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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
TY threshold. If such a state exists below the 77, threshold it would be narrow, as Zweig
allowed strong decays are kinematically forbidden. Given the observation of YT pair production
at CMS, such a state with a large branching fraction into TT* is likely discoverable at the
LHC. The discovery mode is similar to the SM Higgs decaying into four leptons through the
Z7Z* 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 TY* channel) in the same mass region.

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S.
Department of Energy, Office of Science, Office of High Energy Physics.


mailto:eichten@fnal.gov
mailto:zliu2@fnal.gov

Contents

1 Introduction 1
2 States with four heavy quarks 2
3 Phenomenology of the Low-lying bbbb tetraquark states 5
3.1 Decay properties )
3.2 Production properties 9
4 Summary and outlook 12

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 ZZ(3900), Z*(4020) and Zf(lOGlO),Zf(lO%O) 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 Ps (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 n,m, 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.



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 J¢ 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 JZ¢
ground states are below the strong decay threshold but for the 4 ¢ 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,

Consider two quarks Q1, Q3 at positions 71, 73 and antiquarks Q2, Q4 at positions 7, 74 respec-
tively. In the non relativistic limit the quark spin can be treated as a relativistic correction.
The overall position, R= >, T, and angular momentum, L, separate as with the usual two-
body Schrodinger 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 r;; = |rj — 77| for
1 < j the short distance behaviour of the potential is given by perturbative QCD. In lowest
order
V= V})QCD + V;tm'ng- (22)

Vpocp is the perturbative one gluon exchange terms of the form

Vogop = Y, Cz’jasﬁw (2.3)
ij for i<j Y
where ¢;; 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 Viying 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.
Vi =o(ria+rsa), Va =o0(ria+rs2) and Vz =Y. (e(1, 2,4)e(i, 4, 3))o L with L being the length
of the shortest path that couples all the quarks (see Fig 1). The string tension is denoted
o. Finally Viying = min(Vi, Vo, 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 x 3 x 3 x 3) can be decomposed as — (1 x 1) + (8 x 8) [or an alternately
basis (3 x 3) + (6 x 6)], 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,1) we can chose the basis (5;(5[’“) for ¢; and ( féf) for 117 to represent these two
components. So properly the potential is a 2 x 2 matrix in color space. Thus Vpgcp is given
by

—5(v(r13) +v(r21)) §(v(r12) + v(r3a)) (2.4)
5(v(r2) +o(rsa)) —5(v(r14) +v(r23)) '

with v(ri;) = a(rij)/rij.
In a similar way Viring can be written in the form:

Y1 —B1 Vs Vo + [B22V3

Vo [1/11] _{V1+511V3 —B12V3 }
string -
Yrr

v ] (2.5)

where f3;; 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 794 fixed and all the
other distances becoming large, the solutions decompose into the two mesons A = Q1Q3 and
B = Q2Q4 and ¢ ~ 14(r13)Yp(r34). Similarly with r14 and 793 fixed and other distances
large the the solutions decompose into two mesons A = Q1Q4 and B = Q2Q3. Notice that
in both of these cases the resulting Hamiltonian is just the usual potential for quarkonium



states A and B. In either case it is useful to decompose the kinetic energy of the reduced
system

Thin = _(mvr,q + %VTB + 2UAB V’I’AB) { 01 } (2.6)

where 74 and 7p are the relative position of the quark and antiquark in meson A and B
respectively; 7ap is the relative position of the center of masses of meson A and B; and

wa, up and pap are the associated reduced masses of the subsystems. 1

In the limit r1o 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 = Q1Q> and antidiquark B = Q3Q4 systems into 3 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 (3 x 3) is simply \/g (vor — yr). Note that the
6 and 6 systems will not be relevant for low-lying states because the short range piece of
Vpoep is repulsive and the lowest order long range string potential V3 requires the diquark
and antidiquark to be 3 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 (3 x 3) system have also been studied [18]. Here narrow tetraquark states below
threshold for strong decays are found for both (cécé) and (bbbb) 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 bbbb system including the non-perturbative
string potential (Fig.1) using the Diffusion Monte Carlo method [20]. They find the ground
state 07 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-Y 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.

