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Department of Physics, Lund University

with input from Valery Khoze, Durham University

and Christian Preuss, University of Göttingen

Toponium Day, CERN, 14 January 2026



Pseudo-bound “toponium” revival

CMS Collaboration, Rept.Prog.Phys. 88 (2025) 8, 087801
(2503.22382 [hep-ex])

σ(ηt) = 8.8±+1.2
−1.4 pb.

Require: ℓ+, ℓ−,
two b tags,
solve for two ν,
mass cuts.
Study:
chel = ℓ̂+t · ℓ̂−

t
+ more

8

Figure 2: Observed (points with statistical error bars) and predicted (stacked colored his-
tograms) distributions. Left: chel for mtt < 360 GeV and integrated over chan, from the nominal
fit using mtt . Right: mbbωω integrated over chel and chan, from the alternative fit using mbbωω in-
stead of mtt , which is discussed in Section 4.1. In the upper panels, the tt histogram shows the
FO pQCD prediction after the fit to the data that includes the η t signal model (whose contribu-
tion is not drawn). On the right, the shown event rates are divided by the bin width. The lower
panels display the ratio of the data to the FO pQCD + background prediction, with η t signal
overlaid at its best fit η t cross section (red line). The gray band indicates the postfit uncertainty.
The first and last mbbωω bins include all events with reconstructed mbbωω below 100 and above
750 GeV, respectively, and the drawn bin width is used for the normalization in these bins.

ATLAS-CONF-2025-008, similar approach,

σexcess = 9.0± 1.3 pb.
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Prehistory: the third generation

1973 CPV with 3 quark generations, M. Kobayashi and T. Maskawa

1975 τ lepton, SPEAR at SLAC, M.L. Perl et al.

1977 Υ, E288 at Fermilab, L. Lederman et al.

1978 Υ → ggg, PLUTO at DESY

1978 (ca) “most” theorists expect mt ≈ 15 GeV since

mc

ms
≈ 1.6

0.5
≈ 3 ,

mb

mc
≈ 5.0

1.6
≈ 3 ⇒ mt

mb
≈ 15.0

5.0
≈ 3

with narrow tt bound state decaying to ggg (and γ∗)

1979 – top exclusion gradually shifts upwards, notably PETRA at DESY

1984 UA1 at CERN finds top at mt ≈ 40 GeV

1987 B0 − B
0
oscillations at ARGUS at DESY implies massive top;

notably toponium (if any) mainly decaying weakly

1994 top evidence by CDF at Fermilab; 1995 discovery by CDF and D0
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Early top threshold studies – 1

I. Bigi, Y. Dokshitzer, V. Khoze, J Kühn, and P. Zerwas,
Phys. Lett. 181B (1986) 157:
mt > 125 GeV ⇒ tdecay < trevolution for tt state, and yet e.g.

σ(pp/pp → 0−+
tt

+ X ) ∼ π2

8m2
tt

Γ(0−+
tt

→ gg)

mtt

[
τ
dL
dτ

]
gg

V.S. Fadin and V.A. Khoze,
JETP Lett. 46 (1987) 417
(+ Yad. Fiz. 48 (1988) 487):
Green’s function approach for
e+e− → γ∗/Z0 → tt threshold.

Figure: mt = 140 GeV,
dash-dotted Born, solid αs = 0.150,
dashed αs(Q

2 = mt

√
E 2 + Γ2t )
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Early top threshold studies – 2

P. Nason, S. Dawson, R.K. Ellis,
Nucl.Phys.B 303 (1988) 607:
NLO calculation of
heavy flavour production;
note threshold enhancement
(and mt = 40 GeV)
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First (?) detailed studies of top threshold in pp/pp,
including pseudoscalar “toponium” contribution:
V.S. Fadin, V.A. Khoze, TS,
proceedings Moriond 1989, Z. Phys. C48 (1990) 613,
(+ V.S. Fadin, V.A. Khoze, Sov.J.Nucl.Phys. 53 (1991) 692).
Unfortunately for mt = 100, 140 or 200 GeV, so update needed.

