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Top Quark Physics: The Essentials

Mass = 172.5 GeVI/c?, electric charge +%:e. Discovered in 1995 by CDF
and D@ at Fermilab

Decays almost exclusively via t—-Wb(mean lifetime of = 5x10* s) —
the top quark decays before it can hadronize

At Vs = 13 TeV, gluon-gluon fusion dominates - tt pair production is
the leading top-quark process

Production mechanisms

Palr productlon

@&mm

W — v (- 30% ) / qq’ (- 70% )

t+ets 15%

Daniel Ernani Martins Neto | Top Quark Measurements and Recent Progress on Modelling



Why the tt Threshold Matters?

Y. Kiyo et al. EPJC 60 (2009), 375

® Quasi-bound states (“toponium”): Near m(tf)=345 GeV (= 2xmt), 4 [ Notation: 25+
non-relativistic QCD (NRQCD) predicts a colour-singlet,
spin-singlet enhancement | 99— 'S,
=
2
® Not similar to the charmonium and bottomonium: tops decay
before hadronize - Quasi-bound state is an effect of the Xs in tts
threshold (not like J/y orY) | 2 — 5

LHC Vs = 14 TeV

® A "hard"” modelling problem: NRQCD effects, missing higher-order
pQCD terms (resummation of as/v), off-shell top decays and tt/tW
Giovanni's talk: Uncertainties of tt at threshold M [GeV]

0
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e Broader than the resonances formed

o For a detailed analySiS Of tf XS at tthShOId: LucaS'S talk by the ||ghter quarkS, but narrower
than the current experimental
resolution
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https://indico.global/event/17070/contributions/162378/
https://indico.global/event/17070/contributions/162346/

Three Complementary Probes of the tt Threshold

All the analyses exploit the same ATLAS Run 2 dataset (140 fb™*, s = 13 TeV)

Analysis Approach

Precision ep Baseline inclusive + differential ey cross-section

1 Eur. Phys. J. C 86 (2026) no.5. 470 —» (double b-tagging): provides the dataset, and the
first hint of an excess

) Diff. WWbb measurement ____  pjrect test of ti/tW modelling - Single and dilepton

JHEP 07 (2026) 028 channels
JHEP 02 (2026) 153

Reinterprets analysis 1's published ey distributions with
a dedicated correlation fit

3  ep threshold study
CERN-EP-2026-107

One consistent picture: pQCD alone does not describe the data near threshold
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https://link.springer.com/article/10.1140/epjc/s10052-026-15311-0
https://arxiv.org/abs/2605.02341
https://link.springer.com/article/10.1007/JHEP07(2026)028
https://link.springer.com/article/10.1007/JHEP02(2026)153

tt reconstruction - ellipse method

Full reconstruction of the tt system (See: Nucl. Instrum. Meth. A
736 (2014). 169-178). Main challenge: the treatment of two
undetected neutrinos

For each t—~b#€v decay, we require m(€vb) = miwp = 172.5 GeV and
m(€v) = mw = 80.4 GeV restricts the pr(v) solution to an ellipse in
the transverse plane

MET links the two ellipses: the sum pr(v) + pt(v) must equal the
measured MET — this shifts the v ellipse and turns it into a
second (dashed) constraint on v itself

Solutions: intersections with 0, 2, or 4 crossings; if multiple,
smallest m(tt) wins. If there is no intersection: mwp, mw resampled
(Gaussian, x100) until a solution is found

Efficiency: a solution is found for ~95% of tt dilepton events (hvq
and tterrw alike) - m(tt) resolution: ~22% at threshold, improving to
~18% at m(tt) = 500 GeV
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https://www.sciencedirect.com/science/article/abs/pii/S0168900213014204?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168900213014204?via%3Dihub

Precise measurement of the tt production XS in ey events

Event selection

e Visually this result has ~1/3 of the
uncertainty of the theoretical prediction

Exactly 1e + 1u, opposite charge
y H, OPP g e Itis the most precise ever made

ep angular overlap veto: rejects |A8|,|Ap| < 0.15
Samples with exactly: 1 or 2 b-tagged jets (70% WP
for the inc./diff. and 77% WP for eubb)

—L
o
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ATLAS
® e + b-tagged jets
A [ + b-tagged jets
v [+ jets

Vs=13.6 TeV, 29 fb''
Vs =13 TeV, 140 fb™
Vs=8TeV, 20.2 fb"
Vs=7TeV, 4.6fb’

