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A resonance has been observed by the ANDY Collaboration at the Relativistic Heavy-Ion Collider at
Brookhaven National Laboratory in Cuþ Au collisions at center-of-mass energy

ffiffiffi
s

p ¼ 200 GeV and at
forward rapidity with an average mass of 18.15 GeV. The Collaboration suggests that it is a bb̄bb̄ tetraquark
state decaying to two ϒð1SÞ states, each measured through the ϒ → ggg channel. Here, their suggestion is
investigated assuming that the two ϒ states are produced through the materialization of a juudbb̄bb̄i Fock
state in the projectile. The ϒ pair mass and rapidity distributions arising from such a state are calculated.
The production of an Xbðbb̄bb̄Þ tetraquark state from the same Fock configuration is also investigated. The
dependence on bottom quark mass and their transverse momentum range is also studied. It is found that
double ϒ production from these juudbb̄bb̄i states peak in the rapidity range of the ANDY detector. The ϒ
pair and Xb masses are, however, higher than the mass reported by the ANDY Collaboration. Thus the
results obtained from these calculations are incompatible with the ANDY result. They are, however,
compatible with previous predictions of bb̄bb̄ tetraquark masses.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the theory describ-
ing the interactions among quarks and gluons. The funda-
mental color charges in this theory are confined in
color-neutral objects known as baryons and mesons, con-
taining three quarks and quark-antiquark pairs respectively.
Since the advent of QCD, the existence of other, exotic,
hadrons outside the conventional quark model, such as
tetraquarks and pentaquarks, consistingof four or fivevalence
quarks respectively, have been postulated, as early as in
Murray Gell-Mann’s introduction of the quark model [1].
Most exotic hadrons so far discovered contain at least

one cc̄ pair. The first proposed tetraquark candidate, the
Xð3872Þ, measured by Belle [2] in eþe− collisions, has
been observed in many systems, including in nucleus-
nucleus collisions [3]. The Zð4430Þ, a cc̄dū tetraquark
candidate was first measured by Belle [4] and later
confirmed by LHCb [5]. The Zð3900Þ, reported by

BES III [6] and Belle [7], was confirmed as a four-quark
state. Most recently, LHCb announced the discovery of a
cc̄cc̄ tetraquark, theXð6900Þ [8]. LHCb has also announced
the discovery of a uudcc̄ pentaquark state, the Pcð4312Þþ
[9]. The Belle Collaboration presented discovery of two
bq̄ q̄ states decaying to a pair of B mesons, Zbð10610Þ and
Zbð10650Þ [10]. So far no tetraquark states containing fourb
quarks, bb̄bb̄, have been confirmed.
The ANDY Collaboration has recently reported an

observation of a resonance with a mass of 18.15 GeV in
Cuþ Au collisions at the Relativistic Heavy-Ion Collider
(RHIC) [11]. This observation was made at forward
rapidity and was interpreted as a bb̄bb̄ tetraquark state
decaying to two ϒð1SÞ states, each decaying to hadrons
through the ϒ → ggg channel. These data were taken atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV in 2012. They used a minimum bias
trigger plus an inclusive jet and dijet trigger. Because no
luminosity measurement was performed, the results were
presented as fractions of the minimum bias yields.
In that analysis, multiple jets were found in a given

event. Through an event-mixing study they found that only
high energy dijets exhibited azimuthal angular correla-
tions. No such correlations were observed for low energy
dijets. They constructed the dijet mass for these large
energy dijets and found peaks atMdijet ¼ 17.83� 0.2 GeV
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for dijets with energy 250 < E < 260 GeV and at Mdijet ¼
18.47� 0.22 GeV for dijets with energy 260 < E <
270 GeV. Both peaks have high statistical significance,
9σ and 8.4σ respectively, since there is little background in
this region. Combining the two dijet energy bins gives an
average dijet mass of Mdijet ¼ 18.12� 0.15 GeV. The two
jets comprising the dijet were measured within the calo-
rimeter acceptance 3.0 < η < 3.5 [11]. They then looked
for candidate ϒð1SÞ decays to three gluons and found
evidence for double ϒ production, both of which decayed
hadronically through ϒð1SÞ → 3g. They concluded that
the best candidate for their dijet mass signal is a Xbðbb̄bb̄Þ
tetraquark state.
The authors of Ref. [11] noted that there have been many

predictions of an Xb tetraquark mass, all of them larger than
the ANDY value of 18.12 GeV. Karliner, Rosner and
Nussinov [12] obtained a mass of 18.826 GeV based on
meson and baryon mass systematics. A similar mass value,
18.84� 0.09 GeV, was found by Wang [13], based on
QCD sum rules. Calculations of the ground state Xb mass
by Bai, Lu and Osborne [14] and Wu et al. [15] found
lighter masses of 18.69 GeV and 18.46 GeV respectively.
Other calculations of bb̄bb̄ tetraquark states [16,17] predict
ϒð1SÞϒð1SÞ tetraquark states with JPC ¼ 1þ− with masses
of ≈19 GeV, well above the ANDY mass but compatible
with the calculations of Refs. [12,13]. Lattice QCD
calculations [18], on the other hand, found no evidence
for the all b tetraquark while an analysis by Richard,
Valcarce and Vijande [19] suggested that such a state
wound be unbound.
Experimental searches for Xb tetraquarks have been

carried out in pþ p collisions at the LHC. LHCb set
limits on the Xb mass through ϒð1SÞ þ ϒ⋆ → μþμ−μþμ−
in the rapidity range 2 < η < 5 in pþ p collisions atffiffiffi
s

p ¼ 7, 8, and 13 TeV [20]. They found no candidate
events in the mass range 17.5 < MXb

