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The question of whether there exist bound states of two heavy quarks Q ¼ ðc; bÞ and antiquarks
Q̄ ¼ ðc̄; b̄Þ, distinct from a pair of quark-antiquark mesons, has been debated for more than forty years. We
estimate masses ofQ1Q2Q̄3Q̄4 resonant states XQ1Q2Q̄3Q̄4

and suggest a means of producing and observing

them. We concentrate on the ccc̄ c̄ channel which is most easily produced and the bbb̄ b̄ channel which has
a better chance of being relatively narrow. We obtain MðXccc̄ c̄Þ ¼ 6; 192� 25 MeV and MðXbbb̄ b̄Þ ¼
18; 826� 25 MeV, for the JPC ¼ 0þþ states involving charmed and bottom tetraquarks, respectively. An
experimental search for these states in the predicted mass range is highly desirable.
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I. INTRODUCTION

The understanding of hadrons as bound states of colored
quarks could accommodate mesons as qq̄ and baryons as
qqq states, but has remained mute about the possible
existence of more complicated color-singlet combinations
such as qqq̄ q̄ (tetraquarks) or q4q̄ (pentaquarks). In the past
dozen years or so, evidence has accumulated for such
combinations, but it has not been clear whether they are
genuine bound states, with equal roles for all constituents, or
loosely bound “molecules” of two mesons or a meson and a
baryon, with quarks mainly belonging to one hadron or
the other.
A frequent agent for binding hadrons into molecules has

been pion exchange ([1] and references therein) and, in the
case in which nonstrange quarks are absent but strange
quarks are present, possibly η exchange [2]. A situation in
which neither is possible is amultiquark state inwhich all the
constituents are heavy (c or b), such as ccc̄ c̄. In comparison
with states with two heavy and two light quarks, a state such
as cbc̄ b̄ has a clear advantage in binding, as the kinetic
energyof its constituent quarks, scaling as the inverse of their
masses, is less. The same is true for ccc̄ c̄, but not all
configurations are allowed by the Pauli principle, so the
situation is less clear. Starting more than 40 years ago [3],
suggestions were made for producing and observing ccc̄ c̄
states, but there was no unanimity in whether these
were above or below the lowest threshold, 2MðηcÞ ¼
5967.2 MeV, for a pair of cc̄ mesons. (See, for example,
Refs. [4–19].) We will present our own mass estimates,
noting experimental strategies that might be particularly
appropriate for present-day and near-future searches. We

shall first discuss the lightest “heavy tetraquarks,” ccc̄ c̄, to
be denoted generically as Xccc̄ c̄, as they are the easiest to
produce. We will then present remarks on states Xbbb̄ b̄
containing b quarks, which have a better chance of being
narrow, and will briefly mention mixed states Xbcb̄ c̄.
Ingredients in estimating the mass of the lightest Xccc̄ c̄

state include the charmed quark mass, the color-electric
force, and the color-magnetic interaction leading to hyper-
fine splitting. We discuss the problems in evaluating each of
them in Sec. II. In contrast to previous semiempirical
approaches (e.g., [20–22] and references therein), we
utilize a relation between meson and baryon masses which
allows us to extrapolate to QQQ̄ Q̄ systems. We discuss
ccc̄ c̄ production in Sec. III and decay in Sec. IV. Section V
treats states containing b quarks. Section VI contains
remarks on tetraquarks with both b and c quarks, while
Sec. VII summarizes.

II. ESTIMATING THEGROUND-STATE ccc̄ c̄MASS

A. Charmed quark mass

In estimating the masses of baryons containing two
heavy quarks [22], we found the effective mass of the
charmed quark in mesons to be 1663.3 MeV, while in
baryons it was found to be 1710.5 MeV. The difference has
been known for some time [23] and is mirrored in a similar
difference in constituent-quark masses in mesons and
baryons containing the light quarks u, d, and s. It was
noted by Lipkin [24] that these effective masses differed
by approximately the same amount for strange and non-
strange quarks. To see this in a current context, we perform
a least-squares fit to five ground-state mesons and eight
ground-state baryons. The results, shown in Table I, imply
mass differences mb

q −mm
q ¼ 55.1 MeV and mb

s −mm
s ¼

54.5 MeV. The square root of the average mean-squared
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error in the fit is 6.72MeV, for a six-parameter fit to thirteen
data points.
The near equality of nonstrange and strange quark mass

differencesbetweenmesonsandbaryonssuggests a simpler fit
with universal quarkmasses for mesons and baryons but with
a constant S added to baryonmasses. The results of this fit are
shown in Table II. The quality of this fit is nearly identical to
that of the fit with separate quark masses for mesons and
baryons. The square root of the averagemean-squared error is
6.73 for a five-parameter fit to thirteen data points.
One can motivate the addition of a universal constant for

baryon masses in a QCD-string-junction picture [25]. A
quark-antiquark meson contains a single QCD string
connecting a color triplet with an antitriplet. A three-quark

baryon contains three triplet strings, each leading to the
same junction. Thus, the added term Smay be thought of as
representing the contribution of two additional QCD strings
and one junction. (Fig. 1.)
Now consider the baryonium (tetraquark) state consisting

of two quarks and two antiquarks, illustrated in Fig. 1(c). It
contains five QCD strings and two junctions, so one would
expect an additional additive contribution of S with respect
to a baryon or 2S with respect to a meson. There will be
additional contributions from binding effects and spin-
dependent interactions, like those considered in Ref. [22].
We estimate the charmed quark mass using MðΛcÞ ¼

Sþ 2mq þmc − 3a=m2
q ¼ 2286.5 MeV, obtaining mc ¼

1655.6 MeV. This is only slightly different from the value

TABLE I. Quark model description of ground-state hadrons containing u, d, s. A least-squares fit to mesons gives
mm

u ¼ mm
d ≡mm

q ¼ 308.6, mm
s ¼ 481.8, b=ðmm

q Þ2 ¼ 78.7 MeV, while a fit to baryons gives mb
u ¼ mb

d ≡mb
q ¼

363.7, mb
s ¼ 536.3, and hyperfine interaction term a=ðmb

qÞ2 ¼ 49.3 MeV.