1 _ A _ A __ mims _ maomgy _ (mi1+m3)(ma+my)
For example, for A = Qi1Q3 and B = Q2Q4, pa = ey MB = SR iap = SR
= a1 '3 2 ) 4 _ 1 T3
Ta = palny = wi) 78 = ps (5 — oy ) and ras = pas (G — 55)-



3 Phenomenology of the Low-lying bbbb 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 =4 + g + lap. The ground state
would be expected to be fully symmetric, so L = 0 with the subsystem angular momenta
la,lp,lap all zero as well. After adding spin there are in general six degenerate states:
JPC = o+ 0t 1= 17", 1+, 2+, If the two quarks are identical as in the (bbbb) system
then Q1@ 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 JP¢ = 0T+ 17— 27+, In terms of the diquark-antidiquark basis the states are
shown in Table 1.

JPC color structure < J; 85 > < J; MMy >
equal mass quarks

0+t (3 x 3) 0;1,1 > —10;V,V > +¥3(0; P, P >
1+ (3 x 3) 11;1,1 > %(\1;1/,P>+|1;P,V >)
2++ (3 x3) 12;1,1 > 12, V,V >
0" ++ (6 x 6) 00,0 > B0, V,V > +L0: PP >

additional states for unequal mass quarks
0'++ (3 x 3) 00,0 > B0, V,V > +L0: PP >
1+ (3 x 3) %(|1;1,0>+|1;0,1 >) 0
1+ (3 x3) #(L1L,0>—[150,1>)  H(LV,P>~[L;PV >)
0" ++ (6 x 6) 0;1,1 > 10, V,V > +£3(0; P, P >
17+ (6 x 6) 11;1,1 > H(LV.P>+L,PV >)
9+t (6 x 6) 21,1 > 12;V,V >

Table 1. Coupling coefficients of tetraquark J¥'¢

nium pseudoscalar (P) and vector (V) ground states. Both color diquark combinations are shown. For
the bbbb and ccce 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 3 x 3 channels are all

ground states (fully symmetric in space) to quarko-

lower states and the 6 x 6 channels are excited states. Since the tetraquark state is a color singlet,
the antidiquark component must have spin (5 = s). For the unequal mass system, bcbé, 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,

1 1
AL = 5(8H¢)2 = AT+ (3.1)

where the dimensionful quantity A characterizes the interaction between the ground state ¢
and TY states. In principle, T represents T 1S, 2S, 3S, etc., states and the coefficients A could



JF¢ s s PP PV VP VV
equal mass quarks

ott 1 1 v3/2 0 0 —1/2
= 11 0 1/V/2 1/vV2 0
24+ 1 1 0 0 0 1
additional states for unequal mass quarks
ot 0 0 1/2 0 0 V3/2
= 1.0 0 —1/2 1/2 1/V2

™ 0 1 0 /2 —1/2 1/V2

Table 2. Coupling coefficients of tetraquark J¥¢ ground states (fully symmetric in space) to quarko-
nium pseudoscalar (P) and vector (V) ground states. Both color diquark combinations are shown. For
the bbbb and ccéc 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 3 x 3 channels are all lower
and the 6 x 6 channels are excited states. Since the tetraquark state is a color singlet, the antidiquark
component must have spin (5 = s). For the unequal mass system bcbé additional states are allowed as
shown.

differ for different Y 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 ¢ is a deeply bounded state (below 7,n, threshold), it is not
unreasonable to assume that the ground state dominates. Throughout this paper, unless
otherwise noted, we only consider the state ¢ overlapping with the YT (15) through this basic
interaction term. There is no priori knowledge about the size of this parameter A.?

Similar to the 0T 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 JC 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 TY*. Since the T
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 (bbbb) state into two (bb) quarkonium states would
expected to be a typical QCD scale (i.e. A = Aqgcp =~ 200 MeV).



State JPC  Leading Operator

6 0fTF PYEY,
¢ 0 PYHY
T, 2t T, YHYY

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 ¢ — Y(15)Y(15)*, 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 11 and 7y in these formulae are all zero. Furthermore, the coeflicients
of our interaction terms under consideration in Table. 3 can be identified as coefficients of
ai, ¢; and a; for the 071, 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 n,n, 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 07 state, helicity component Tyg, proportional
to sin® 6 sin® 0o, is independent from additional suppression in addition to the common off-
shell propagator suppression. In contrast, the decay into the transverse vector states 711,
proportional to (14cos? 81)(1+cos? §3), are suppressed by additional factors. These behaviors
result in the dependence of the angular distribution on the mass of the off-shell Y. 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 07" and 27T 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 TY* system for several benchmark values of the off-shell T masses
from a 07" state. In the extreme case of the off-shell pair mass approaching zero, the
distribution is completely flat, as the helicity 771 component vanishes. In other cases, we can
see distributions generated proportional to cos 2y superimposed on the flat distribution from
helicity Tpo component. In the lower panel of this figure we show the angular distribution of
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Figure 2. Upper panel: double differential angular distribution of the tetraquark state ¢(0++) for
different values of the off-shell dilepton invariant masses. The distribution is symmetric for negative
values of cosf; and cosf3, the polar angles of the leptons in their dilepton rest frames, assuming ¢
being a 0T state. Lower panel: the angular distributions (averaged over all invariant mass bins) in
the rest frame of the dilepton pairs that from the same T™*) for different assumptions of the spin and

