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The top quark and us

The top quark is special: o

= Short lifetime ~ 1025 s
Decays before hadronizing - bare quark

- access to spin properties

= Heaviest elementary particle c
= Largest coupling to Higgs
- gateway to new physics:

e.g. additional Higgs sectors

Understanding the top is crucial for SM and BSM physics!
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SM: tt differential measurements
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SM: tt differential measurements
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SM: tt spin correlation

Top quarks are spin-’2 fermions
Spins of t and t in tt are correlated in the SM

Spin information is transferred to top decay products — measurable at LHC

A

correlation 6

\4
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SM: tt spin correlation

Top quarks are spin-’2 fermions
Spins of t and t in tt are correlated in the SM
Spin information is transferred to top decay products — measurable at LHC

A

correlation 6
entanglement

\4

Aside: Not just correlated, but also entangled!
Measure tt spin entanglement — test of fundamental QM at high energies
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SM: tt entanglement measurements

- Measured quantity: D “= strength of tt spin correlation”

ROPP 87 117801 (2024)
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SM: tt entanglement measurements

Measured quantity: D “= strength of tt spin correlation”

Data shows stronger anti-correlation than prediction close to the threshold!

... only by 10 though

[/ MC Stat.
/11/11 MC Stat. & Syst.

-0.2

— Entanglement boundary -
lo1 Data extr. with PH+P8 m(tt) <400 GeV [ |
t#1 Data extr. with PH+P8+, B.(8t) <0.9 % _______________________ - §.

E -0.3r

R s

o

T

S

& o4 ]
-0.491+3:32° —-— Limit (Powheg + Herwig7)

---- Limit (Powheg + Pythia8)
‘ B Theory Uncertainty

Il o -0.5) @ Data
K @ Powheg + Pythia8 (hvq)
0.480+0028 % B Powheg + Herwig7 (hvq)
M -0.029 . v
T R R DR AR N M . 06 340 <my < 380 380 < myg <500 my > 500
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30 more anticorrelated
D Particle-level Invariant Mass Range [GeV]
more anticorrelated less correlated

28.10.2026 Probing the tt threshold at the LHC | Laurids Jeppe



SM: tt entanglement measurements

- Measured quantity: D “= strength of tt spin correlation”

ROPP 87 117801 (2024)
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tt bound states?

All quarks other than the top are known to form bound states (quarkonia)

Simple estimate by analogy to positronium:

. . 1 mq [1] 2 . [1] 4 .
binding energy E, = 575 (C a5> with C = 3 for color-singlet

fortt: E,~-2GeV  system should be bound!
r, =~ 0.01 fm smallest known composite object
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tt bound states?

All quarks other than the top are known to form bound states (quarkonia)

Simple estimate by analogy to positronium:

. . 1 mq [1] 2 . [1] 4 .
binding energy E, = 575 (C a5> with C = 3 for color-singlet

fortt: E,~-2GeV  system should be bound!
r, =~ 0.01 fm smallest known composite object

However: short lifetime / large width: I' = 2I', = 2.8 GeV ~ E,

Classical argument: top decays before bound state can form
— no stable bound state, but...
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tt bound states: NRQCD

more quantitative: non-relativistic QCD (NRQCD)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.112004

tt bound states: NRQCD

more quantitative: non-relativistic QCD (NRQCD)
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https://www.sciencedirect.com/science/article/pii/S037026932500293X?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.112004

tt bound states: NRQC

Results of NRQCD calculations: 3

= Color-singlet (155” ) - attractive
— Peak below the tt threshold
CP-odd / pseudoscalar spin state!

- Color-octet ('St or 281 - repulsive
— Suppressed below the tt threshold

— pseudoscalar-like enhancement at low m1;

28.10.2026

See e.g.

PLB 866 (2025) 139532
PRD 110 (2024) 5, 054032
JHEP 03 (2024) 099
PRD 104 (2021) 3, 034023
etc.

0.5

||||||||| I||l|||||||l|||||||l||||||||l||l|||||||l
NLO+NLL, NRQCD singlet, ug = Mg =2m,  —— ]
- NLO+NLL, NRQCD octet, ug = U = 2 my

| [INLO+NLL, NRQCD sum, pg = g =2 m

repulsive ]

attractive
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https://www.sciencedirect.com/science/article/pii/S037026932500293X?via=ihub

Modeling of the tt threshold in MC

Ideal case: use one MC that describes both threshold and continuum

However, not available until very recently: [Nason, Pelliccioli, Re, Rottoli, arXiv:2607.09539]

(PRD 104 (2021) 034023, JHEP 03 (2024) 099)

Instead simplified model for MC simulation: n o a0 S Simulation Supplementary 13 Tev
.y . . 2 =343 GeV ]
= Additional pseudoscalar state with couplings § 3sf P((n'}‘)L 58 GoV .
to gluons and tops S 30 o(n) =64 pb
£ - , ]
> Fit mass and width from NRQCD S 2sf
© N
20F

15 _ — Powheg NLO
— Powheg NLO + ny 4

_ NRQCD NLO+NLL ]
arXiv:2412.16685

1.0

> Stack on top of ordinary pQCD tt simulation!
Fits well to NRQCD prediction for m;
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Background modeling

Major irreducible “background”: tt
Model from NLO MC (Powheg+Pythia)

Correct to NLO EW from fixed-order

predictions by 2D reweighting
(EPJC 51 (2007) 37)

m]

m}

and to NNLO QCD (either 2D reweighting 0ol

to MATRIX or ML reweighting to Powheg
tt MINNLO+PS)
(PRL 127 062001)

[m]

Normalize to NNLO+NNLL cross section
(CPC 185 (2014) 2930)
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Other MC-based backgrounds: tW, t-channel single-top
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CMS dilepton analysis



