54 7.063

2S 7.571

3S 7.985
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From Eq. (9), the ratio between the mass splitting of �bb

and �cc and between the difference of the mass squared

��
bb ��bb

��
cc ��cc

¼ Abmfccg
Acmfbbg

;
��2

bb ��2
bb

��2
cc ��2

cc

¼ Ab

Ac

; (10)

relations well verified, both for�QQ and for�QQ baryons,

as one can appreciate considering the results in Tables II
and III. Moreover, a mass splitting hierarchy is obtained

ð��
cc ��ccÞ> ð��

cc ��ccÞ> ð��
bb ��bbÞ

> ð��
bb ��bbÞ:

As a final result, we collect in Table VI the masses of
baryons with three heavy quarks. However, we point out
that such last predictions, obtained substituting the third
quark with a heavy one, have to be considered with cau-
tion, since, although the presence of heavy interacting
particles is a preferable condition for the application of
the static potential (3), the hypothesis of a quark-diquark

configuration becomes less reliable when the average dis-
tances between each pair of quarks are comparable.
Baryons with two and three heavy quarks complete the

set of states predicted by the quark model for ordinary
hadrons. Only one state, the lightest one �cc, has been
observed so far, but the existence of the other baryons
could be proved by forthcoming experiments. Models
can be constructed to predict their masses: the model
described in this paper uses the scheme of a quark-diquark
configuration for doubly heavy baryons and is completely
defined by fitting the meson spectrum. The obtained values
are in agreement with the only known experimental result.
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S. Nicotri for collaboration and precious suggestions and
discussions. I also thank M.V. Carlucci, M. Pellicoro, and
S. Stramaglia for collaboration on developing the numeri-
cal method used here. This work was supported in part by
EU Contract No. MRTN-CT-2006-035482 ‘‘FLAVIAnet.’’

TABLE V. Masses (GeV) of the excited baryons in which the diquark is in the 2S state.

Baryon JP Quark-diquark content This paper [17] [19] [4,24]

�cc
1
2
þ qfccg2S 3.893 4.029 3.910 3.812

��
cc

3
2
þ qfccg2S 4.021 4.042 4.027 3.944

�cc
1
2
þ sfccg2S 3.992 4.180 4.075

��
cc

3
2
þ sfccg2S 4.105 4.188 4.174

�bb
1
2
þ qfbbg2S 10.453 10.576 10.441 10.373

��
bb

3
2
þ qfbbg2S 10.478 10.578 10.482 10.413

�bb
1
2
þ sfbbg2S 10.538 10.693 10.610

��
bb

3
2
þ sfbbg2S 10.556 10.721 10.645

TABLE VI. Masses (GeV) of baryons made up of a diquark fccg or fbbg and a heavy quark (c or b).

Particle State JP Quark-diquark content This paper [26] [22] [17] [4]

�ccb 1S 1
2
þ bfccg1S 7.832 7.41 7.984 8.245

2S 8.350 8.537

3S 8.704

��
ccb 1S 3

2
þ bfccg1S 7.839 7.45 8.005 8.265

2S 8.353 8.553

3S 8.706

�bbc 1S 1
2
þ cfbbg1S 11.108 10.30 11.139 11.535 11.12

2S 11.639 11.787

3S 12.010

��
bbc 1S 3

2
þ cfbbg1S 11.115 10.54 11.163 11.554 11.18

2S 11.642 11.798

3S 12.012
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