parities of the resonant particle.

the decay planes for various assumption on the spin and parity of the underlying resonant
particle. The CP-odd state 0~ features an opposite behavior in contrast to the case of the
CP-even state of 071 and 271, as expected since this plane angle is a CP-sensitive observable.
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Figure 3. Upper panel: The angular distribution of the angles between the decay planes of the TT*
system for several benchmark values of the off-shell T masses from a 01+ state. Lower panel: The
angular distribution of the angles between the decay planes of the TT* system for various assumptions

of the spin and parities of the resonant particle.

In Fig. 4 we show the normalized off-shell Y(1S) invariant mass distribution for the
process of ¢ — YT(15)Y(1S)*. As anticipated from the off-shell suppression behavior, the
off-shell dilepton system is inclined to have high invariant mass to minimize the off-shell
suppression. Still, different underlying state results in different behaviours in details of the
off-shell dilepton invariant mass distribution. We can see the 071 and 27 hypothesis provide
the sharply peaked invariant mass distribution because they are s-wave processes, while the

0~ hypothesis is p-wave suppressed.

3.2 Production properties

The production of the tetraquark state at the LHC will be mainly from the gg initial state
and with subsequent splitting into heavy quark pairs. These heavy quark pairs then form the
color singlet states T, n, and color octet states T2, ng. When having low relative momentum,
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Figure 4. The normalized off-shell T(1S5) invariant mass distribution for the process of ¢ —
T(1S)T(1S)* for a 07+, 0-F and 2+ hypothesis of the ¢ shown in blue, magenta and gold lines,
respectively.

these pairs of bottomonium states can form the tetraquark state. For simplicity, we focus on
the contribution from the T state for the production, which provide a conservative estimate
of the production rate for the tetraquark state. The total inclusive production rate can then
be expressed as

Tmax  df dPS1 )
o= 0) = [ dr Tola0 ) g (1TI6)| (32)
Tmax  df 8mA2
_ [rmm dr=—5(gg — XT)— (33)
with .
dl dx e T 2
T = he i) = [ TG, (3.9

where dPS1 and dPS2 denote the one- and two-body phase space, respectively. The inte-
gration range Tmin ~ Tmae 18 roughly determined by the sum of the masses of the constituent
quarks to the mpmp threshold, assuming partial sum rule to be valid. In this calculation, we
adjust the pole mass of the T accordingly to the bottom masses. A more rigorous treatment
could be developed using the techniques of QCD sum rules applied to the four current corre-
lator [12] in an analogous way that finite energy sum rules have been employed to study the
threshold region for heavy quark pair production in ete™ collisions.

The partonic cross section for di-Upsilon production using s-wave production approxima-
tion can be found in Ref. [24] for color singlet pair productions and Ref. [25] for color octet
pair productions. We adopt these formulas for the partonic cross sections and convolute with
NNPDF [26]. We reproduced their results and further verified our implementations for these
double vector quarkonium production with current LHC measurements [27, 28]. We obtain

— 10 —



39 fb for total inclusive double T production and 11 fb with rapidity cut of 2 on the final
state Ts at 8 TeV LHC. Current experimental results are 68.8 £ 12.7 +7.4 + 2.8 pb [28]. For
the T(1S) production, there will be contributions from double-parton scattering and from
decays of higher excitation states, which will not contribute to the tetraquark ground state
production. Hence, we use the matrix element squared obtained from Ref. [24] for our esti-
mation of the cross section. We further require the center of mass energy § = 75 in a window
between 17.7 GeV to 18.8 GeV, where the lower bound is four times the bottom mass (MS)
and the upper bound is the 7,(15)7,(1S) threshold.