Vs =5.02 TeV, 0.26 fb

Selected Events
576.725 evt. with 1 b-tag (~88% tt purity)

314.961 with 2 b-tags (~96% tt purity)
378.266 ep evt. with 2 b-tags (77% WP) for the eubb
=== NNLO+NNLL (pp)

diff. measurement Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
. m=172.5 GeV, PDF+o uncertainties from PDF4LHC21
Systematics

® combined

2

Inclusive tt cross-section O, [pb]

—L

PDF4LHC21 NNPDF3.1_notop

—_
o —
o

Calibration via LUCID2 + inner det./cal. ~0.89%
PDF (0.47%) > QCD scale (0.31%) > hadronisation
(0.29%), dominated by the PDF uncertainty

o
© ©
a

Ratio wrt PDF4LHC21
© -
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Precise measurement of the tt production XS in ey events

ATLAS

{s=13 TeV, 140 fb”
o it = el
O eubb

Vectorial sum - pair
Sensitive to recoil/ISR

50 100 150 200 230

PS = parton shower (Pythia/lHerwig/hdamp)
PDF = PDF set

MiNNLO = NNLO reweighting/MiNNLO variants
Full model information in backup

-@ Powheg+PY8

—A—- Powheg+PY8 hyamp=3m,
-V Powheg+HW7.1

-©- aMC@NLO+PY8

-@- Powheg+PY8 PDF4LHC15
&~ Powheg+PY8 CT14
-V Powheg+PY8 MMHT14

-@ Powheg+PY8 NNLO rew
—&— Powheg MINNLO+PY8
-¥ Powheg MiINNLO+PY8 PDF4LHC21

¥ @LY-@LY-GAV OAY OL¥-@Ly-OAY -

¢
oiy--®-k ¥----- * - -

MiNNLO

-@- Powheg+PY8 DR

—A&— Powheg MiNNLO+PY8 DR
-¥- Powheg MiNNLO+PY8 DS
-©- Powheg bb4l+PY8

[ ]
e ¥ e et @¥- OOy L i

150

¢¢+

200 250 300

dilepton p:“ [GeV]

th+Pyth|a with hdamp
diverging at high pr

Strong divergence
observed also when
considering different PDF
“flavours™”

The winner takes all -
MIiNNLO is the one that
best describes data and is
promoted to the baseline
model in both channels: ep
and epbb
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Precise measurement of the tt production XS in ey events

-@- Powheg+PY8
—A~ Powheg+PY8 Hyamp=3m,
-¥- Powheg+HW?7.

ATLAS R A e hvqg+Pythia with hdamp still

{s=13 TeV, 140 fo” ' diverges at high pr
o it —ep
o eubb

+p$) [pb/GeV]

e e Here even the best model
(MINNLO) struggle to
describe data at high pr -
has a x? probability of
I oo only ~1% here

e
T

—

do/d(p

AY
Y,
mmv-a‘l-’----‘f-------- - ---

MiNNLO e Quest for the "holy grail”
Sensitive to individual ‘ |+ Founeg MNNLOsPY8 D model continues ...

-V Powheg MiNNLO+PY8 DS ¢

lepton energy scale S Powheg bbAIPYS o

MiIiNNLO + Wt scheme ,.;
50 100 150 200 250 300 350 400 450 500

dilepton pi+p$ [GeV]
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Precise measurement of the tt production XS in ey events

[pb/GeV]

do/dm°®"

ATLAS

{s=13 TeV, 140 b
ot - ep
o eubb

pred. / data

pred. / data

©
—
©
©
~
O
o
P
Q

pred. / data

-®- Powheg+PY8
1.1 Powheg+PY8 hgamp=3m,
-¥ Powheg+HW7.1

-@- Powheg+PY8 PDF4LHC15
1.1 Powheg+PY8 CT14

-@- Powheg+PY8 NNLO rew
1.1 Powheg MiINNLO+PY8
- Powheg MINNLO+PY8 PDF4LHC21

Ay

A
3 —"ﬂ—.:v— Sy —|—Y— —4* -

¢

—

MiNNLG

-@- Powheg+PY8 DR

1.1F—= Powheg MINNLO+PY8 DR
-¥ Powheg MINNLO+PY8 D
- Powheg bb4l+PY8¢

O
4

dilepton m** [GeV]

MINNLO describes data
better than hvqg at higher
values of m(ep)

Also the simple change of
PDFs is not capable to
describe data reasonably

No prediction describes well
the m(ep) distribution at low
values, where clearly there
is an excess of data