Since then many other studies, quite likely more sophisticated,
see further presentations today.
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Kinematics and colour factors

mt ≈ 172.5 GeV on-shell mass,
Γt ≈ 1.34 GeV Breit-Wigner width,
mt1 and mt2 Breit–Wigner-smeared t and t masses,

βt =

√(
1−

m2
t1

ŝ
−

m2
t2

ŝ

)2

− 4
m2

t1

ŝ

m2
t2

ŝ
=

√
1− 4

m2
t

ŝ

which defines the “average” mass mt to preserve |p| in the tt rest frame.

Colour factors for gg → tt:

octet

singlet
=

(dabc/
√
2)2

(δab/
√
3)2

=
5

2

i.e. gg → tt is 2/7 singlet and 5/7 octet, while qq → tt is all octet.
Higher-order processes like gg/qq → gtt could enhance singlet fraction,
and switch from pseudoscalar 0−+ to vector 1−−.
Torbjörn Sjöstrand Top Threshold Revisited slide 6/32



Coulomb enhancement

QCD analogue of QED Sommerfeld, Gamow, Sakharov, . . .

All-orders resummation of gluon exchange gives

|Ψ(s)(0)|2 =
X(s)

1− exp(−X(s))
with X(s) =

4

3

παs

βt
,

|Ψ(8)(0)|2 =
X(8)

exp(X(8))− 1
with X(8) =

1

6

παs

βt
,

αs = αs

(
mt

√
E 2 + Γ2t

)
,

E=
√
ŝ − 2mt = m̂ −mt1 −mt2
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NRQCD Green’s function (Fadin & Khoze)

G̃ (s)(E ) =
4π

m2
t

ℑG (s)
E+iΓt

(0, 0) =
p2
mt

+
2ps
mt

arctan
p2
p1

+
2p2s
m2

t

∞∑
n=1

1

n4

Γtpsn + p2
(
n2
√

E 2 + Γ2t +
p2s
mt

)
(
E + p2s

mtn2

)2
+ Γ2t

,

G̃ (8)(E ) =
4π

m2
t

ℑG (8)
E+iΓt

(0, 0) =
p2
mt

+
2p8
mt

arctan
p2
p1

+
2p28
m2

t

∞∑
n=1

mtp2
(np1 − p8)2 + n2p22

,

where ps =
2

3
mtαs ,

p8 = − 1

12
mtαs ,

p1,2 =

√
mt

2

(√
E 2 + Γ2t ∓ E

)
.
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The singlet channel G̃ (s)(E )

1990: top not yet found, so results for mt = 100, 140 and 200 GeV.

1990: 2025:
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Note values at the time: Γt = 2.5 GeV for mt = 200 GeV;
Λ
(5)
QCD = 0.2 GeV ⇒ αs(m

2
Z) = 0.134.
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The octet channel G̃ (8)(E )

1990: top not yet found, so results for mt = 100, 140 and 200 GeV.

1990:
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Fig. 4a-e. Threshold behaviour for colour octet channel, with run- 
ning %. The full line is standard threshold factor fit, the dashed 
one the naive suppression recipe/3,[ 7~(8)(0)12, and the dash-dotted 

(8) 2 one the expression 4 dGE+m(O,O)/mt, a m t = 1 0 0 G e V ,  brat 
= 140 GeV, e mt = 2 0 0  GeV 

6 Summary 

Let us emphasize that our purpose here was not the 
detailed description of all QCD corrections, but the dem- 
onstration of the Coulombic ~C~s/fl effects, in differential 
and total cross-sections. The reader can find a compre- 
hensive analysis of the one-loop QCD corrections to the 
heavy quark pair production in [17, 12]. The two ap- 
proaches are complementary. One aspect not included 
in the one-loop formulae, but included here, is bound 
state production. The one-loop approach will still very 

likely be reasonably good in a dual sense, i.e. in giving 
the total cross-section near to threshold, even if not the 
detailed shape. 