0.35F T T ! &
0.30f \/_ = ]
0_255_ 17.7-18.8 Ge\ ]
-, — 13 TeV 1
T 0.20F ]
—S £ — 8TeV ]
5 015 ]
HECD acceptance «——— _

Figure 5. The rapidity distribution for this state at the LHC from glu-glu-fusion process for 8 TeV
(red line) and 13 TeV (blue line) center of mass energy.

The decays branching fractions to four leptons near the threshold can be approximated
by the square of the branching fraction of T(1.5) to dileptons, BR(T(1S) — £7£7)=4.9% [5].
With above formalism for the production in Eq. 3.3, following our parameterization of the
wavefunction of the tetraquark state in Eq. 3.1, we can express the LHC production rate for

such a ground state as

A 2
8 TeV : o(pp*¢*4€)”3(m) "

A 2
13 TeV : J(pp—)¢—>4€)~5(m) fb

The production rate for the whole process o(pp — ¢ — pTp~ptp™) is then O(1) fb and also
for 4e and doubled for 2u2e final states at 13 TeV LHC. However, the ground 01+ state is
also anticipated to have sizable wavefunction overlaps with the npmp state, the production of
which will further increase the cross section for the tetra-quark states.® Hence, the equation
provided above can be viewed as an estimation for the typical production rate.

In addition to the production rate information, the rapidity distribution of the signal
events also can be useful as some consistency check. In Fig. 5 we show the signal rapidity

3Having this wavefunction overlap with nem, will change the decay partial width to four leptons as well.
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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 LHCDb, 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 Y(15) 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-n,(1.5) threshold. The ground state, ¢, would be very narrow
and likely would have JP¢ = 07+, The most promising discovery mode at the LHC would
be through the decay of ¢ into four charged leptons approximately described by an effective
interaction of the form A¢YHY . Although decays involving Y (2S5) and T(3S) might also be
observed, the ground state of T(1.5)Y(15)* 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 T 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 TYY* 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
T propagator. We show the angular distribution of the dilepton system, angular distributions
between the TT* 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 A = 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
LHCDb experiment at the LHC.

Finally we note, that the decay angular distributions are generic for a massive state that
couples to T 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.

Acknowledgments: We thank Yang Bai, Kiel Howe, Ciaran Hughes for helpful discus-
sion. This manuscript has been authored by Fermi Research Alliance, LLC under Contract
No. DE-AC02-07CH11359 with the U.S. Department of Energy, Office of Science, Office of
High Energy Physics. The United States Government retains and the publisher, by accepting
the article for publication, acknowledges that the United States Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form
of this manuscript, or allow others to do so, for United States Government purposes.

References

[1] Belle Collaboration, S. K. Choi et al., Observation of a narrow charmonium - like state in
exclusive B+- — K+- pi+ pi- J / psi decays, Phys. Rev. Lett. 91 (2003) 262001,
[hep-ex/0309032].

[2] Particle Data Group Collaboration, K. A. Olive et al., Review of Particle Physics, Chin.
Phys. C38 (2014) 090001.

[3] N. Brambilla et al., Heavy quarkonium: progress, puzzles, and opportunities, Eur. Phys. J. C71
(2011) 1534, [arXiv:1010.5827].

[4] G. T. Bodwin, E. Braaten, E. Eichten, S. L. Olsen, T. K. Pedlar, and J. Russ, Quarkonium at
the Frontiers of High Energy Physics: A Snowmass White Paper, in Proceedings, Community
Summer Study 2013: Snowmass on the Mississippi (CSS2013): Minneapolis, MN, USA, July
29-August 6, 2013, 2013. arXiv:1307.7425.

[5] Particle Data Group Collaboration, C. Patrignani et al., Review of Particle Physics, Chin.
Phys. C40 (2016), no. 10 100001.

[6] J. A. Wheeler, Polyelectrons, Ann. NY Acad. Sci. 48 (1946) 219-238.

[7] E. A. Hylleraas and A. Ore, Binding energy of the positronium molecule, Phys. Rev. 71 (1947)
493-496.

[8] K. Varga, J. Usukura, and Y. Suzuki, Second bound state of the positronium molecule and
biexcitons, Phys. Rev. Lett. 80 (1998) 1876-1879.

[9] D. B. Cassidy and A. P. Mills, The production of molecular positronium, Nature 449 (09, 2007)
195-197.

[10] N. Brambilla, V. Shtabovenko, J. Tarrs Castell, and A. Vairo, Effective field theories for van der
Waals interactions, Phys. Rev. D95 (2017), no. 11 116004, [arXiv:1704.03476].