Maybe a reinterpretation
with other contributions?
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Precise measurement of the tt production XS in ey events
Results

Generator : : Aaﬁ‘“ pr+py |EC+EH pg‘m"“ 1)4’"“"
o of(tf) =829.3 1.3 (stat) + 8.0 (syst) K 2 9 11 11 10
+ 7.3 (lumi) * 1.9 (beam) pb with BEEIIS
total uncertainty of 1.3%, this it [FYNEGE—_—_E 350 197 |15 498
the most precise measurement to BT I K" 9 201 ]202  50.1
date (down from 1.8%) PownEG + HW7.1 5 159 |204 929
AMC@NLO +PYS$ 2 167 [154 32
PownEG + PY8 PDFALHCIS 2 1120 473
Pownec +PY8 CT14 32. 26 | 11.8 446
e 10 single-diff. + 3 double-diff. Xs QEITEEICIINIINE! 0 |15
measured; best described by REEEEISERNIGEY
Powheg MINNLO and bb4¢f, less RZEAVNNEEIIE
well by Powheg hvq Powrec MINNLO + PY8 PDF4LHC2
Pownec + PY8 DR 26. 10.1 48.6
Pownec MINNLO + PY8 DR % 4 | 14 314

remains unexplained — a Bkt 5 112 | 31 205

residual, not resolved by
generator or PDF choice...

"What if we extend these ep distributions to test sensitivity to quasi-bound states?"

Daniel Ernani Martins Neto | Top Quark Measurements and Recent Progress on Modelling
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Differential WWbb measurement

W*W-bb final states: fundamental process to study tt threshold production or mui distributions

"tW single resonant’,
g

g

"tt resonant”
(in the dominant gg channel) "Non resonant”

DR vs DS: DR removes "double-resonant™ NLO amplitudes from tW production; DS is a subtraction term
in the NLO tW cross-section that locally cancels tt contributions = WWbb DR/DS modelling uncertainty

bb4l: full NLO pp—~WWbb—2ve'v'bb in a single calculation, with resonance-aware PS matching — avoids
the DR/DS split, and the lineshape (top-decay) treatment, entirely (ATL-PHYS-PUB-2025-036)

Two dedicated ATLAS differential measurements now test this directly: single-lepton (JHEP 07 (2026) 028)
and dilepton (JHEP 02 (2026) 153)

11
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https://cds.cern.ch/record/2942776
https://link.springer.com/article/10.1007/JHEP07(2026)028
https://link.springer.com/article/10.1007/JHEP02(2026)153

Differential WWbb measurement - single lepton channel

Direct test of tt/tW modelling - JHEP 07 (2026) 028

Dedicated differential measurement of the 1€ + 24 jets (22
b-tag) WWbb final state, in three regions of increasing
sensitivity to tt/tW interference:

IR - WR — SLR

SLR isolates the off-shell/interference-dominated tail via
mb€(min) 2 150 GeV. Where the highest discrepancy is
observed

No single prediction: DR, DS, Herwig(DR), MiNNLOPS,
describes all regions simultaneously; Disagreement grows
toward the SLR, the phase space most sensitive to
interference

This is the dedicated study behind the DR/DS interference
systematic already carried in the threshold analyses — not
just a generator comparison

Pred. / Data

Pred. /2ata

Pred. / Data

ATLAS + Data mtW (DR)

(s=13TeV, 140 fb™' :gm ) vo\metsv
H S er er

Inclusive teglon Mis-ID lep. s Unc.

IR

do / dx [pb/GeV]

Pred. / Data

200 300 400 500 600
miin [GeV]

ATLAS + Data W (DR)
{s=13TeV, 140 fo" Mt Wijets

X : : M Other t Other V
W-hadronic region Mis-ID lep. 8 Unc.

s
[0}
O]
O}
Qo
5
x
©
=
o
©

0\, 100 200 300 400 500 600 700 800 900
mgelalecled [GeV]

ATpAS ¢+ Data mtw (DR)

{s=18TeV, 140 fb! Mt W-jets
e region m Other t Other V

Mis-ID lep. & Unc.
\

Pred. / Data

150 200 250 300 350 400 450 500 550 600
my" [GeV]

ATLAS ¢ Data
{s=13TeV, 140 fp! ~ Uncertainty

Inclusi 2 Unc. w/o DR/DS
nclusive region - PH+PY8 DR

-+ PH+PY8 DS

+ PH+H7 DR

-+ PH+PY8 DR
(MiNNLOPS)