RoPP 88 087801 (2025)

Dilepton selection s

Exactly two opposite-sign leptons (e/p), u
at least 2 jets, and at least 1 b tag \

Split by lepton flavor: ee, ey and up "

Reject low-my events b
Cut away Z peak & require ptmiss > 40 GeV in ee/uy

Analytic reconstruction of tt system starting | -
from leptons, b jets and MET jet W

Conservation of momentum + mass constraints \
on top and W —> 4th order polynomial equations e, 1

Only non-top BG: Z+jets (MC with data-driven normalization)
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Spin density matrix

At the threshold, tt is produced in a pure 'Sy (pseudoscalar) tt spin state

Encoded in spin density matrix:

R=A-+B,0; + Eiﬁi -+ O'f,;CZ’jEj
— 7 AN

Cross polarization vectors correlation matrix
section

28.10.2026 Probing the tt threshold at the LHC | Laurids Jeppe
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Spin density matrix

At the threshold, tt is produced in a pure 'Sy (pseudoscalar) tt spin state

Encoded in spin density matrix:

R=A-+B,0; + Eiﬁi -+ O'f,;CZ’jEj
— 7 AN

Cross polarization vectors correlation matrix
section

Choose helicity basis {k, 7,7} :
-k direction of flight of the top quark p
- #and 7 orthogonal to k

(JHEP 03 (2024) 099)
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Spin correlation observables

Top decays before hadronization — transfer spin information to decay products

Construct spin correlation observables from tops & leptons
Leptons boosted into rest frames of their parent tops (“helicity frames”)

28.10.2026 Probing the tt threshold at the LHC | Laurids Jeppe 21



Spin correlation observables

Top decays before hadronization — transfer spin information to decay products

Construct spin correlation observables from tops & leptons
= Leptons boosted into rest frames of their parent tops (“helicity frames”)

CMS Simulation Preliminary (13 TeV)
0?1_0_1IIIJIIIIIIIIIIIII1—
: . o8 _ == SMtt n
Variable #1: Chel IS 0 - —+ Aresonance ]
- Scalar product between lepton directions of flight " i Hresonance N
= Straight line with slope sensitive to tt spin state: 0.6
1 <D : -
_ - pin correlation 0.4 f=
D= 3Tr [C] matrix -
0.2 T .
= Maximal for 1Sg (from nt) — separates from SM ST T
>0 -0.5 0.0 0.5 1.

0

c
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Spin correlation observables

Top decays before hadronization — transfer spin information to decay products

Construct spin correlation observables from tops & leptons
= Leptons boosted into rest frames of their parent tops (“helicity frames”)

Variable #2: Chan

= Similar as chel, Separating scalars from SM
= Maximally negative slope for 3P, state

= Construct similarly from lepton momenta, with
sign flip for k component in helicity basis:

1
D(k) — g(Okk — Cr'r — Onn)

28.10.2026
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Spin correlation observables

Top decays before hadronization — transfer spin information to decay products

Construct spin correlation observables from tops & leptons
= Leptons boosted into rest frames of their parent tops (“helicity frames”)

CMS Simulation Preliminary (13 TeV)
L I | L I | I L L I T T+

g ' i —- SM it -

—+ A resonance -
—— H resonance _|
- — 3 search variables in dilepton: o
> Maximally nega
- Construct simild Mit X Chel X Chan
sign flip for k component in helicity basis:

Variable #2: Chan
= Similar as Chel, 9

|

llllllll

1
D(k) — g(ckk — Cr’r — Onn)

0.0||11|||1||11|1|1||
-1.0 -0.5 0.0 0.5 1.0

_ c
28.10.2026 Probing the tt threshold at the LHC | Laurids Jeppe 24 nan




RoPP 88 087801 (2025)

Postfit distributions: 0 s

Nt model describes the data well after the fit

CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV)
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RoPP 88 087801 (2025)

Postfit distributions: n:

CMS,

Nt model describes the data well after the fit

CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV)

¢ Data mE tX unc. + Data mE tX unc. + Data B tX Unc.

tt B Other tt B Other tt mam Other
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= == oo oo-anq (2025)

tt threshold: 5. Nt high m:

Data shows slope in Chel s the dat No slope in data

CMS 138 fb~! (13 TeV) CMS supplementary 138 fb~1 (13 TeV)

t+ Data mmm tX m Unc. 138 ¢ Data W tX o Unc.
tt B Other Data W tX tt W Other
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=
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=
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-1 0

o
©
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©
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tt bound state?

Excess is located at low my, pseudoscalar-like in Chel
— could this be interpreted as a tt quasi-bound state?

Extract cross section using the simplified n: model
= “cross section” = difference to perturbative prediction

28.10.2026 Probing the tt threshold at the LHC | Laurids Jeppe
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RoPP 88 087801 (2025)

tt bound state? =

Excess is located at low my, pseudoscalar-like in Chel
— could this be interpreted as a tt quasi-bound state?

Extract cross section using the simplified n: model
“cross section” = difference to perturbative prediction

‘ o(n¢) = 8.8 0.5 (stat) "; +1 3 (syst) pb = 8.8 +1 1 pb

> 50 significance!