,13,


http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/1010.5827
http://arxiv.org/abs/1307.7425
http://arxiv.org/abs/1704.03476

[11]

[12]

[13]

[14]

[15]

W. Chen, H.-X. Chen, X. Liu, T. G. Steele, and S.-L. Zhu, Hunting for exotic doubly
hidden-charm/bottom tetraquark states, arXiv:1605.01647.

Z.-G. Wang, Analysis of the QQQQ tetraquark states with QCD sum rules, Eur. Phys. J. CT7
(2017), no. 7 432, [arXiv:1701.04285].

P. Bicudo, M. Cardoso, O. Oliveira, and P. J. Silva, Lattice QCD static potentials of the
meson-meson and tetraquark systems computed with both quenched and full QCD,
arXiv:1702.07789.

W. Heupel, G. Eichmann, and C. S. Fischer, Tetraquark Bound States in a Bethe-Salpeter
Approach, Phys. Lett. BT18 (2012) 545-549, [arXiv:1206.5129].

G. Eichmann, C. S. Fischer, and W. Heupel, Four-point functions and the permutation group
S/, Phys. Rev. D92 (2015), no. 5 056006, [arXiv:1505.06336].

G. Eichmann, C. S. Fischer, and W. Heupel, Tetraquarks from the Bethe-Salpeter equation,
Acta Phys. Polon. Supp. 8 (2015) 425, [arXiv:1507.05022].

A. Czarnecki, B. Leng, and M. B. Voloshin, Stability of tetrons, arXiv:1708.04594.

A. V. Berezhnoy, A. V. Luchinsky, and A. A. Novoselov, Tetraquarks Composed of 4 Heavy
Quarks, Phys. Rev. D86 (2012) 034004, [arXiv:1111.1867].

C. Popovici and C. S. Fischer, Heavy tetraquark confining potential in Coulomb gauge QCD,
Phys. Rev. D89 (2014), no. 11 116012, [arXiv:1403.5900].

Y. Bai, S. Lu, and J. Osborne, Beauty-full Tetraquarks, arXiv:1612.00012.

J.-M. Richard, A. Valcarce, and J. Vijande, String dynamics and metastability of all-heavy
tetraquarks, Phys. Rev. D95 (2017), no. 5 054019, [arXiv:1703.00783].

M. Karliner, S. Nussinov, and J. L. Rosner, QQQQ states: masses, production, and decays,
Phys. Rev. D95 (2017), no. 3 034011, [arXiv:1611.00348].

S. Y. Choi, D. J. Miller, M. M. Muhlleitner, and P. M. Zerwas, Identifying the Higgs spin and
parity in decays to Z pairs, Phys. Lett. B553 (2003) 61-71, [hep-ph/0210077].

R. Li, Y.-J. Zhang, and K.-T. Chao, Pair Production of Heavy Quarkonium and B(c)(*)
Mesons at Hadron Colliders, Phys. Rev. D80 (2009) 014020, [arXiv:0903.2250].

P. Ko, C. Yu, and J. Lee, Inclusive double-quarkonium production at the Large Hadron Collider,
JHEP 01 (2011) 070, [arXiv:1007.3095].

R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B867 (2013) 244289,
[arXiv:1207.1303].

CMS Collaboration, V. Khachatryan et al., Measurement of prompt J/v pair production in pp
collisions at /s = 7 Tev, JHEP 09 (2014) 094, [arXiv:1406.0484].

CMS Collaboration Collaboration, Observation of Y(1S) pair production at CMS, Tech.
Rep. CMS-PAS-BPH-14-008, CERN, Geneva, 2016.

— 14 —


http://arxiv.org/abs/1605.01647
http://arxiv.org/abs/1701.04285
http://arxiv.org/abs/1702.07789
http://arxiv.org/abs/1206.5129
http://arxiv.org/abs/1505.06336
http://arxiv.org/abs/1507.05022
http://arxiv.org/abs/1708.04594
http://arxiv.org/abs/1111.1867
http://arxiv.org/abs/1403.5900
http://arxiv.org/abs/1612.00012
http://arxiv.org/abs/1703.00783
http://arxiv.org/abs/1611.00348
http://arxiv.org/abs/hep-ph/0210077
http://arxiv.org/abs/0903.2250
http://arxiv.org/abs/1007.3095
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/1406.0484