500 600
miin [GeV]

¢ Data

[s=13TeV, 140fp"  preertany =
W-hadronic region - PH:PY8 DR’
-+ PH+PY8 DS
+ PH+H7 DR
=+ PH+PY8 DR
(MiNNLOPS)

0 100 200 300 400 500 600 700 800 900
mgflected [Gev]

¢ Data

s=13TeV, 140 fp" ~ Uncertainty
Search-like region . g:{ipv‘\'(/g BS'DS
-+ PH+PY8 DS
-+ PH+H7 DR
-+ PH+PY8 DR
(MINNLOPS)

150 200 250 300 350 400 450 500
miin [GeV]



https://link.springer.com/article/10.1007/JHEP07(2026)028

Differential WWbb measurement - Dilepton channel

ATLAS ® Data —— PWG+PYS

= 1 + - + . .
s SHBISHIIINI o FBERES PG e Companion measurement: same e final state- JHEP 02 (2026)
WbWhb dilepton Stat. unc. Syst. + Stat. unc.

1 e N =2 153

-jets -

mbe,minimax = min(max(mb1,e1,
mb2,¢2), max(mb1,62, mb2,e1)) e Selection:

- opposite-charge ep pair, Nb-tags 2 2 (70% WP)

e mbe€ minimax: observable most sensitive to tt/tW interference
in this channel

—— PWG+PY8 PWG+PY8 (DS)
==+ PWG+PY8 (bb4l)

©
=
@©
(@]

PWG+PY8 (DR/DS/bb4l)

—m Models

_L‘F_'__r-

c
i)
=
1]
°

1)

S
o

— Pwosys PWG + PY8 (/') —» Standard
PWG+PY8 MINNLO . PWG + PY8 (DS) — Alternative
— PWG + PY8 (bb4l) — Full NLO

PWG+PY8 (NNLO rew./MiNNLOPS)

300 400 500 600 ) 700 PWG + PY8 — ( ) [tE + NLO tW]
S PWG + PY8 — (MiNNLOprs) [t + NLO tW]

Prediction
Data
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https://link.springer.com/article/10.1007/JHEP02(2026)153
https://link.springer.com/article/10.1007/JHEP02(2026)153

Differential WWbb measurement - Dilepton channel

15

- PWG+PY8 PWG+PY8 (DS)

ATLAS
= =1+ PWG+PY8 (bb4l)

\s=13TeV, 140 b’ WbWhb dilepton

e N =2 Normalised cross-section
Statistical error Total uncertainty
Jets Flavour tagging
Background Leptons and E™*
— tW modelling ----- Generator parameters

Parton shower ~  ------- Hard scattering

Unc. at the tail £10%

Prediction
5

Y L T R N

Relative uncertainty [%

— PWG+PY8 e PWG+PY8 (NNLO rew.)
PWG+PY8 MINNLO .

c
2
—
12
o

()

| -
o

400 500 600 700 800
me  [GeV]

minimax

0 100 200 300 400 500 600 700 800
nﬁilmmax [GeV]

bb4l describes the tail best: Data/MC gap reaches 30—-40% for DR/DS, ~20-30% for the NNLO-reweighted
prediction, smallest for bb4l

Full NLO treatment of interference and lineshape simultaneously: removes the need for separate DR/DS
and lineshape systematics in this channel

This is the direct evidence behind the DR/DS interference systematic already carried in the threshold

analyses — not just a generator comparison, a measurement that resolves which choice the data
"prefers”

14
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tt threshold effects in ey diff. distributions

Data Sample
fully reuses the selection and published

distributions from Eur. Phys. J. C 86 (2026)
no.5, 470

AEEAS PR | ¢*/NDF =25.9/14
(s=13 TeV, 140 fo MiNNLO+PY8

otf >en
O eubb

[pb/GeV]