Main uncertainties: tt background modeling

Word of caution: this model is not a complete description of a tt bound state!
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Scalar vs. pseudoscalar

RoPP 88 087801 (2025)

CMS
. . -1
Can we quantify whether the excess is = 20 CMS — . 138fb7" (13 Tev)_
scalar or pseudoscalar? S P FO pQCD + BG |
: - = 15 / N % Observed ]
introduce ¥:: scalar tt bound state s | R
(3P tt spin state) 1oL _,-’ AN P :
- similar simplified model as n f i VY |
5F [ Vo i
: i l‘| \ \\
[ (I o
Perform 2D fit with n: and x: as signals °r [ P ]
[ \ \ :' l
T _c L AN P _
non-zero nt by > 5 standard deviations > Nl i
I \, :
Xt compatible with zero by 1 sigma -0 ¢ NN :
_15I1IIII
-5 0 5 10 15 20 25 30
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RoPP 88 087801 (2025)

Uncertainties ==

Uncertainty on n: cross section dominated by background modeling

CMS —e—— Fit constraint (FO pQCD + BG +m,) —e—— Fit constraint (FO pQCD + BG only)
+1o impact (FO pQCD + BG + 1)) —1o impact (FO pQCD + BG +n,)

5(n) = 8.8"1% pb

bl (tt + tw) AR AR - ViA R
PS FSR (tf) s | i :
Top quark mass (QCD MC) : e, o : g it
Top quark Yukawa coupling -——o——- -—o—- : :
Pythia vs Herwig (tt) '.3. : ; :
-2 -1 0 1 R 2 -0.5 0 . 0.5
Leading systematic sources: (6-6,)/A6 Ac(n,) [pDP]

- Comparison to other tt MC generators: bb4l, Pythia vs. Herwig
- EW corrections, including SM Top-Higgs Yukawa: y; = 1.0079 15 (EPJC 79 (2019) 421)

= Parton shower, top mass
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ATLAS dilepton analysis



RoPP 89 057801 (2025)

ATLAS dilepton analysis ATLAS

EXPERIMENT

Very similar analysis strategy to CMS! A
imi - H . (E 5; éETi- f:\ssTev, 140107 pmm geFRW - —i
Similar event selection, similar reconstruction 2 fcrz = o 2z ey
(“e”ipse methOd”) L% 3; W Fakes ]
Control regions to constrain Z+jets

-
T TT

and fake lepton backgrounds

—_ —_

Same fit variables: Mt X Chel X Chan

o :
wWwow o 4= o
*
¢
®

L

o
ol\l\l TTTT

Data / Pred.

325 350 375 400 425 450 475 500

Differences: mi (GeV]
Fit only m; < 500 GeV - no constraints from modeling of the bulk

Differences in tt modeling - details still under investigation
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GRFW bound state model s ozsy 167y

Signal model for tt bound state: Green’s function-reweighted tt (ttgrpw)

Calculate color-singlet gg — tt in MadGraph at LO

Reweight matrix element by ratio of Green'’s functions:
Including Coulomb

~ 2 — potential /s =13 TeV
G E; * pO ] 7 . | | | S | ev_
IMP? > M) = ((E P *)) 300632- CMS Parton leve!
0 ; . - Simulation E
P — Free top quarks 0.016f —m, — tigep, — Continuum tt
0.014
Restrict to m; < 350 GeV and p* < 50 GeV oot
since high m; region will be overestimated 0.008}
: 0.006
otherwise 0004} B
_ _ 0.002} 4/&
CMS 7, model also considered as an alternative 0 — e B

330 340 350 360 370 380
m(tt) [GeV]
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RoPP 89 057801 (2025)

ATLAS dilepton results ATLAS

EXPERIMENT

1.4210°
o} - ATLAS - m — t\|//://+jets
o [ _ -1 —
— +1 4 8 ter Vs =13TeV, 140 fb- . -_ Ziets 4 Dota .
0 tt f— 9 3 * b 2} r th + Nt model, dllepton, pOSt-fIt [ Y 7227 Total uncertainty -
GRF VV ° _1 3 S 10 B Fakes ]
0 o r -1<Chan< -] -3 <Chan <3 3 <Cnan<1
0.8—-1¢cna<—} | -3<Chei<y $<Chei<l | -1<Cha<—3 | -3<Cha<y | F<Cher<1 -1<Chei<—§ | -5 <Chei<y F<cna<1
| | | | | | |
B I
[ |
_ +1.9 | :
o 13.17:2pb » |
7] * p !
4 —1.7 04 |
|
|
|
|

Similar excess —> confirmation

Data - Bkg
o
4
4

» 2

L S -

T &
4

ﬂ I

|

n, result is directly comparable el

- o 105k =+ + + = + + ~Teeltt = =
to CMS —> ~2¢ tension... & ] £ ke .
=~ Edms-e = SR S DU = SDa——- o X PO SO P S = vl BU...T - SR =D S U £ U SpUp— ¥
P 1.0054-...._.__._7+ LR R B e e e Y i B e i ey
© E T T . T . I . -
O o095 = =4 = 4 = = =+ =+ -

350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450
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CMS Single-lepton analysis



arXiv:2608.19546
Single-lepton analysis

CMS
: —1
e/u + (b) jets, full Run 2, 138fb
u . * " a
Use relative top quark velocity /7 * instead of m;
Naturally discriminates non-relativistic part of tt N L1111 A
_ _ _ . © 0.16F CMS N Parton level ]
Ratio observable: partial cancellation of e.g. jet T, S™ o yemre '
. . E 014 T.lt ttNRQCD Continuum tt
energy uncertainties 5 0.12]
3 0.1
2 2m(t,)m(t),) < 0.08}
L=p? = 006!
m(”) _m(tf) - m(th) 0_045_
0.02
0
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28.10.2026

Single-lepton analysis

elu + (b) jets, full Run 2, 138fb™"

Use relative top quark velocity /7 instead of m,;

Combine with spin correlations Chel AN Cpa1

Problem: in hadronic top decay, the down-type
quark carries the spin information!

— use neural network for correct jet assignment

Area normalized

Area normalized

0.12

0.1F
o.osé
o.osé
o.o4§
o.oz?

