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Abstract:

There has been much theoretical speculation about the existence of a deeply bounded

tetra-bottom state. Such a state would not be expected to be more than a GeV below

ΥΥ threshold. If such a state exists below the ηbηb threshold it would be narrow, as Zweig

allowed strong decays are kinematically forbidden. Given the observation of Υ pair production

at CMS, such a state with a large branching fraction into ΥΥ∗ is likely discoverable at the

LHC. The discovery mode is similar to the SM Higgs decaying into four leptons through the

ZZ∗ channel. The testable features of both production and the four lepton decays of such

a tetra-bottom ground state are presented. The assumptions required for each feature are

identified, allowing the application of our results more generally to a resonance decaying into

four charged leptons (through the ΥΥ∗ channel) in the same mass region.
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1 Introduction

Since the discovery of the X(3872) [1] the possibility of meson states with four valence quarks

has received considerable attention. Many other quarkonium-like states, the so-called XYZ

states [2] have since been observed. Theoretical models have been proposed to explain these

states involving systems involving a heavy quark-antiquark pair (c or b) and a light quark-

antiquark pair (u, d, s) [3, 4] . In particular, the discovery of isospin one resonances with

hidden heavy flavor quarks, the Z±c (3900), Z±c (4020) and Z±b (10610), Z±b (10650) states [5]

makes the interpretation of all these states without additional light valence quarks impossible.

In all the presently observed XYZ states, the tetraquark state is very near or above the

threshold for strong decays (Zweig allowed) into a pair of heavy-light mesons. It is therefore

natural to ask what happens as the mass of the lighter quarks is raised so that all four quarks

become heavy. Could the binding become stronger as the mass increases as is observed

for heavy quark-antiquark (quarkonium) systems? This could lead to narrow deeply bound

tetraquark systems (without Zweig allowed strong decays to quarkonium states). There is

some theoretical reasons to suggest this maybe the case. In the QED analog, the lowest

state of two positronium atoms Ps2 (a positronium molecule) is bound [6–8] and has been

unambiguously observed in 2007 [9]. Similarly in the perturbative NRQCD limit of four heavy

quarks, the Van der Waals force between two color singlet mesons separated by large distance

is attractive [10].

The heaviest tetraquark system involve four bottom flavored quarks. If the mass of the

lowest such tetraquark state were below ηbηb threshold, the decays would occur only by the

annihilation of one quark-antiquark pair and the state will be very narrow. In the following

sections this possibility and its consequences for observation at the LHC are explored in detail.
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2 States with four heavy quarks

If all four quarks are heavy, we may use NRQCD to study these systems. There are three

approaches to study these systems: (1) Direct measurement of the spectrum using Lattice

QCD, (2) QCD sum rule approach, and (3) Non relativistic potential models motivated by

QCD expectations. Direct lattice calculations should be very informative but have not yet

been done. If the ground state of the four quark system would be significantly below the

threshold of pair production of two quarkonium states in the same JPC channel, the required

lattice calculations is greatly simplified. Some calculations using the QCD sum rule approach

have been presented recently [11, 12]. They conclude that for the 4 b quark system the JPC

ground states are below the strong decay threshold but for the 4 c quark systems all the states

are above thresholds for strong decay. The third approach of using QCD inspired potential

models will be discussed below.

The Hamiltonian, H, for four heavy quarks is the sum of the non relativistic kinetic

energy, T, and a potential energy, V, which expresses the interactions between the heavy

quarks,

H = Tkin + V. (2.1)

Consider two quarks Q1, Q3 at positions ~r1, ~r3 and antiquarks Q̄2, Q̄4 at positions ~r2, ~r4 respec-

tively. In the non relativistic limit the quark spin can be treated as a relativistic correction.

The overall position, ~R =
∑

i ~ri, and angular momentum, L, separate as with the usual two-

body Schrödinger equation. However, we are left with six variables and a very complicated

Hamiltonian to solve for the energies and wavefuctions of the various states. This Hamilto-

nian can only be solved numerically, so we are limited here to present some general remarks

about the form.

