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Top quark measurements
at the LHC

30+ years of top quark physics!

Today’s menu:
* Associated production

Typical entanglement

* Vector bosons, fermions experiment with photons LHC
* Top quark properties: l R l

eV KeV MeV GeV TeV
i mt

* Top quarks as a Quantum Information Science Lab

Andy Jung
on behalf of the ATLAS and CMS collaborations
Xt QCD@LHC, Oxford, UK oxrorp | PHYSICS
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Exciting times...

Nature 633, 542-547 (2024)

,, CMS 138 fb~1 (13 TeV)
Quantum entanglement in top quark pair production 2 P % FOpQCD + BG
Collect top quark data, Rep. Prog. Phys. 88 (2025) 0&7801 / ™ * oy
separate in three regions, R S i N - £3SD
measure “entangled-o-meter” D CMS supplementary 138 fb~1 (13T 10 HV A N 25
- — -1
D # 0: top quark spins are correlated. t D_ata . ur sk CMS Preliminary 138fb” (13 TeV)
Confirms something we have known since 2012. tt W Other 42 ¢ Data - tt Postfit
Read more about this! % 104 0 L] 2 107 F Single t I Muttijet/EW
s/t cer/Updates Brefing/ Top-Entanglement Afmiz\‘,mmfb g I . [ w Expected w/ Uncertainty
o CMS-PAS-TOP-25-Q€) (13 Tev) 2 e -
° 14 Data 103 .
4 2 .
e = F gﬂg,-,,a 1 stat, total unc. g B, 10
D <-1/3: top quarks are “entangled” § 1.2F Y w .
This is new and exciting! 1:7 gga::g:ﬁg L. _15 _5 — é
i MG5+P8 10? i
F - MINNLO+P8 Q ]
Looking forward to a CMS result 0.6 — =
E —r + 1.1} Postfit (FO pQCD + BG + n) o 1 05—4—
Rep. Prog. Phys. 87 (2024) 117801 % TET 3 8 R (S
0.2 . i S
£ cos(8)| < 0.4 o h Q 1
. i e o .4 ¢4 4 x
CMS 36.3 fb~" (13 TeV) ot Icos(o) 1.0 bbb E3
L R T 300-400 400-600 600-800 > 800 o DR ¥ 0.95+
POWHEGV2 + HERWIG+++1, / ff, B G g o
/8 MG5_aMCGNLO(FxFx) + PYTHIAS + 1, / ff, m(t) [GeV] S o n 0o na nA 0] 4
/! POWHEGVY2+ PYTHIAS + 1, / y, _ —gg+l2 _
[/ MC Stat. 209 M, olrk) = 8.8-1:2 pb
/1/' MC Stat. @ Syst. CMS  preliminary 138 fb” (13 TeV) 2 400 700 1000 1300 o(nt) = 5.1 i 0.9 pb (> 6 SD)
— Entanglement boundary +0) < 400 GeV Y 221 s Data Mg [GEV
/o1 Data extr. with PH+P8 mith) < - O L, — Powheg+P8
@i Data extr. with PH+P8+1, Bi(tt) <0.9 + 2 r o Powheg+H7
B CERN-EP-2026-002 / TOPQ-2025-11
oy L - MiNNLO+P8
Without . 16F
< F 3" -
N | i (@] F 8 | amaseeimiay
-0.491:5.038 jH——H | toponlum " 1.4 :_ ________ s 2 POVJi;(;I\;Znhil:c PYTHIA 8 i, pre-fit
—— w £ ¥
‘ e < 1.2F A — ot deed | jeoer
|1 Wi ) F 2.2(2.4)c 6.7(5.6)c o8
| ith B
\ . 8 1 | Separable state L
-0.480:3835 | ——e—— tOPomum o m(tf) < 400 GeV m(tf) > 800 GeV
L L I ! Icos(0)l < 0.4 . ; .
-0.60 -055 -050 -045 -0.40 -0.35 -0.30 i i i . L
D & % R =