0.09
0.08
0.07F
0.06 -
0.05F
0.04F
0.03F
0.02F
0.01F

0
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0 =08-06-04-02 0 02 04 06 08 1
Chel (Bt*<0.4)

arXiv:2608.19546
submitted to RoPP

' cMs

L Simulation Preliminary

— Continuum ft

‘CcMs

L Simulation Preliminary
—Continuum tt

1-0.8-06-04-02 0 02 04 06 08 1
Chan (Bt*<0.4)



- e, I submitted to RoPP
Reconstruction \

W o CMS
Neutrino momentum from MET & W mass //b(
constraint - B
. . b ( CMS rreliminary 138 fb ' (13 TeV)
Assign jets to legs based on NN: jet W 3 1000 Shae  mmfoomect  2p!
: S 100 |l et gy Spoeco
Inputs: jets & lepton momenta, 2 19 =gﬁ!§2§2imy B pected wi,
b-tagging, MET 2 1%L | s 2

high

Pick combination with highest score Sy

Reject Sy < 0.1 to suppress backgrounds

Use score to define low- and high-purity regions

QCD multijet and W+jets backgrounds:
from data in sideband

0 01020304050.60.70809 1
SN

Ratio to exp. w/o n,
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arXiv:2608.19546

submitted to RoPP

CMS Preliminary 138 fb™' (13 TeV) x10°CMS Preliminary 138 fo™' (13 TeV) CMS
2 % Data M Postfit 2 300f # Data T L Postfit ]
Q 107k | Single't I Multijet/EW o 2505_ Single t [ Multijet/EW ]
= — Expected w/ n, Uncertainty L - —— Expected w/ n Uncertainty ]
5 150
10° :
£ 100 a
10* 50
=i =i
S
© 1.05 o 1.02 ! t
3 S
o 1 ol 1
) )
-% 0 02 04 06 08 1 % -1 0.5 0 05 1
o By o Cpel (B<0.75)
Clear excess at low f* Slight pseudoscalar-like slope in ¢
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arXiv:2608.19546
Single lepton results

CMS Preliminary 138 fb™! (13 TeV) x10°CMS Preliminary 138 fb™ (13 TeV) CMS
2 % Data M Postfit 2 300f # Data T L Postfit ]
2 407k singlet I Multijet EW 2 2505_ Single t I Multijet/EW :
= - —— Expected w/n, Uncertainty L - — Expected w/ n, Uncertainty ]
5 150
10° :
£ 100 a
10* 50§
=i =i
© 1.05 o 1.02 l t '
2 2
o 1 ol 1
) )
-% 0 02 04 06 08 1 % -1 0.5 0 05 1
o By o Cpel (B<0.75)
Clear excess at low f* Slight pseudoscalar-like slope in ¢

o(n,) =5.1£0.9pb >5 SD significance
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Single lepton results

Uncertainties dominated by tt modeling:

Top mass, color reconnection,
matrix element scales, parton shower

Also check ttgrpw (like ATLAS):

G(thRpw) =2.8% OSpb

differences between ttgrpw and n,
consistent with ATLAS

CMS Preliminary

Top mass +- 0.5 GeV

Color reconnection
Resonant decays

1t renormalization scale

Initial state radiation: g — gg

Off-shell top quark production

f factorization scale

CP5 tune

tf additional normalization factor

10 MCyy: 2b S, ©

11 Final state radiation: g — qg

12 Luminosity (2018)

13 DY, 10 S, ©

Jet energy scale

Pileup: Data vs MC (2018) |

15 DY, 10 Sy @

+1cImpact WM -1cImpact  —e— Fit constraint 138 fb™! (13 TeV)
T

arXiv:2608.19546
submitted to RoPP

CMS

1
2
3
4
5 DY 44: 20 S, € i
6
7
8
9
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Result comparison

Experimental

T I T T T T I T T T T I T T T T I I

ﬁyffp\%éCMS Preliminary (s = 13 TeV, May 2026

_ total

ttGFRW Omeas. * (Stat. @ syst.)
CMS, 138 fb’, I+jets*
CMS-PAS-TOP-ZS-?(%Z o L 28+0.5pb
ATLAS, 140 fb™, eu (m
arXiv:2605.02341 () 7.8+24pb
ATLAS, 140 fo, I “a
ROPP 89 (2026) 057801 e 9.3755pb
N,
CMS, 138 b, l+jets*
CMS-PAS—TOP—ZS—OAZ —— 51+09pb
CMS, 138 fb™, I o
ROPP 88 (2025) 087801 —— 8.87%r pb
ATLAS, 140 fb, eu (m
arXiv:2605.02341 b (m7) 89+260pb
ATLAS, 140 fo™', I o
ROPP 89 (2026) 057801 —— 13.177 pb
* preliminary

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1
-5 0 5 10 15 20
o [pb]
28.10.2026

Predictions

o ~ 6.43pb

[Sumino & Yokoya 09]
[Fuks, Hagiwara, Ma, Zheng 21]

Original simple estimate from NRQCD

[Garzelli, Limatola, Moch, Steinhauser, Zenaiev 26]

Obtained from NRQCD, with NLO+PS
from Powheg subtracted

o ~ 3.35pb

[Nason, Pelliccioli, Re, Rottoli 26]

Fully perturbative using Powheg (thr2);
NLO without threshold corrections subtracted
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Result comparison Sredictions

Experimental o ~ 6.43pb

—71 r - T - 1 T T T 1 T T 1 T T 1 T ;
. [Sumino & Yokoya 09]
ﬁyffp\flécms Preliminary Vs = 13 TeV, May 2026 [Fuks, Hagiwara, Ma, Zheng 21]
total Original simple estimate from NRQCD