State (mass in MeV) Spin Expression for mass [23] Predicted mass (MeV)

πð138Þ 0 2mm
q − 6b=ðmm

q Þ2 145.3
ρð775Þ, ωð782Þ 1 2mm

q þ 2b=ðmm
q Þ2 774.6

Kð496Þ 0 mm
q þmm

s − 6b=ðmm
q mm

s Þ 488.1
K�ð894Þ 1 mm

q þmm
s þ 2b=ðmm

q mm
s Þ 891.2

ϕð1019Þ 1 2mm
s þ 2b=ðmm

s Þ2 1028.1
Nð939Þ 1=2 3mb

q − 3a=ðmb
qÞ2 943.3

Δð1232Þ 3=2 3mb
q þ 3a=ðmb

qÞ2 1239.0
Λð1116Þ 1=2 2mb

q þmb
s − 3a=ðmb

qÞ2 1115.9
Σð1193Þ 1=2 2mb

q þmb
s þ a=ðmb

qÞ2 − 4a=mb
qmb

s 1179.4
Σð1385Þ 3=2 2mb

q þmb
s þ a=ðmb

qÞ2 þ 2a=mb
qmb

s 1379.9
Ξð1318Þ 1=2 2mb

s þmb
q þ a=ðmb

s Þ2 − 4a=mb
qmb

s 1325.4
Ξð1530Þ 3=2 2mb

s þmb
q þ a=ðmb

s Þ2 þ 2a=mb
qmb

s 1525.9
Ωð1672Þ 3=2 3mb

s þ 3a=ðmb
s Þ2 1677.0

TABLE II. Quark model description of ground-state mesons and baryons containing u, d, s, with universal quark
masses for mesons and baryons but a constant term S ¼ 165.1 MeV added to baryon masses. A least-squares fit
gives mm

u ¼ mm
d ≡mq ¼ 308.5, ms ¼ 482.2, a=m2

q ¼ 50.4, b=m2
q ¼ 78.8 MeV.

State (mass in MeV) Spin Expression for mass Predicted mass (MeV)

πð138Þ 0 2mq − 6b=ðmqÞ2 144.0
ρð775Þ, ωð782Þ 1 2mq þ 2b=ðmqÞ2 774.8
Kð496Þ 0 mq þms − 6b=ðmqmsÞ 488.0
K�ð894Þ 1 mq þms þ 2b=ðmqmsÞ 891.6
ϕð1019Þ 1 2ms þ 2b=ðmsÞ2 1028.9
Nð939Þ 1=2 Sþ 3mq − 3a=ðmqÞ2 939.4
Δð1232Þ 3=2 Sþ 3mq þ 3a=ðmqÞ2 1242.1
Λð1116Þ 1=2 Sþ 2mq þms − 3a=m2

q 1113.1
Σð1193Þ 1=2 Sþ 2mq þms þ a=m2

q − 4a=mqms 1185.7
Σð1385Þ 3=2 Sþ 2mq þms þ a=m2

q þ 2a=mqms 1379.4
Ξð1318Þ 1=2 Sþ 2ms þmq þ a=m2

s − 4a=mqms 1329.5
Ξð1530Þ 3=2 Sþ 2ms þmq þ a=m2

s þ 2a=mqms 1523.2
Ωð1672Þ 3=2 Sþ 3ms þ 3a=m2

s 1673.6
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obtained from mesons and will be used henceforth.
As a cross-check, we calculate the mass of Σcð2454Þ
[26] to be

MðΣcð2454ÞÞ ¼ Sþ 2mq þmc þ
a
m2

q
−

4a
mqmc

¼ 2450.5 MeV; ð1Þ

to be compared with 2444 MeV in Ref. [22].

B. Effects of interactions

In this subsection, we investigate the mass of a ccc̄ c̄
state in which the cc (c̄ c̄) forms an S-wave color 3� (3),
necessarily with spin 1 by the Pauli principle. We follow a
discussion parallel to that in Ref. [22]. There we needed to
evaluate the mass of a QQ color-3� spin-1 diquark. We
noted that the binding energy for a QQ color-3�, by QCD,
was half that of a QQ̄ color singlet. (The picture of a
diquark-antidiquark system QqQ̄ q̄ involving two heavy
quarks Q and two light quarks q has been used to describe
exotic states such as Xð3872Þ, e.g., in Refs. [27,28].) The
spin-averaged 1S charmonium mass, updating inputs based
on [26], is [22]

M̄ðcc̄; 1SÞ ¼ ½3MðJ=ψÞ þMðηcÞ�=4 ¼ 3068.5 MeV; ð2Þ

so the cc̄ (spin-averaged) binding energy in a color
singlet is

Bðcc̄; 1Þ ¼ ½3068.6 − 2ð1655.6Þ� MeV ¼ −242.7 MeV;

ð3Þ

and the cc (spin-averaged) binding energy in a color 3�
is half that, or −121.3 MeV. The hyperfine interaction
between two c quarks in an S-wave spin-1 color 3�

was estimated in Ref. [22] to be acc=m2
c ¼ 14.2 MeV.

