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m tf production at LHC = both CMS and ATLAS see an excess of
events w.r.t. pQCD near the kinematic tt threshold

a Used for analysis: “cpe” and “Chan”

. . - CMS 138 fb~1 (13 TeV)
sensitive to spins of {t system } Data mm tx unc.
. . %104 tt Other
@ Excess cross section: oa i < 360 GeV
.q qt12 £ :
CMS: 8.87,7 pb g 3

ATLAS: 9.0+ 1.3pb
m tf bound state?
BSM pseudoscalar Higgs boson?
a Look for BSM once all relevant
SM predictions are included
in the experimental analyses
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Top quark \“(“’

of Technology

a m; ~ 173 GeV ~ M(gold atom)
> too heavy to form bound state
= life time too small:

T R 2x10%s7! 2 T A T(t— Wh) ~ GF’”f 1.5 GeV

a rbottom ~ 10713 rtop
m Cross section for et e~ — QQ close to threshold (scremaio
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ete~ — tt at NNNLO A“(“

1.4 . . .
1.2
1.0
0.8
0.6
0.4
0.2 =

_ o(ete —tt)
R = m V'S (GeV)
[Beneke,Kiyo,Marquard,Penin,Piclum,Steinhauser'15]
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ete” vs LHC A“(IT

S
A 2
m fixed cms s M
a Utot(s) , ,
m clean inital state w M° = (pt + py)

d 2
a threshold scan w gy (S, M)

m count tf
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ff @ LHC @ threshold KIT

ap+p—=>T+X )
NLO + soft gluons, at threshold ~ ° v

[Hagiwara,Sumino, Yokoya'08] [Kiyo,Kiihn,Moch,Steinhauser,Uwer'08] [Sumino,Yokoya'10]
[Garzelli,Limatola,Moch,Steinhauser,Zenaiev'24]

o T=24111d(f7) “quasi bound state”;
¢ =1,8 (colour)
s=0,1 (spin) [1.8] 3gl13]
o
L =0 (near threshold) S >
J=s

= Partonic processes :'?J {/ : K/ ﬁ é

® Leading order: gg — 13([)8], 99 — 3358], 99 — 1S([)ﬂ
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Differential cross section ﬂ(“

d 1 dLj dgj n
M (s, MP) = 3 / dT[d;f}wfz)M L (8 M, )
P

dm —
I?j
Luminosity function
d[,,j ! ! 2 2
- | = dxq A dxo fiyp, (X1, 16 )i/ py (X2, 1) O(T — X1 X2)
0
Partonic cross section
dojst a0 2o 2 _ a2 2y [1,8] ;
7(S7M 7Mf) - F"f%T(S?M ’:uf) TImG (M—I_Irt)
dm m;

N RQC D [Bodwin,Braaten,Lepage’95]
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Differential cross section AT

dc 1
M—(S,M?) = ——=(ur) ® F(ur, M) — ImG(M + iT;)
dr ms e—-— ——

hard corrections bound state
real radiation

separately u, independent
(at NLO)
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Hard cross section AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

&99&9’ hard corrections

R 72 a2 «
Fior(8 M2 uf) = Njor SS(M) (1 + Si_ﬂ) Ch)

« [5,-,%75(1 gy o) <A0+Am>}

s

(z=M2/3) real corrections; collinear/non-collinear
Sj7 = 1for gg — 'SP, gg — 38P¥, gg — 15l

Ch, Ac, Anc: [Kihn,Mirkes'93; Petrelli,Cacciari,Greco,Maltoni,Mangano'97]
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G(M): Green function

ST

Karlsruhe Institute

Green function of Schrédinger equation with QCD potential

Vo=

aras(p) Clhel

62

e (s

0.05 T

[ —

o

Mot ,;'
e Fo M=o, Cs B

o 0.03 ,
E /. /~——Fo,Tehoics
B :
Q) |/
'
E o, ' 7
/ o
y -
0.01 /! A E
1 ”
i !
L L 1 1
335 340 345 350 355 360
M [GeV]

Matthias Steinhauser — Top quark threshold production at the LHC

i

c = cr=4/3
Bl = Cr— Ca/2=—1/8

see, e.g., [Beneke,Signer,Smirnov'99,. ..