Denote the relative distances between the four quarks by the six values rij = |~ri−~rj | for

i < j the short distance behaviour of the potential is given by perturbative QCD. In lowest

order

V = VpQCD + Vstring. (2.2)

VpQCD is the perturbative one gluon exchange terms of the form

VpQCD =
∑

i,j for i<j

cij
αs(rij)

rij
(2.3)

where cij are the SU(3) Clebsch-Gordon coefficients for single gluon exchange. In the limit

that all quark masses are extremely large the ground state is determined by perturbative QCD

alone. However, not even the b quark is sufficiently heavy to ignore the non perturbative

QCD interactions. The long distance part Vstring is modeled by the string terms as shown

in Figure 1. It is determined by the shortest path that creates a local color singlet state.

V1 = σ(r12 +r34), V2 = σ(r14 +r32) and V3 =
∑

i(ε(1, 2, i)ε(i, 4, 3))σL with L being the length

of the shortest path that couples all the quarks (see Fig 1). The string tension is denoted

σ. Finally Vstring = min(V1, V2, V3). This form has the interesting behaviour of flipping from
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Figure 1. The long range tetraquark potential.

one form to another as relative distances change. The form of this potential is consistent with

recent lattice studies of the tetraquark static potential [13].

Unlike the usual mesons and baryons, the tetraquark system has two separate color singlet

combinations: (3 × 3̄ × 3̄ × 3) can be decomposed as → (1 × 1) + (8 × 8) [or an alternately

basis (3̄ × 3) + (6 × 6̄)], i.e. two unique ways to get a singlet. Thus the wavefunction of

the tetraquark states have two components in color space. If quarks (1,2,3,4) have colors

indices (i,j,k,l) we can chose the basis (δijδ
k
l ) for ψI and (δilδ

k
j ) for ψII to represent these two

components. So properly the potential is a 2× 2 matrix in color space. Thus VpQCD is given

by {
−4

3(v(r13) + v(r24))
4
9(v(r12) + v(r34))

4
9(v(r12) + v(r34)) −4

3(v(r14) + v(r23))

}
(2.4)

with v(rij) ≡ α(rij)/rij .

In a similar way Vstring can be written in the form:

Vstring

[
ψI
ψII

]
=

{
V1 + β11V3 −β12V3
−β21V3 V2 + β22V3

}[
ψI
ψII

]
(2.5)

where βij is the matrix projection of the V3 potential on the two color states.

In the various limits the expected behaviour is recovered. For r13 and r24 fixed and all the

other distances becoming large, the solutions decompose into the two mesons A = Q1Q̄3 and

B = Q2Q̄4 and ψI ≈ ψA(r13)ψB(r34). Similarly with r14 and r23 fixed and other distances

large the the solutions decompose into two mesons A = Q1Q̄4 and B = Q2Q̄3. Notice that

in both of these cases the resulting Hamiltonian is just the usual potential for quarkonium
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states A and B. In either case it is useful to decompose the kinetic energy of the reduced

system

Tkin = −(
1

2µA
~∇2
rA

+
1

2µB
~∇2
rB

+
1

2µAB
~∇2
rAB

)

{
1 0

0 1

}
(2.6)

where ~rA and ~rB are the relative position of the quark and antiquark in meson A and B

respectively; ~rAB is the relative position of the center of masses of meson A and B; and

µA, µB and µAB are the associated reduced masses of the subsystems. 1

In the limit r12 and r34 fixed and the other distances becoming large, the diquark-

antidiquark system is approximated. Here the dynamics is separated into the binding of

the diquark A = Q1Q2 and antidiquark B = Q̄3Q̄4 systems into 3̄ and 3 systems. These

systems then are bound in the overall singlet state just like a quarkonium system. The wave-

function for the diquark-antidiquark state (3̄ × 3) is simply
√

1
2(ψI − ψII). Note that the

6 and 6̄ systems will not be relevant for low-lying states because the short range piece of

VpQCD is repulsive and the lowest order long range string potential V3 requires the diquark

and antidiquark to be 3̄ and 3 respectively. In general the full spectrum of systems with four

heavy quarks has not yet been calculated. Even the dominate spatial contributions to the

wavefunction of the ground state system remains unresolved.