The effective mass of a cc spin-1 color-3� diquark
is then

Mðcc; 3�Þ ¼ ½2ð1655.6Þ − 121.3þ 14.2� MeV

¼ 3204.1 MeV: ð4Þ

We next seek the binding energy of a cc color-antitriplet
diquark with a c̄ c̄ color-triplet antidiquark. For this, we will
interpolate between the 1S binding energies of cc̄ and bb̄,
implicitly assuming that the doubly heavy diquarks are
almost pointlike, as is the case for mQ=ΛQCD → ∞. This
approximation, while not perfect, provides a concrete
physically-motivated prescription for estimating the
strength of the binding between two diquarks.
We have already evaluated the 1S binding energy of cc̄ to

be −242.6 MeV. To perform a comparable calculation for
bb̄, we retrace steps in Ref. [22]. We first need an estimate
for the b quark mass. We use MðΛbÞ ¼ Sþ 2mqþmb−
3a=m2

q ¼ 5619.5MeV, obtaining mb ¼ 4988.6 MeV. This
is only slightly less than the value of 5003.8 MeVobtained
from mesons in Ref. [22]. It gives MðΣbð5813ÞÞ [26]
¼ Sþ 2mq þmb þ a=m2

q − 4a=ðmqmbÞ ¼ 5808.6 MeV,
to be compared with 5805 MeVobtained in Ref. [22]. With

M̄ðbb̄; 1SÞ ¼ ½3Mðϒð1SÞÞ þMðηbð1SÞÞ�=4
¼ 9445.0 MeV; ð5Þ

the bb̄ (spin-averaged) binding energy in a color singlet is

Bðbb̄; 1Þ ¼ ½9445.0 − 2ð4988.6Þ� MeV

¼ −532.2 MeV: ð6Þ
We can interpolate between this binding energy and that

for the charmonium to find the binding energy B for an
antitriplet and triplet, each of mass 3204.1 MeV. Assuming
a power-law dependence of binding energy B with con-
stituent massM, B1=B2 ¼ ðM1=M2Þp, usingM1 ¼ 1655.6,
M2 ¼ 4988.6, B1 ¼ −242.7, and B2 ¼ −532.2 MeV, we
find p ¼ 0.7120 and B3 ¼ BðccÞðc̄ c̄Þ ¼ −388.3 MeV for
M3 ¼ Mðcc; 3�Þ ¼ 3204.1 MeV.
Finally, the spin-spin force between the spin-1 diquark

cc and the spin-1 antidiquark c̄ c̄ may be estimated by
interpolation between the hyperfine splittings ΔM for cc̄
and bb̄ S-wave ground states. We assume ΔM1=ΔM2 ¼
ðM1=M2Þq, using M1 ¼ 1655.6, M2 ¼ 4988.6, ΔM1 ¼
113.5, and ΔM2 ¼ 62.3 MeV. The power law is found
to be q ¼ −0.5438. Then for a pair of spin-1=2 quarks each
of mass M3 ¼ 3204.1 MeV, we would find ΔM3 ¼
79.3 MeV.
We assume the spin-dependent hyperfine splitting is of

the form AhS1 · S2i, where

hS1 · S2i ¼
1

2
½SðSþ 1Þ − S1ðS1 þ 1Þ − S2ðS2 þ 1Þ�; ð7Þ

where S is the total spin and S1;2 are the spins of
the constituents. For S1 ¼ S2 ¼ 1=2, the splitting between

(a) (b) (c)

FIG. 1. QCD strings connecting quarks (open circles) and
antiquarks (filled circles). (a) Quark-antiquark meson with one
string and no junctions; (b) Three-quark baryon with three strings
and one junction; (c) Baryonium (tetraquark) with five strings and
two junctions.
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S ¼ 1 and S ¼ 0 states is A, which we identify as the term
ΔM3 ¼ 79.3 MeV found above. For S1 ¼ S2 ¼ 1, the
lowest-mass state, with S ¼ 0, lies 2A ¼ 158.5 MeV below
the value without hyperfine interaction.
Putting the terms together, we find the mass of the

lowest-lying ccc̄ c̄ state in this configuration (with JPC ¼
0þþ) to be

MðXccc̄ c̄½0þþ�Þ ¼ 2Sþ 2Mcc þ BðccÞðc̄ c̄Þ þ ΔMHF

¼ ½2ð165.1Þ þ 2ð3204.1Þ − 388.3

− 158.5� MeV

¼ 6191.5 MeV: ð8Þ
This lies just below the J=ψJ=ψ threshold (6193.8 MeV)
and cannot decay to J=ψηc (threshold 6080.5 MeV) by
virtue of angular momentum and parity conservation.
However, it can decay to ηcηc (threshold 5966.8 MeV)
and thus is unlikely to be narrow. We assign an error of
�25 MeV to this estimate, multiplying by two the error
[22] expected in estimation of QQq masses.

C. Color-spin calculation

The preceding analysis, based on the string-junction
physical picture, suggests that the ccc̄ c̄ tetraquark is likely
to be above the ηcηc threshold. Since this is the crucial issue
here, it is useful to do a cross-check with the help of another
approach, namely color-spin SUð6Þ.
The dynamics of exotic combinations of quarks and

antiquarks was examined by combining the color SUð3Þ
and spin SUð2Þ groups into a color-spin SUð6Þ [29,30].
(Particular attention was paid to the qqq̄ q̄ baryon-
antibaryon resonances [31], as proposed in [32].)
Since the total chromoelectric interaction should not

depend on the individual color groupings of the constitu-
ents [33,34], color-spin may be employed to compare the
binding energies of various QQQ̄ Q̄ states, where Q is a
heavy quark which will be taken to be c in the following.
Neglecting effects in which QQ and QQ̄ have different

relative wave functions, the spin-dependent force Δmay be
expressed in terms of Pauli spin matrices ~σ and SUð3Þ
generators λa (a ¼ 1;…; 8) as