]



Soft-gluon resummation KIT

(in the hard cross section)

[Bonciani,Catani,Mangano,Nason'98; Cacciari’00; Moch,Vermaseren,Vogt'05.. .. ]
m resummation in Mellin space
1 2
n,__(o—wgexp(lnNg()Jrg() o)

process NLO RESUMMED

Mr my 2m; 4m; my 2m; 4my

® gg— 'Sl 182|187 | 183 | 19.4 | 205 | 21.1
g9 — 'SP | 558 | 55.2 | 52.8 | 60.0 | 61.5 | 62.0
gg — 38l | 217 | 223 | 22.0 | 224 | 22.4 | 220

a = few % enhancement
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Colour singlet and color octet

[ NLO+NLL, NRQCD singlet, ug = F = 2 m; —
FINLO+NLL, NRQCD octet, kg = Hf = 2 my
[ INLO+NLL, NRQCD sum, pg = kg =2 my —

w

25 [ f‘b('

(pb/GeV)
n

do/dMy

0.5
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T

Karlsruhe Institute of Technology

[Garzelli,Limatola,Moch,Steinhauser,Zenaiev'24]

a NNPDF3.1
m V/S=13TeV
Q& u=m,...,4m;
@ Leading
channels:
99 — '8}
99 — 18([)8]

= 8
qg — 8!



All channels
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[Garzelli,Limatola,Moch,Steinhauser,Zenaiev'24]

a NNPDF3.1
» V/S=13TeV
® L= Mg, 20,



Threshold and continuum

Karlsruhe Institute of Technology

[Garzelli,Limatola,Moch,Steinhauser,Zenaiev'24]

[ POWHEG NLO scaled to NNLO+NNLL
f singlet+octet, NRQCD NLO+NLL, g = W = 2 m; —_—
4 Mloaco
[ NLO acD
35 [LNNLO QCD
S g = 340 GeV < M < 350 GeV
e 3 NRQCD: 12 pb
3 E POWHEG: 8.4 pb
a 25[
s 2of
© r .
; 15 E m Excess cross section:
v 19 CMs: 8.872 pb
b ATLAS:9.0 + 1.3 pb
05
:\\\\\\\\\ coaa b b b b
330 340 350 360 370 380

My (GeV)
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Threshold and continuum

Karlsruhe Institute of Technology

[Garzelli,Limatola,Moch,Steinhauser,Zenaiev'24]

[ POWHEG NLO scaled to NNLO+NNLL
F singlet+octet, NRQCD NLO+NLL, g = F = 2 my —_—
4 :_recommended transition NRQCD NLO+NLL ---> POWHEG
35
= g ® 340 GeV < My < 350 GeV
& 8¢ NRQCD: 12 pb
3 b POWHEG: 8.4 pb
a 25 [
£ 2F
o [ .
E F m Excess cross section:
15 . +1.2
© i CMS: 8.84"2 pb
B ATLAS: 9.0 + 1.3 pb
05
330 340 350 360 370 380

My (GeV)
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Other (recent) approaches ﬂ(“

stitute of Technology

a Modelling ft resonances

[Fuks,Hagiwara,Ma,Zheng'24; see also: Maltoni,Severi,Tentori,Vryonidou'24; Fuks,Hagiwara,Ma,Munoz-Aillaud,Zheng'25; . . .]

a re-weight LO MEs with LO Green function

a only colour singlet

a simulation of production and decay to a six-body final state with
MadGraph

® model, not a theory
Adding a resonance on top of FO QCD is not consistent.

m Fixed-order [Nason,Re,Rottoli’25]
a First M bin in experiment is quite large (< 380 GeV)
> FO calculation sufficient
a No «g/v resummaton; no “bump” in cross section
= Close to threshold: include correction up to relative order a2 (NLO)
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Comparison: NRQCD vs models

(pb/GeV)

do/dMy

O T L L L L i
[ POWHEG NLO scaled to NNLO+NNLL 1
[ POWHEG+Toponium, model 1 (m = 343 GeV, I' = 7.0 GeV) ;
4r POWHEG+Toponium, model 2 (m = 343 GeV, I' = 2.8 GeV) -t 4
[ singlet+octet, NRQCD NLO, pg = Mf = 2 my ]
35 [singlet+octet, NRQCD NLO+NLL, pg = pg =2 m; — o
[ 1
3 e ]
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Conclusions A“(IT

m CMS and ATLAS: excess of events near threshold
= NRQCD analysis of dd—,\jﬁ
m Significant enhancement at threshold (CS!)

m Next: uncertainty estimate, beyond NLO, ...
w Future: independent measurement of m; from CS tt?
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