Under various assumptions tetraquark systems have been studied. Detailed studies of

within the Bethe-Salpeter approach has been presented by Heupel, Eichmann and Fischer [14–

16] for tetraquark systems with lighter quark masses (up to the charm quark mass). However,

only the lowest order QCD one gluon exchanges are included in the kernel at present. In the

limit of sufficiently heavy quarks the inclusion of only the lowest order gluon exchanges would

be would be rigorous. In this heavy quark limit, ground state masses has been investigated

using a variational technique by Czarnecki, Leng and Voloshin[17]. They conclude that such

tetraquark systems with all equal masses are not bound. More phenomenological approaches

in which it is assumed that dynamics of the tetraquark system is approximated by a diquark-

antidiquark (3̄× 3) system have also been studied [18]. Here narrow tetraquark states below

threshold for strong decays are found for both (cc̄cc̄) and (bb̄bb̄) systems. Using the two-body

subsystems for 4 heavy quarks the tetraquark spectrum has been studied [19]. Bai, Lu and

Osborne have studied the ground state of the bb̄bb̄ system including the non-perturbative

string potential (Fig.1) using the Diffusion Monte Carlo method [20]. They find the ground

state 0++ tetra-b quark state is bound, while Richard, Valcarce and Vijande argue that such

states will not be bound [21] and a phenomenological analysis of Karliner, Nussinov and

Rosner puts this state just below di-Υ threshold [22]. One can only conclude at present that

the issue of binding awaits a definitive Lattice QCD calculation. We will discuss what can be

said reliably in the next section.

1For example, for A = Q1Q̄3 and B = Q2Q̄4, µA = m1m3
m1+m3

, µB = m2m4
m2+m4

, µAB = (m1+m3)(m2+m4)
m1+m2+m3+m4

,

~rA = µA( ~r1
m3

− ~r3
m1

), ~rB = µB( ~r2
m4

− ~r4
m2

), and rAB = µAB( ~r1
m3

− ~r3
m1

).
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3 Phenomenology of the Low-lying bb̄bb̄ tetraquark states

At leading order the spin-splittings can be ignored and states are described by its radial

quantum numbers and its orbital angular momentum L = lA + lB + lAB. The ground state

would be expected to be fully symmetric, so L = 0 with the subsystem angular momenta

lA, lB, lAB all zero as well. After adding spin there are in general six degenerate states:

JPC = 0++, 0++′
, 1+−, 1+−

′
, 1++, 2++. If the two quarks are identical as in the (bb̄bb̄) system

then Q1Q2 will be antisymmetric in color, then for the ground state the total spin of the two

quarks (two antiquarks) must also be symmetric S = 1 state, hence the tetraquark system

can have JPC = 0++, 1+−, 2++. In terms of the diquark-antidiquark basis the states are

shown in Table 1.

JPC color structure < J ; ss̄ > < J ;M1M2 >

equal mass quarks

0++ (3̄× 3) |0; 1, 1 > −1
2 |0;V, V > +

√
3
2 |0;P, P >

1+− (3̄× 3) |1; 1, 1 > 1√
2
(|1;V, P > +|1;P, V >)

