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Motivation

• A pronounced enhancement of the tt̄ production cross section near threshold has
been observed by CMS:2025kzt and ATLAS:2025mvr.

• CMS: σexcess(WbWb) = 8.8+1.2
−1.4 pb.

• ATLAS: σexcess(WbWb) = 9.0 ± 1.3 pb.
• Significance: > 5σ — a new milestone in top-quark physics.

Is the time t1 required for tt̄ to evolve into ηt(1S) nonzero?
All previous studies indicate it is nonzero, but...

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Instantaneous Formation: quantum mechanics

• Instantaneous Formation t1 = 0 from δ(0, t = 0−): superposition and evolution

ψ(⃗r, 0+) = ∑
n

ψnS(0) |nS⟩+
∫

d3⃗k ψ⃗k(0) |⃗k⟩, (1)

ψ(⃗r, t) = e−iĤtψ(⃗r, t = 0), (2)

• Green’s function: Fadin:1987wz,..., but claim nonzero formation time

GQ(⃗r, 0, E) = ∑
n

|n(⃗r)⟩⟨n(0)|
En − (E + iΓt)

+
∫

d3⃗k
|⃗k(⃗r)⟩⟨⃗k(0)|

Ek − (E + iΓt)
, (3)

• Question of causality?

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Finite-time formation: Classical mechanics

• The tt̄ pair is produced within r(0) ∼ 1/mt and decelerates during separation.
• Top with small v(0) reaches the boundary, oscillates and forms bound states.
• Strassler and Peskin (Strassler:1990nw): t1 = 4r1/v1 ∼ 9.62 × 10−25 s.
• Fabiano (Fabiano:1997xh): t1 = 2πr1/v1 ∼ 15.1 × 10−25 s.
• Here: t1 = 1.48 × 10−25 s., and top quark lifetime is τt ≈ 5.02 × 10−25 s.

GC(⃗r, 0, E) = ∑
n

e−2tn/τt
|n(⃗r)⟩⟨n(0)|

En − (E + iΓt)
+

∫
d3⃗k

|⃗k(⃗r)⟩⟨⃗k(0)|
Ek − (E + iΓt)

, (4)

• Superposition or evolution?

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Why Toponium? Unique Time Scales

Toponium is an ideal laboratory due to its extreme properties.
• Production scale: Compton wavelength ∼ 1/mt ≈ 1.14 am (pointlike).
• Bound-state size: ⟨r⟩nS ∼ 13.3 n2 am.

• Formation time: Classic tC
n ∼ 1.48 n3 × 10−25 s VS Quantum tQ

n = 0.
• Top quark lifetime: τt ≈ 5.02 × 10−25 s.

Key point: τt ∼ tC
1 , so the top decay acts as a built-in quantum clock.

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Toponium mass and radii, 2412.18527, KY Liu

In a |J,L, S〉 basis, the matrix elements of spin-spin, spin-orbit operator is diagonal

presented as follows,

〈~St · ~St̄〉 =
1

2
S2 − 3

4
=

1

2
S(S + 1)− 3

4
=

{
−3

4 , S = 0

1
4 , S = 1

〈~L · ~S〉 = [J(J + 1)− L(L+ 1)− S(S + 1)] /2

For the tensor operator, the matrix element possess non-zero values only for the L > 0

spin-triplet states, with the common form,

〈3LJ |T |3LJ〉 =





− L
6(2L+3) , J = L+ 1

1
6 , J = L

− (L+1)
6(2L−1) , J = L− 1.

(2.5)

For toponium, the Coulombic part in the potential is the dominant and the corrected

mass or other parameters from all the other parts can be considered as perturbations. With

the potential form (Eq. 2.1), the averaged radii for S,P,D-wave states are given in Table.1.

It can be verified that the proportional relationship between these radii is nearly the same

as that of the hydrogen atom or positronium. The Bohr radius rB can be derived by virtue

of its relationship with the average radius of the 1S state, ie. rB = 2
3 〈r〉1S (also related to

the coefficient λ in the Columbic potential, rB = 2
mtλ

). Compared with charmonium and

bottomnium, the values are more than one order of magnitude smaller. This results verify

that toponium is an extremely small bound state on the spatial scale.

Table 1. The averaged radii for different orbital quantum numbers in units of 10−2 fm.