< 20 GeV. CMS
studied ϒð1SÞ þ ϒ⋆ → μþμ−μþμ− and μþμ−eþe− at
midrapidity in pþ p collisions at

ffiffiffi
s

p ¼ 13 TeV [21].
They saw no evidence of a signal in the mass range
17.5 < MXb

< 19.5 GeV [21].
Pair production of quarkonium has been measured

before, most recently at collider energies. For example,
in the same analysis that set limits on Xb production atffiffiffi
s

p ¼ 13 TeV, the CMS Collaboration measured double
ϒð1SÞ production through both single and double parton
scattering [21].
The LHCb Collaboration reported J=ψ pair production

originating from bb̄ pair production, followed by the decay
of both b hadrons to J=ψ [22]. This LHCb measurement,
performed in pþ p collisions at

ffiffiffi
s

p ¼ 7 and 8 TeV, at
forward rapidity, 2.5 < y < 5, can be well described by
calculations assuming that the production originates from a
single bb̄ pair [22,23]. The predominant bb̄ production
mechanism in pþ p collisions, perturbative QCD,

produces single bb̄ pairs at y ¼ 0. The LHCb rapidity
range is not far forward relative to the fractional momentum
carried by the gluons initiating the bb̄ production.
The ϒ pair production suggested by ANDY, on the other

hand, is in a kinematic region more similar to fixed-target
J=ψ pair production measured by NA3 with π− beams
of laboratory momenta 150 and 280 GeV=c [24] and
400 GeV=c proton beams [25]. The fraction of the π−

momentum carried by the J=ψ pair in π−N → J=ψJ=ψX
events was xψψ ≥ 0.6 at 150 GeV=c and xψψ ≥ 0.4 at
280 GeV=c. In perturbative QCD, J=ψ pair production is
near xψψ ∼ 0.
The average invariant mass of the J=ψJ=ψ pairs mea-

sured by NA3 was well above the 2mψ threshold while the
average transverse momentum of the pair was small,
suggesting tightly correlated production [24,25]. These
measurements were studied within the intrinsic charm
model, assuming production from six and seven-particle
Fock states, jūdcc̄cc̄i and juudcc̄cc̄i respectively, in
Ref. [26]. Good agreement of the calculations with the
measured mass distributions was found. Other mechanisms
for double J=ψ production were further studied in
Ref. [27], none of which resulted in similarly good agree-
ment with the NA3 data.
The possibility of double ϒ production from a similar

Fock state would be even more rare assuming intrinsic
heavy flavor production scales as ðm2

c=m2
bÞ2 for the

production of two QQ̄ pairs in the same Fock state [26].
The higher energies at RHIC allow production of these
more massive states.
This work investigates the ANDY result assuming that it

could arise from direct ϒð1SÞ pair production or from
production of an Xbðbb̄bb̄Þ state in QCD, assuming they
arise from intrinsic heavy quark Fock states [28,29]. Both
potential production channels are assumed to be produced
from a single Fock state of the nucleon, in particular
juudbb̄bb̄i, in a single interaction, i.e., double parton
scattering is not considered. Intrinsic heavy quark states
are an especially attractive candidate for the ANDY signal
because they are manifested at large Feynman x instead of
at central rapidities, as in the case of perturbative produc-
tion. However, the ANDY detector at RHIC covers the
more forward region in pseudorapidity 3 < η < 3.5, larger
rapidity than covered by previous measurements of heavy
flavor at RHIC.
Here double ϒ and Xbðbb̄bb̄Þ production is calculated

through the materialization of double intrinsic bb̄ Fock
components of the nucleons. Note that even though the
light quark content of the projectile can make a difference
in which open heavy flavor states are most likely to be
produced [30–32], quarkonium states such as J=ψ and ϒ
share no valence quarks with the colliding beams and
would thus be equally produced by protons and neutrons,
i.e., they are not leading particles.
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Single ϒ production from a juudbb̄i state is first
described in Sec. II A. Next, ϒ pair production from a
juudbb̄bb̄i state is described in Sec. II B. The Feynman-x,
rapidity and pair mass distributions are calculated. The
dependence of the mass distributions on the b quark mass
and internal kT dynamics of the quarks in the Fock state are
shown. The possibility that the state is manifested instead
as an Xb tetraquark is discussed and these distributions
compared and contrasted to those for double ϒ production
in Sec. II C. The results are related to the ANDY kinemat-
ics. Conclusions are drawn in Sec. III.

II. INTRINSIC HEAVY FLAVOR PRODUCTION

The wave function of a proton in QCD can be repre-
sented as a superposition of Fock state fluctuations of the
juudi state, e.g., juudgi; juudqq̄i; juudQQ̄i;…. When the
projectile scatters in the target, the coherence of the Fock
components is broken and the fluctuations can hadronize
[28,29,33]. These intrinsic QQ̄ Fock states are dominated
by configurations with equal rapidity constituents, so that
the intrinsic heavy quarks carry a large fraction of the
projectile momentum [28,29]. Heavy quark hadrons can be
formed by coalescence, either with light quarks, e.g., to
form a Λþ

c ðudcÞ and D0ðuc̄Þ from a juudcc̄i state or a
final-state J=ψ with a proton. Leading charm asymmetries
have been measured as a function of xF and pT in fixed-
target π− þ p interactions where a D−ðdc̄Þ, which can be
produced from a jūdcc̄i Fock state of the negative pion, is
leading over a Dþðd̄cÞ which is not [31]. It is worth noting
that both Dþ and D− can be produced at higher xF than
purely perturbative production in a higher Fock state,
namely a six-particle jūddd̄cc̄i state, but there would be
no difference in their distributions, neither would lead the
other when produced from this state. In addition, the
average xF for D mesons hadronized from this state would
be lower than the D− average xF from the minimal Fock
state required to produce it, the four-particle jūdcc̄i
state [32]. These higher Fock states would also have
lower probabilities for manifestation from the projectile
hadron.
In this work, the formulation for intrinsic heavy quarks

in the proton wave function postulated by Brodsky and
collaborators in Refs. [28,29] has been adapted. That work
was more specifically directed toward charm quarks. There
are also other variants of intrinsic charm distributions in the
proton, including meson-cloud models where the proton
fluctuates into a D̄ðuc̄ÞΛcðudcÞ state [34–37], also result-
ing in forward production, or a sea-like distribution [38,39],
only enhancing the distributions produced by massless
parton splitting functions as in DGLAP evolution. Intrinsic
charm has also been included in global analyses of the
parton densities [38–42]. (See Ref. [43] for a discussion of
a possible kinematic constraint on intrinsic charm in deep-
inelastic scattering.)