)
E
O
<
@)
©

Adding ttcrrw or 1)t
improves the agreement

Event selection

2D Ag(ep)*m(ep) distribution

It uses the full bin-to-bin correlations of the
data/predictions

Powheg MINNLO+PY8  _
Powheg MINNLO+PY8 + i ..,

; “H¥- Powheg MINNLO+PY8 + leNDF = 16.5/14
MIiNNLO+PY8+ ttcrrw

Distributions

Mey, A@ep and A@ep in coarse bins of mep
Variables are sensitive to the production of
the quasi-bound tt state are analysed using _
the tt— eubbvv and ti— eu + X events i |

dilepton m [GeV]
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https://link.springer.com/article/10.1140/epjc/s10052-026-15311-0
https://link.springer.com/article/10.1140/epjc/s10052-026-15311-0

tt threshold effects in ey diff. distributions

¥?INDF =23.6/19
MiNNLO+PY8

Adding ttcrrw or M)t
improves the agreemen

¥2INDF =16.7/19
MiNNLO+PY8+ ttcrrw

i<}
@
Lo
NG
o)
=
=2
<]
ke
P
@)
g2

pred. / data

ATLAS

(s=13 TeV, 140 fo”
ot > ep
© eubb

-@ Powheg MINNLO+PY8
Powheg MINNLO+PY8 + tt
-¥- Powheg MiINNLO+PY8 + n,

J(i%&#ﬁ%#&l&r?i‘f’#ﬁj +

GFRW

Vs=13 TeV, 140 fb™ norm. tt—ep
25

dilepton A™ [rad]

/s=13 TeV, 140 fb™
tt—eu

ATLAS

® Powheg MiINNLO+PY8 + pu x tt___

A Powheg MiINNLO+PY8 + p x n,

m°" .
_‘_

A¢

2.5 3 85
Signal strength n

Fit to m(epu) with floating signal strength
M(tteFrw) = 1.22 £ 0.38

Differ from 0 by more than 3c:
o(ttcFrw) = 7.8 £ 2.4 pb (Observed)
o(ttcFrw) = 6.43 pb (Predicted)

16
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Conclusions

e Analysis 1 (Precision ep): the low-m(el) excess survives every standard modelling correction — PS,
PDF, even the best baseline (MiNNLO) only fixes pT, not the mass tail

e Analysis 2 (Diff. WWbb): not generic mismodelling — a dedicated interference study shows bb4l, which
treats tt/tW interference and lineshape correctly at NLO, describes the data best in the tail, in both
channels — direct evidence the residual has a physical origin, not a generator artifact

e Analysis 3 (ep threshold study): reinterpreting the same ep distributions with full bin-to-bin correlations
gives a >30 excess*, compatible with a colour-singlet, spin-singlet S-wave quasi-bound tt state

Analysis 3

78124

fit in m(ep)

Predicted (NRQCD)

6.43 (reference)

Cross section (pb) Method * Consistent with the independent

angular-fit result presented in Lucas's
talk (9.3 pb, >80)

e Run 3 data, improved generator-level NRQCD models, and ongoing bb4l validation (dilepton complete,
single-lepton in progress) should sharpen this picture, with implications for BSM searches

Daniel Ernani Martins Neto | Top Quark Measurements and Recent Progress on Modelling
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Thank youl!

theycantalk.com

i can't wait to
be in a hadronic state

171.2 GeV/c? : 171.2 GeV/c’
72 2/ t
) Y5

top
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Back up slides
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Systematics breakdown

Precise measurement of the tt production XS in epn events

Group  Uncertainty source A€ep/€ep AGep|Gep ACH[Cp  Aoyifoi A«rt’i{"/(rl‘}d
(%) (%) (%) (%)
Data statistics 0.16 0.16
1f mod. 7 matrix element matching 0.01 0.02 0.02 0.01 0.00
QCD scale variation 0.29 0.07 0.02 0.31 0.09
17 hadronisation 0.23 0.06 0.06 0.29 0.00
Initial/final state radiation 0.04 0.03 0.09 .16 0.17
17 heavy-flavour production 0.00 0.00 0.17 0. 0.17
Parton distribution functions 0.47 0.05 - 0.08
Simulation statistics 0.07 0.04 0.05 0.05 0.04
Electron identification 0.12 0.12 - 0. 0.14
Muon identification 0.13 0.13 - .14 0.14
Electron charge mis-id 0.05 0.05 - .06 0.06
Lepton trigger 0.10 0.10 0.00 0. 0.11
Electron energy scale 0.04 0.04 0.00 .0 0.05
Electron energy resolution 0.01 0.01 0.00 0.0 0.01
Muon momentum scale 0.01 0.01 0.00 .0 0.02
Muon momentum resolution 0.00 0.00 0.00 0.0C 0.00
Electron isolation 0.10 0.10 ; 0.11
Muon isolation 0.12 0.12 )17 0.13
Jet/b Jet energy scale .02 0.02
Jet energy resolution 0.06 0.06
Pileup jet veto . 0.02
b-tagging efficiency 0.13
b-tag mistagging .02 0.02
Single-top cross-section 0.40
Single-top/tf interference 0.28
Single-top modelling 0.30
Z+jets extrapolation 0.02 0.02
Diboson cross-sections 0.01
Diboson modelling 0.05
Misidentified leptons 0.18

An: systematics 0.74

Integrated luminosity 0.89
Beam energy 0.23

Total uncertainty .66 .34 1.19
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Models

hvg, MiNNLO and bb4#£ are different ways to compute pure pQCD
tterrw and Nt add the quasi-bound-state effect on top of one of them.