« “toponium” — lots of updates recently " S
 LHC as a quantum information lab
* More rare cross sections

Sept 17th 2026: Strong evidence for guantum
» Rare processes

entanglement between Z bosons found by ATLAS and CMS
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html
https://doi.org/10.1038/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://doi.org/10.1088/1361-6633/adf7d3
https://doi.org/10.48550/arXiv.2601.11780
https://home.cern/strong-evidence-for-quantum-entanglement-between-z-bosons-found-by-atlas-and-cms/

Standard Model — Top Quark Physicsi $aras

Top quark production is dominated by QCD, decay is electroweak Iept0n+jetsw‘

=
< +

t raTeToT, t . l+, q proton , , , i
< t w Vv, (_7' q T p
t-' o000 — t b g
Top quark is the heaviest fundamental particle w
discovered so far
- my=172.52 £ 0.33 GeV [PRL 132 (2024) 261902]
Unique quark, not stable: Special role in EW symmetry breaking ?
1 - 1 - 1 . ™
mt Pt AQCD A.2 // i B \\ e fevatron B
N~ N~ N—— v —h—’— = ":_ - \ p 4 World \‘
production lifetime hadronization  SpPin—flip IR = e o
10727 s 10725 g 10724 s 10721 g h W S
. H ~ l - o it Absolute stability
—> Observe bare quark properties Higgs mass at ~ 125 GeV! s

—> New physics in loops ?
— BSM often has top quark partners
Large Yukawa coupling to Higgs boson - No fine-tuning if top quark partner
—~ A+~ 1 only m¢is a “natural mass” > New probes, e.g. based on quantum
information science !?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261902

Top quark physics —m, Highlights ™ &anas

vvvvvvvvv

30+ years Of tOp quark physics! Associated jet production

e Different systematic :
uncertainties 1#

R(p,) / bin width
g

...........

JHEP 2026, 99 (2026) , ob e

15 measurements at 7 and 8 TeV i
combined "
* Best Linear Unbiased Estimate method % 1750 ATLA|S CMSlP/f/// - “
* Correlation strengths of different O, i LHCtOpV-\|I.G re oAy vs=r, sTeV i
systematic uncertainties between 2 L Simultaneous ]
measurements evaluated T o1TAr ot B
* Combination stable against different -
assumptions > A
* Jet energy scale, b-tagging and / 0/ y
modelling largest uncertainties 170 -
* Good compatibility between the I I
measurements 171:_ g
e Largest impact: CMS and ATLAS 8 TeV |+jets o 2
MR BRI R (I BRI i
Most precise mass determination 7472 473 474 175

PRL 132 (2024) 261902  mATLAS [GeV]

to date! relative precision < 0.2% !
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https://doi.org/10.1103/PhysRevLett.132.261902

Top quark p

nysics: Current status...

ATLAS

EXPERIMENT

Abundant production!
O(100M) events in Run 2
Precision down to 1.8%

Abundant production at the LHC, O(100M) tt pairs
—>”Standard candle”