2++ (3̄× 3) |2; 1, 1 > |2;V, V >

0
′′++ (6× 6̄) |0; 0, 0 >

√
3
2 |0;V, V > +1

2 |0 : P, P >

additional states for unequal mass quarks

0
′++ (3̄× 3) |0; 0, 0 >

√
3
2 |0;V, V > +1

2 |0 : P, P >

1++ (3̄× 3) 1√
2
(|1; 1, 0 > +|1; 0, 1 >) 0

1
′+− (3̄× 3) 1√

2
(|1; 1, 0 > −|1; 0, 1 >) 1√

2
(|1;V, P > −|1;P, V >)

0
′′′++ (6× 6̄) |0; 1, 1 > −1

2 |0;V, V > +
√
3
2 |0;P, P >

1
′′++ (6× 6̄) |1; 1, 1 > 1√

2
(|1;V, P > +|1;P, V >)

2
′++ (6× 6̄) |2; 1, 1 > |2;V, V >

Table 1. Coupling coefficients of tetraquark JPC ground states (fully symmetric in space) to quarko-

nium pseudoscalar (P) and vector (V) ground states. Both color diquark combinations are shown. For

the bbb̄b̄ and ccc̄c̄ systems both color states [with anti-triplet diquark component with spin (s = 1)

and sextet component with spin (s = 0)], it is expected that the attractive 3̄ × 3 channels are all

lower states and the 6 × 6̄ channels are excited states. Since the tetraquark state is a color singlet,

the antidiquark component must have spin (s̄ = s). For the unequal mass system, bcb̄c̄, there are

additional states as shown.

3.1 Decay properties

The decay property of this tetraquark state could be fully determined by the effective La-

grangian,

∆L =
1

2
(∂µφ)2 − 1

2
ΛφΥµΥµ + ..., (3.1)

where the dimensionful quantity Λ characterizes the interaction between the ground state φ

and ΥΥ states. In principle, Υ represents Υ 1S, 2S, 3S, etc., states and the coefficients Λ could
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JPC s s̄ P P PV VP VV

equal mass quarks

0++ 1 1
√

3/2 0 0 −1/2

1+− 1 1 0 1/
√

2 1/
√

2 0

2++ 1 1 0 0 0 1

additional states for unequal mass quarks

0++ 0 0 1/2 0 0
√

3/2

1+− 1 0 0 −1/2 1/2 1/
√

2

1++ 0 1 0 1/2 −1/2 1/
√

2

Table 2. Coupling coefficients of tetraquark JPC ground states (fully symmetric in space) to quarko-

nium pseudoscalar (P) and vector (V) ground states. Both color diquark combinations are shown. For

the bbb̄b̄ and ccc̄c̄ systems both color states [with anti-triplet diquark component with spin (s = 1) and

sextet component with spin (s = 0)] . It is expected that the attractive 3̄ × 3 channels are all lower

and the 6× 6̄ channels are excited states. Since the tetraquark state is a color singlet, the antidiquark

component must have spin (s̄ = s). For the unequal mass system bcb̄c̄ additional states are allowed as

shown.

differ for different Υ state combinations. We omit possible higher dimensional interaction

terms (or a more general form factor) that feature different Lorentz structure as we anticipate

them to generate sub-leading contributions to the production and decays of the tetraquark

state. Assuming the state φ is a deeply bounded state (below ηbηb threshold), it is not

unreasonable to assume that the ground state dominates. Throughout this paper, unless

otherwise noted, we only consider the state φ overlapping with the Υ(1S) through this basic

interaction term. There is no priori knowledge about the size of this parameter Λ.2

Similar to the 0++ case explained above, if the underlying state is a pseudoscalar, vector

or a tensor, different forms of allowed Effective Field Theory (EFT) with di-Upsilon system

are allowed. If such a state exists, the differential observables would help determine the

structure of the EFT and thus the associated JPC of the tetraquark state. We tabulate the

possible states and operators in Table. 3, keeping only the lowest dimensional operators. We

anticipate leading observable state would be the tetra quark ground state 0++ and thus list a

few other possibilities to contrast and check, we omit the possibility spin-1 or CP-odd spin-2

state for simplicity.

