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Motivation

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

® CMS: Texcess(WbWD) = 8.8112 pb.
® ATLAS: Gpxcess(WbWb) = 9.0 + 1.3 pb.
e Significance: > 50 — a new milestone in top-quark physics.

Is the time t; required for tf to evolve into 7;(1S) nonzero?
All previous studies indicate it is nonzero, but...

M(gg — ﬂt(ls) — ZH) x g2t/
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Instantaneous Formation: quantum mechanics

¢ Instantaneous Formation t; = 0 from §(0, = 0~ ): superposition and evolution

Y(E0%) = Lpus0) 8) + [ K yy(0) ), (1)

p(7 ) = e My(Ft=0), @)
® Green’s function: Fadin:1987wz,..., but claim nonzero formation time
QF \n / P ) (K(0)]

G 2 — E + lrt + k Ek — E + Zrt) (3)

® Question of causality?

M(gg - Wt(ls) — ZH) x e 20/
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Finite-time formation: Classical mechanics

® The i pair is produced within 7(0) ~ 1/m; and decelerates during separation.
Top with small v(0) reaches the boundary, oscillates and forms bound states.
Strassler and Peskin (Strassler:1990nw): t; = 4r1/v; ~ 9.62 x 107% s.
Fabiano (Fabiano:1997xh): t; = 27try /1 ~ 15.1 x 107 % s,

® Here: t; = 1.48 x 10~?° s, and top quark lifetime is 7; ~ 5.02 x 102 s.

C(7 oty 11(F)) (n(0)] / 37 k(7)) k(0)|
G- Ze E,— E+F ) dk Ek— [ o
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Why Toponium? Unique Time Scales

Toponium is an ideal laboratory due to its extreme properties.
® Production scale: Compton wavelength ~ 1/m; ~ 1.14 am (pointlike).
* Bound-state size: (r),s ~ 13.31n% am.
* Formation time: Classic t€ ~ 1.48 3 x 10725 s VS Quantum £ = 0.

* Top quark lifetime: 7; ~ 5.02 x 10~?° s.

Key point: T; ~ ¢, so the top decay acts as a built-in quantum clock.
yp 1

M(gg — ﬂt(ls) — ZH) o g2t/
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Toponium mass and radii, 2412.18527, KY Liu

Table 1. The averaged radii for different orbital quantum numbers in units of 102 fm.

15\ 28 35 45 58 65 1P 2P 3P 1D 2D 3D
(1"2)1/2 1.39  $.07 10.51 16.58 22.54 28.17 | 4.27 9.74 1583 | 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

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

1S(135;,1150)
341.650,341.267

25(2357,2'Sp)
344.227,344.179

3S(335;,315)
344.759 345.000

45(438y,418)

5S(5351,5180)
345.153 345.269

6S(63S1,615)

1P 3
344.206  344.181

1P 13Py
344.200  344.215

21 P, 23 P, 2Py 23P,

344.751  344.742  344.749 344.754

E) 33D 3% P 3P,
344.992  344.987 344.991 344.994

’D,  1°D
344.733  344.735

13 D5 11D,
344.736  344.735

2D, 2°D,  2°D; 2D,
344.975 344.976 344.977 344.976

32D, 33D, 33Ds 3'D,
345129 345.130 345.131 345.130
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Toponium Decay, 2504.12634

Table 2: Partial widths I';, . xy and branching ratios 8 of 15, and J; computed using FeynRules.

Decay Channels I -xyr MeV) 8, 107 Tyoxy MeV) 8, (107™%)
wWrw- 1.302 4.98 5.466 20.99

bb 0.0 0.0 4914 18.87

ZA 0.023 0.09 0.703 2.70

HA 0.0 0.0 0.609 2.34

HZ 5.624 21.51 0.081 0.31

/4 0.067 0.25 0.055 0.21

gg 15.864 60.67 0.0 0.0

AA 0.092 0.35 0.0 0.0

uit/cc 0.0 0.0 0.134 0.52
dd/ss 0.0 0.0 0.064 0.25

ete Jutu /T 0.0 0.0 0.078 0.30
VeVe ! VuVulVVr 0.0 0.0 0.008 0.03
Two-body Annihilation Decay 23 88 12 48
i — WbW™b 2592 9912 2592 9952
Total 2615 10000 2604 10000
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Discriminating formation time: 0pycess(ZH)

The cross-section ratio near threshold is highly sensitive to interference effects:
Oexcess (ZH) = O'Fuy(ZH) - UPQCD(ZH) at \/g ~ 343 GeV

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

M(gg — ﬂt(ls) — ZH) o g2t/
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Coulomb-like potential and Hamiltonian

® The tt interaction is governed by a Coulomb-like QCD potential:
V(ir)=—=, A =0.252.