Δ ¼ −
X8
a

X
i>j

~σi · ~σjλai λ
a
j

¼ 8N þ 1

2
C6ðtotÞ −

4

3
StotðStot þ 1Þ

þ C3ðQÞ þ 8

3
SQðSQ þ 1Þ − C6ðQÞ þ C3ðQ̄Þ

þ 8

3
SQ̄ðSQ̄ þ 1Þ − C6ðQ̄Þ; ð9Þ

where N is the total number of quarks, and C3 and C6 are
quadratic Casimir operators of SUð3Þ and SUð6Þ, whose

relevant values are given in Tables III and IV. (We use the
normalization of Ref. [30].)
We first calculateΔ for the ηc, as we will be looking for a

configuration which is more deeply bound than two ηcs.
Here, N ¼ 2, while the deepest binding is achieved in an
SUð6Þ singlet with C6ð1Þ ¼ 0 and Stot ¼ 0. The terms
describing individual quarks are

C3ð3Þ þ
8

3
ScðSc þ 1Þ − C6ðcÞ ¼

16

3
þ 2 −

70

3
¼ −16

ð10Þ

with a similar term for c̄, so

ΔðηcÞ ¼ 8ð2Þ − 2ð16Þ ¼ −16; Δð2ηcÞ ¼ −32: ð11Þ

A corresponding calculation may be made in which cc
(c̄ c̄) are first combined into diquarks (antidiquarks). The
color-spin of cc in the ground state must be antisymmetric
by Fermi statistics, so the SUð6Þ representation of the cc
ground state must be 15 ¼ ð6 × 6ÞA. The allowed SUð6Þ
representations are then ð15 × 15Þ ¼ 1þ 35þ 189. Here,
as before, the deepest binding is achieved with
C6ðtotÞ ¼ Stot ¼ 0, while the terms for individual quarks
depend on which SUð3Þ, SUð2Þ representations of the
SUð6Þ 15-plet are chosen:

15 ¼ ð3�; S ¼ 1Þ þ ð6; S ¼ 0Þ: ð12Þ

For ð3�; S ¼ 1Þ, we have

C3ð3�Þ þ
8

3
SðSþ 1Þ − C6ð15Þ ¼

16

3
þ 16

3
−
112

3
¼ −

80

3
;

ð13Þ

TABLE III. Quadratic Casimir operators for SUð3Þ
representations.

SUð3Þ rep C3

1 0
3 16=3
6 40=3
8 12

TABLE IV. Quadratic Casimir operators for SUð6Þ
representations.

SUð6Þ rep C6

1 0
6 70=3
15 112=3
21 160=3
35 48
189 80
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with a similar term for antiquarks, while for ð6; S ¼ 0Þ,
we have

C3ð6Þ þ
8

3
SðSþ 1Þ − C6ð15Þ ¼

40

3
−
112

3
; ð14Þ

which is less negative and, hence, disfavored.1

The final result for this configuration is

Δ ¼ 8ð4Þ − 2
80

3
¼ −

64

3
; ð15Þ

which is less deeply bound than two ηcs. This supports our
previous estimate.
As a caveat, one should note that the color-spin approach

ignores the distance between diquarks; everything depends
only on the color-spin algebra. From comparison of the c̄c
and b̄b quarkonia, we know that this is an oversimplifi-
cation. In fact, the radii and the binding energies of these
states exhibit significant dependence on the quark mass, as
utilized in Sec. II B above. So the color-spin approach
should be viewed as qualitative, while the numbers coming
from the spin-junction approach are likely to be more
reliable.

D. Configuration mixing

As noted above, the total chromoelectric interaction
should not depend on the individual color groupings of
the constituents. Thus, we may count ways of coupling two
color triplets and two antitriplets in several ways, but
should end up with the same result. In the previous
subsection, we coupled cc to a color 3� and c̄ c̄ to a color
3, then forming an overall singlet in the product
3� × 3 ¼ 1þ 8. We could also have coupled cc to a color
6 and c̄ c̄ to a color 6�, then forming an overall singlet in the
product 6 × 6� ¼ 1þ 8þ 27. An explicit calculation using
Casimir operators verifies that the chromoelectric inter-
action is the same for these two groupings. Residual
interactions may split these two configurations.
A different grouping is obtained by combining each c

with a c̄. One can form an overall singlet again in two ways.
Combining each c with a c̄ in a color singlet, it is clear the
final ðcc̄Þðcc̄Þ state is a singlet. Two ηcs represent the
lowest-lying ccc̄ c̄ state in this configuration. Combining
each c with a c̄ in a color octet, one can form another
overall singlet in the product 8 × 8 ¼ 1þ….
One can represent the twofold nature of couplings to an

overall singlet by placing c and c̄ quarks at alternating
vertices of a square, as shown in Fig. 2. One can draw QCD
strings either (a) vertically or (b) horizontally. The incor-
poration of spins is simplest for the case in which all spins
are pointed in the same direction. This represents two

parallel J=ψ states coupled up to a total spin 2. Tunneling
between the two configurations then will ensure mixing
such that one eigenstate has a mass greater than 2MðJ=ψÞ,
while the other has a mass less than 2MðJ=ψÞ. This is not
enough to ensure a small decay width for the lighter state as
it may still be heavier than 2MðηcÞ, but its JPC ¼ 2þþ will
force the ηcηc decay to be D-wave and, thus, suppressed. Its
decay to ηcJ=ψ will be forbidden by charge conjugation
invariance. One should bear in mind that the 2þþ state
might well not turn out to be the lowest-mass ccc̄ c̄
resonance; we have focused on it just for the sake of
simplicity.
If Fig. 2(a) represents a pair of ηcs, (b) will contain