Considering the observability at the hadron collider environment, we focus on the purely

leptonic decays of the tetraquark state. These purely leptonic decays can be understood as

mediated by the intermediate (on-shell or off-shell) vector meson states ΥΥ∗. Since the Υ

pair production has been measured directly at both experiment with low background, such a

resonant four lepton final state will be also observable if produced with sufficient rate. The

production properties for this possible deeply bounded tetraquark state will be discussed in

2The amplitude for the strong decay of a tetraquark (bb̄bb̄) state into two (bb̄) quarkonium states would

expected to be a typical QCD scale (i.e. Λ ≈ ΛQCD ≈ 200 MeV).
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State JPC Leading Operator

φ 0++ φΥµΥµ

φ̃ 0−+ φ̃ΥµνΥ̃µν

Tµν 2++ TµνΥµΥν

Table 3. Benchmark tetraquark states that could couple to di-Upsilon states along with the associ-

ated form of the leading interaction term.

the next section.

For the tetraquark state decaying into four leptons final states, there are several important

physics observables for us to understand the properties of this state. We discuss them in

order. Assuming that the only observable decays are from φ→ Υ(1S)Υ(1S)∗, we can derive

many useful differential distributions that are informative in identifying the physics origin of

this state, similar to the case of the SM Higgs decaying to four leptons through intermediate

Z-bosons [23]. We use the differential formalism detailed in Eq.(27) and include additional off-

shell suppression and velocity suppression factors for the invariant mass distribution detailed

in Eq.(23) of Ref [23]. We note here that due to vector meson dominance, the axial vector

terms proportional to η1 and η2 in these formulae are all zero. Furthermore, the coefficients

of our interaction terms under consideration in Table. 3 can be identified as coefficients of

a1, c1 and a1 for the 0++, 2++ and 0−+ states, respectively, in Table. 1 of Ref. [23] when

matching the helicity components for the calculation. To study the differential distributions

of the tetraquark ground state, we choose the mass to be slightly below the ηbηb threshold,

18.5 GeV throughout the text unless noted otherwise.

In the upper panel of Fig. 2 we show the (polar) angular distributions of the di-lepton

pairs in their corresponding rest frames. For a 0++ state, helicity component T00, proportional

to sin2 θ1 sin2 θ2, is independent from additional suppression in addition to the common off-

shell propagator suppression. In contrast, the decay into the transverse vector states T11,

proportional to (1+cos2 θ1)(1+cos2 θ2), are suppressed by additional factors. These behaviors

result in the dependence of the angular distribution on the mass of the off-shell Υ. In the

lower panel of this figure, we show the angular distribution for various assumptions on spin

and parity of the underlying resonant particle. For the 0−+ state, the interaction is dominated

by the transversely polarized vector mesons and thus have a behavior favoring the forward

and backward direction for the polar-angular distribution of the leptons. In contrast, for both

the 0++ and 2++ case the transversely polarized intermediate vector mesons are suppressed

and thus exhibit comparatively less angular dependence.

In the upper panel of Fig. 3, we show the angular distribution of the angles between

the decay planes of the ΥΥ∗ system for several benchmark values of the off-shell Υ masses

from a 0++ state. In the extreme case of the off-shell pair mass approaching zero, the

distribution is completely flat, as the helicity T11 component vanishes. In other cases, we can

see distributions generated proportional to cos 2ϕ superimposed on the flat distribution from

helicity T00 component. In the lower panel of this figure we show the angular distribution of
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a n d wit h s u b s e q u e nt s plitti n g i nt o h e a v y q u ar k p air s. T h e s e h e a v y q u ar k p air s t h e n f or m t h e

c ol or si n gl et st at e s Υ, η b a n d c ol or o ct et st at e s Υ 8 , η 8
b . W h e n h a vi n g l o w r el ati v e m o m e nt u m,
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Υ( 1 S ) Υ( 1 S ) ∗ f or a 0+ + , 0− + a n d 2 + + h y p ot h e si s of t h e φ s h o w n i n bl u e, m a g e nt a a n d g ol d li n e s,

r e s p e cti v el y.