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

N \V&
H = th — th - — 4+ V(T’),
my

with:
my = 172.57 GeV, I't =1.31 GeV.

® The imaginary term —iT'; accounts for the top-quark lifetime (7; =~ 5 x 1072 s).
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Parameter A from o (7:) = 9.0 pb by Atlas

o(n;) with CT1I8NLO at 13 TeV, y = pg = pr, 0 ; = 44fo, 05 = 1510

ESGEZV dE, o(17;) = 6.42 pb in Fuks 2102.11281.

Potential A 0’,%(]/{ =mi/2) o (4 =m/2) o (= my) o, (p = my)

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

/4 GeV (dapuu(tf) B dUNLo(tE)>
8 GeV dE dE

dUFull o dU’LQ Im[G(0,0,E)] + dU’NLQ
dE ~ dE Im[Go(0,0,E)] = dE

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

e Spin-triplet and spin-singlet bound states:
Ji(nS), 1:(nS), n=123,...

e Key parameters:
A?my 2.74

E, = __4112 = _7’12 GeV,
212 n?
== = _GeV'l
= 217 O°
A 0.126
Op = - = ’
2n n
ASmd 327 x 103
2 _ P 3
|Pus(0)]= = S 3 GeV©.

* Nonrelativistic condition holds: v2 ~ 0.016/nr2.
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Classical formation time derivation

® For a top quark with energy E,;:

A dr A E
_ 204\ _ i o n
En = mi(t) 2r(t)dt\ 2mur(t) + my’

* Initial condition: 7(0) = 0; final radius: 7(t{) = 3r,/4.
® Solving gives:

c _ (4t — 3\/5)”3 ~ 3 —25
t, = T amazr 1.48n° x 10~ 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 x 1072 s.

Group tn t (1072)s e 2h/m
Strassler and Peskin 4r, /oy 9.65 0.022
Fabiano 27ty /oy 15.1 0.002
This work (471 — 3v/3)1, /120y, 1.48 0.555

M(gg — Ut(ls) — ZH) ox e 2h/T
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Quantum VS Classic formation time

Quantum Classic

0.39 ys

tt @ 1.1 am @1

M(gg - Wt(ls) — ZH) x e 2h/T

hadrons and formation time
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Amplitude of ¢¢ — ZH Decomposition Near Top Threshold

The amplitude of the process can be expressed as:
M(gg — ZH) = M) + -, (5)

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

M(tf) _ MOne Loop + MTWO Loop + MS—wave _ MDouble Counting 4. (6)
Up to NLO
Uexcess(ZH> ” 2M*One Loop(MS-wave _ MDC) + ’MS-wave _ MDC’Z 4 (7)

Top hadrons and formation time 18/39



Feynman Diagram of g¢ — ZH

t

A

Top Loop
One Loop, 1

Two Loop, a,/v

tt(1S3), ¥ (0)ym /Ty

ZH near top threshold
0000

S-Wave
1 (1S), Ny /T

Double Counting
G"9(0,0,E)
GNLO(0,0, E)
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S-wave Contribution and Green Function

The S-wave top—antitop amplitude is proportional to the Green function:
MEWe(1) & G(0,0,E), E = my — 2m;. 9)
The Green function G(7,0, E) satisfies the Schrédinger equation:

V2 | o ,
o F Y (EHIT)| GEOE) = 80) = L i) nmy+/dmk><

=
/\
\_/

Expanding in bound and continuum states:

n(0) / 37 |k k(0)|
G(0,0,E) ; E+r &k E+ﬁg (10)

Top hadrons and formation time
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Analytic Form via Lippmann—Schwinger Equation

The LO Green function with & = /(E + i) /m; (Hoang:1997vs,Beneke:1999qg):

2 l_ 1 4 LY .
o000~ R () ()]

T 4r 2

Expanding in powers of A (or a;):

G(0,0,E) = GO + GNLO 4 G>NLO, (12)
GH0(0,0,E) = " g (13)
7 7 - 47_[ 7
2 11 /1 —2iom 1
NLO E Mo Indmr ) —1 d —1. 14
GY*~(0,0,E) 47‘[/\ A ve + Indrnr n " + 5 (14)
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Double Counting and Including Finite Formation Time