The probability of intrinsic charm production, P0
ic5,

obtained from these analyses, as well as others, has been
suggested to be between 0.1% and 1%. The reviews in
Refs. [44,45] describe the global analyses and other
applications of intrinsic heavy quark states. New evidence
for a finite charm quark asymmetry in the nucleon wave
function from lattice gauge theory, consistent with intrinsic
charm, was presented in Ref. [46].
The general consensus is that the probability of intrinsic

bottom production, P0
ib5, will scale as the square of the

quark mass, m2
c=m2

b, for production from a minimal Fock
state configuration such as juudQQ̄i where Q ¼ c, b. A
few calculations of intrinsic bottom production have been
made previously [47,48]. Some additional prior results are
also summarized in Ref. [44].
Here singleϒ production from such a minimal Fock state

configuration is summarized first with differences between
results for charm and bottom highlighted. Starting from this
baseline, single and double ϒ production from the minimal
Fock state configuration for ϒ pair production, juudbb̄bb̄i,
is developed. The xF and rapidity distributions are
described and the ϒ pair mass distributions are presented
and the sensitivities of these distributions to calculational
inputs are discussed. Some attention is paid to the nor-
malized cross section for such states but the main focus of
the discussion is whether the distributions produced in this
approach are compatible with the kinematic range of the
ANDY measurement and, if so, are the resulting mass
distributions at all compatible with their measured mass.

A. Single ϒ production from a juudbb̄i state
Production of a single ϒ from a five-particle proton Fock

state is considered first, analogous to J=ψ production from
such a state, as recently studied in Ref. [49]. In the case of
ϒ production, the frame-independent probability distribu-
tion of a 5-particle bb̄ Fock state in the proton is

dPib5 ¼ P0
ib5N5

Z
dx1 � � � dx5

Z
dkx1 � � �dkx5

Z
dky1

� � � dky5
δð1 −P

5
i¼1 xiÞδð

P
5
i¼1 kxiÞδð

P
5
i¼1 kyiÞ

ðm2
p −

P
5
i¼1ðm2

Ti=xiÞÞ2
;

ð1Þ

where i ¼ 1, 2, 3 are the interchangeable light quarks
(u, u, d) and i ¼ 4 and 5 are the b and b̄ quarks
respectively. Here N5 normalizes the juudbb̄i probability
to unity and P0

ib5 scales the unit-normalized probability to
the assumed intrinsic bottom content of the proton. The
delta functions conserve longitudinal (z) and transverse
(x and y) momentum. The denominator of Eq. (1) is
minimized when the heaviest constituents carry the largest
fraction of the longitudinal momentum, hxbi > hxqi. Given
that mQ ≫ mq, one does not expect large differences
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between hxbi and hxci from juudbb̄i and juudcc̄i states
respectively.
In Ref. [49], the J=ψpT distribution from intrinsic charm

was calculated for the first time by integrating over the light
and charm quark kT ranges in Eq. (1). In that work, kmax

Tq

was set to 0.2 GeV while the default for kmax
Tc was taken to

be 1 GeV. The sensitivity of the results to the kT integration
range was tested by multiplying the maximum of the
respective kT ranges by 0.5 and 2 respectively.
In previous estimates of intrinsic bottom production

where the mass distributions were not calculated, average
values for the transverse masses of the constituent quarks,
m2

Ti ¼ m2
i þ k2Ti, mTq ¼ 0.45 GeV and mTb ¼ 4.6 GeV

were chosen [48]. The same procedure can be employed
here for the ϒ xF distribution which is independent of the
exact value of mb chosen. Thus the xF distribution can
be calculated assuming simple coalescence of the b and b̄
in a single state, represented in Eq. (1) by the addition
of a delta function, δðxF − x4 − x5Þ, in the longitudinal
direction, ignoring the kT integrations where 4 and 5
represent the b and b̄ quarks. When the transverse direc-
tions are also included, employing δðkxϒ − kx4 − kx5Þ and
δðkyϒ − ky4 − ky5Þ, the xF distribution is found to be
independent of the kT integration range.
Figure 1 shows the x distribution of a single b quark

(dashed curve) and the xF distribution of a single ϒ (solid
curve) from a five-particle proton Fock state. Such a
calculation provides a check against previous results on
the J=ψ . The average x of the b quark is 0.36 from a five-
particle Fock state while the average x of a c quark is 0.34.