1S 2S 3S 4S 5S 6S 1P 2P 3P 1D 2D 3D

〈r2〉1/2 1.39 5.07 10.51 16.58 22.54 28.17 4.27 9.74 15.83 8.11 14.37 20.42

〈r〉 1.20 4.70 9.86 15.58 21.14 26.35 3.91 9.07 14.80 7.63 13.42 19.04

Due to the heavy top mass, the mass splitting between the singlet and triplet states is

negligible except 1S, 2S orbital, which is the hyperfine structure from spin-spin contact inter-

action. Here, the effects of the spin-spin contact interaction are considered as perturbations

to the binding energy or the mass [18]. Integrating out the δ̃(r) function of the first term of

the interaction in Eq. 2.4, an estimation from the mass splitting for 1S states is written as

follows [19],

∆M1S
SS =

8πλ

3m2
t

|R1S(0)|2
4π

≃ 8πλ

3m2
t

1

πr3B
A, A =

{
−3

4 , S = 0

1
4 , S = 1

. (2.6)

– 3 –

where S-wave radial functions at the origin satisfies approximate relationship with Bohr

radius, |R1S(0)|2 ≃ 4
r3B

. The mass splitting of the 2S state is one-eighth of the value of the

1S state. We notice that the values of the mass splitting are significantly larger than those

for charonium and bottomnium.

In the calculations, the top quark mass is taken from the current most precise measure-

ment [20], mt = 172.52 GeV. The final mass spectra is shown in Table. 2 and also illustrated

as Fig. 1. The binding energy of nS states for different potential form is shown in Table. 3.

The screened effects depress the mass of the higher excited state slightly in comparison with

Cornell potential calculations.

Table 2. Theoretical mass spectrum for toponium states in units of GeV.

1S(13S1, 1
1S0) 2S(23S1, 2

1S0) 3S(33S1, 3
1S0) 4S(43S1, 4

1S0) 5S(53S1, 5
1S0) 6S(63S1, 6

1S0)

341.650, 341.267 344.227, 344.179 344.759 345.000 345.153 345.269

11P1 13P0 13P1 13P2 21P1 23P0 23P1 23P2 31P1 33P0 33P1 33P2

344.206 344.181 344.200 344.215 344.751 344.742 344.749 344.754 344.992 344.987 344.991 344.994

13D1 13D2 13D3 11D2 23D1 23D2 23D3 21D2 33D1 33D2 33D3 31D2

344.733 344.735 344.736 344.735 344.975 344.976 344.977 344.976 345.129 345.130 345.131 345.130

0-+,1-- 1+- (0,1,2)++ (1,2,3)-- 2-+
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Figure 1. Theoretical mass spectrum for toponium states.
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Toponium Decay, 2504.12634
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Discriminating formation time: σexcess(ZH)

The cross-section ratio near threshold is highly sensitive to interference effects:

σexcess(ZH) = σFull(ZH)− σPQCD(ZH) at
√

s ≈ 343 GeV

[13] L.-B. Chen, H. T. Li, Z. Li, J. Wang, Y. Wang, and Q.-f. Wu, “Analytic third-order QCD

corrections to top-quark and semileptonic b→u decays,” Phys. Rev. D 109 no. 7, (2024)

L071503, arXiv:2309.00762 [hep-ph].

[14] P. A. M. Dirac, The principles of quantum mechanics. No. 27. Oxford university press, 1981.

[15] G. T. Bodwin, E. Braaten, and G. P. Lepage, “Rigorous QCD analysis of inclusive

annihilation and production of heavy quarkonium,” Phys. Rev. D 51 (1995) 1125–1171,

arXiv:hep-ph/9407339. [Erratum: Phys.Rev.D 55, 5853 (1997)].

[16] J. D. Bjorken, “Two topics in quantum chromodynamics,” in 1989 Cargese Summer

Institute in Particle Physics. 11, 1989.

[17] M. J. Strassler and M. E. Peskin, “The Heavy top quark threshold: QCD and the Higgs,”

Phys. Rev. D 43 (1991) 1500–1514.

[18] J.-H. Fu, S. Jia, X.-Y. Zhou, Y.-J. Zhang, C.-P. Shen, and C.-Z. Yuan, “Novel method for

identifying the heaviest QED atom,” Sci. Bull. 69 (2024) 1386–1391, arXiv:2305.00171

[hep-ph].

[19] K. Agashe et al., “Report of the Topical Group on Top quark physics and heavy flavor

production for Snowmass 2021,” arXiv:2209.11267 [hep-ph].

[20] T. Han, M. Low, N. McGinnis, and S. Su, “Measuring quantum discord at the LHC,” JHEP

05 (2025) 081, arXiv:2412.21158 [hep-ph].