To prevent overlap between perturbative and bound-state terms:
MDouble Counting(tf) o GLO (0’ 0, E) + GNLO(O, 0, E) (1 5)
The finite toponium formation time modifies each nS term in G(0,0,E) as

[n(0))(n(0)] oS/ _[1(0))(n(0)]
E,—(E+iTy) ¢ e E,— (E+iTy)

Top hadrons and formation time 22/39
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Cross section pyeess(ZH) at 13 TeV

3.5
—— Quantum formation time
3.0F ——— Classic formation time
E 2.5F
5
= a0}
S
—| §1.5F
gl =
S| 10f
=
0.5F
1 ’/ N o —— —_——=
0.0E=— . . . .
335 340 345 350 355
mzy(GeV)

Top hadrons and formation time 23/39



8¢ — ZH near top threshold
0000000

Hadron Level 0pycess(ZH) at LHC

HOV (dO'Fuu(ZH) N dUNLo(ZH))

Oexcess (ZH) = /78 Cev JE AE
NG 13TeV 13.6TeVs 14TeV 27 TeV
(Tegcess (ZH) witht; =0 13.6 fb 14.9fb 15.8fb 52.7fb

0S s (ZH) witht; =148 x 1072°s  5.34fb  585fb  6.20fb 20.7fb

13 TeV, o (pp — 1,(1S) — ZH) is 8.98 fb (Bai 2506.14552) or 15.8 fb (2504.12634)

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
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Qi (2508.19137)

[ J ]P = %+
® The binding energy E = —4.13 0.7 GeV.

The mass m(Qy) = 513.58 + 1.0 GeV.
Width Ftot(ﬂttt) ~ 3rt0t(t) =3.93GeV .

Top hadrons and formation time 26/39
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13 TeV o (pp = /) ~ 10712 fb (2508.19137)

102
1073
g o
T 10~%k
1075
PP Qte/ Qe+ X
10-%k
100 500 1000 5000 104

s (TeV)
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Toponium and () (2508.19137)

Particle Quet Jt Mt

J¥ or JF¢ 3+ 17" 0 F
Mass (GeV) 513.58 341.02 341.02
Binding Energy (GeV) 4.13 4.12 4.12
Typical Scale m;v? (GeV) 2.93 4.12 4.12
(r)  (fm) 0.016 0.011 0.011

1/(ree)  (GeV) 12.6 17.8 17.8

Production Process pp — Qese + 3 ete” = J; pp — e + X

Total Width (GeV) 3.93 2.604 2.615

Typical non-Wb decays — Qppp +3W (~107%) WW, bb (~1072) gg, ZH (~107%)

Top hadrons and formation time 28/39




Mass of T, in GeV, 2508.03422(HX Chen)

Other top hadron
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Mass

(GeV)

Difference

(MeV)

f
(GeV?3/?)

Decay channels

173.037030

173.0379:30

0.127004

0.1970:03

T‘D("‘)7 B£*)B(*),

Bé*)D(*), Dg*)B(*)

173.1270%

173.12703}

0.1155:53

0.225:5

vD{, B B

Top hadrons and formation time 29/39



Mass of Ty, in GeV, 2507.05895(HX Chen)

Other top hadron
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Mass

(GeV)

Difference

(MeV)

f
(GeV?)

Decay channels

173.831032

173.831032

0.64¥5:57

0.070:03

0.047901

TS /TA,

173.95+9:32

173.951032

0.695:08

0.0979:53

0.057 93

TES*)

Q. (1/21)

174.0815:3%

Q:(3/2%)

174.08790 53

0771918

0.04
0.12+5:93

0.077903

TOM

A(1/21)

173.637052

.0
0.03%551

TS /TA,

Z(1/2%)

173.761032

0.047351

TE((»/*)

Top ha s and formation time 9
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Mesons T,: mr, — m; in GeV, 2508.17646 (X Liu)

States T, T, T. T,

[1S,07) 0.384 0.456 1.293 4.275
[1S,17) 0.385 0.458 1.295 4278
[25,07) 0.924 0.997 1.821 4.816
[25,17) 0.925 0.998 1.823 4.817
|1P, 0*)1.[:% 0.789 0.861 1.692 4.705
[1P, 1+)j£=% 0.790 0.862 1.693 4.707
[1P, 1+>jz=% 0.789 0.861 1.704 4717
[1P, 2*)1.[:% 0.789 0.862 1.704 4718
1D, 1‘)”= 1.107 1.172 1.968 4.958
1D, 2‘)”: 1.107 1.173 1.968 4.958