Because the c and b quarks are both much more massive
than the light quarks in the state, there is very little
difference in the average longitudinal momentum carried
by the heavy quarks.
The ϒ xF distribution has an average xF of 0.57,

somewhat less than twice the average x of the b quark.
This average is 7.5% larger than the average xF of the J=ψ
from a similar five-particle proton Fock state. The xF
dependence is effectively independent of the chosen kT
limits, as shown in for single J=ψ production from a
juudcc̄i state in Ref. [49].
Following the intrinsic charm cross section calculation in

Ref. [49], the intrinsic bottom cross section from a juudbb̄i
component of the proton can be written as

σib 5ðppÞ ¼ P0
ib5σ

in
pN

μ2

4m2
Tb

: ð2Þ

The factor of μ2=4m2
Tb arises from the soft interaction

which breaks the coherence of the Fock state. The scale
μ2 ¼ 0.1 GeV2 is assumed for better agreement with the
J=ψA dependence, see Ref. [50]. An inelastic pþ N cross
section of σinpN ¼ 42 mb is appropriate for RHIC energies.
The ϒ cross section can be obtained from Eq. (2)

analogously to how the cross section is obtained in
perturbative QCD using the color evaporation model
(CEM) which relates the QQ̄ cross section to the quarko-
nium cross sections. The same factor, FB ¼ 0.022, deter-
mined from recent CEM calculations [51] for inclusive
prompt ϒ production, is used here to relate the intrinsic
bottom cross section to the ϒ cross section from the same
state,

σϒib5ðppÞ ¼ FBσib5ðppÞ: ð3Þ

The nuclear dependence of the intrinsic bottom contri-
bution is assumed to be the same as that extracted for the
nuclear surface-like component of J=ψ dependence by the
NA3 Collaboration [52],

σϒib5ðpAÞ ¼ σϒib5ðppÞAβ ð4Þ

with β ¼ 0.71 [52] for a proton beam. In that experiment,
two contributions to the cross section were separated, a
volume-type component, with a close-to-linear nuclear
dependence, and the diffractive component, associated
with intrinsic charm in Ref. [50], with the A dependence
given in Eq. (4) above. The A dependence here is similar to
what one would expect if the incident proton interacted
with the nuclear surface acting as a black disc, A2=3 [50,52].
Note that the nuclear modification only affects the total
rate, not the kinematic distributions.
Recall that the nuclear mass dependence in Eq. (4) was

determined from fixed-target proton-nucleus interactions.
The ANDY data were taken in Cuþ Au collisions where

FIG. 1. The probability distribution as a function of x for a
single b quark (dashed blue curve) and as a function of xF for a
single ϒ (solid red curve) from a five-particle Fock state of the
proton. Both curves are normalized to unity.
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any nucleon in either beam could fluctuate into an intrinsic
bottom Fock state and be brought on shell by a soft gluon
from the opposite beam.
When generalizing Eq. (4) to nucleus-nucleus collisions,

the nuclear dependence becomes more complicated.
However, there is no reason to expect the ϒ pair cross
sections to be the same whether Ap or At is acting as the
projectile. Naive estimates using a Glauber model yield a rate
roughly 2.5 times larger in the Au-going direction than in the
Cu-going direction. This suggests that performing theANDY
analysis separately for eachbeamconfiguration could provide
further insight into the production mechanism.
Thus if Ap is the mass number of one nuclear beam and

At is its oppositely-directed collision partner, the nuclear
dependence for an Ap þ At collision would be

σϒib5ðApAtÞ ¼ σϒib5ðppÞA
βp
p Aβt

t ð5Þ

where the projectile and target nuclei could each have a
different effective exponent, βp and βt respectively. The
two contributions to the NA3 J=ψ production data, the hard
scattering contribution with a volume-type, near linear A
dependence, and the diffractive surface-type black disc
contribution, are summed for the total J=ψ production
cross section [52]. In pþ A collisions, one can define a
nuclear suppression factor by dividing the summed con-
tributions by A [49]. Similarly here a suppression factor in
Ap þ At collisions can be calculated by dividing the
contributions to ϒ production from the hard and diffractive
parts by the nuclear overlap function, TðApAtÞ, and the
production cross section in pþ p collisions [51]. Note that
the focus here is only on intrinsic bottom production, hard
scattering ϒ production in perturbative QCD has been
calculated previously and is centered at midrapidity.
The probability for intrinsic bottom production from a

juudbb̄i state can be assumed to scale with the square of
the quark mass relative to the intrinsic charm probability,

P0
ib5 ¼ P0

ic5

�
m2

c

m2
b

�
: ð6Þ

In Ref. [49], the range 0.1% ≤ P0
ic5 ≤ 1% was studied.

Assuming this range, P0
ib5 ≈ 0.075P0

ic5 for mc ¼ 1.27 GeV
[53] with mb ¼ 4.65 GeV, the 1S value of the bottom
quark mass [54]. Employing this mass value gives
0.008% ≤ P0

ib5 ≤ 0.08%. Choosing a lower bottom quark
mass would increase the probability for intrinsic bottom
production in the five-particle Fock state.
Given this probability in Eq. (2), the intrinsic bottom

cross section in this state, σib5ðppÞ, is in the range
3.6–36 nb for mb ¼ 4.65 GeV. Taking a lower value of
the bottom quark mass in the calculation of σib5ðppÞ would
increase the cross section as well sincemb is a factor in both
P0
ib5 and the factor μ2=ð4m2

TbÞ in Eq. (2). The total bb̄

production cross section at next-to-leading order in per-
turbative QCD is 2100þ400

−300 nb [55]. The scale factor for ϒ
production in next-to-leading order perturbative QCD is
assumed to be the same for ϒ production from the five-
particle intrinsic bottom Fock state. Thus the difference in
cross sections for ϒ production in the two processes
remains similar for ϒ production relative to the total bb̄
cross section. It is, however, worth noting that the ϒ
rapidity distribution from intrinsic bottom has its maximum
where theϒ cross section calculated in perturbative QCD is
steeply falling. Thus, at forward rapidity, the ϒ cross
section from intrinsic bottom could be comparable to or
larger than the perturbative QCD cross section.