ﬁGFRW — Omeas. * (Stat. @ syst.)
CMS, 138 fb’, I+jets* . 2.8 0.5 pb
CMS-PAS-TOP-25-002 S=0.
ATLAS, 140 fb™, . . . T
ATLAS, 140 b, ew (m”) \ , 78+24pb Difference t_)etween CMS results under_ investigation
ATLAS, 140 fb™ I s prime suspect: NNLO corrections
ROPP 89 (2026) 057801 e 9.37% 5 pb
", Tension between ATLAS and CMS to be understood
CMS, 138 fb™, I+jets*
CMS-PAS-TOP-%s-ggg ® —— 5.1+ 0.9 pb
CMS, 138 fb™, II'
ROPP 88 (2025) 087801 e 8.8%7 pb O ~N 3.35pb
ATLAS, 140 fb™, en (M
arXivi2605.02341 w(m™) C 1 8.9+2.6pb [Nason, Pelliccioli, Re, Rottoli 26]
ATLAS, 140 fo™", I o
ROPP 89 (2026) 057801 — 13157 pb FU”y perturbative using POWheg (thIQ);
* preliminary . .

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L L L L NLO Wlthout threshold Correctlons SUbtraCted

-5 0 5 10 15 20

o [pb]
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Result comparison

Predictions seem to be below experimental results

> future: use new MC generators in analyses for more

T I T T T T I T
ATLAS+CMS Preliminary

straightforward comparisons

LHCtopWG CV, WIdy ZUZ0
_ total
ttGFRW Omeas. * (Stat. @ syst.)
CMS, 138 fb’, I+jets*
CMS-PAS-TOP-25-002 o L 28+0.5pb
ATLAS, 140 fb", eu (m
arXiv:2605.02341 () 7.8+24pb
ATLAS, 140 fo, I “a
ROPP 89 (2026) 057801 e 9.37% 5 pb
nt
CMS, 138 b, l+jets*
CMS-PAS—TOP—QS—OAZ —— 51+09pb
CMS, 138 fb™, I o
ROPP 88 (2025) 087801 ——— 8.87%r pb
ATLAS, 140 fb™, en (M
arXiv:2605.02341 b (m7) 89+260pb
ATLAS, 140 fo™', I o
ROPP 89 (2026) 057801 —— 13.177 pb
* preliminary
I 1 1 1 1 I 1 1 1 1 I 1 I 1 1 1 1 I 1 1 1 1
-5 0 5 10 15 20
o [pb]
28.10.2026

Predictions

o ~ 6.43pb

[Sumino & Yokoya 09]
[Fuks, Hagiwara, Ma, Zheng 21]

Original simple estimate from NRQCD

[Garzelli, Limatola, Moch, Steinhauser, Zenaiev 26]

Obtained from NRQCD, with NLO+PS
from Powheg subtracted

o ~ 3.35pb

[Nason, Pelliccioli, Re, Rottoli 26]

Fully perturbative using Powheg (thr2);
NLO without threshold corrections subtracted
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What about BSM?




Additional Higgs bosons

SM Higgs: complex SU(2) doublet ¢ — one real scalar after symmetry breaking

Many BSM models predict additional Higgs bosons
e.g. Two-Higgs Doublet Model (2HDM), Supersymmetry, ...

Example: 2HDM CD‘I CDZ

0000 00

neutral neutral
CP-even CP-odd

‘ﬁ

charged

If man > 2m¢; decay to tt — search in tt final states
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) ™y —
= 29AtE7t75tA

Additional bosons in tt .

Additional bosons predicted in many BSM models:

e.g. Two-Higgs Doublet Model, SUSY, ... . My —
- LH = —gui— ttH
Here: generic heavy pseudoscalar (A) or scalar (H) v
Coupllng SOIer to tOp quarkS CMS Simulation 13 TeV
= AL L r|1 L L B AL L
.. : . : I =400 GeV |
Production in gluon fusion via top quark loop § w0l i D o ]
and decay to tt _ = I ei=1.0 ]
9 t 5 200 |- A — -
t i g’ of — .
+ SM tt I ]
> S -200 ]
t T _ :
g / 400 :.:': --- Resonance |
600 . S e Interference
Same final state as SM tt — interference o T Tl
— peak-dip structure in invariant mass mg 350 400 450 500 fgo '
my; [Ge
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RoPP 88 127801 (2025)

BSM interpretation

At the current level of precision: g _
. g . - o 95% CL exclusion, 'x = 5.0% mj
cannot distinguish tt bound states 95% expected " Observed

and BSM pseudoscalars 25| mmm 68% expected [ Mg > I
—————— Median expected

CMS 138 fb~! (13 TeV)

- alternative interpretation as BSM
(pseudo)scalars A and H

Statistical combination with lepton+jets 1.0}

BT 100014
decay channel _

0.5|
Limits on coupling gat of new state to .

top quarks ., Notthoundstat
P9 0.0Z00 600 800 1000
Ma [GEV]

No tt bound states |
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Further BSM ideas

Many more BSM interpretations possible!

Axion-Like Particles in tt Bound state effects on top of BSM scalars
[Anuar, Biekdtter, Biekotter, Grohsjean, Heinemeyer, LJ, [Flacke, Fuks, Kim, Kim, Lee, Munoz-Aillaud,
Schwanenberger, Weiglein, JHEP 12 (2024) 197] PLB 879 (2026) 140613]
T T T M, =340 GeV, c;=0.01, [/M;=1%
-95% CL exclusion m, =400 GeV ]
: ra/ma=2-5% 1.2 ===- 0OpQcD —— Opssm + 0qcd — OpQcd
B * . —-==- OpBSM —— OBsm
3 31 Run 2 ] I p— UZCD —— Ogsm, Ma =360 GeV
- — Run 2+3 ]
> — HL-LHC <
(O] 2 i 2 0.8
= <l reedsr, | ¢
...\{ [ ] go.e
© Ll 3
1 - he]
- 0.4 1
0 1 1 1 ™ 02
-0.10 -0.05 0.00 0.05 0.10 -
calfa [TeV‘1] %38 340 342 m:[:l(:eV] 346 348 350
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What next?