admixtures of other states, so the effect of tunneling
between the two configurations is not as easy to evaluate.
Lattice gauge theory may be of some help here.
A configuration related to that in Fig. 2 is possible

in the binding of two positronium atoms to one another. It
was first proposed by Wheeler [35] and verified by a
variational calculation in Ref. [36]. Subsequent calculations
([37] and references therein) zeroed in on a binding energy
of 0.435 eV, which is ∼6% of the binding energy of
positronium [0.68 eV ¼ ð1=2ÞRy]. Finally, this state was
indeed produced by Cassidy and Mills [38]; Ref. [39]
discusses its excitation and contains further references.
The analogous situation for two quarkonium states is

worth considering. In the limit of very heavy quarks, the
binding is dominated by the chromoelectric Coulomb
force. The existence of “dipositronium” thus implies that
an analog diquarkonium state exists even though it need not
have the specific color network structure assumed for
tetraquarks. Charmed quarks are probably not heavy
enough for this argument to hold, but we shall explore it
for bottom quarks in a subsequent section.

III. PRODUCTION OF ccc̄ c̄ STATES

A. States X accompanying J=ψ in eþe− → J=ψX

The strong production of a pair of heavy quarksQ occurs
at some cost, depending on the process. As an example,
consider the reaction eþe− → cc̄, whose cross section far
above threshold is 4=3 that for muon pair production: at a
center-of-mass energy

ffiffiffi
s

p
,

(a) (b)

FIG. 2. Configurations of two quarks (open circles) and two
antiquarks (filled circles) at alternate vertices of a square. QCD
strings may run either (a) vertically or (b) horizontally.

1This confirms the assumption used in Sec. II B that the
diquarks are antitriplets of color and have spin 1.
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σðeþe− → cc̄Þ ¼ 4

3

�
4πα2

3s

��
1 −

4m2
c

s

�
1=2

�
1þ 2m2

c

s

�

≃ 1 nb at
ffiffiffi
s

p ¼ 10.6 GeV: ð16Þ

In eþe− → J=ψX, the mass MðXÞ shows peaks at states
with JPC ¼ 0�þ: notably ηcð2984Þ, χc0ð3415Þ, ηcð3639Þ,
and Xð3940Þ [40–42], as well as a continuum above DD̄
threshold. The inclusive cross section for eþe− → J=ψcc̄ atffiffiffi
s

p ¼ 10.6 GeV is about 0.9 pb [40,41] and dominates the
inclusive J=ψ production cross section [41]:

σðeþe− → J=ψcc̄Þ
σðeþe− → J=ψXÞ ¼ 0.59þ0.15

−0.13 � 0.12 ð17Þ

Thus, very roughly, the probability for producing a cc̄ pair
when one is already present is about 10−3. We may use this
figure in comparing, say, production of the tetraquark cc̄cc̄
with that of a typical quarkonium state.
The somewhat counterintuitively large ratio on the right-

hand side of Eq. (17) can be understood as follows. If J=ψ
is produced at high eþe− energy, its c and c̄ are unlikely to
have come from the same primary photon, so there tends to
be another cc̄ pair around. A smaller probability is
associated with a final c and c̄ both connected to the
initial photon, with light hadrons coupling to the c and/or c̄
by gluons.

B. Inclusive double charm production at the LHC

The LHCb Collaboration has measured prompt charm
production at the CERN Large Hadron Collider (LHC)
[43]. In the kinematic range studied, 2.0 < y < 4.5 and
1 < pT < 8 GeV=c, they report a total cross section for
charm production of about 1 mb at

ffiffiffi
s

p ¼ 5 TeV (see their
Fig. 10) and about twice that at

ffiffiffi
s

p ¼ 13 TeV. Doubling
these values for the contribution of −4.5 < y < −2.0
and accounting for central production contributions of
similar order, one estimates σðpp → cc̄XÞ≃ 5–10 mb atffiffiffi
s

p ¼ 13 TeV. Now one applies the estimate of the
previous subsection, that an additional charm pair appears
with a probability of about 10−3, to estimate

σðpp → ccc̄ c̄Þ≃ 5–10 μb at
ffiffiffi
s

p ¼ 13 TeV: ð18Þ

These four quarks would form a tetraquark state with
low probability. If produced by an initial gluon, each cc̄
pair has a low effective mass, typically not more than
several (e.g., 4) times mc, whereas, if correlated in a
tetraquark state, the relative effective mass of each pair
should be within ΛQCD ∼ 200 MeV of 2mc. Thus, we
estimate a suppression factor of ð∼6=0.2Þ2 ∼ 103 from
demanding these correlations. In addition, the two cc̄ pairs
must be close to one another in rapidity space to be
accommodated in a resonant state. Let us assume this
costs another suppression factor of at least 10. Then we
would obtain a cross section for tetraquark production of no
more than 1 nb at

ffiffiffi
s

p ¼ 13 TeV, and less at lower energies.
One might expect this estimate to be accurate, give or take a
factor of 3.
This crude estimate can be checked by noting the cross

section for double charmonium production, which has been
measured by ATLAS [44], CMS [45], and LHCb [46].
These results are summarized in Table V. Very roughly, one
may quadruple the LHCb result to account for the full
rapidity range −4.5 < y < 4.5 to estimate

σðpp → J=ψJ=ψXÞ≃ 20 nb at
ffiffiffi
s

p ¼ 7 TeV: ð19Þ

Now one may use an estimate (see Sec. III B of Ref. [15])
that the ratio of tetraquark to J=ψ pair production by two
gluons is 3.5% to conclude that the tetraquark production
cross section in proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV is
about 0.7 nb. This is consistent with our very rough
estimate above.