B. Double ϒ production from a juudbb̄bb̄i state
All the calculations in this section assume production of

one or two ϒs from a seven-particle Fock state in a proton,
juudbb̄bb̄i. Building on the distributions from a five-
particle Fock state in Eq. (1), the frame-independent
probability distribution of a 7-particle bb̄ Fock state in
the proton is

dPibb7 ¼ P0
ibb7N7

Z
dx1 � � �dx7

Z
dkx1 � � � dkx7

Z
dky1

� � � dky7
δð1 −P

7
i¼1 xiÞδð

P
7
i¼1 kxiÞδð

P
7
i¼1 kyiÞ

ðm2
p −

P
7
i¼1ðm2

Ti=xiÞÞ2
;

ð7Þ
where i ¼ 1, 2, 3 are the interchangeable light quarks (u, u,
d) and i ¼ 4–7 are the b and b̄ quarks respectively. Here N7

normalizes the juudbb̄bb̄i probability to unity and P0
ibb7

scales the unit-normalized distribution to the assumed
probability for production of this state.
The bottom quark mass, mb ¼ 4.65 GeV, used for the

cross section estimates in the previous section, is the 1S
bottom mass [54]. The mass threshold for the double ϒ or
bb̄bb̄ state is 4mb with no internal kT of the quarks in the
state. Employing the 1S bottom mass, mb ¼ 4.65 GeV,
the mass threshold is 4mb ¼ 18.60 GeV, greater than the
average ANDY mass. Therefore, a lower limit on mb of
4 GeV is also used. This value, 4.5% below the running MS
bottom mass of 4.18� 0.03 GeV [54], allows for a lower
mass threshold potentially consistent with the ANDY
measurement and the predicted tetraquark masses. In this
case, 0.01% ≤ P0

ib5 ≤ 0.1%
The cross section for ϒ pair production from an intrinsic

juudbb̄bb̄i Fock state can determined analogously to
Eq. (3), but now for two bb̄ pairs,

σϒϒibb7ðppÞ ¼ F2
Bσibb7ðppÞ: ð8Þ

Equation (2) can similarly be generalized, assuming that no
additional soft scale factor of μ2=4m̂2

b is needed for the
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second bb̄ pair in the state, as assumed in Ref. [26], giving
σibb7ðppÞ ¼ P0

ibb7½σinelpN ðμ2=4m̂2
bÞ�. Using Eq. (2), the term

in brackets can be rewritten as σib5=P0
ib5 so that, after

substitution into Eq. (8), one has

σϒϒibb7ðppÞ ¼ F2
B
P0
ibb7

P0
ib5

σib5ðppÞ ¼ FB
P0
ibb7

P0
ib5

σϒib5ðppÞ ð9Þ

If, P0
ibb7 scale as the mass squared relative to P0

icc7, as in
Eq. (6), then

P0
ibb7 ¼ P0

icc7

�
m2

c

m2
b

�
2

; ð10Þ

this time with an additional power of the mass ratio squared
for the second QQ̄ pair in the Fock state. In Ref. [26],
P0
icc7 ≈ 4.4%P0

ic5, based on the forward double J=ψ cross
section measured by NA3 [24]. Thus 2.0 × 10−4P0

ic5 ≤
P0
ibb7 ≤ 4.5 × 10−4P0

ic5 with the lower limit obtained for
mb ¼ 4.65 GeV and the higher limit for mb ¼ 4 GeV.
Taking the higher value gives 4.5 × 10−5% ≤ P0

ibb7 ≤
4.5 × 10−4%, resulting in a small expected rate.
Following Eq. (5), one can write the Ap þ At dependence

of the double ϒ cross section as

σϒϒibb7ðApAtÞ ¼ σϒϒibb7ðppÞAβp
p Aβt

t : ð11Þ

Because of the limitations in the result provided by the
ANDY Collaboration, which does not report an absolute
rate, further quantitative comparisons cannot be performed.
The remainder of this section is thus devoted to calculations
of the ϒ pair xF and rapidity distributions in Sec. II B 1 and
the pair mass distributions in Sec. II B 2. The goal here is
to determine whether such a juudbb̄bb̄i state, producing
either an ϒ pair or an Xbðbb̄bb̄Þ would be compatible with
the ANDY observation, without regard to the total rate.

1. xF and rapidity distributions of ϒ pair production

The xF distribution for a single ϒ from a seven-particle
state can be calculated by introducing delta functions
required to coalesce one of the bb̄ pairs in the state into
an ϒ, δðxϒ1 − xb1 − xb̄1Þ, to the probability distribution
given in Eq. (7). Here the subscript “1” simply denotes one
of the two bb̄ pairs in the state. It is worth noting that there
is nothing to prevent the ϒ from being produced by the b
quark from pair 1 and the b̄ quark from pair 2 (and equally
likely for the b quark from pair 2 to coalesce with the b̄
quark from pair 1) since both pairs are comoving in the
state. Similar delta functions can be applied to the trans-
verse directions. Such cross coalescence can add a com-
binatorial factor to the probability but will not affect the
shape of the distributions.
Employing a seven-particle juudbb̄bb̄i Fock state to

allow for double ϒ production, one can expect the average
xF of a single ϒ to be considerably reduced since the bulk

(a) (b)

FIG. 2. The probability distributions for a single ϒ state and ϒ pairs from a seven-particle proton Fock state as a function of xF (a) and
rapidity (b). The solid curves show the single ϒ production from the state while the dashed curves illustrate the ϒ pair distributions. The
red curves employ mb ¼ 4.65 GeV while the blue curves display the results for mb ¼ 4 GeV. The results are independent of the kT
integration range for the light and bottom quarks. The xF distributions in (a) are independent of the bottom quark mass while the rapidity
distributions exhibit an mb dependence, as illustrated in (b). All curves are normalized to unity.
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of the momentum has to now be distributed among four
bottom quarks. As shown in Fig. 2(a), the single ϒ xF
distribution from this state has an average xF of 0.33,
somewhat less than the average momentum fraction of a
single b quark from a five-particle Fock state, 0.36, as
shown in Fig. 1.
The xF distribution for a pair of ϒs from the same