Model

Description

pQCD baselines (production, before adding quasi-bound-state effects)

hvq
(Powheg v2 hvq)

Powheg MiNNLO + PY8

Powheg bb4@

NLO matrix element for ttbar production (stable, on-shell tops); decay
added afterwards by the parton shower at LO accuracy. The oldest /
simplest baseline of the three.

Production computed at NNLO (MiNNLO_PS method) + parton shower —
describes top and lepton pT better than hvq. Preferred baseline in papers 1
and 3.

Computes the full €€'vv + bb final state at NLO in one go — includes
ttbar/Wt interference and off-shell effects directly. Used for the epbb
measurement. Still to be tuned for best settings

Quasi-bound-state add-ons (added on top of a pQCD baseline above)

tterrw (Green's Function
ReWeighting)

Nt (simplified pseudoscalar
model)

Reweights a MadGraph LO sample using the NRQCD Green's function
(Coulomb gauge) to model the quasi-bound-state; normalised to 6.43 pb
(analytic calculation).

Simpler alternative: a narrow pseudoscalar resonance. Same approach
originally used in the CMS observation paper.

Daniel Ernani Martins Neto | Top Quark Measurements and Recent Progress on Modelling
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Models

Precise measurement of the tt production XS in epn events

Group Matrix element PDF set Parton shower Comments

tr-1 POWHEG NNPDF3.0 PyTHIAS
POWHEG NNPDF3.0 PYTHIAS hgamp =3m;
POWHEG NNPDF3.0 HerwiG7.1.3
AMC@NLO NNPDF3.0 PyTHIAS

POwWHEG PDF4LHC15 PyTHIAS
POWHEG CT14 PYTHIAS
POWHEG MMHTI14 PyTHIA8

POWHEG NNPDF3.0 PyTHIAS NNLO reweighting (pt(t), pr(tf), m(tt))
Pownec MINNLO NNPDEF3.0 PyTHIAS Baseline
Pownec MINNLO PDF4LHC21 PyTHIAS

POWHEG NNPDF3.0 PyTHIAS Wt diagram removal

Pownec MINNLO NNPDF3.0 PyTHIAS Wt diagram removal, baseline
Pownec MINNLO NNPDF3.0 PYTHIAS Wt diagram subtraction
PowHEG bb4l NNPDF3.0 PyTHIAS Complete euvvbb
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Differential WWbb measurement - single lepton channel

DR: remove “double resonant” NLO amplitudes from tW production

DS: subtraction term in NLO tW X-sec to locally cancel tt contributions

Single top — Wb(b) Single top — tW - WWb(b)

LO >\/\/\/\< % tq(b) [ tW(b)HW(b) [JHEP0807:029,2008]

23
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Differential WWbb measurement - single lepton channel

Table 4: )(3 and p-values for each variable (rows) for each prediction (columns) for the absolute differential cross-
R : section in the IR. All systematic uncertainties described in Section 5 are included, with no additional uncertainties
cquirements included on the predictions under test.

A,h -jC[S 2 Inclusive region | PH+PYS8 DR | PH+PYS8 DS | PH+H7 DR l PH+PY8 DR (MiNNLOPS)
Observable 2 | NDF y-value 2 | NDF »-value | y2 /NDF »-value | y?/NDF y-value
Ne(pr > 10GeV) =1 - | p-value | x pvalue | x p-value | I

. mmin 727/ 9 061 | 1015/ 9 034 600/ 9 074 | 2372/ 9 <0.01
510}155 + m% > 60 GeV pr(£) 3167 /11 <001 | 1970 /11 005 | 13.11/11 029 7.54 /11 0.75
. 1120/ 8  0.19 791/ 8 044 | 1213/ 8 0.5 368/ 8 0.88

pr(f) 30 GeV min (hE) 2117/ 8 001 749/ 8 048 | 1654/ 8 004 | 1734/ 8 0.03

Table 5: y? and p-values for each variable (rows) for each prediction (columns) for the absolute differential cross-
N jets >4 section in the WR. All systematic uncertainties described in Section 5 are included, with no additional uncertainties
included on the predictions under test.