W.-Z. Li, L.-S. Tan, Y.-J. Li, J.-H. Fu, Y.-J. Zhang, T.-G. Cheng, C.-P. Shen, and L. Yuan,

“Search for Toponium in ZH final state at LHC (To be submitted),” arXiv:250*.XXXXX 

[22] V. S. Fadin, V. A. Khoze, and A. D. Martin, “How suppressed are the radiative interference

effects in heavy instable particle production?,” Phys. Lett. B 320 (1994) 141–144,

arXiv:hep-ph/9309234.

[23] A. Denner, S. Dittmaier, and M. Roth, “Nonfactorizable photonic corrections to

e+e− →WW → 4 fermions,” Nucl. Phys. B 519 (1998) 39–84, arXiv:hep-ph/9710521.

[24] This approximation is justified by the large top quark width Γt = 1.31GeV, which keeps its

virtuality above
√
mtΓt. This suppresses infrared and Coulomb divergences from soft gluon

exchange [22, 23], rendering higher-order corrections negligible.
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M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Coulomb-like potential and Hamiltonian

• The tt̄ interaction is governed by a Coulomb-like QCD potential:

V(r) = −λ

r
, λ = 0.252.

• The dynamics are described by the nonrelativistic Hamiltonian Sumino:1992ai:

Ĥ = 2mt − iΓt −
∇2

mt
+ V(r),

with:
mt = 172.57 GeV, Γt = 1.31 GeV.

• The imaginary term −iΓt accounts for the top-quark lifetime (τt ≈ 5 × 10−25 s).

Top hadrons and formation time 11 / 39
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Parameter λ from σ(ηt) = 9.0 pb by Atlas

σ(ηt) with CT18NLO at 13 TeV, µ = µR = µF, σQ
non tt̄ = 44 fb, σC

non tt̄ = 15 fb∫ 4 GeV
−8 GeV dE, σ(ηt) = 6.42 pb in Fuks 2102.11281.

Potential λ σQ
ηt (µ = mt/2) σC

ηt
(µ = mt/2) σQ

ηt (µ = mt) σC
ηt
(µ = mt)

LO 0.209 5.50 pb 5.52 pb 4.37 pb 4.39 pb

NLO 0.221 6.41 pb 6.44 pb 5.10 pb 5.13 pb

Here 0.252 9.10 pb 9.13 pb 7.22 pb 7.25 pb

σηt =
∫ 4 GeV

−8 GeV
dE

(
dσFull(tt̄)

dE
− dσNLO(tt̄)

dE

)

dσFull

dE
=

dσLO

dE
Im[G(0, 0, E)]

Im[GLO(0, 0, E)]
+

dσNLO

dE
− (Double Counting)− σnon tt̄

Top hadrons and formation time 12 / 39
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Properties of nS bound states

• Spin-triplet and spin-singlet bound states:

Jt(nS), ηt(nS), n = 1, 2, 3, . . .

• Key parameters:

En = −λ2mt

4n2 = −2.74
n2 GeV,

rn =
2n2

λmt
=

n2

21.7
GeV−1,

vn =
λ

2n
=

0.126
n

,

|ψnS(0)|2 =
λ3m3

t
8πn3 =

3.27 × 103

n3 GeV3.

• Nonrelativistic condition holds: v2
n ≈ 0.016/n2.

Top hadrons and formation time 13 / 39
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Classical formation time derivation

• For a top quark with energy En:

En = mtv2(t)− λ

2r(t)
,

dr
dt

=

√
λ

2mtr(t)
+

En

mt
.

• Initial condition: r(0) = 0; final radius: r(tC
n ) = 3rn/4.

• Solving gives:

tC
n =

(4π − 3
√

3)n3

3mtλ2 ≈ 1.48 n3 × 10−25 s.

This provides the characteristic causal formation time of the nS state.

Top hadrons and formation time 14 / 39
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Classical formation picture

The classical mechanics have been used in modeling the toponium formation time
(Strassler:1990nw,Fabiano:1997xh). As a scale, top quark lifetime is 5.02 × 10−25 s.

Group tn t1 (10−25) s e−2t1/τt

Strassler and Peskin 4rn/vn 9.65 0.022

Fabiano 2πrn/vn 15.1 0.002

This work (4π − 3
√

3)rn/12vn 1.48 0.555

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Quantum VS Classic formation time

Quantum

g g

Z H

tt̄
0.00 ys

ηt0.00 ys

ηt0.25 ys

tt̄
0.25 ys

tt̄ 1.1 am ηt 11 am

Classic

g g

Z H

tt̄

0.00 ys

ηt0.14 ys

ηt0.39 ys

tt̄
0.53 ys

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt
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Amplitude of gg → ZH Decomposition Near Top Threshold

The amplitude of the process can be expressed as:

M(gg → ZH) = M(tt̄) + · · · , (5)

where the top contribution M(tt̄) is dominant near threshold.
Top loop and S-Wave states contribution (Kawabata:2016aya,Chen:2019fla):

M(tt̄) = MOne Loop +MTwo Loop +MS-wave −MDouble Counting + · · · (6)

Up to NLO

σexcess(ZH) ∝ 2M∗One Loop(MS-wave −MDC) + |MS-wave −MDC|2 + · · · . (7)

Top hadrons and formation time 18 / 39
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Feynman Diagram of gg → ZH

g g

Z H

t

Top Loop

One Loop, 1

Two Loop, αs/v

...

t

g g

Z H

tt̄

S-Wave

ηt(1S), λ
3mt/Γt

tt̄(1S1
0), ψ

2
k(0)mt/Γt

...

tt̄

g g

Z H

tt̄

Double Counting

GLO(0, 0, E)

GNLO(0, 0, E)

...

+ −

tt̄

M(tt̄) = MTop Loop +MS-wave −MDouble Counting (8)
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S-wave Contribution and Green Function

The S-wave top–antitop amplitude is proportional to the Green function:

MS-wave(tt̄) ∝ G(0, 0, E), E = mtt̄ − 2mt. (9)

The Green function G(⃗r, 0, E) satisfies the Schrödinger equation:

[
−∇2

mt
+ V − (E + iΓt)

]
G(⃗r, 0, E) = δ3(⃗r) = ∑

n
|n(⃗r)⟩⟨n(0)|+

∫
d3⃗k |⃗k(⃗r)⟩⟨⃗k(0)|.

Expanding in bound and continuum states:

G(0, 0, E) = ∑
n

|n(0)⟩⟨n(0)|
En − (E + iΓt)

+
∫

d3⃗k
|⃗k(0)⟩⟨⃗k(0)|

Ek − (E + iΓt)
. (10)
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Analytic Form via Lippmann–Schwinger Equation

The LO Green function with ṽ =
√
(E + iΓt)/mt (Hoang:1997vs,Beneke:1999qg):

G(0, 0, E) =
m2

t
4π

{
iṽ+λ

[
−

1
ϵ − γE + ln 4π

2
+ ln

(−2iṽmt

µ

)
− 1

2
+γE +ψ

(
1 − iλ

2ṽ

) ]}
.

(11)
Expanding in powers of λ (or αs):

G(0, 0, E) = GLO + GNLO + G>NLO, (12)

GLO(0, 0, E) =
m2

t
4π

iṽ, (13)

GNLO(0, 0, E) =
m2

t
4π

λ

[
1
2

(
1
ϵ
− γE + ln 4π

)
− ln

(−2iṽmt

µ

)
+

1
2

]
. (14)
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Double Counting and Including Finite Formation Time

To prevent overlap between perturbative and bound-state terms:

MDouble Counting(tt̄) ∝ GLO(0, 0, E) + GNLO(0, 0, E). (15)

The finite toponium formation time modifies each nS term in G(0, 0, E) as

|n(0)⟩⟨n(0)|
En − (E + iΓt)

−→ e−2n3tC
1 /τt

|n(0)⟩⟨n(0)|
En − (E + iΓt)

. (16)
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Cross section σexcess(ZH) at 13 TeV

Quantum formation time

Classic formation time
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Hadron Level σexcess(ZH) at LHC

σexcess(ZH) =
∫ 4 GeV

−8 GeV
dE

(
dσFull(ZH)

dE
− dσNLO(ZH)

dE

)

√
s 13 TeV 13.6 TeV s 14 TeV 27 TeV

σQ
excess(ZH) with t1 = 0 13.6 fb 14.9 fb 15.8 fb 52.7 fb

σC
excess(ZH) with t1 = 1.48 × 10−25 s 5.34 fb 5.85 fb 6.20 fb 20.7 fb

13 TeV, σ(pp → ηt(1S) → ZH) is 8.98 fb (Bai 2506.14552) or 15.8 fb (2504.12634)

[13] L.-B. Chen, H. T. Li, Z. Li, J. Wang, Y. Wang, and Q.-f. Wu, “Analytic third-order QCD

corrections to top-quark and semileptonic b→u decays,” Phys. Rev. D 109 no. 7, (2024)

L071503, arXiv:2309.00762 [hep-ph].

[14] P. A. M. Dirac, The principles of quantum mechanics. No. 27. Oxford university press, 1981.