t h e s e p air s of b ott o m o ni u m st at e s c a n f or m t h e t etr a q u ar k st at e. F or si m pli cit y, w e f o c u s o n

t h e c o ntri b uti o n fr o m t h e Υ Υ st at e f or t h e pr o d u cti o n, w hi c h pr o vi d e a c o n s er v ati v e e sti m at e

of t h e pr o d u cti o n r at e f or t h e t etr a q u ar k st at e. T h e t ot al i n cl u si v e pr o d u cti o n r at e c a n t h e n

b e e x pr e s s e d a s

σ (p p → φ ) =
τ m a x

τ mi n

d τ
d L

s d τ
σ̂ ( g g → Υ Υ)

d P S 1

d P S 2
| Υ Υ |φ |2 ( 3. 2)

=
τ m a x

τ mi n

d τ
d L

s d τ
σ̂ ( g g → Υ Υ)

8 π Λ 2

τ s
( 3. 3)

wit h
d L

d τ
= f g ⊗ f g (τ ) =

1

τ

d x

x
f g (x ; Q 2 )f g (

τ

x
; Q 2 ), ( 3. 4)

w h er e d P S 1 a n d d P S 2 d e n ot e t h e o n e- a n d t w o- b o d y p h a s e s p a c e, r e s p e cti v el y. T h e i nt e-

gr ati o n r a n g e τ mi n ∼ τ m a x i s r o u g hl y d et er mi n e d b y t h e s u m of t h e m a s s e s of t h e c o n stit u e nt

q u ar k s t o t h e η b η b t hr e s h ol d, a s s u mi n g p arti al s u m r ul e t o b e v ali d. I n t hi s c al c ul ati o n, w e

a dj u st t h e p ol e m a s s of t h e Υ a c c or di n gl y t o t h e b ott o m m a s s e s. A m or e ri g or o u s tr e at m e nt

c o ul d b e d e v el o p e d u si n g t h e t e c h ni q u e s of Q C D s u m r ul e s a p pli e d t o t h e f o ur c urr e nt c orr e-

l at or [1 2 ] i n a n a n al o g o u s w a y t h at fi nit e e n er g y s u m r ul e s h a v e b e e n e m pl o y e d t o st u d y t h e

t hr e s h ol d r e gi o n f or h e a v y q u ar k p air pr o d u cti o n i n e + e − c olli si o n s.

T h e p art o ni c cr o s s s e cti o n f or di- U p sil o n pr o d u cti o n u si n g s- w a v e pr o d u cti o n a p pr o xi m a-

ti o n c a n b e f o u n d i n R ef. [ 2 4 ] f or c ol or si n gl et p air pr o d u cti o n s a n d R ef. [2 5 ] f or c ol or o ct et

p air pr o d u cti o n s. We a d o pt t h e s e f or m ul a s f or t h e p art o ni c cr o s s s e cti o n s a n d c o n v ol ut e wit h

N N P D F [2 6 ]. We r e pr o d u c e d t h eir r e s ult s a n d f urt h er v eri fi e d o ur i m pl e m e nt ati o n s f or t h e s e

d o u bl e v e ct or q u ar k o ni u m pr o d u cti o n wit h c urr e nt L H C m e a s ur e m e nt s [ 2 7 , 2 8 ]. We o bt ai n
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3 9 f b f or t ot al i n cl u si v e d o u bl e Υ pr o d u cti o n a n d 1 1 f b wit h r a pi dit y c ut of 2 o n t h e fi n al

st at e Υ s at 8 Te V L H C. C urr e nt e x p eri m e nt al r e s ult s ar e 6 8 .8 ± 1 2 .7 ± 7 .4 ± 2 .8 p b [ 2 8 ]. F or