The threshold modifications are especially important 
for e+e  - annihilation. This process is entirely colour 
singlet, and a significant enhancement of the cross-sec- 
tion is therefore to be expected. It is important to take 
this into account, e.g. for the determination of the top 
quark mass, once a signal is seen. We also mention that, 
for mt =< 100 GeV, one may hope to extract information 
on %(k,), by a comparison of cross-sections in the lowest 

2025:
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Note values at the time: Γt = 2.5 GeV for mt = 200 GeV;
Λ
(5)
QCD = 0.2 GeV ⇒ αs(m

2
Z) = 0.134.
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Singlet and octet channels for current top mass
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mt = 200 → 172.5 GeV,
Γt = 2.5 → 1.34 GeV,
αs(m

2
Z) = 0.134 → 0.118

with 1 → 2 order running.
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Green’s only reliable near E = 0:
e.g. dampen to 0 between
E = −10 and −20 GeV.
What about large E?
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Corrected threshold

In FK Green’s functions, E is
nonrelativistic limit of mtβ

2
t :

E = (m̂ − 2mt)

(
m̂ + 2mt

m̂ + 2mt

)
=

ŝ − 4m2
t

m̂ + 2mt
≈ mt

(
1− 4

m2
t

ŝ

)
so define “Green” EG accordingly

EG = m̂ −mt1 −mt2

→ mt

(
(1− r1 − r2)

2 − 4r1r2
)

with r1 = m2
t1/ŝ and r2 = m2

t2/ŝ.

Intended to work also for β2 < 0!

With G̃ (s,8)(E ) → G̃ (s,8)(EG(E )):
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With damping for E < −10 GeV.
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What does E < 0 mean for events?

In the Green’s function Γt is a parameter,
but t/t Breit-Wigner (BW) mass smearing is not explicit (but . . . ).
And the fate of a below-threshold state is not detailed.

In a complete description — like in an event generator —
the above-threshold part is straightforward: pick events according to
BW(t) × BW(t) × PDF(x1) × PDF(x2) × ME × PS × G̃ (EG)/βt
(PDF = parton distribution, ME = matrix element, PS = phase space).

Does not work for E < 0, where phase space is vanishing naively.
But an E < 0 pseudo-bound state decays by the weak decays of t and t.
A theorist’s detector would reconstruct m′

t1 and m′
t2

where m′
t1 +m′

t2 < mt1 +mt2 so that E ′ = m̂ −m′
t1 −m′

t2 > 0.
⇒ the E < 0 states are never detectable as such,
but show up as a component of the BW with lower average mass.

So ideally correctly modified BWs would solve it, but no such known (?).
How handle in practice?
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The four-mass “hybrid” solution

10 5 0 5 10 15 20 25 30
E (GeV)

0.0

0.5
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2.5

d
/d

m
 (p

b/
Ge

V)

Born
Green's E > 0
Green's E < 0

Full simulation pp at 13 TeV,
300 GeV < m̂ < 400 GeV.
gg → tt 2/7 singlet, 5/7 octet.
qq → tt all octet.

1. BW-pick mt1, mt2.
2. Pick m̂ > mt1 +mt2 − 20 GeV.
3. If E < 0 BW-pick m′

t1 < mt1,
m′

t2 < mt2 such that E ′ > 0.
4. If E > 0 weigh by G̃ (EG)/βt,

else by “hybrid” G̃ (EG)/β
′
t.

Advantages:
realistic E , m̂, m′

t1, m
′
t2 and β′

t

distributions.

Disadvantages:
ad hoc m′

t1 and m′
t2 selection,

affecting E < 0 weighting;
tiny mismatch at E = 0.

σ(E < 0) = 6.76 pb.
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Kinematics distributions – 1

Invariant mass of t+ t pair:

300 320 340 360 380 400
m (GeV)
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Breit-Wigners smear
meaning of threshold at 2mt.

Ditto, but all masses > 200 GeV:
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Green's all
Green's E < 0

In full range σtot = 565 pb,
so σE<0 = 6.76 pb = 1.2%.
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Kinematics distributions – 2

Actual masses of t and t:

140 150 160 170 180 190 200
mt (GeV)
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max(mt1, mt2) all
min(mt1, mt2) all
max(mt1, mt2) E < 0
min(mt1, mt2) E < 0

E < 0 contribution typically
leaves heavier t/t close to peak,
while lighter is pushed off-shell.

Average velocity βt of the pair:
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As expected below-threshold top
quarks typically are slow-moving.
(These plots for 300 < m̂ < 400.)
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The Breit–Wigner threshold smearing

Pythia operates in a “narrow width approximation”:

dσ̂(ŝ,mt1,mt2) = BW(mt1)× BW(mt2)× dσ̂(ŝ,m).