Fock state can be obtained by adding three longitudinal
delta functions, δðxϒϒ − xϒ1 − xϒ2Þδðxϒ1 − x4 − x5Þ
δðxϒ2 − x6 − x7Þ, as well as those in the corresponding
transverse directions to Eq. (7). Note again that the b and b̄
that coalesce into an ϒ do not have to come from the same
pair since both pairs are comoving at similar velocities in the
state. Theϒ pair xF distribution is shown in the dashed curve
of Fig. 2(a). The average xF of the ϒ pair is double that of a
single ϒ state, 0.66.
Both of these distributions, the single ϒ and the ϒ pair,

are independent of the kT range of integration as well as
the b quark mass employed. Curves with different limits of
kT integration and values of mB are superimposed in the
figure.

Since the ANDY Collaboration observed their signal at
forward rapidity, Fig. 2(b) shows the same distributions as in
Fig. 2(a) but now as a function of rapidity. Although the
results are still independent of the kT integration range, now
there is a separation between peaks for different bottom
quark masses with the distribution for the lighter bottom
quarkmass, 4 GeV, peaking at higher rapidity than formb ¼
4.65 GeV by ≈0.15 units of rapidity, hyϒi ¼ 2.26 and 2.41,
respectively. It can also be seen that the relatively large
difference between the single and doubleϒ distributions as a
function of xF is reduced when the distributions are viewed
as a function of rapidity. The average ϒ pair rapidity
distribution is ≈0.9 units of rapidity greater than that for
a single ϒ when the single ϒ arises from a seven-particle
Fock state. The averages are hyϒϒi ¼ 3.17 and 3.33 respec-
tively. Thus the peak of the doubleϒ rapidity distribution is
within the range of the ANDY measurement.

2. ϒ pair mass distributions

The ϒ pair mass distribution predicted from a
juudbb̄bb̄i Fock state is

dPibb7

dM2
ϒϒ

¼
Z dxϒj

xϒj

dxϒ2

xϒ2

Z
dm2

ϒ1
dm2

ϒ2

Z
dkxϒ1

dkyϒ1
dkxϒ2

dkyϒ2

Z
dxϒϒ
xϒϒ

Z
dkxϒϒdkyϒϒdPibb7

× δ

�
m2

T;ϒ1

xϒ1

−
m2

T4

x4
−
m2

T5

x5

�
δðkx4 þ kx5 − kxϒ1

Þδðky4 þ ky5 − kyϒ1
Þδðxϒ1

− x4 − x5Þ

× δ

�
m2

T;ϒ2

xϒ2

−
m2

T6

x6
−
m2

T7

x7

�
δðkx6 þ kx7 − kxϒ2

Þδðky6 þ ky7 − kyϒ2
Þδðxϒ2

− x6 − x7Þ

× δ

�
M2

T;ϒϒ

xϒϒ
−
m2

T;ϒ1

xϒ1

−
m2

T;ϒ2

xϒ2

�
δðkxϒ1

þ kxϒ2
− kxϒϒÞδðkyϒ1

þ kyϒ2
− kyϒϒÞδðxϒϒ − xϒ1

− xϒ2
Þ; ð12Þ

where dPibb7 is taken from Eq. (7). The pair mass
distributions require integration over the invariant mass
of each ϒ, 2mb < mTϒ < 2mB, including its momentum
fraction, xϒ, and its transverse momenta, as well as
integration over the x and kT of the pair itself. The delta
functions insure conservation of momentum for both ϒ
mesons and the ϒϒ pair.
Figure 3 shows the predictions for the ϒϒ pair mass

distributions. All distributions are normalized to unity.
Without any kT dependence, the pair mass distribution is
strongly peaked at the 4mb threshold. The kT dependence
smears out the pair distribution, increasing hMϒϒi by
several GeV. The chosen default values of the transverse
momentum range, kmax

q ¼ 0.2 GeV and kmax
b ¼ 1.0 GeV,

as also assumed for light quarks and charm quarks
respectively in a five-particle proton Fock state for J=ψ
production [49]. In addition, the kϒ integration range also is
required to calculate theϒ pair mass distribution. The value
kmax
ϒ ¼ 1 GeV is used as a default for both the ϒ kT range

as well as that for the ϒ pair. The pair mass distributions for
mb ¼ 4.65 GeV, the bottom quark mass used in bottom
quark calculations at next-to-leading order [23], are shown
in the solid curve of Fig. 3(a).
The mass threshold is well above the averageϒ pair mass

of 18.15 GeV reported by the ANDY Collaboration [11].
The average pair mass in all cases is greater than 20 GeV.
Varying the transverse integration range by increasing (dot-
dashed curve) or decreasing (dashed curve) the range by a
factor of two does not change the mass threshold and alters
the average pair mass by less than 0.5 GeV, see the results
labeled Set 1 on the left-hand side of Table I.
The pair mass obtained with the 1S value of mb is much

higher than the ANDY result. The lower value of the
bottom quark mass, 4 GeV, used with the same set of
transverse momentum integration ranges, does result in a
lower average mass, as shown in Fig. 3(b). Even though the
threshold is reduced and the average pair mass is decreased
to ≈19 GeV, see the upper results on the right-hand side of
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Table I, these values are still higher than obtained by the
ANDY Collaboration.
In Ref. [26], predictions for double ϒ production from

the seven-particle Fock state were given assuming mTb ¼
4.6 GeV. (In that work, only averages were reported, no
distributions were presented, and no systematic studies of
themass and transverse momentumwere carried out.) It was
found that the single ϒ and ϒϒ pair x distributions were

similar to the equivalent J=ψJ=ψ distributions. The average
mass, hMϒϒi, was found to be 21.7 GeV for a proton
beam, a few GeV above the two ϒ mass threshold,
2mϒ ¼ 18.9 GeV. These results are in good agreement
with the central value obtained formb ¼ 4.65 GeVshown in
Fig. 3(a) and in Table I.
The ϒ pair mass distributions are quite sensitive to the

range of kT integration. Results for other values of kmax
q ,

(a) (b)