1Vjcls >3 - n 5 - - :
W-hadronic region | PH+PY8 DR | PH+PY8 DS | PH+H7 DR | PH+PY8 DR (MiNNLOPS)

P1(Whad.) > 80 GeV Observable | x>/NDF  p-value | x?/NDF  p-value | y>/NDF  p-value | x2/NDF p-value

selected 5.65 / 1C : 26.8 . .95 073 | 3053710 <001
miel 1565/ 10 0.11 | 2684 /10 <001 | 695/10 073 | 30.5:
60 < m(Whag.) < 100GeV prib1) 2550/ 9 <001 | 2056/ 9 001 | 1019/ 9 034 | 1362/ 9 0.14

PT(Whaa ) 20.79 / 11 0.04 1432 / 11 0.22 1099 / 11 0.44 728 / 11 0.78
N: >4 ¥(Whad.) 14.81 / 12 0.25 14.13 / 12 0.29 796 / 12 0.79 11.99 / 12 0.45
jets = g 2237 /11 002 | 4424 /11 <001 1272 /11 031 | 3433/ 11 <0.01
min m(Wyaa bb(E) 5371710 0.87 7.83 /10 0.65 208 /10 1.00 454 /10 0.92
m > 150 GeV =
bt
pr(Jj1), pr(J2) > 50 GeV Table 6: y? and p-values for each variable (rows) for each prediction (columns) for the absolute differential cross-
section in the SLR. All systematic uncertainties described in Section 5 are included, with no additional uncertainties

PT ( bl ), [)T( 1)2 ) > 160, 50 GeV included on the predictions under test.

1.4 < AR(b,, by) Search-like region |  PH+PYS DR PH+PYS DS PH+H7DR | PH+PYS DR (MiNNLOPS)

E’?‘“SS > _06251)1_( [) + 270 GCV Observable | Y~ / NDF p-value y-/NDF  p-value x~/NDF  p-value | y~ / NDF p-value
min 9.57 1 ¢4 0.05 7.57 1 0.11 9.21 / 0.06 10.73 / 0.03
priba) 17:11 '/ <0.01 412/ 0.53 14.72 / 0.01 13.00 / 0.02

m’T 041/ 0.98 424 / 0.38 0.30 / 0.99 0.58 / 0.96

mP (bE) 11.54 / 6 0.07 27617 6 0.84 10.01 7/ 6 0.12 1045/ 6 0.11
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Differential WWbb measurement - Dilepton channel
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Good description of pT(jets) and MET

The "problem" is more localized specifically in variables sensitive to interference
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bb4l vs DR/DS/lineshape
: 10" ATLAS Simulation Preliminary ]

E Vs=13TeV, AR-fb-pairing, Np=2 e bbdf
tt+tW DR
tt+tW DS

1/osgdo/dmy, [GeVA 1]

[ = fi+tWDR
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[ATL-PHYS-PUB-2025-036] Mg = 5(Mep + Mew) [GeV]

bb4l vs tt+tW(DR) vs tt+tW(DS) in terms of m€b
bb4l correct at NLO for these issues = DR/DS and

lineshape uncertainties not needed

mu tail differences

-1 ATLAS Simulation Preliminary
v's =13 TeV, AR-£b-pairing, Np =2
—— bba?
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Mep=5(Mep + Mey) [GeV]

Resonance-history decomposition: within bb4l, events

are projected onto their tt or tW resonance history,
isolating each contribution shape in meb

tW fraction reaches ~30% in the m_£b tail — tf+tW MCs
(DR/DS) predict even larger fractions there
Quantifies how much interference is actually present in

the tail 26
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XS close to the tt threshold

SRs are defined depending on

Final state selection the values of Chel and Chan

MET > 60 GeV for (ee/pp)

2 2 jets, 21 is b-tagged with 70% WP

mee€ 2 15 GeV and rejected if close to Z° mass
m(tt) < 500 GeV

tt system reconstruction: ellipse method

Distributions

Chel — cosine of the lepton helicity angle in the {tt
rest frame (max. slope for spin-singlet states)

Chan — same angle with the sign flipped along the
top-quark direction (max. slope for spin-triplet

states) e Binned profile-likelihood fit to 9 signal
regions (SRs) and 4 control regions
(CRs) for background evaluation

Contribution: quasi-bound states to the data
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XS close to the tt threshold - Modelling

PH? hva tt + tW Different models. what to expect ?