IV. DECAYS OF ccc̄ c̄ STATES

A number of final states are accessible to decays of a
ccc̄ c̄ resonance. Some of these are summarized in
Table VI. Here l stands for any charged lepton ðe; μ; τÞ,
h stands for any hadron, and g stands for a gluon.
Invariances under spin, parity, and charge conjugation
may suppress certain final states.
If the lowest cc̄cc̄ tetraquark mass exceeds 2MðηcÞ ¼

ð5967.2� 1.4Þ MeV, such a state will decay primarily into
the decay products of any open charmonium pair channel.
Thus, for example, a 6000 MeV cc̄cc̄ tetraquark with

TABLE V. Double J=ψ production at the LHC.

Experiment
ffiffiffi
s

p
y range pT range σ

ATLAS [44] 8 TeV jyj < 2.1 >8.5 GeV=c 160� 12� 14� 2� 3 pb
CMS [45] 7 TeV jyj < 1.2 >6.5 GeV=c

7 TeV 1.2 < jyj < 1.43 (a)
7 TeV 1.43 < jyj >4.5 GeV=c 1.49� 0.07� 0.13 nb

LHCb [46] 7 TeV 2.0 < y < 4.5 <10 GeV=c 5.1� 1.0� 1.1 nb

(a) pT scaled linearly from 6.5 to 4.5 GeV=c.
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JPC ¼ 0þþ may be expected to have primarily the decay
products of two ηc mesons.
If MðXccc̄ c̄½0þþ�Þ is less than 2MðηcÞ, the main decay

products will involve the subprocess cc̄ → g� → qq̄, illus-
trated in Fig. 3. All other processes are higher order in the
strong interactions or involve at least one electromagnetic
interaction.
The rate for the process illustrated in Fig. 3 may be

crudely estimated by comparing it with the rate for leptonic
decay of the J=ψ [26]:

ΓðJ=ψ → eþe−Þ ¼ ð5.55� 0.24� 0.02Þ keV: ð20Þ

Leaving aside group-theoretic factors of order 1, and
assuming the wave function at the origin in the tetraquark
for cc̄ → g� → qq̄ is about the same as for cc̄ → γ� →
eþe−, the rate for the process of Fig. 3 is approximately
ðαs=αÞ2 times that of the leptonic decay process (20).
Taking αs ¼ 0.35 at a scale mc (cf. Ref. [47] for a
measurement at mτ), we have ðαs=αÞ2 ≃ 2300 or

ΓðXccc̄ c̄Þ≃ 13 MeV: ð21Þ

Other less significant modes include

cc̄cc̄ → gg → light hadrons or cc̄cc̄ → γ�γ�; ð22Þ

where the virtual photons will materialize into lepton or
hadron pairs. The relative branching fractions to gluon or
virtual photon pairs will depend on details of color-spin
groupings: A color-octet cc̄ pair with J ¼ 1 will decay to a

gluon, while a color-singlet cc̄ pair with J ¼ 1will decay to
a virtual photon. Decays of J ¼ 0 cc̄ pairs will involve
more than one gluon and/or virtual photon.
Although the expected branching fractions are likely to

be small, the channels in which both virtual photons
materialize as lepton pairs are worth investigating. One
should see final states of 2τþ2τ−, τþτ−μþμ−, τþτ−eþe−,
2μþ2μ−, μþμ−eþe−, and 2eþ2e− in the ratio
1∶2∶2∶1∶2∶1. In that case, there will also be channels
in which one or both virtual photons materialize as
hadrons containing u, d, and s quarks, with well-defined
branching ratios.
A crude estimate of the 4-lepton branching fraction of a

c1c2c̄1c̄2 tetraquark may be made as follows. The partial
width for the c1c̄1 pair in a color singlet 3S1 ground state to
decay to an eþe− pair is just ΓðJ=ψ → eþe−Þ ¼ 5.5 keV
[Eq. (20)]. In a tetraquark with JPC ¼ 0þþ (expected to be
lightest), this leaves the remaining c2c̄2 pair also in a color
singlet 3S1 state. If c1c̄1 is sufficiently off-shell, there will
remain enough phase space for c2c̄2 to decay not only to a
lepton pair [with partial width (20)] but also a pair of
charmed mesons (if the effective mass of c2c̄2 is above
2MðDÞ ¼ 3.73 GeV). Comparing these two channels, we
see that the charmed meson pair decay is likely to have a
partial width of order tens of MeV, or about 103 that of the
decay to a pair of charged leptons, unless the penalty for
c1c̄1 being off-shell is very great. In that case, the factor of
103 might be replaced by a quantity as small as unity.
Taking account of the total width estimate (21), one
then estimates

BðXccc̄ c̄½0þþ� → lþ
1 l

−
1l

þ
2 l

−
2 Þ

¼ ð1 to 10−3Þð11 keVÞ=ð13 MeVÞ
¼ Oð10−3 to 10−6Þ: ð23Þ

The higher branching ratio would very likely involve at
least one lepton pair with mass J=ψ . If there is a ccc̄ c̄
tetraquark below 2MðηcÞ (unlikely in our opinion),
the cross section for its production and observation in
the four-lepton mode at the LHC (13 TeV) is estimated to
lie in the range of 1 fb–1 pb.

FIG. 3. Lowest-order process governing decay of a ccc̄ c̄
resonance whose mass is below 2MðηcÞ.

TABLE VI. Some final states accessible to decays of a ccc̄ c̄ resonance Xccc̄ c̄.