Aug 2023 CMS Preliminary
-8_ : 5.02 TeV CMS measurement (L < 302 pb™)
= 03 - : : : O 7 TeV CMS measurement (L <5.0 fb™) :
o} E : B 8 TeV CMS measurement (L < 19.6 fb™) i3
- B B : : : o B 13 TeV CMS measurement (L < 138 fb™) ]
S .ol " e : : : : : : B 13.6 TeV CMS measurement (L <1 o) :
= 10 E = Im ﬁ : O mé Theory prediction
8 E T : : : : iy 4 4 “. CMS 95%CL limits at 7, 8 and 13 TeV
s | ey o =3 A
8 10 : - : : : :
o) 3 s =R P
= C : : P S : : I : : : : : : : :
®) L : : : : : : : : : : : : : : :
c i ; ( i ’ q ™ : : : : : : :
s 1F Rare! Only ~120k] ™ = =% . = = ; E|
= = : : . : : : : : : : : ] : : o 3
5 = : : : : : : : g : : g E
S | events in Run 2, } ir AR R
© : : : : : : : i : :
—1 i ~iai ; i ~¢) : : : : : :
2107F precision at 6.5% +— 5
2 o 1 1 Extremely @ 2
- : : : - 0 oE
10°f challenging! [+ |
: Only ~3k events, ]
N : S : 0/ | :
10 3F precision ~25% ! : 3
B T Tt L B ENL NS
TO p q u a rk at QC D @ LH C: All results at: http://cern.ch/go/pNj7
ATLAS results on associated top quark production (Top+X) and EFT interpretations Oliver Rieger ATLAS results on top properties and threshold region Lucas Cremer @
Seminar Room 7, St Anne's College 11:10 - 11:30 Tsuzuki Room, St Anne's College 14:00 - 14:20

NNLO QCD corrections to $tibar{t}W$ production at the LHC

Seminar Room 7, St Anne's College

State-of-the-art predictions for four-top production with invariant-mass threshold resummation.

Seminar Room 7, St Anne's College

Top quark mass interpretation from simulation of top-flavoured mesons
Seminar Room 7, St Anne's College

flavour schi via i ion of heavy-quark mass power corrections

Seminar Room 7, St Anne's College

Vsevolod Chestnov

11:30 - 11:50

Tommaso Saracco
11:50 - 12:10
Alexander Lind

12:10 - 12:30

Christian Biello

12:30 - 12:50

Top quark pair in the threshold at the LHC: NRQCD and key-uncertainties

Tsuzuki Room, St Anne's College

ATLAS results on top quark cross section measurements and recent progress on modelling
Daniel Ernani Martins Neto et al.

Complete NLO corrections to off-shell $t \bar{t}$ production in the $\ell+j$ decay channel
Tsuzuki Room, St Anne's College

Top Quark Pair Production and Decay: The 1-Higgs-Singlet Model and Pseudoscalar Decay

Tsuzuki Room, St Anne's College

Giovanni Limatola @

14:20 - 14:40

@

@

15:00 - 15:20

e

15:20 - 15:40

Leon Mans

Vishakha Lingadahally

PURDUE
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/

Associated y production (full Run 2) = ¥aas

Inclusive and differential fiducial cross

Phys. Rev. D 110 (2024) 096023

. - . CMS Preliminary 138 o™ (13 TeV)
sections for tyqg and tty production S conf-Daa  MViris W2 o
. % F . misID Others Nonprompt <> Uncertainty
’ o, ’ o, ! ! " 7 S Q20000 jy +jers SR channel tty Data/Prefit
2 w E AR(y)E (0.4,1.2] | AR(Y)E(1.22.0] | AR(ly)E (2.0,2.8] | AR(Ly)€E (2.8,%)
g 15000 —
10000
- Differential measurements performed vs
kinematic observables at particle level, & vs o
- 12F
AR(t,y) and top-quark charge at parton level S A AR
: 8 0
- Larger Run-3 datasets will enable 5 ° " " " 1
BDT score
multidifferential studies and improved sensitivity
to possible deviations from the SM. __ CMS_Ppreliminary 138 b (13 TeV)
g 900 i— Ogy (MG5 NLO prod.+
%S 800F- Powheg+Pythia8 NLO tt decay) Data
_ +0.082 __ +0.067 +0.047 S _E +
I/lt,),q —_— 1.141_0080 —_ 1.141_0066 (Syst) _0047 (Stat), E 700; M_ ‘353 (’\:AGG55|T_LOOﬂerd+y)
600 7% eca
_ 0.059 _ 0.055 0.021 E . F 3
peey = 1.055 059 = 1.05575033 (syst) Tg 51 (stat), T
:—k AAAAAAAAAAAAAAAAAAAA i ____________________ I
mea. __ +17 E
o'tot.t'yq - 237—17 fb, Zgg;
ea. __ +81 =
ottty — 144575 fb. I | | S—
8 14
. 812 . . I SR
Good agreement with SM 3 osf
- Dominated by MC stats, Theoretical prediction . 04, 18 D2, 20 20,28 B8 D)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.096023