FIG. 3. The probability for double ϒ production from a seven-particle Fock state as a function of the pair mass for three different kT
integration ranges, corresponding to Set 1 in Table I, are shown: kmax

q ¼ 0.2 GeV, kmax
b ¼ 1.0 GeV and kmax

ϒ ¼ 1.0 GeV (solid);
kmax
q ¼ 0.1 GeV, kmax

b ¼ 0.5 GeV and kmax
ϒ ¼ 0.5 GeV (dashed); and kmax

q ¼ 0.4 GeV, kmax
b ¼ 2.0 GeV and kmax

ϒ ¼ 2.0 GeV (dot-
dashed). All distributions are normalized to unity. In (a) mb ¼ 4.65 GeV while in (b) mb ¼ 4.0 GeV.

TABLE I. The average ϒ pair mass for given values of the bottom quark mass and the maximum range of kT integration for light
quarks, bottom quarks, and the ϒ state.

mb ¼ 4.65 GeV mb ¼ 4.00 GeV

Set kmax
q (GeV) kmax

b (GeV) kmax
ϒ (GeV) hMϒϒi (GeV) kmax

q (GeV) kmax
b (GeV) kmax

ϒ (GeV) hMϒϒi (GeV)

1
0.2 1.0 1.0 21.02 0.2 1.0 1.0 18.96
0.1 0.5 0.5 20.74 0.1 0.5 0.5 18.59
0.4 2.0 2.0 21.60 0.4 2.0 2.0 19.98

2
0.2 1.0 2.0 21.37 0.2 1.0 2.0 19.47
0.1 0.5 1.0 20.87 0.1 0.5 1.0 18.76
0.4 2.0 4.0 22.12 0.4 2.0 4.0 20.82

3
0.2 2.0 2.0 21.59 0.2 2.0 2.0 19.98
0.1 1.0 1.0 21.02 0.1 1.0 1.0 18.95
0.4 4.0 4.0 22.56 0.4 4.0 4.0 21.33

4
0.2 1.0 5.0 22.10 0.2 1.0 5.0 21.01
0.1 0.5 2.5 21.49 0.1 0.5 2.5 19.62
0.4 2.0 10.0 22.68 0.4 2.0 10.0 22.04

5
0.2 2.0 5.0 22.32 0.2 2.0 5.0 21.17
0.1 1.0 2.5 21.56 0.1 1.0 2.5 19.77
0.4 4.0 10.0 23.88 0.4 4.0 10.0 22.98
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kmax
b and kmax

ϒ are shown for both values of mb considered.
Sets 2 through 5 in Table I give the average ϒ pair mass for
each central value as well as for halving and doubling the
ranges for each chosen central value. Note that the central
value of kmax

q is always 0.2 GeV. The central value of kmax
b is

varied from 1 to 2 GeVand, finally, the central value of kmax
ϒ

is either 1, 2 or 5 GeV. The value of kmax
b is assumed to be

either less than or equal to kmax
ϒ , never larger.

The larger the upper limit of the range of integration
over momentum, the larger the average pair mass becomes.

The bottom quark mass obtained from the ϒð1SÞ,
mb ¼ 4.65 GeV, gives a consistently higher mass of the
double ϒ state, always greater than 20 GeV. On the
other hand, the lower limit chosen for the b quark mass,
4 GeV, results in a smaller ϒ pair mass, as low as 18.6 GeV,
but still larger than the average ϒ pair mass reported
by ANDY.
The pair mass distributions are shown in Figs. 4 and 5

from Sets 2-5 of kT integration ranges in Table I. The
central values, the first line of each set in the table, are

(a) (b)

(c) (d)

FIG. 4. The double ϒ pair mass distribution normalized to unity from a seven-particle proton Fock state with mb ¼ 4.65 GeV.
Different kT integration ranges, corresponding to Sets 2-5 of Table I, are shown in (a)-(d) respectively. In each case, the solid curve
shows the calculation for the central value of the range while the dashed and dot-dashed curves show half and double the central value of
the ranges respectively.
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shown by the solid curves while the dashed curve shows the
result for the integration range reduced by half and the dot-
dashed curve presents the results for doubling the kT
integration range. All distributions are normalized to unity.
It is clear that not just the average pair mass increases with
the integration range in kT but also the width of the
distribution. In cases where half the integration range is
taken (dashed curves), the width is narrower while, when
the integration range is doubled (dot-dashed curves), the
distributions are broader.