t h e Υ( 1 S ) pr o d u cti o n, t h er e will b e c o ntri b uti o n s fr o m d o u bl e- p art o n s c att eri n g a n d fr o m

d e c a y s of hi g h er e x cit ati o n st at e s, w hi c h will n ot c o ntri b ut e t o t h e t etr a q u ar k gr o u n d st at e

pr o d u cti o n. H e n c e, w e u s e t h e m atri x el e m e nt s q u ar e d o bt ai n e d fr o m R ef. [ 2 4 ] f or o ur e sti-

m ati o n of t h e cr o s s s e cti o n. We f urt h er r e q uir e t h e c e nt er of m a s s e n er g y ˆs ≡ τ S i n a wi n d o w

b et w e e n 1 7. 7 G e V t o 1 8. 8 G e V, w h er e t h e l o w er b o u n d i s f o ur ti m e s t h e b ott o m m a s s ( M S)

a n d t h e u p p er b o u n d i s t h e η b ( 1S )η b ( 1S

s

1 7. 7 1 8. 8 G e V

1 3 T e V

8 T e V

0 1 2 3 4 5 6
0. 0 0

0. 0 5

0. 1 0

0. 1 5

0. 2 0

0. 2 5

0. 3 0

0. 3 5

y

1
Σ

d
Σ

dy

L H C b a c c e pt a n c e

A T L A S C M S a c c e pt a n c e

) t hr e s h ol d.

Fi g u r e 5 . T h e r a pi dit y di stri b uti o n f or t hi s st at e at t h e L H C fr o m gl u- gl u-f u si o n pr o c e s s f or 8 Te V

(r e d li n e) a n d 1 3 Te V ( bl u e li n e) c e nt er of m a s s e n er g y.

T h e d e c a y s br a n c hi n g fr a cti o n s t o f o ur l e pt o n s n e ar t h e t hr e s h ol d c a n b e a p pr o xi m at e d

b y t h e s q u ar e of t h e br a n c hi n g fr a cti o n of Υ( 1 S ) t o dil e pt o n s, B R( Υ( 1 S ) → + − ) = 4. 9 % [ 5 ].

Wit h a b o v e f or m ali s m f or t h e pr o d u cti o n i n E q. 3. 3 , f oll o wi n g o ur p ar a m et eri z ati o n of t h e

w a v ef u n cti o n of t h e t etr a q u ar k st at e i n E q. 3. 1 , w e c a n e x pr e s s t h e L H C pr o d u cti o n r at e f or

s u c h a gr o u n d st at e a s

8 Te V : σ (p p → φ → 4 ) ∼ 3
Λ

0 .2 G e V

2

f b

1 3 Te V : σ (p p → φ → 4 ) ∼ 5
Λ

0 .2 G e V

2

f b.

T h e pr o d u cti o n r at e f or t h e w h ol e pr o c e s s σ (p p → φ → µ + µ − µ + µ − ) i s t h e n O ( 1) f b a n d al s o

f or 4e a n d d o u bl e d f or 2 µ 2 e fi n al st at e s at 1 3 Te V L H C. H o w e v er, t h e gr o u n d 0 + + st at e i s

al s o a nti ci p at e d t o h a v e si z a bl e w a v ef u n cti o n o v erl a p s wit h t h e η b η b st at e, t h e pr o d u cti o n of

w hi c h will f urt h er i n cr e a s e t h e cr o s s s e cti o n f or t h e t etr a- q u ar k st at e s. 3 H e n c e, t h e e q u ati o n

pr o vi d e d a b o v e c a n b e vi e w e d a s a n e sti m ati o n f or t h e t y pi c al pr o d u cti o n r at e.