Toponium physics is only just starting!

We need...

- better understanding of tt threshold modeling
resummation, parton showers, off-shell effects, ...
large synergy with top mass measurements!
already great progress since publication of first results!
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What next?

Toponium physics is only just starting!

We need...

- better understanding of tt threshold modeling
resummation, parton showers, off-shell effects, ...
large synergy with top mass measurements!
already great progress since publication of first results!

= better tt reconstruction (e.g. with ML)
improved resolution (both my and spin correlations)
but also: control over systematic uncertainties
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What next?

Toponium physics is only just starting!

A few ideas:

= unfolded differential measurement
we do not have the resolution to resolve the my lineshape,
but we could measure other distributions at low my
e.g. Ay, my, full spin correlation matrix, ...
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What next?

Toponium physics is only just starting!

A few ideas:

= unfolded differential measurement
we do not have the resolution to resolve the my lineshape,
but we could measure other distributions at low my
e.g. Ay, my, full spin correlation matrix, ...

= Other channels: nt = vy
could help distinguishing toponium & BSM interpretations!
but branching ratio extremely small ( ~ 1079)...
different experimental challenges: photon ID & resolution
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Summary

Observation of an excess at the tt threshold
Dilepton (CMS & ATLAS) and lepton+jets (CMS), full Run 2

Interpretation using simplified tt bound state model:

dilepton CMS:  6(57,) = 8.8F1-7pb
: : — 1.9
dilepton ATLAS: 6(17,) = 13.1f1.7 pb

lepton+jets: o(r,) = 5.1 =0.9pb

Differences between the CMS and ATLAS results to be understood

Main limitation: modeling of both tt threshold and continuum
Great theory progress already - more advanced MC available

CMS
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Single lepton: full postfit

CMS Preliminary 138 b (13 TeV)
% 10t 1 Data B it Single t Postfit
Q 408} M MultieVEW  — Expected w/ n Uncertainty
LI

= 1. i ,: e s o E ................ oo E ............... :, ....... pooeeeof e :, ....... E .............. i ....... ,: ........
S R P et PRI R M - L
; 1 ] 1 1 1 !—r;’ e Ll il A 1 1 TN el - Tt
o L L L L L L L
a<) 09t oo i Rt oo s e e Rt oo S e R oo i oo oS
[e) Bt* (0,0.4) (0.4, 0.6) (0.6, 0.75) (0.75,0.9) (0.9, 0.95) (0.95, 0.98) (0.98, 1)

L I 1 | 1 1 | 1 1 | L 1 | 1 I | 1 1 | L 1 J
L Che1 13 13 11 A3 13 £ -3 13 11 /3 13 11 -1/3 13 11 13 13 11 13 13 1
o ' : L : ] L L : ! L : ] : : : : : : : L : ]
OC  Chan -1 -1 -1 11 -1 11 -1 -1 11 -1 1 -1 1 -1 -1 -1 11 11 11 11 11 A
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Single lepton: full prefit

CMS Preiiminary 138 fb™' (13 TeV)
10’F 1 Data B it Single t Prefit
10} | Multijet/tEW ~ —— Expected w/ ) Uncertainty

Events

e --
< 1.1 _}____i——:—'_ ....... . TR S - SR E S S s e o] i oo fopes . r—
O 1 1 1 1 1 1 1 1 1 1 1 1 1
ERR] L T e ey MO AEENSE AN ERE HEE ins
: T I: : 1 t :! ] !:! 3 3 [} i:! ] i:! " :. . .: . ':. .:! o ® :. . .:! . ol® . I:I . .:' ° o
S ] L i slnENN s RN DR ]
X 09 ........ e S e R R e R R Foeee SR P SR R e R e e
B (0, 0.4) (0.4, 0.6) (0.6, 0.75) (0.75, 0.9) (0.9, 0.95) (0.95, 0.98) (0.98, 1)

L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
Chel -1 -1/3 1/3 11 -1/3 1/3 1-1 -1/3 1/3 11 -1/3 1/3 11 -1/3 1/3 11 -1/3 1/3 11 -1/3 1/3 1
| PR T B PR B P BRI SR TP SRR BRI SR I SRR TR SR R PR R PR TR |
Chan -1 11 -1 -1 =1 11 fi1 f-1 -1 11 11 =1 =1 11 11 41 11 11 1= -1 11
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Checks of the result cms 138 fb-" (13 TV

Data I tX Unc.
tt mm Other

How do we make sure the excess is real?
— Check alternative variables: mppy instead of mg

Events / GeV

Sidestep possible biases from tt reconstruction

Repeat full fit: consistent with main result 1.2 posifit (FO pQCD + BG + )
t

|

¢

— N, o(n) =7.5+1.8pb

200 400 600 800
Mppy [GeV]

o
o)

Ratio to FO pQCD + BG
=
o
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Checks of the result

How do we make sure the excess is real?
— Check alternative generators for continuum tt (+ tW)

Powheg + Herwig
different parton shower

Powheg bb4l + Pythia & hadronization model

off-shell tt & tt/tW interference at full NLO

t b
g &MML——P—{ g ¢
W+
tA t aMC@NLO fXfX + Pythia
W™ b W= different NLO matching
b

scheme
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Checks of the result

How do we make sure the excess is real?

— Check alternative generators for continuum tt (+ tW)
CMS simuiation

= =
o =

Ratio to Powheg + Pythia
o
LO

0.8

28.10.