Subprocess Resulting final state Maximum kinetic energy available

2ðcc̄ → γγÞ γγ MðXccc̄ c̄Þ
c1c̄1 → γðγÞ, c2c̄2 → lþl− γðγÞlþl− MðXccc̄ c̄Þ − 2MðlÞ
c1c̄1 → lþ

1 l
−
1 , c2c̄2 → lþ

2 l
−
2 lþ

1 l
−
1 l

þ
2 l

−
2

MðXccc̄ c̄Þ − 2Mðl1Þ − 2Mðl2Þ
c1c̄1 → γðγÞ, c2c̄2 → hþh− γðγÞhþh− MðXccc̄ c̄Þ − 2MðhÞ
2ðcc̄Þ → gg Light hadrons MðXccc̄ c̄Þ − 2MðπÞ
cc̄ → γ ηcγ or J=ψγ MðXccc̄ c̄Þ −MðηcÞ or MðXccc̄ c̄Þ −MðJ=ψÞ
cc̄ → γ DD̄γ MðXccc̄ c̄Þ − 2MðDÞ
cc̄ → lþl− lþl−DD̄ MðXccc̄ c̄Þ − 2MðlÞ − 2MðDÞ
cc̄ → qq̄ DD̄þ anything MðXccc̄ c̄Þ − 2MðDÞ
Rearrangement 2ηc MðXccc̄ c̄Þ − 2MðηcÞ
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V. STATES CONTAINING BOTTOM
QUARKS

A. Ground state mass estimate

The threshold for a “fall-apart” decay of a bbb̄ b̄
tetraquark with JPC ¼ 0þþ or 2þþ is 2MðηbÞ ¼
ð18; 798� 4.6Þ MeV. For one estimate of the mass
of the lowest bbb̄ b̄ state, we can repeat the ccc̄ c̄
calculation which envisioned cc diquarks interacting
with c̄ c̄ antidiquarks. We already estimated M̄ðbb̄; 1SÞ ¼
9445.0 MeV and Bðbb̄;1Þ¼−532.2MeV, so Bðbb; 3�Þ ¼
−266.1 MeV. Taking into account a small hyperfine
contribution [22] of abb=m2

b ¼ 7.8 MeV, this implies
Mðbb; 3�Þ ¼ 9718.9 MeV. Using the power-law relation
B3=B2 ¼ ðM3=M2Þ0.712 employed previously, for B2 ¼
−532.2, M2 ¼ 4988.6, and M3 ¼ 9718.9 MeV, we obtain
B3 ¼ −855.7 MeV for the binding energy between the bb
diquark and the b̄ b̄ antidiquark.
The evaluation of the hyperfine interaction is similarly

straightforward. Using ΔM3=ΔM2 ¼ ðM3=M2Þ−0.5438
and ΔM2 ¼ 62.3 MeV, we find A ¼ 43.35 and −2A ¼
−86.7 MeV. The final calculation gives

MðXbbb̄b̄½0þþ�Þ¼2Sþ2Mðbb;3�ÞþBðbbÞðb̄b̄ÞþΔMHF

¼½2ð165.1Þþ2ð9718.9Þ−855.7
−86.7�MeV

¼18;825.6MeV: ð24Þ

As in Sec. II B, we assign an error of �25 MeV to this
estimate, corresponding to twice the error assigned in
Ref. [22] to estimates of QQq masses. This lies 95.0
below 2Mðϒð1SÞÞ, 33.7 below Mðϒð1SÞÞ þMðηbÞ, and
27.6 MeV above 2MðηbÞ. This is to be compared with the
estimate in Sec. II B of MðXccc̄ c̄½0þþ�Þ ¼ 6191.5 MeV,
224.3 MeVabove 2MðηcÞ ¼ 5967.2 MeV. Thus, there is a
chance that the lowest bbb̄ b̄ state is narrow enough to be
visible in a mode other than those coming from the decays
of individual ηb components.
The example of dipositronium discussed in the previous

section can be applied to the case of the bottom quark. With
mb ≈ 5 GeV and an effective value of αs ¼ 0.35 for the
QCD Coulombic interaction, the binding energy for two
spin-triplet states (neglecting Casimir operators of order
unity) will be

B½ϒð1SÞϒð1SÞ� ¼ ð1=4Þmbα
2
s · 0.06≃ 9 MeV: ð25Þ

This state is above 2MðηbÞ, so that will be its dominant
decay, but the discussion confirms the earlier estimate
that two ϒð1SÞ can form a molecule, even if only
weakly bound.

B. Production of the lowest bbb̄ b̄ state

Recently, the CMS Collaboration [48] has observed
38� 7 events of ϒð1SÞ pairs produced with an integrated
luminosity of 20.7 fb−1 at

ffiffiffi
s

p ¼ 8 TeV, each decaying to
μ pairs. The reported fiducial cross section, with each
ϒð1SÞ required to have rapidity jyj < 2, is 68.8�
12.7ðstatÞ � 7.4ðsystÞ � 2.8ðBÞ pb. It is estimated in
one theoretical calculation [49] that about 30% of this
value is due to double-parton scattering and another
12 pb is due to feed-down from ϒð2SÞϒð1SÞ production,
leaving 36 pb for ϒð1SÞ pair production without feed-
down. In analogy with our discussion of the relation
between J=ψ pair and ccc̄ c̄ tetraquark production, we
expect the latter to be a few percent of the former,
implying (at 8 TeV)

σðpp → Xbbb̄ b̄Þ≃ 1 pb; ð26Þ

or about twice that at 13 TeV. (The LHCb Collaboration
[50] has found that the rate for single-b production
roughly doubles from 7 to 13 TeV.)