tt+tt cross section & VLL searches [ §anas

First exploration of t-enriched final

= Measured tt+tt production ctotes
and search for vector-like
lepton (VLL)

0Th2£SS

g 9

~—— 4321 model

t Z t 0t,2/0S
- / y - 0Ty12
t t .
g g CMS Preliminary 138 th~1 (13 TeV)
— T T T T T T T T T
t t 5| 17t,0f SR e Data Post-fit unc.
Post-fit Fake 7, mmm ttbb L
r— tEX CMS Preliminary 138 fb~* (13 TeV)
- + 1 8 ! W Wjets s Single top —o— Observed
O' t t t t f— 1 6 fb » - it ---- Median expected
— 1 5 21030 o W 68% expected
g . . . . 95% expected
>
m

SM prediction: o (tftt) = 12.075% fb
[NLO QCD+EW; JHEP 02 (2018) 031]

= Consistent with the SM prediction.

830 ‘G(‘V
1
1
|

95% CL limit on o [fb]

—-

10° 1ThOf + 1712 + 1742£ combined

L H

= No significant excess observed in the VLL L T e
BDT score bin
search.

ocmoies 2
T T
»

Data/Pred.
SO EE

CMS Plreliminary 138 tb~1 (13 TeV)
= First VLL-pair search in the 4321 model with  combination _,._ Lo Observedr (41012411 h“;l
light leptons, complementing previous all- N
hadronic searches. g M o

1 1 EA 1.2%22 0.5
= Consistent with the SM and does not tmnt N T o
confirm the earlier 2.8c excess seen in the R -
) H : 0.0 B Observe!
CMS all-hadronic channel result. E—— e
Signal strength r = owi/0th; Significance (standard deviations)

47 PURDUE A. Jung Top Quark Measurements at the LHC 8
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Rare processes (FCNC, ttt) 2 Faras

" First dedicated search for
Standard Model three-top-
quark (ttt) production at the

LHC.

= ML-based bg estimation & optimized
multivariate classifiers for sig/bg

= 95% CL upper limit of 25 fb on the ttt
production cross section.

_ ‘ 138 fb~! (13 TeV) 138 b1 (13 TeV)
> it g ‘
. CMS Il Other Backgrounds tttt € cMS 95% expected
<025 Preliminary — Sa0ol- Preliminary PR
S -+ Observed
Considers single-lepton, | a0
same-sign dilepton, and | 5,
. . o
multilepton categories. 5
50

0.1 0.2 03 04 05 06 0.7 08 09 1.0
BDTatop 0™Single Lepton DFMUTepton —— Combined

Events/bin

Data/Pred

= FCNC targets same-sign a ¢

q t

dilepton and trilepton final )
states with exactly one b-
tagged jet.

Uses boosted decision trees
(BDTs) to improve sig/bg & fit w . w
max likelihood

First simultaneous constraints on ¢
the complete set of relevant top-
quark FCNC SMEFT operators,
and on FCNC two-quark—two-
lepton operators.