CMS Simulation

.(1.3 T('a\()

- ——- tt+tW Powheg+Pythia
tt+tW Powheg+Pythia + n; 1

tt+tW Powheg+Herwig
bb4l Powheg+Pythia

o tt MG5_aMC@NLO FxFx
- + tW Powheg + Pythla

=4

400 700 1000 1300

myi [GeV]
Probing the

2026

Ratio to Powheg + Pythia

1.1

0.9

0.8|

mg < 360 GeV

- — = tt+tW Powheg+Pythia

tt+tW Powheg+Herwig
bb4l Powheg+Pythia
_ tt MG5_aMC@NLO FxFx
- + tW Powheg + Pythia

L L | L L L L

(13 TeV)

 — tt+tW Powheg+Pythia + n; 1

-1 0

1

Chel

threshold at the LHC | Laurids Jeppe

Significant differences in
M¢ and Chel!

bb4l: higher slope in Chel,
but no peak in mg

Herwig: enhancement in
mg at threshold, but
reduced slope in Chel
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Checks of the result

How do we make sure the excess is real?
— Check alternative generators for continuum tt (+ tW)

Excess confirmed for all

o(nt) results for different generators: generators!

FO pQCD generator setup o(n,) [pbl

POWHEG v2 hvqg+ PYTHIA 87+1.1 Larg.est difference in nt cross
POWHEG v2 hvq + HERWIG 8.6 1.1 Se1CtI50g,i3b|b4l
MADGRAPH5_aMC@NLO FxFx + PYTHIA 9.8 4+ 1.3 ' ower

POWHEG VRES bb41 + PYTHIA 6.6 = 1.4 - For nominal result:

Nominal result 8.8"11 Add difference between
Powheg tt/bb4l &
Pythia/Herwig as nuisances
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Spin correlation observables
Formal definitions of chel and Chan:
ch = 0 by = +(C(E7 )i+ (G (67 )r + (E5)a(65)n
than = —(G)e (0 )k + ED)e (@) + (G (6 )

S~ —— __—
normalized components of (anti)lepton three-momenta in helicity basis
1 do 1 1
which leadsto  — =-(1—-Dcpa) D= =Tr[C]
O dche 2 3 \
spin correlation matrix
1 do 1 1 | N\

Ld7 114 D) D =
han

g (Ckk _ Crr _ Cnn)
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tt reconstruction

assign b jets to leptons based on my,
Assumptions: all PT™*° from neutrinos, tops and Ws on-shell

conservation of energy & momentum — solve for neutrino momenta
(4th order polynominal equations)

if multiple solutions: use that with lowest mg
to account for mismeasurement of b jets & Iz
repeat 100 times per event with random smearings

use weighted average of those repeats that gave physical solution
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Prefit distributions

Differences between data and prediction observed in low mg bins!

Events / GeV

1.0

Ratio to FO pQCD + BG
o
©

28.10.2

CMS supplementary 138 fo=! (13 TeV)

¢ Data W tX unc.
tt Other

| —1<Chea<-3 —1<Cpan<-3|
m . .

Prefit, normalized
'
et

AKX’
: max
Mo U(I‘It? =6.43 pp . ]
400 700 1000 1300
Myt [GeV]

026

Events / GeV

Ratio to FO pQCD + BG

1.0

0.9

CMS supplementary 138 fb~1 (13 TeV)

+ Data W tX unc.

tt Other

_%<Chel<% _%<Chan<%
r -

r Prefit, normalized
] P T .

RER: +++++M}H* + +
-~ N 0(ny) =6.43 pb . ]
400 700 1000 1300

my [GeV]

Events / GeV
=
= 2

=
o

Ratio to FO pQCD + BG
o
©
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CMS supplementary 138 fb~1 (13 TeV)
¢+ Data mE tX unc.

tt . Other

%<Chel<1

%<Chan<1

P *
A
T N, U(Ot?=6-43 pp ‘
400 700 1000 1300
my [GeV]
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3D postfit distributions:

CMS supplementary 138 fb~! (13 TeV)
+ Data tt mm tX - Other Postfit uncertainty
—1<chan< -1 —1<chan <-1-1<Chan<-3 —3<Chan<i -1<Chan<i -3<Chm< % T<Chan<l L<chan<l I<cpan<l1
_—1<Che|<—% §<Che|<§ %<Chel<1 —1<Che|<—% —%<Che|<% —<Che|<1 —1<Che|<—% _%<Chel<§ .§<Che|<1 ]
L] L]

O

s

+

()]

@

2

o 1.01%

L

S

°

o 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200
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Impacts

Leading uncertainties:

- Comparisons to bb4l and
Herwig

- EW corrections:
Yukawa coupling,
correction scheme

- tt FSR, matching
- top mass

- nt modeling (FSR)

28.10.2026

Probing the

CMS —e— Fit constraint (FO pQCD +BG +mn) —=&—— Fit constraint (FO pQCD + BG only)

bb4l (tt + tW)

PS FSR (i)

Top quark mass (QCD MC)

Top quark Yukawa coupling
Pythia vs Herwig (tt)

b tagging (light/charm ratio)

PS FSR (nt)

Color reconnection (QCD-inspired)
EW correction scheme

Luminosity (all years, corr.)

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF

Jet P scale (PU rem. central, corr.)
Jet P, scale (rel. sample, 2018)

tW norm.

Electron ID eff.

Luminosity (2017, uncorr.)