C. Decays of the lowest bbb̄ b̄ state

The predicted mass of the lowest bbb̄ b̄ state is only
about 28� 25 MeV above 2MðηbÞ. This suggests that a
hadronic decay into two ηb mesons, followed by their
individual decays, may not be the only decay mode of
Xbbb̄ b̄. If its mass is actually below 2MðηbÞ, decay
occurs when each b annihilates a b̄, or when one b
annihilates a b̄ and the other bb̄ pair emerges as a pair
of B-flavored mesons in the manner akin to Fig. 3. In
analogy with our calculation for charm, we can compare
the expected rate for this process with the leptonic
width [26]

Γðϒð1SÞ → eþe−Þ ¼ ð1.340� 0.018Þ keV: ð27Þ

Taking αsðmbÞ ¼ 0.22 [26], we have ðαs=αÞ2 ≃ 900 or

ΓðXbbb̄ b̄Þ≃ 1.2 MeV: ð28Þ

Assuming that the lowest b1b2b̄1b̄2 tetraquark decays
with b1b̄1 → lþ

1 l
−
1 with partial width approximately

equal to (27), and partial width for b2b̄2 decay ranging
from (27) to tens of MeV, one predicts

BðXbbb̄ b̄½0þþ� → lþ
1 l

−
1l

þ
2 l

−
2 Þ

¼ ð1 to 10−4Þð2.7 keVÞ=ð1.2 MeVÞ
¼ Oð2 × 10−3 to 2 × 10−7Þ: ð29Þ

This implies a cross section for the four-lepton obser-
vation of a bbb̄ b̄ tetraquark,
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σðpp → Xbbb̄ b̄½0þþ� → lþ
1 l

−
1 l

þ
2 l

−
2 Þ ≤ 4 fb

ðLHC; 13 TeVÞ; ð30Þ

where the upper limit is attained only if there is not
significant competition from the decay mode

Xbbb̄ b̄½0þþ� → lþl−BB̄X: ð31Þ

At 7 or 8 TeV, one would expect about half this, or 2 fb.

VI. REMARKS ON MIXED STATES

If heavy quarks in a tetraquark are produced in quark-
antiquark pairs, one might expect tetraquarks of the form
bb̄cc̄ to be much more abundant than bbc̄ c̄ or ccb̄ b̄
tetraquarks. The following remarks, thus, apply only to
bb̄cc̄ states. One would expect their production cross
section in a hadronic reaction to be intermediate between
that of ccc̄ c̄ and bbb̄ b̄. One would probably not expect the
lowest-mass bb̄cc̄ state to lie belowMðηcÞ þMðηbÞ. In that
unlikely case, however, there are fewer opportunities for
heavy-quark annihilation than for ccc̄ c̄ or bbb̄ b̄, as each
quark has only one antiquark with which to annihilate.
The dominant decay will then be annihilation of a single

heavy quark pair into a light quark pair (analogous to the
process in Fig. 3), leading to a total width of several MeV.
Production cross sections at the LHC would be several tens
of pb. Expected branching fractions to a four-lepton final
state could be as large as 10−3 but could be several orders of
magnitude smaller if the decays

Xbcb̄ c̄½0þþ� → lþl−DD̄X; lþl−BB̄X ð32Þ

played a dominant role.

VII. CONCLUSIONS

We have estimated the mass of the lowest-lying cc̄cc̄
tetraquark and find it unlikely to be less than twice the mass
of the lowest charmonium state ηc. In that unlikely case,
however, the decay may proceed by annihilation of each cc̄
pair as long as each is in a J ¼ 1 state. In that case, one
expects final states of hadrons from pairs of intermediate
gluons, and of hadrons or leptons from pairs of intermediate
virtual photons. Similar arguments apply to the heavier

tetraquarks bb̄cc̄ and bb̄bb̄. The predicted masses of the
lowest-lying states areMðXccc̄ c̄½0þþ�Þ ¼ 6; 192� 25 MeV
andMðXbbb̄ b̄½0þþ�Þ ¼ 18; 826� 25 MeV, for the charmed
and bottom tetraquarks, respectively. The proximity of the
predicted ðbbÞðb̄ b̄Þ mass to 2MðηbÞ suggests that if we
have overestimated it by an amount comparable to our
uncertainty, its decays to a pair of real or virtual photons or
a pair of gluons may stand a chance of being observable.
Other estimates of resonant ccc̄ c̄ and bbb̄ b̄ masses,
summarized in Table VII, give mixed signals as to whether
the lightest state is above or below the mass of the lightest
quarkonium pair.
Searches in the four-lepton and lþl−BB̄ final states have

been performed at the LHC [51,52]. These are devoted to
the search for the standard-model Higgs boson decaying
into two light pseudoscalars a, which then decay to such
final states as μþμ−, τþτ−, and bb̄. These are ideal samples
for the searches advocated here.
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TABLE VII. Predictions for the mass of theQQQ̄ Q̄ tetraquark.

MðXccc̄ c̄Þ MðXbbb̄ b̄Þ
Reference (MeV) (MeV)

This work 6; 192� 25ð0þþÞ 18; 826� 25ð0þþÞ
[3] ∼6; 200 –
[11] 6,908 –
[13] 6,038 –
[15] 5; 966ð0þþÞ 18; 754ð0þþÞ
[15] 6; 051ð1þ−Þ 18; 808ð1þ−Þ
[15] 6; 223ð2þþÞ 18; 916ð2þþÞ
[16] 5; 300� 500 –
[17] 5,617–6,254 18,462–18,955
[18] 6; 440� 150 18; 450� 150
[19]a – 18; 690� 30

aAppeared after the first version of the current work.
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