None of the results presented here are compatible with
the ANDY results. Indeed, increasing the integration range
does not affect the threshold and effectively only serves to
increase the pair mass. Unlike the earlier NA3 results on
double J=ψ production, where the pair mass was well
above twice the J=ψ mass, the ANDY Collaboration
reports an average pair mass below twice the mass of a
single ϒð1SÞ state, 18.92 GeV. Assuming mb ¼ 4 GeV in
the bb̄ pair mass integration, it is possible to obtain a pair
mass below 2mϒ but this seems unlikely, especially since it

(a) (b)

(c) (d)

FIG. 5. The double ϒ pair mass distribution normalized to unity from a seven-particle proton Fock state with mb ¼ 4.00 GeV.
Different kT integration ranges, corresponding to Sets 2-5 of Table I, are shown in (a)-(d) respectively. In each case, the solid curve
shows the calculation for the central value of the range while the dashed and dot-dashed curves show half and double the central value of
the ranges respectively.
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is obtained with a particularly low bottom quark mass, less
than what is generally assumed for the current bottom
quark mass. Indeed, in calculations of uncertainty bands on
perturbative bottom quark production such as in FONLL
[56], the b quark mass range is 4.5 ≤ mb ≤ 5 GeV.
It is noteworthy, however, that the average calculated

pair masses, for Set 1 and mb ¼ 4 GeV, as in Fig. 3(b), are
relatively compatible with the models of Xb masses. The
next section considers the effects on the distributions
reported here if the internal kinematics of the Fock state
assumes a single tetraquark configuration of bb̄bb̄ not
directly bound in an ϒ pair.

C. Xb tetraquark production from a juudbb̄bb̄i state
The restriction of two ϒð1SÞ states produced from the

juudbb̄bb̄i Fock state is lifted in this section to determine

whether a direct Xb configuration, without the assumption
of two bound ϒð1SÞ states, might be more compatible with
the reported ANDY mass distribution.
The same starting point, Eq. (7), is assumed. Now,

however, the xF distribution is calculated with the
addition of a single longitudinal delta function,
δðxXb

− x4 − x5 − x6 − x7Þ. Despite the rearrangement of
the bottom quarks in this configuration, the MXb

xF
distribution is identical to the one for the ϒ pair shown
in the dashed curve in Fig. 2(a). This suggests that the
longitudinal distributions are independent of any correla-
tions between the partons in the state as long as the same
number and type of partons are included.
Next, the mass distributions are calculated, without

including the pair mass constraints, 2mb < mTϒ < 2mB,
in Eq. (12). The Xb mass distribution is then

dPibb7

dM2
Xb

¼
Z

dxXb

xXb

Z
dkxXb

dkyXb
dPibb7δ

�
M2

T;Xb

xXb

−
m2

T;4

x4
−
m2

T;5

x5
−
m2

T;6

x6
−
m2

T;7

x7

�

× δðkx4 þ kx5 þ kx6 þ kx7 − kxXb
Þδðky4 þ ky5 þ ky6 þ ky7 − kyXb

ÞδðxXb
− x4 − x5 − x6 − x7Þ; ð13Þ

where dPibb7 is from Eq. (7).
The mass distributions for the Xb from Eq. (13) are

shown in Fig. 6 for the same values of mb, kmax
q and kmax

b as
shown in Fig. 3 (Set 1 in Table II). In this case the kT range

for the Xb is taken to be the same as for the b quarks. The
results here are also normalized to unity.
The mass distributions are much broader than those in

Fig. 3, even though they have the same thresholds. They

(a) (b)

FIG. 6. The probability for Xb production from a seven-particle Fock state as a function of the Xb mass for three different kT
integration ranges, corresponding to Set 1 in Table II, are shown: kmax

q ¼ 0.2 GeV, different kT integration ranges are shown:
kmax
q ¼ 0.2 GeV, kmax

b ¼ 1.0 GeV and kmax
Xb

¼ 1.0 GeV (solid); kmax
q ¼ 0.1 GeV, kmax

b ¼ 0.5 GeV and kmax
Xb

¼ 0.5 GeV (dashed); and
kmax
q ¼ 0.4 GeV, kmax

b ¼ 2.0 GeV and kmax
Xb

¼ 2.0 GeV (dot-dashed). All distributions are normalized to unity. In (a) mb ¼ 4.65 GeV
while in (b) mb ¼ 4.0 GeV.
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become broader because there is no integration over the ϒ
mass in this case, as in Eq. (12), where the ϒ mass was
restricted to be between 2mb and 2mB. These broader
distributions result in higher average masses for the Xb,
typically 1–2 GeV higher than for the same Fock state
where the bb̄bb̄ is considered to be bound into an ϒ pair.
Thus, no further systematic studies of the mass dependence
on kmax are considered here. The average Xb masses from
these calculations are given in Table II, corresponding to
the first three rows of Table I.
It is worth noting that the probability for an Xb state

could be considerably different from that of a double ϒ
state. The factors of FB for ϒ production, as in Eq. (9),
would be replaced by a single factor FXb

, giving

σXb
ibb7ðppÞ ¼ FXb

P0
ibb7

P0
ib5

σib5ðppÞ: ð14Þ

In the CEM, FB is determined by a fit to ϒ production data.
Since not all bottom tetraquark states have so far been
reported, aside from the ANDY result which did not
determine a cross section, the extraction of FXb

is not
yet possible.
Finally, one could consider a tetraquark to be produced

as a single massive object rather than composed of two
individual bb̄ pairs. In such a case, the tetraquark could be
assumed to be produced in a four-particle Fock state,

juudXbi, similar to a massive gluon. However, this
configuration does not have a mass threshold and would
carry a lower share of the nucleon momentum on average,
hxXb

i ∼ 0.5 as long as M̂Xb
≫ m̂q. Thus this type of state

would not conform to the kinematic criteria required for
either a double ϒ state or an Xbðbb̄bb̄Þ state.

III. SUMMARY

The ANDY Collaboration suggests that they have
produced a tetraquark bb̄bb̄ state with an average mass
of 18.15 GeV [11]. The calculations for ϒ pair and Xb
production from a seven-particle double intrinsic bottom
state presented here are incompatible with the low mass
suggested from the ANDY data. However, the assumption
of a double ϒ state produced from a seven-particle
juudbb̄bb̄i state is compatible with previously predicted
tetraquark masses and could be considered a source of
tetraquark production via a double ϒð1SÞ state.
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