[15] G. T. Bodwin, E. Braaten, and G. P. Lepage, “Rigorous QCD analysis of inclusive

annihilation and production of heavy quarkonium,” Phys. Rev. D 51 (1995) 1125–1171,

arXiv:hep-ph/9407339. [Erratum: Phys.Rev.D 55, 5853 (1997)].

[16] J. D. Bjorken, “Two topics in quantum chromodynamics,” in 1989 Cargese Summer

Institute in Particle Physics. 11, 1989.

[17] M. J. Strassler and M. E. Peskin, “The Heavy top quark threshold: QCD and the Higgs,”

Phys. Rev. D 43 (1991) 1500–1514.

[18] J.-H. Fu, S. Jia, X.-Y. Zhou, Y.-J. Zhang, C.-P. Shen, and C.-Z. Yuan, “Novel method for

identifying the heaviest QED atom,” Sci. Bull. 69 (2024) 1386–1391, arXiv:2305.00171

[hep-ph].

[19] K. Agashe et al., “Report of the Topical Group on Top quark physics and heavy flavor

production for Snowmass 2021,” arXiv:2209.11267 [hep-ph].

[20] T. Han, M. Low, N. McGinnis, and S. Su, “Measuring quantum discord at the LHC,” JHEP

05 (2025) 081, arXiv:2412.21158 [hep-ph].

W.-Z. Li, L.-S. Tan, Y.-J. Li, J.-H. Fu, Y.-J. Zhang, T.-G. Cheng, C.-P. Shen, and L. Yuan,

“Search for Toponium in ZH final state at LHC (To be submitted),” arXiv:250*.XXXXX 

[22] V. S. Fadin, V. A. Khoze, and A. D. Martin, “How suppressed are the radiative interference

effects in heavy instable particle production?,” Phys. Lett. B 320 (1994) 141–144,

arXiv:hep-ph/9309234.

[23] A. Denner, S. Dittmaier, and M. Roth, “Nonfactorizable photonic corrections to

e+e− →WW → 4 fermions,” Nucl. Phys. B 519 (1998) 39–84, arXiv:hep-ph/9710521.

[24] This approximation is justified by the large top quark width Γt = 1.31GeV, which keeps its

virtuality above
√
mtΓt. This suppresses infrared and Coulomb divergences from soft gluon

exchange [22, 23], rendering higher-order corrections negligible.
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Ωttt (2508.19137)

• JP = 3
2
+

• The binding energy E = −4.13 ± 0.7 GeV.
• The mass m(Ωttt) = 513.58 ± 1.0 GeV.
• Width Γtot(Ωttt) ∼ 3Γtot(t) = 3.93 GeV .
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13 TeV σ(pp → Ωttt/Ω̄ttt) ∼ 10−12 fb (2508.19137)

ppΩttt/Ωttt+X

100 500 1000 5000 104

10-6

10-5

10-4

s (TeV)

σ
(f
b
)

10-2

10-3
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Toponium and Ωttt (2508.19137)

7

TABLE I: Comparison of the main properties of the triple-top baryon Ωttt and toponium states (Jt, ηt) [38, 39].

Particle Ωttt Jt ηt

JP or JPC 3
2
+ 1−− 0−+

Mass (GeV) 513.58 341.02 341.02

Binding Energy (GeV) 4.13 4.12 4.12

Typical Scale mtv
2 (GeV) 2.93 4.12 4.12

⟨rtt⟩ (fm) 0.016 0.011 0.011

1/⟨rtt⟩ (GeV) 12.6 17.8 17.8

Production Process pp→ Ωttt + 3t̄ e+e− → Jt pp→ ηt +X

Total Width (GeV) 3.93 2.604 2.615

Typical non-Wb decays Ωbbb + 3W (∼ 10−9) WW, bb̄ (∼ 10−3) gg, ZH (∼ 10−3)

V. SUMMARY AND OUTLOOK

The production of the triple-top baryon Ωttt is expected to be extremely suppressed, rendering its direct observation
highly challenging at present or near-future colliders. The main difficulties arise from the tiny cross section and the
large Standard Model backgrounds in multi-top final states.
Nevertheless, our analysis establishes a theoretical baseline for Ωttt properties, including its mass, binding energy,

production cross sections, and dominant decay channels. The results highlight distinctive features of Ωttt compared
with other triply heavy baryons. Importantly, the weak-decay nature of the top quark ensures that the Ωttt → 3W+3b
final state is largely unaffected by hadronization, providing a clean theoretical prediction.
Future progress will likely come from improved theoretical tools, such as lattice QCD or effective field theories,

to refine mass and cross-section predictions. Although discovery prospects remain remote, the study of Ωttt offers
a unique window into QCD at the highest mass scales and serves as a benchmark for future explorations of multi-
heavy-quark dynamics.
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FIG. 3: Dependence of (a) the kinetic matrix element K and (b) the chromomagnetic matrix element Σ on the Borel mass T ,
calculated using the interpolating current Jµ(x). The Borel window 0.61 GeV < T < 0.94 GeV is indicated by the gray-shaded
region. Dashed, solid, and dotted curves correspond to continuum thresholds ωc = 1.65, 1.85, and 2.05 GeV, respectively.