I n a d diti o n t o t h e pr o d u cti o n r at e i nf or m ati o n, t h e r a pi dit y di stri b uti o n of t h e si g n al

e v e nt s al s o c a n b e u s ef ul a s s o m e c o n si st e n c y c h e c k. I n Fi g. 5 w e s h o w t h e si g n al r a pi dit y

3 H a vi n g t hi s w a v ef u n c ti o n o v e rl a p wi t h η b η b will c h a n g e t h e d e c a y p a r ti al wi d t h t o f o u r l e p t o n s a s w ell.
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distribution for both LHC 8 TeV and 13 TeV, in red and blue lines, respectively. The

tetraquark state turns to be produced with a peak rapidity of 3.8 (4.4) for LHC 8 (13) TeV,

which would further impact the kinematic distribution of decay products. A general feature

of the decay products should be having at least one dilepton pairs in the forward region. The

bands in the figure indicates the rapidity distribution in variation according to the partonic

center of mass energy that varies between 17.7 GeV and 18.8 GeV. We further draw band

of typical acceptance in rapidity for ATLAS/CMS and LHCb. The LHCb forward coverage

features a generically larger acceptance for the low-lying state produced through gluon-gluon

fusion. However, given the relatively low cross section for this process and the lower luminosity

accumulated by the LHCb, it would still be hard for such a state to be found in current data.

However, the tetra-quark state is anticipated to decay into many other final states, at least

following the behavior of pair-produced Υ(1S) states. LHCb may provide unique probe or

discovery for such a state with their lower threshold designed to capture forward bottom

hadrons. Despite that the acceptance should be applied to final state leptons instead of the

resonant tetraquark state, the rapidity distribution does provide a testable property if this

state is observed. Furthermore, since the rapidity behavior if driven by the gluon PDF, the

distribution show in the right panel of Fig. 5 would still hold for a generic resonant particle

produced though the gluon-gluon-fusion process in the vicinity of the mass window under

consideration.

4 Summary and outlook

In this paper we have investigated the observational details of detecting a bound tetra-bottom

state with a mass below the di-ηb(1S) threshold. The ground state, φ, would be very narrow

and likely would have JPC = 0++. The most promising discovery mode at the LHC would

be through the decay of φ into four charged leptons approximately described by an effective

interaction of the form ΛφΥµΥµ. Although decays involving Υ(2S) and Υ(3S) might also be

observed, the ground state of Υ(1S)Υ(1S)∗ should dominate. With this simple model, many

properties of the possible low-lying tetraquark state can be tested.

We compute the expected angular distributions for the `+`− arising from decays of the

on-shell and off-shell Υ states as a function of the off-shell dilepton system invariant mass

in Fig. 2. Furthermore, an off-shell dilepton mass dependent angular correlations between

the decay planes of the ΥΥ∗ system can be found in Fig. 3. The off-shell dilepton invariant

mass distribution should be peaked toward high invariant mass, as preferred by the off-shell

Υ propagator. We show the angular distribution of the dilepton system, angular distributions

between the ΥΥ∗ decay planes, and the invariant mass distributions with different underlying

assumptions about the spin and CP property of the tetraquark state in (the lower panels of)

Fig. 2, Fig. 3 and Fig. 4, respectively.

Furthermore, we estimated the possible cross section of the low-lying tetraquark state

using partial sum rules, and found its cross section dependence on the model parameters,

with a typical cross section of O(fb) for Λ = 0.2 GeV. The rapidity distributions of such
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a tetra-bottom state should be dominated by the gluon-gluon-fusion process, which features

a very forward behaviour due to the gluon PDF behavior. This behaviour provides testable

predictions and interesting implications on the complementarity between ATLAS/CMS and

LHCb experiment at the LHC.

Finally we note, that the decay angular distributions are generic for a massive state that

couples to Υ plus a massive vector state in the mass range we consider, depending only on

the JPC of the decaying state; and that the rapidity distribution of production only depends

on the PDF behavior of the initial state gluons. Hence, most of our results would generically

useful for testing low-lying states at the LHC.
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