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Outline

e ~1990, early works on toponium.

e 2017 eTe™ — ttH @ ILC, density matrix for ¢f spin correlations.

e 2019, hint of anomaly in LHC run 2 data.

» 2021, toponium gives dileptons with small ¢(Il"), m(Il").

e 2025, both ATLAS and CMS confirmed that observed anomaly is
consistent with toponium formation.

e 2026, we revisiteTe™ — © +)(t1.

e Quantum physics @ 10~/ times the atomic scale.



Early works on toponium

-Late 1980’s: m, > 100 GeV — I, ~ O(1) GeV — no sharp resonances

-1987: All toponiums have the same decay width, 21,
Green’s function (E + i, — H)G(E; 7) = 6°(F)
by V.S.Fadin and V.A. Khoze, JETP Lett 46, 417 (1987)

*1991: Numerical solution of G(E;0) for QCD potential,

by M.Strassler and M.Peskin, PRD43, 1500 (1991)

+1992: Fourier transform G(E; p) — momentum distributions
by Y. Sumino, K.Fujii, K.Hagiwara, H. Murayama, C.K.Ng, PRD47, 56(1993).

-1992: S- and P- wave interference gives A, in e e™ — 1t
by H. Murayama, and Y.Sumino, PRD47,82 (1993).

.1992: G(E; p) directly from solving Lipman-Schwinger equation,
by M. Jezebek, J.H.Kuhn, T.Teubner, ZPC56, 653 (1992)
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Production is process dependent.
[K.Hagiwara, H.Yokoya, and YJZ JHEPO02 (2018), arXiv:1712.09953]

t—blw Trace of density matrices. tof
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Decay final states
keep all the spin
correlations of 77.

Sum of all helicity =

Vs =550 GeV "~
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t and ¢ decay
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Appendix A in [K.Hagiwara, H. Yokoya, and YJZ, JHEP2018, 1712.09953 ] gives t — b/v and bdu decay density matrices. The above
. forms are obtained after integrating over b + v phase space. Hadronic decays are also sensitive to top spin, because one of W-decay
dijets gives the same information as the charged leptons in semi-leptonic decays.
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2019 Anomaly?

2019 LHC run2 data for ¢ production cross section and dilepton events at \/_ = 13 TeV, ~ 36 fb~!.
= MBS S N B L B CMS 35.9 fb'' (13 TeV)
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[ATLAS EPJC2020] [CMS JHEP2019]
22 Both ATLAS and CMS observed excess of data over the ‘SM’ prediction at low ¢(II’), m(II’) bins [ATLAS EPJC 2020,
CMS JHEP 2019].

+ This may suggest that either 77 production MC underestimates small angle dileptons, or new physics.
+ The standard ¢ MC does not contain toponium. 6



WA

- * Multiple gluon exchange effects are evaluated by

- using Green’s function of the non-relativistic
% Hamiltonian with QCD potential. [V.S.Fadin and
.. V.A.Khoze (JETP1987) (Sov. J. Nucl. Phys1988)]
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[Y.Sumino and H.Yokoya, JHEP2010]
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B.Fuks, K.Hagiwara, K.Ma and YJZ. Phys.ReV.D104(2021)3,034023, Eur.Phys.J.C85(2025) 2, 157]



Predictions based on LHC 36/fb analysis

--------------------------------------------------------------------------------------------------------------------------------------------------------------
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2021 Cut tt Toponium | Ratio [:S_ =13 T‘G_V 140 fb_l < 0.8%
5 Initial 113,000,000 900,000 | 0.0079 ]
Di-lepton 5,160,000 41,000 | 0.0079 My = 173 GeV
pr, |nl, AR 1,370,000 10,300 | 0.0075 o pr > 25 GeV
Ay 178,000 4,060 | 0.023 —
My 77,000 2,760 | 0.036 |_7Z| < %;5 AR>0.4
mer (00'bb; vy ) 40,800 2,460 | 0.060 o - |
tt kinematical fit 20,400 1,420 | 0.070 m?:_(—[g,bb; Vi) < 3203\/ 7%
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Toponium study starts!
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[1] B.Fuks, K.Hagiwara, Kai Ma and YJZ, ‘Signatures of toponium formation in LHC run 2 data’, Phys. Rev.D 104 (2021) 3, 034023.
[2] B.Fuks, K.Hagiwara, Kai Ma and YJZ, ‘Simulating toponium forgmation signals at the LHC’, arXiv:2411.18962. EPJC 85 (2025) 157.