TABLE I: Parameters of ground-state topped mesons calculated using QCD sum rules within the HQET framework. The

states T (⋆) and T
(⋆)
s contain the quark contents tq̄ (q̄ = ū/d̄) and ts̄, respectively. The last column lists several possible decay

channels.

ωc Working region Λ Meson Mass Difference f
Decay channels

(GeV) (GeV) (GeV) (JP ) (GeV) (MeV) (GeV3/2)

T (∗) 1.65 0.79 ≤ T ≤ 0.89 0.46+0.07
−0.07

T (0−) 173.03+0.30
−0.30

0.12+0.04
−0.04 0.19+0.02

−0.02

ΥD(∗), B̄(∗)
c B(∗),

T ⋆ (1−) 173.03+0.30
−0.30 B

(∗)
s D(∗), D(∗)

s B(∗)

T
(∗)
s 1.85 0.61 ≤ T ≤ 0.94 0.55+0.12

−0.07

Ts (0−) 173.12+0.31
−0.30

0.11+0.04
−0.04 0.22+0.04

−0.03

ΥD
(∗)
s , B̄

(∗)
c B

(∗)
s ,

T ⋆
s (1−) 173.12+0.31

−0.30 B
(∗)
s D

(∗)
s

these resonances are estimated to be in the range of
400–700 MeV for the σ(500) and 500–800 MeV for the
κ(800) [1]. This places topped hadrons in a transitional
regime where weak decay competes directly with strong
binding, providing a unique opportunity to probe the on-
set of hadron formation at the extreme heavy quark mass
scale [54]. While the results of this study are specu-
lative and exploratory, they provide an important step
toward understanding the behavior of topped hadrons.
Experimental verification of these predictions could ei-
ther challenge the methods used in this study or offer in-
sight into why they work in this context. In either case,
the results will provide valuable information for further
theoretical investigations into the nature of these novel

hadronic states.
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TABLE I: Parameters of singly topped baryons calculated using QCD sum rules within the framework of heavy quark effective
theory. For the two baryons Λt and Ξt, no valid working regions are found; therefore, the convergence criterion given in Eq. (16)
is used solely to constrain the parameter T . The last column lists several representative decay channels.

B
ωc Working region Λ Baryon Mass Difference f

Decay channels

(GeV) (GeV) (GeV) (JP ) (GeV) (MeV) (GeV3)

Σt(6F ) 1.65 0.40 ≤ T ≤ 0.44 1.26+0.13
−0.13

Σt(1/2
+) 173.83+0.32

−0.32
0.64+0.08

−0.07

0.07+0.02
−0.02

ΥΣ
(∗)
c /ΥΛc

Σt(3/2
+) 173.83+0.32

−0.32 0.04+0.01
−0.01

Ξ′
t(6F ) 1.85 0.42 ≤ T ≤ 0.48 1.38+0.14

−0.14

Ξ′
t(1/2

+) 173.95+0.32
−0.32

0.69+0.10
−0.08

0.09+0.03
−0.02

ΥΞ
(′∗)
c

Ξ′
t(3/2

+) 173.95+0.32
−0.32 0.05+0.02

−0.01

Ωt(6F ) 2.02 0.43 ≤ T ≤ 0.53 1.50+0.15
−0.15

Ωt(1/2
+) 174.08+0.33

−0.33
0.77+0.12

−0.10

0.12+0.04
−0.03

ΥΩ
(∗)
c

Ωt(3/2
+) 174.08+0.33

−0.33 0.07+0.02
−0.02

Λt(3̄F ) 1.41 T = 0.42, PC = 17% 1.06+0.14
−0.15 Λt(1/2

+) 173.63+0.32
−0.33 − 0.03+0.01

−0.01 ΥΣ
(∗)
c /ΥΛc

Ξt(3̄F ) 1.62 T = 0.45, PC = 19% 1.19+0.14
−0.16 Ξt(1/2

+) 173.76+0.32
−0.33 − 0.04+0.01

−0.01 ΥΞ
(′∗)
c

subtle distinction highlights a transitional domain where
weak decay competes with strong binding, offering a
unique theoretical setting to probe the onset of hadron
formation in the extreme mass limit.
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Appendix A: Other sum rule equations