Jet P scale (abs. scale, corr.)
Jet P scale (b flavor response)

+16 impact (FO pQCD + BG + nt)

— —lo impact (FO pQCD + BG +n,)

5(n) = 8.8% pb

IIIIIIIIHI‘I
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List of systematic uncertainties

Experimental Theory
Jet energy corrections - split into 11 subsources - Factorization & renormalization scales:
Jet energy resolution - tt, tW, tq, Z+jets; nt (BG or signal), A/H signal
Unclustered pTmiss (uncorrelated between years) = Uncorrelated between processes
Luminosity — correlated and decorrelated parts = tt: including cross section variation
between years - Same for initial & final state radiation PS scales
Pileup - MC top mass: £1GeV (interpolated from +3GeV)
Trigger efficiencies (separate for £ / {j) = Also including cross section variations
Electron efficiencies (reco. & ID) - ME-PS matching (hdamp)
Muon efficiencies — split into syst. and stat. - Underlying event tune

- B tagging and mistagging efficiencies - Color reconnection: 3 different samples

= B tagging split into subsources - PDF: PCA performed on final templates from 100

- L1 ECAL prefiring (where applicable) replicas — only leading component considered
Data-driven EW+QCD BG ({+jets) : shape & rate - PDF as
(50%) uncorrelated between channels - Electroweak corrections:
Data-driven Z+jets normalization ({f) > SM Higgs-Top Yukawa coupling (1 +0.11 -0.12)

EW correction scheme (additive v. multiplicative)
Minor BG cross sections: 15% for tW and tq; 30%
for Diboson and tt+X
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List of MC generators
Process QCD order ME Generator
tt NLO PowHEG V2 (hvq)
tW NLO POWHEG V2 (ST_wtch)
Z+jets NNLO PowHEG v2 (Zj MiINNLO)
t-channel single top NLO POWHEG V2 (ST_tch) + MADSPIN
s-channel single top NLO MG5 AMC@QNLO
ttW NLO MG5__AMCQNLO
ttZ NLO MG5_ AMCQNLO
WW, WZ & ZZ LO PyTHIA 8.2
A/H signal LO MG5_ _AMCQNLO
n; signal LO MG5 AMC@NLO
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Data-driven Z+jets normalization

b jets in Z+jets are known to be badly modeled in MC — might lead to wrong normalization
after requiring >= 1 btag

Take normalization from Z peak sideband (Rin/out method)

Use weaker assumption than standard Rinout (“ratio of ratios™):
Get Rinout in 0 b tag sideband; take “ratio of ratios” for > 1 and 0 btags from MC

b
(RZ) Ddata (R ) data

>1b 0b
(R joutvie (B e~y (Naiata _ (N3 iata Fonjou) i

: 1 Nee
with  Naara = Nﬁm . 0-5N§5takee, where k.. = — = Ncmtta
H data
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EVW corrections to tt

Our EW correction (Hathor) is NLO in EW but LO in QCD
Ambiguity on how to apply EW corrections to (N)NLO simulation

Nominal choice: multiplicative

Hathor
Powheg UNLO EW
rew.  _LO EW v LO QCD
o — ONLO QCD LO EW
910 QCD
MadGraph
Alternate choice: additive
rew.  _LO EW NLO EW LLO EW
0" = ONLO QCD T 0LO QCD — OLO QCD

Difference treated as systematic uncertainty
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Fully perturbative predictions?

arXiv:2505.00096 (P. Nason, E. Re, L. Rottoli) O T i g0 cev App—
-0.3 [ems: My<400 Gev, th+thr(bsbi)| ——
Try to get predictions for D and my close to the o3 p (Dpdlrt(s3)
threshold using a fully perturbative approach o T CMS 2uoscss7s e
if your cut is sufficiently inclusive (e.g. mi < 380 GeV): R o
insensitive about details of peak — integrate over it 005‘: I f ATILAS }
Is this a "bound state” or “threshold 06
corrections”™ ? 095
Nason et al: “bound states” are only terms oz% 03 MiNl\i\LTcEEE{E%@EE E
To me this is a semantic difference... -0.35 éLLQSp}:f:;:Z:ve,V CMS 240603076 F—=—
Are these corrections already (partly) included in = 004: - i
“normal” higher-order MCs? sl 1 [ aTias I %
- Powheg tt MINNLOps — not yet checked in CMS... 055 - i
MATRIX NNLO doesn’t seem to show it — but that is -0.6

stable-top level
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Limits on A/H

Set limits on couplings of A/H to top over large mass range
- Two scenarios on how to treat nt:

3.0

Oatt

2.5

no Nt 2.0

excess visible 15

in limits
1.0
0.5

0.0

28.10.2026

CMS Supplementary

138 b1 (13 TeV)

Il 68% expected

95% CL exclusion, 'a = 5.0% mu

95% expected [ Observed
[T Faeg > Ta
Median expected

No tt bound states

400

800 1000
ma [GeV]

600

2.0

1.5

1.0

0.5

0.0

CMS Supplementary 138 fb~1 (13 TeV)

95% CL exclusion, 'x = 5.0% mjy
95% expected [ Observed
I 68% expected [T Tagg > Ta
Median expected

Nt as additional
free-floating BG:

fit can choose

between A/H

and nt

Nt is preferred

_ — excess is
Including 1Sf!! tt bound state n,
PRD 104, 034023 (2021) absorbed
400 600 800 1000
mpa [GeV]
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A+H interpretation

mA = mH = 365 GeV 2% W|dth

~3.0
. R 138 fb-1 (13 TeV
BSM models (e.g. 2ZHDM) often predict the Sr'gl’,'rfmary 68((y CLe )
. O - (o]
simultaneous presence of Aand H 22.5¢ - 959% CL
m L
201 Including 1SLY tt bound state n, |
- Model-independent exclusion contours for [ PRD 104, 034023 (2021)
both A and H couplings 15 -
= numerical Feldman-Cousins method ,
1.0 .
Input for bounds on concrete BSM models et i
i'} —— Expected (b)
& —— Observed
0.0...\n....|....|....|....|....
0.0 .5 1.0 1.5 2.0 2.5 3.0
JA(365, 2%)
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