Straightforward when dσ̂(ŝ,m) is independent of Γt:
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Coulomb, t = 0
Coulomb, t = 1.34 GeV

But what to do when Γt dependence is less trivial?
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Width doublecounting issues

So far the “full” Green’s handling has involved several scale choices:
1 Event-by-event Breit-Wigner mt1 and mt2 define E = 0 level.
2 Almost discrete E < 0 pseudo-bound state locations, given by the

QCD potential, with a negligible ∼ 2 MeV QCD decay width.
3 Full width of the pseudo-bound states, approximately 2Γt.
4 Conditional Breit-Wigners m′

t1 and m′
t2 when E < 0.

Is there doublecounting?

Yes, unfortunately!

See e.g. V.S. Fadin and V.A. Khoze,
Sov.J.Nucl.Phys. 53 (1991) 692,
where Born-level cross section factor βt
becomes p2/mt by BW smearing.
(Though not perfect agreement.)
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Width doublecounting distributions

How eliminate/reduce doublecounting between explicit BWs
and Green’s-function-corrected MEs?
Setting ΓBW

t = 0 or ΓME
t = 0 gives singularities in the Pythia code,

so not possible, but e.g Γt = 0.2 GeV works.
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Cross sections

σ (pb)

model E < 0 m̂ < 345 m̂ < 380 all

Born 0.00 2.23 61.313 516.26
Coulomb 0.00 3.21 74.35 558.58
Green full 6.78 8.85 81.07 565.10
Green narrow ME 4.74 6.85 78.86 562.98
Green narrow BW 6.67 6.98 80.79 569.35

gg only 6.32 8.08 70.42 502.05
qq only 0.46 0.76 10.63 63.06

gg singlet + qq octet 17.92 20.90 140.26 744.65
gg octet + qq octet 2.34 4.05 57.38 493.25

ME α
(1)
s = 0.130

→ α
(2)
s = 0.118 5.64 7.36 67.45 471.38

PDF NNPDF 2.3 LO
→ PDF4LHC21 NNLO 6.93 9.05 83.74 584.10
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Angular distributions (1)

For pseudoscalar toponium the t and t are correlated, giving ME

(neglecting separately simulated Breit-Wigners).

Thanks to Christian Preuss

Not calculated: transition away from pure pseudoscalar behaviour.
Instead user-settable begin and end of transition region.
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Angular distributions (2)

Pseudoscalar toponium gives strong correlations between ℓ+ and ℓ−:
dP/d cos θℓ+ℓ− = (1 + cos θℓ+ℓ−)/2 if tt, t and t at rest.

In region with E < 10 GeV (incl. E < 0) results slightly deformed:
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Angular distributions (3)

Pythia by default assumes top to be unpolarized,
but in t → bW+ → bff

′
decay chain ME ∝ (ptpf′)(pfpb).

Preserved in 6-fermion ME:

cos θbℓ (same top)
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Code status

Pythia 6 contained Coulomb as an option,
but not Green’s since E < 0 event generation was not addressed.

First new code in August as plugin, but simplified below threshold.

Pythia 8.316 in October has full handling of production,
but still uncorrelated decays.

Pseudoscalar angular correlations as user hook in November.
Now integrated into Pythia 8.317, released ?? January.

A few new free parameters: singlet fractions in gg → tt and qq → tt,
threshold region size, αs in G̃ (E ), pseudoscalar decay angles
+ old ones: mt, Γt, PDFs, αs elsewhere, . . .

All are part of the full Pythia event generation chain.

Nontrivial transition to full (N)NLO somewhat above threshold,
including consistent top masses and angular decay correlations.
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Summary

Revival of V. Fadin, V. Khoze, TS 1989/1990 study
on the top threshold region in pp,
based on NRQCD Green’s function formalism.

New extension to generate events in E < 0 region,
and handle angular distribution of pseudoscalar tt state,
now part of Pythia 8.317.

Confusing state of Γt handling relevant but not critical.

Many other later calculations, different but in a similar spirit.
Could potentially use same framework for other Green’s functions.

Advantage of close integration in a full event generation chain.