[T ST NN

1D,27),,

Top hadrons and formation time
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— my in GeV, 2508.1764

Baryon Ty;: mr,,

States A, g, Eoer Eger Eobr o Ep

|1S,1/2%) 0.637 0.814 1.927 5.12 2.011 5.206 6.097

|18, 1/2%) 1.016 1.193 2.286 5.441 2.369 5.532 6.444

1P, 1/27) 0.893 1.071 2.175 5.352 2.257 5.440 6.343

[1P,3/27) 0.894 1.071 2.175 5.352 2.257 5.440 6.344

|1D,3/2%) 1.105 1.281 2.362 5.510 2.445 5.600 6.520

|1D,5/2%) 1.105 1.281 2.362 5.510 2.446 5.600 6.520

|[1F,5/27) 1.286 1.459 2.520 5.639 2.604 5.732 6.661

[1F,7/27) 1.286 1.459 2.520 5.639 2.604 5.732 6.661

States %, = = B = g 2, Q Qeer Qi
[1S,1/2%) 0.841 0.962 1.983 5.143 2.061 5.226 6.118 1.057 2.981 9.200
[28,1/2%) 1.210 1.332 2.337 5.460 2414 5.549 6.461 1.423 3.334 9.561
[18,3/2%) 0.842 0.963 1.984 5.144 2.062 5.227 6.119 1.058 2.982 9.201
[28,3/2%) 1.211 1.332 2.338 5.461 2.414 5.549 6.462 1.423 3.334 9.561
1P, 1/27) =0 1.076 1.201 2.223 5.370 2.297 5.455 6.357 1.293 3.217 9.454
[P, 1/27) =1 1.083 1.207 2.225 5.371 2.300 5.456 6.358 1.298 3.219 9.456
[1P,3/27) =1 1.084 1.207 2.225 5.372 2.300 5.457 6.359 1.298 3.220 9.456
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Summary

* Probe the formation time of toponium at the yoctosecond (10~%* s) scale.

® The study contrasts two extreme pictures:
® Quantum formation: t; = 0 — state emerges immediately after tf production.
* Classical formation: f; ~ 1.5 x 10~2°> s — causal evolution.

¢ The observable channel g¢ — ZH near threshold provides a direct test:
M(gg — m:(1S) — ZH) o e~ 21/™,

Finite #; suppresses excess(ZH) by about a factor of 2-3.

e Extensions: explore other top hadrons (Qy4, Ty and T44) 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 tf threshold (> 5¢)
opens a new era in top-quark physics.

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

® Future prospects:
* Improved precision on Oexcess(ZH) at HL-LHC and HE-LHC.
e ¢te~ — bbat CEPC/FCC-ee.

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

Thanks!
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Spectral Decomposition of the Green Function

With principle of superposition

#(7) = LIn()) (n(0) |+/d3k|k ) (K(0)], (17)
Expanding in bound and continuum states:
n(0))(n(0)] / 3 [K(0)) (K(0))]
G(0,0,E) d’k ——————~—~. 18
= g _(E+iy) E+1I‘t) Ec— (E+ 1) (18)

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

- 1 A [k
‘k(0)> = E 1 _ g—mmA/k

Top hadrons and formation time 36/39
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Explicit Form of G(0,0,E)

Combining bound and continuum contributions:

. ()U’i’lt)?’ 1
G(0,0.E) = Z 83 E, — E — il

n
k2 dk 1 miA/k
27t kK2/my — E —iTy 1 — e~ 7omd/k°

(20)

® Real part divergent, imaginary part finite (Beneke:2013jia).
e Discrete sum reproduces Breit—-Wigner peaks for nS states.

Top hadrons and formation time



Summary
0000000

Time evolution of the wavefunction

The time evolution includes exponential decay governed by t;:
lpn (?, t) — e—i(th—i-En)te—t/T,lpn (7;, 0).

® — Toponium acts as a yoctosecond-scale chronometer of quantum coherence.

At production (t = 07), the system is pointlike:

P(7,07) ~ 46(7).

Large I'; keeps virtuality above v/mI's, suppressing soft-gluon divergences.
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Quantum vs. classical formation

Quantum picture

Immediately after creation (t = 07):

$(7,0%) = L s 0) [15) + [ dhyy(0) [R).

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

Classical picture

The tf pair evolves over a finite time into a bound state.
In the CM frame, tf pair is produced with 7(0) ~ 1/m; and v < /A/ (mr(0)) form
bound states via oscillatory motion.

Top hadrons and formation time
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