Dilepton, nominal predictions, pre-fit R = =
mg € [300, 500] GeV PP8 hvq t{ + tW + ttgrrw
PP8 hvq tt + tW + n;

e bb4e/ (hvg+tW) — How the off-shell
effect changes the shape of m(tf)

ATLAS Simulation Vs =13TeV, 140 fb-1

Ratio to PP8 hvq tt

1.10

+ tW

—1 <Chan<—1/3 B} —1 <Chan<—1/3
-1/3 < Che1 < 1/3 1/3< Chei < 1

-1<Chan< -1/3
-1<Chei<-1/3

\llJlIl'

(hvg+tW+ttGFRW) / (hvq+tW) — how the
signal (quasi-bound state) change the
shape of m(tf)

3
+

e b i T e The off-shell effect in bb4€ modelling is
more or less spread equally by the four
m(tf) bins

=
o
>
=
©
o
o
o
2
2
=
«©
o

: , However, the ttcFrw concentrates in the
1/3 < Gnan < 1 lowest m(tt) bins

1/83<Cher < 1

Ratio to PP8 hvq ft

+ tW

1/3< Chan < 1 1/3< Chan < 1
-1<Chei < -1/3 -1/3< Chei < 1/3

What is more striking is that the excess
concentrates where the tt quasi-bound
state signal is expected
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XS close to the tt threshold - Results

I = Omeas./Otheory: Six normalisation
factors with several sources of
systematics included as NPs

Events / 50 GeV

oticrRw = 9.3(+1.4/-1.3)pb against the
analytic prediction (6.43 pb). The baseline
hvq model (pure pQCD) is rejected with
observed significance higher than 8o (6o
expected)

o)
~
o
ot
[V
[m)

Excess concentrated in the lowest m(tf)
bins, at SR5, SR6, SR8, SR9, at high chel

Data / Pred.

The alternative simplified nt model gives o
= 13.1 pb, also excluded at > 8o (4o
expected)

Lucas's talk: Top properties at threshold e
o

ATLAS mm torrw VV+jets

Vs =13 TeV, 140 fo-! - o
Z+jets Data

th + ﬁGFRW model, dilepton, post-fit .t X / Total uncertainty
Fakes
-1<Chan<-} -3 <Chan<} 1<Chan<1

“1<Cha<-3  -I<Cha<) | I<Cha<l | -1<Cha<-} | -l<cChac<] 1<Cha<l | -1<Cha<-§ | -1<cha<i 1 8hai< 1
| | I |

Systematics
tterrw ~ 6.9% FSR (largest individual effect) and ISR
pQCD tt modelling ~4.7% - scale choice in the NNLO QCD
Decays/off-shell effect, recoil-to-top and JES pile-up ~1.5%
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https://indico.global/event/17070/contributions/162346/

XS close to the threshold - Rep. Prog. Phys. 89 (2026) 057801
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Observation of a pseudoscalar excess at the tt production threshold

Rept. Prog. Phys. 88 (2025) no.8, 087801

FO pQCD generator setup o(n,) [pbl

POWHEG v2 hvg + PYTHIA 87 1.1
POWHEG v2 hvg + HERWIG 36211

MADGRAPHS _aMC@NLO FxFx+PYTHIA 98+1.3
POWHEG VRES bb41 + PYTHIA 6.6 14

Nominal result 8.8 f%:i

CMS Collaboration

CMS and ATLAS converges to values of the same order of magnitude
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https://iopscience.iop.org/article/10.1088/1361-6633/adf7d3

Systematics breakdown

tt XS close to the threshold
Rep. Prog. Phys. 89 (2026) 057801

-+ NP shifts
B 0pp 0 ONp
-0po1 " P ORR""
with p the linear corr. coef.

tiGFRW FSR
ft NNLO QCD rew.
tt recoil-to-top
tt decay and off-shell (corr.)
tEGFRW ISR
jet pileup p topology
tt decay and off-shell (SR9)
jet pileup offset (pr)
b-tagging (B) EV4
jet n inter-calibration (syst.)
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tt parton shower (SR6)
tt parton shower (corr.)
ttaerw parton shower
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ATLAS
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tt threshold effects in ep diff. distributions
CERN-EP-2026-107
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https://arxiv.org/abs/2605.02341