Thanks to Valery Khoze and Christian Preuss, and

Thank you!
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Backup: Examples of 1990 studies

Total cross section, mt = 100 GeV:
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Fig. 5a~l. Invariant mass distribution of tt  pairs for mt= 100 GeV. 
Full line is without any Coulomb corrections, dashed and dotted 
ones with corrections, using a fixed or running c%, respectively. 
Contribution below threshold is not included, a for the SppS col- 
lider at 630 GeV, b for the TeV I collider at 1.8 TeV, c for the LHC 
collider at 15 TeV, d for the SSC collider at 40 TeV 

,F ig .  6. The energy dependence of the total cross-section for tt pro- 
duction, subdivided into contributions from qct--* ti (full), gg ~ tt 
continuum (dashed), g g ~ t i  bound state (dash-dotted), and 
qq ~ g(tt) bound state (dotted). Results are for rot= 100 GeV and 
running c~ s 

full: qq → tt; dashed: gg → tt;
dash-dotted: gg → T :
dotted: qq → gT (T = bound)
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,F ig .  6. The energy dependence of the total cross-section for tt pro- 
duction, subdivided into contributions from qct--* ti (full), gg ~ tt 
continuum (dashed), g g ~ t i  bound state (dash-dotted), and 
qq ~ g(tt) bound state (dotted). Results are for rot= 100 GeV and 
running c~ s 

full: Born;
dashed: Coulomb with fixed αs;
dotted: Coulomb with running αs
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Backup: Green’s function breakdown

Recall basic structure with three terms
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Backup: the threshold region in detail
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Torbjörn Sjöstrand Top Threshold Revisited slide 28/32



Backup: the UA1 top “signal”
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Fig. 10. Four-body versus three-body mass distribution for the 
six W --, tb candidate events. The effective mass of the lepton, 
the lower-E T jet, and of the transverse component of the 
neutrino is plotted against the mass of the lepton, two-jet, 
transverse neutrino system. The four-body mass peaks at the 
W mass. The three-body mass clusters around a common value 
of ~ 40 GeV]c 2. The curves show the expected [14] distribu- 
tions, taking into account the experimental resolution. Allow- 
ance should be made for a systematic error arising from uncer- 
tainties in the jet reconstruction (-+ 10 GeV/c2). 

Two correct ions  have to be in t roduced  to derive the 
" t r u e "  je t  energy: (i)  some o f  the je t  debris can fall 
outside the cone o f  acceptance and therefore  energy 
must  be added,  and (ii) some of  the uncorre la ted  low- 
energy tracks f rom the under lying event  may  be added 
by the je t - f inding a lgor i thm and their  average contr ibu-  
t ion must  be subtracted.  A very comple te  Monte  Carlo 
calculat ion has been set up to take into  account  these 
effects,  starting f rom the measured f ragmenta t ion  
funct ions  and including the de tec to r  properties.  Tables 
o f  correc t ion  factors and o f  errors have been generated 
in this way [17] * 7 and used to calculate " t r u e "  ener- 
gies. It can be seen in fig. 10 that ,  wi th in  these errors,  
all six events  are consistent  wi th  a c o m m o n  mass m w 

,7 Note that ISAJET [ 15 ] gives systematically different re- 
suits by as much as 10-20% on the jet energies. 

i 
o 

o ~  

E 
o 

I i o 

~ 2  
EVENTS/SGeV/c 2 

% 6  

~ 2  

~ 0  

/ 
/ 

/ 
/ 

, , i r i I /  
/ - 

/ 
/ 

/ 
/ 

/ /  

/ 
/ 

/ 

0 80 

, ~ i i i i 

Lepton + 2 jets 

6 EVENTS 

I i , I I i 

20 t,O 60 

m (Iv r Jz) r'eV/cZ 

Fig. 1 l. The two solutions for the three-body mass distribu- 
tion m(~ vTj). The solution using the lower-E T jet, rn(~vTj2), 
gives a distribution consistent with a common value of ~ 40 
GeV/c 2. The other solution using the higher-E T jet gives a 
broader distribution extending to higher masses. 

[18] ,8 .  Therefore ,  we conclude that  we are observing 
a new, semileptonic  decay o f  the W particle. 