In this appendix we present the sum rule equations derived in this study. The expressions associated with the
current JΞ′

t
(x) have already been given in Eq. (12), Eq. (36), and Eq. (37). The corresponding sum rule equations

obtained from the currents JΣt(x), JΩt(x), JΛt(x), and JΞt(x) are given below:

ΠΣt(ωc, T ) =

∫ ωc

s<

[ 3ω5

10π4
− 3m2

qω
3

2π4
− 〈g2GG〉ω

64π4
− 3mq〈q̄q〉

π2
ω
]
e−ω/Tdω

+〈q̄q〉〈q̄q〉 − 7mq〈gsq̄σGq〉
32π2

+
〈q̄q〉〈gsq̄σGq〉

8T 2
, (A1)

f2
Σt
KΣte

−ΛΣt/T = −
{∫ ωc

s<

[396ω7

7!π4
− 3m2

qω
5

4π4
− 〈g2GG〉ω3

384π4
− mq〈q̄q〉ω3

2π2

+
11mq〈gsq̄σGq〉ω

128π2

]
e−ω/Tdω − 3〈q̄q〉〈gsq̄σGq〉

8

}
, (A2)

f2
Σt
dMΣΣte

−ΛΣt/T =

∫ ωc

s<

[4g2sω7

105π6
+

〈g2GG〉ω3

48π4
+

mq〈gsq̄σGq〉ω
8π2

]
e−ω/Tdω − 〈q̄q〉〈gsq̄σGq〉

12
. (A3)
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TABLE III: The subtracted mass spectra of the single topped mesons
that correspond to Fig. 1 in unit of GeV.

States Tn Ts Tc Tb

|1S , 0−⟩ 0.384 0.456 1.293 4.275
|1S , 1−⟩ 0.385 0.458 1.295 4.278
|2S , 0−⟩ 0.924 0.997 1.821 4.816
|2S , 1−⟩ 0.925 0.998 1.823 4.817
|1P, 0+⟩ jℓ=

1
2

0.789 0.861 1.692 4.705
|1P, 1+⟩ jℓ=

1
2

0.790 0.862 1.693 4.707
|1P, 1+⟩ jℓ=

3
2

0.789 0.861 1.704 4.717
|1P, 2+⟩ jℓ=

3
2

0.789 0.862 1.704 4.718
|1D, 1−⟩ jℓ=

3
2

1.107 1.172 1.968 4.958
|1D, 2−⟩ jℓ=

3
2

1.107 1.173 1.968 4.958
|1D, 2−⟩ jℓ=

5
2

1.082 1.148 1.965 4.961
|1D, 3−⟩ jℓ=

5
2

1.082 1.149 1.965 4.961
|1F, 2+⟩ jℓ=

5
2

1.359 1.420 2.183 5.144
|1F, 3+⟩ jℓ=

5
2

1.359 1.420 2.184 5.144
|1F, 3+⟩ jℓ=

7
2

1.326 1.386 2.173 5.144
|1F, 4+⟩ jℓ=

7
2

1.326 1.387 2.174 5.144

the experiments in searching tt̄ enhancement [15]. Thus, as-
suming the accompanying bb̄ pair forms an Υ mesonic state,
the excellent muon detection capabilities of the ATLAS and
CMS experiments offer a promising opportunity to identify
traces of Tb. As for single topped baryons, we recommend
that future experiments prioritize the search for Λt, as it is ex-
pected to have the fewest strong decay channels.

IV. SUMMARY

The observation of an enhancement near the tt̄ threshold
by both the CMS and ATLAS experiments [15, 16] has chal-
lenged the conventional understanding that no quasi-bound
topponium states exist in nature. It has also generated signifi-
cant excitement in the scientific community, as it provides ex-
perimental support for predictions made by perturbative QCD
and potential models [17–35]. This discovery has spurred a
wide range of follow-up studies, including further investiga-
tions into spin correlations in tt̄ production [25, 36–40], ad-
vances in quantum theory [41–43], and potential explorations
of new physics [44–47]. Furthermore, it has prompted discus-

sions about the possibility of observing topponium at future
colliders such as the CEPC or FCC-ee [48, 49].

The extreme mass of the top quark offers an excellent op-
portunity to study relativistic effects within hadrons and to test
predictions of heavy quark effective theory. Given that the
lifetimes of most single topped hadrons are expected to be at
least one times larger than that of topponium, they may persist
long enough in detectors to be observed. Inspired by this, in
this work, we investigate the mass spectra of low-lying radi-
ally and orbitally excited single topped mesons and baryons.