Next steps

P-wave toponium S-wave (I=0) P-wave (I=1)
88 — (tf)co or sinele ' 1 3 3 3
I gl té LHC phySICS ‘Sjjz() Pj:() Pj:l Pj=2
n., ., x’ are almost degenerate and interfere. 7, 0! 20 27
*Spin-1 toponium 3¢
qq — (tt) ALALHC? = 1
color singlet 9 €+€_ @ \/E ~ 2mt Q. Q, e

*Merging of NRQCD and QCD @ NLO

Our current simulation program has a
discontinuity @m(tt) = 2m, + 4GeV.
Experts help needed.

| E~—2GeV E~—0.5 GeV
‘Precise measurement of mi @ LHC Ge
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dilepton angular distributions
1], 1], are spin singlets —) Prefers 0,7 ~ () —1 when (5» qg) = (0, @)

1 71 9 1—cosfl— cosd
Tl—=171T1 (_ ) + COS + COS N COS COS
1) 5 > >

.— sin @ sin @ cos(¢p — )

\/5 production density matrix

.0, )(O 1,2 are all spin triplets 9 Prefers ‘9{2 ~ T

— - (1 + cos O)(1 — cos 0)

; largest when (8, 0) = (0,7)

) l+cos@1+cos® 1—cos@1—cosfh—1 . _ 7
- 2 R . BE sin @sin @ cos(¢p — ¢)

largest when p — ¢ =«

9 (1 — cos@)(1 + cos 6)

S largest when (8, 0) = (r,0)



e'e” —tt — uvyb + eVeb m;=1725GeV, I} =1.315GeV

_I_I_'—|_I_I_'_|_,_|—'_'

pr(t) > 10 GeV
pT(/) > 30 GeV




Helicity amplitudes for e ¢™ — {f revisited

Ve =y <e_(k ek - ﬁ) = 1(p, E)f(ﬁ, 3)> A= 3¢’ ssp"
_ af =2 g2 2
= VIR0, (0) Y, At (P304 ) e
B=L,R Z,
Fierz identities: 0 akl = 20. l5k] — 5 5kl . ! / )
€ 0 e
* (Gi)lj 1/4)kl _ 25z'l5kj i //

(Ui)zj(% ki = 2(517% . 5iz5kj) — Z(igz)ik(igz jl

M = Ay, [v*<k><z02>u*<p, —>] [u5<k><i02>vL<p, > (P gwk)] IVZU?)VR@»%)]

In the rest frame of t: t spin is

L long e~ ite of e™) polarization direction
In the rest frame of 7: 7 spin is } along e (opposite of ¢ ) polariz

At the threshold, t rest frame ~7 rest frame ~ ¢ e ™ rest frame
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Helicity amplitudes for ¢ "¢™ — t7: non-relativistic limit
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Relative strength of P-wave over S-wave

14



Decay lepton (down-type quark) distribution
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Greens function reweighting of the amplitudes

~ - 2 _ 2 _ 2
G(E, Gy(E, G(E, Gp(E,

~S( p) M - ~P( p) M,| = ~S( p) M - ~P( p) M,
GO(Eap) GO(Eap) G()(Eap) GS(Eap)

Mg ~2m>(A; +AR)| L),

MP~2m3<ALL+ALR>-r(—cos [11), —— ‘H)ZHH))

2 Vio2 |
G(Eap) Rsin@
Dm2A,, + A, )| = 1 —Rcos®
m;(Arp + Arg) G ( cosO)| 4 1), —— (141),+111),)
. | R — Gp(EaP) - GP(E,p) P ALR_ALL

G(E, p) GyE,p) m; Ajp+A;r;

Both Re(R) and Im(R) can be measured from decay lepton angular correlations.
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S-wave Green’s Function | G (E, p) |2

[, =0.15GeV




P-wave Green’s Function | Gp(E, p) |2
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1 = Sum =S +1 \l

{ —— -2J(G(E,0,0)) from LS eq. E ‘l
\
1
\

-
....
.t
.
-t
-
28

......

o.:-.l"'....-‘Qi

Y~
—— L] < y—-—
-——--—-_-_---— - - e P —————— —

-------- -

—20 —15 —10 5] 10 15 20

In order to test the dccuracy of our GS(E, D)
by numerically solving the LS equation, we

use the Coulomb pqtential with constant ag

= ImGy(E +11,,0) | is known analytically.
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ete™ — tt — utvyb + e Veb

G(E,p)

G(E,p)

-6lll-4lll-2ll Olll2lll4
\/E—th[GeV]

E1=-2.3GeV E>=-0.56GeV, no peak at E=-E», (y/)
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We can discover )(tl by measuring interference between S- and P-wave amplitudes.

AFB

0.5

0.0

H. Murayama, and Y.Sumino, PRD47,82 (1993).

x10~]

ete™ — tt — utvyb + e Veb

[— With Green
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Space-time evolution of toponium formation and decay

A 3

Lightcone\\b&b
(x=t)

b&t

toponium

toponium formatio

Time (GeV-1) 1
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It Lightcone -’
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L4
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, 1
21
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>

o—k

I
0.5

 Coulombic potential

. Egbs. < Egmis. not

iIncluded In our

simulation.
[M.Peter&Y.Sumino, PRD 57,6912 (1998)].

« P-wave toponium

Is twice larger than
the ground state.



* We can study quantum physics at the scale of 10-7 times smaller than the atoms by
using high energy lepton collider, such as ILC.

 Beam polarization is a powerful probe since it directly controls top and anti top spin

polarizations.
Hydrogen atom

Electron

VectorStock

~ o —17 ]
S0Gay ~ VOLm ~ 107 m 1A = 0.1nm = 10-1%,

(Size of positronium )
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Backup
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