In order  to  ident i fy  the decay mode ,  we can next  
evaluate the invariant mass o f  the lepton,  the neutr ino,  
and one o f  the jets. In fig. 10, we also show the three- 
body  mass dis t r ibut ion m(£vTJ2)  obta ined  by  selecting 
the lower-transverse-energy jet .  A sharp peak is ob- 
served around 40 GeV/c  2. The o ther  solution,  based 
on the o ther  choice o f  je t ,  gives a broader  spectrum,  
extending to higher masses (fig. 11). Fo r  three events,  
bo th  choices give consistent  mass values. For  the o ther  
three events, we prefer  the low-mass solut ion since (i) 
the high mass corresponds to  decays strongly sup- 
pressed by phase space, and (ii) Monte  Carlo simula- 
t ion shows that,  for  W ~ tb events,  this is the right 
choice in the major i ty  o f  cases. Therefore ,  we conclude 
that  we have observed a new particle state amongst  the 

,8 The detection efficiencies for electrons and muons arising 
from top quark decays have been evaluated by a Monte 
Carlo calculation, yielding an efficiency of 0.60 for elec- 
trons and 0.34 for muons. Leptons arising from leptonic 
W decays have higher momentum and therefore different 
trigger, reconstruction, and selection efficiencies. 
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GeV/c 2. The other solution using the higher-E T jet gives a 
broader distribution extending to higher masses. 

[18] ,8 .  Therefore ,  we conclude that  we are observing 
a new, semileptonic  decay o f  the W particle. 

In order  to  ident i fy  the decay mode ,  we can next  
evaluate the invariant mass o f  the lepton,  the neutr ino,  
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body  mass dis t r ibut ion m(£vTJ2)  obta ined  by  selecting 
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served around 40 GeV/c  2. The o ther  solution,  based 
on the o ther  choice o f  je t ,  gives a broader  spectrum,  
extending to higher masses (fig. 11). Fo r  three events,  
bo th  choices give consistent  mass values. For  the o ther  
three events, we prefer  the low-mass solut ion since (i) 
the high mass corresponds to  decays strongly sup- 
pressed by phase space, and (ii) Monte  Carlo simula- 
t ion shows that,  for  W ~ tb events,  this is the right 
choice in the major i ty  o f  cases. Therefore ,  we conclude 
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,8 The detection efficiencies for electrons and muons arising 
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Backup: The old mirror alternative
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Green's above threshold
Green's below threshold mirrored
Green's in total

Full simulation pp at 13 TeV,
300 GeV < m̂ < 400 GeV.
gg → tt 2/7 singlet, 5/7 octet.
qq → tt all octet.

Mirror the E < 0 contribution
into the E > 0 region.

Advantages:
robust Monte-Carlo-wise;
good enough if ∆m̂ > O(20 GeV).

Disadvantages:
too low PDF weight
(notably g dropping with x);
no BW distortion.
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Backup: The old mass shift anternative
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Born cross section
Green's above threshold
Green's below threshold shifted + mirrored
Green's in total

Full simulation pp at 13 TeV,
300 GeV < m̂ < 400 GeV.
gg → tt 2/7 singlet, 5/7 octet.
qq → tt all octet.

As above, but change
mt = 172.5 → 168.7 GeV
for mirrored part,
so ⟨E ⟩ = +3.82 → −3.90 GeV.

Advantages:
better ⟨m̂⟩,
so better PDF weights;
good enough if ∆m̂ > O(10 GeV).

Disadvantages:
requires two sub-runs;
BW peak in wrong place,
also likely wrong βt.
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Backup: Old cross section comparison

Consider 13 TeV pp collisions in range 300 < m̂ < 400 GeV:

σ (pb) change

initial state gg qq sum

Born 88.5 18.7 107.2 —
Coulomb 108.1 16.9 125.0 +16.5%
Green’s, E > 0 108.3 17.1 125.4 —
Alt. 1, E < 0 5.30 0.40 5.70 +22.3%
Alt. 2, E < 0 5.86 0.41 6.27 +22.8%
Alt. 3, E < 0 6.29 0.47 6.76 +23.3%

all octet 1.93 0.47 2.40 −6.2%
all singlet 17.1 4.4 21.5 +121%

So alternative 3 maybe slightly higher σ(E < 0) than warranted,
but overall looks good as most realistic modelling.

Beware significant impact of colour factors,
which could be changed by higher-order effects.
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