We employ the GIC potential model [64, 65], which in-
corporates relativistic effects into a potential framework and
has successfully described the observed spectra of mesons
and baryons from light to heavy sectors using a unified pa-
rameter set, to make our calculations. Our results demon-
strate that, provided the model accurately reproduces the low-
lying mass spectra of known heavy mesons and baryons, it
can also precisely reproduce the enhancement observed ex-
perimentally—confirming the broad applicability of the GIC
potential model. Motivated by this agreement, we extend our
predictions to include all possible types of low-lying radial
and orbital excitations of single topped mesons and baryons
up to the 1F states. The numerical results clearly reveal fea-
tures consistent with heavy quark symmetry and illuminate
the role of relativistic effects in these systems.

We encourage future experimental efforts to test the predic-
tions presented in this work. Based on a preliminary quali-
tative analysis, searches for Tb mesons and Λt baryons rep-
resent particularly promising starting points. With the ongo-
ing upgrades of the Large Hadron Collider, more data will
be accumulated, making the search for these predicted topped
hadrons a compelling objective in the near future.
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Summary

• Probe the formation time of toponium at the yoctosecond (10−24 s) scale.

• The study contrasts two extreme pictures:
• Quantum formation: t1 = 0— state emerges immediately after tt̄ production.
• Classical formation: t1 ≃ 1.5 × 10−25 s— causal evolution.

• The observable channel gg → ZH near threshold provides a direct test:

M(gg → ηt(1S) → ZH) ∝ e−2t1/τt .

Finite t1 suppresses σexcess(ZH) by about a factor of 2–3.

• Extensions: explore other top hadrons (Ωttt, Tq and Tqq) to map the full spectrum
of top-bound systems.
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Discussion and Outlook

• The observation of a cross-section enhancement near the tt̄ threshold (> 5σ)
opens a new era in top-quark physics.

• Measuring the temporal evolution of tt̄ bound states provides a novel test of:
• Quantum state formation dynamics,
• Causality and coherence in QCD.

• Future prospects:
• Improved precision on σexcess(ZH) at HL-LHC and HE-LHC.
• e+e− → bb̄ at CEPC / FCC-ee.

• The top serves as a built-in quantum clock to probe how fast state forms.

Thanks!

Top hadrons and formation time 35 / 39



Introduction Toponium formation time gg → ZH near top threshold Other top hadron Summary

Spectral Decomposition of the Green Function

With principle of superposition

δ3(⃗r) = ∑
n
|n(⃗r)⟩⟨n(0)|+

∫
d3⃗k |⃗k(⃗r)⟩⟨⃗k(0)|, (17)

Expanding in bound and continuum states:

G(0, 0, E) = ∑
n

|n(0)⟩⟨n(0)|
En − (E + iΓt)

+
∫

d3⃗k
|⃗k(0)⟩⟨⃗k(0)|

Ek − (E + iΓt)
. (18)

The continuum state wavefunction is (Sommerfeld:1931qaf,Landau:1991wop):

|⃗k(0)⟩ =
√

1
4π

πmtλ/k
1 − e−πmtλ/k . (19)
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Explicit Form of G(0, 0, E)

Combining bound and continuum contributions:

G(0, 0, E) = ∑
n

(λmt)3

8πn3
1

En − E − iΓt

+
∫ k2 dk

2π

1
k2/mt − E − iΓt

mtλ/k
1 − e−πmtλ/k . (20)

• Real part divergent, imaginary part finite (Beneke:2013jia).
• Discrete sum reproduces Breit–Wigner peaks for nS states.
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Time evolution of the wavefunction

• The time evolution includes exponential decay governed by τt:

ψn(⃗r, t) = e−i(2mt+En)te−t/τt ψn(⃗r, 0).

• ⇒ Toponium acts as a yoctosecond-scale chronometer of quantum coherence.
• At production (t = 0−), the system is pointlike:

ψ(⃗r, 0−) ≃ δ(⃗r).

• Large Γt keeps virtuality above
√

mtΓt, suppressing soft-gluon divergences.
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Quantum vs. classical formation

Quantum picture

Immediately after creation (t = 0+):

ψ(⃗r, 0+) = ∑
n

ψnS(0) |nS⟩+
∫

d3k ψ⃗k(0) |⃗k⟩.

The state is a coherent superposition of all bound and continuum eigenstates.

Classical picture

The tt̄ pair evolves over a finite time into a bound state.
In the CM frame, tt̄ pair is produced with r(0) ∼ 1/mt and v <

√
λ/(mtr(0)) form

bound states via oscillatory motion.
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