CMS Preliminary 138 fb”' (13 TeV)
T T

zzzzz 2Iss, 2lss, 3lonz, Blonz, alonz, aloftz,| otz | aloftz, —4— Data
103 1b, >3j >1b 1b, 1j 1b, >1j >1b 1b, 1j 1b,>1) >1b Charge mISID
3 Nonprompt
- 3_3::‘ . Conversions
102 Z = -~ L o~ = Diboson
- e, E X
+ . *‘”**t+ s + Single top
- - E . iz
10 = L L ttw
E tiH
C -!j — Other
1 ! ! : ! [7] Stat. @ syst.
15 T T T T T
E — FCNC ¢,=2
O AU S SR I ST U 1. ot .
1 :J - +§+ &*+*++++$++H+ A+ +W+_+_H++ -+~ ++_+_ Y '+‘_+_ ++++ FCNC ¢,,=0.7
0sE . . . . . — FCNC ¢,=2
~o 10 20 30 40 50

Bin number
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Rare processes (FCNC, ttt)

= CMS: First dedicated search for
Standard Model three-top-quark
(ttt) production at the LHC.

= ML-based bg estimation & optimized
multivariate classifiers for sig/bg

= 95% CL upper limit of 25 fb on the ttt
production cross section.

= ATLAS: Probes cLFV through both rare top
decays, t = euq, and anomalous single-
top production, gg — teu in a common
trilepton final state.

= Uses separately optimized MV classifiers
for the decay and production topologies

= Sensitivity driven mainly by the single-top
production channel.

L B L R B B B
----Signal(d)z

fam——
10°E atLAS

Events

¢ Data
[ s=13TeV, 140fb' ---- Signal(p)/10 [l Others
B . L SR-prod 3 vvwv [ t+X i
138 fb-' (13 TeV) e (197o0 See talk by Oliver Rieger LPret — oaw |
. T T - E HF.. HF_ E
?:. CMS EE Other Backgrounds it £ cMS " 95% expected E =:Y-fa$:5 5;2 fakes 3
. it = . W= 68% expected — : : o
0-25( prejiminary §3°° Preliminary = Median expected S oasf I " atLas "gs% CL limits 777 Uncertainty -
5 < Vedane & o 3 [t
E s E Vs=13 TeV, 140 b Scalar E 10%E
. H £ O 04 ’ — E
Considers single-lepton, - T2 = F clFVoptq Obs.  Expito 3 g
. . g T 0% _ Obs, - Exp.t1o ] B
same-sign dilepton, and | 3| £ o3t S e XPT S -
: . 9 3 — Obs. - Exp.t o ] 10F
multilepton categories. 5 OBENL E F
150 02 * — Y SOPEERY
New! ; -
100 01; ,EQ’ 1 PRI T RIS NI S
- 5 1.25F5 o =
ol 0.05f EE B 1 + Z { Z
£ N = E =
cD O.OIOS 0}01 0.0‘15 0.:]2 0.(;25 0.:)3 0.(;35 B 0‘75: E|
0.1 02 03 04 05 0.6 0.7 0.8 09 1.0 T10°] 0.5
BDTaop o g Topor - DF W epton——Combied Bit—euul1o 03 02 01 0 01 02 03
47 PURDUE A. Jung Top Quark Measurements at the LHC 10
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Energy & Incline asymmetry 2 Faras

= 1st at CMS of the A in tt + jet production,
and the 15t at LHC of 4;

= Sensitivity to asymmetries enhanced by using events where the
extra jet is produced perpendicular to the top-quark

=
ki

k3

= Measurements are unfolded to the particle level using a \
likelihood-based procedure.
%10° 138 fb" (13 TeV) <10° 138 fb" (13 TeV) 9 9
2 40E CMS  + Data [t (I+jets) [t (others) £ CMS - Data [t (I+jets) [t (others) A, = o (ytfj > 0) -0 (ytfj < 0)
:>j Preiminary J\W+jets [llOthers  #Unc E Preliminary {8 W +jets [l|Others  ##Unc = Tiot
Resolved, semi-resolved, and|boosted Ap = o(AE>0) —c(AE <0)
adronic top-quark decay topologies Ttot
SRR T— — Qs ime e .| " Agconsistent with the SM within ~ 20
<= o8-8 9.0 .0 8 o e . o o % o 0 b s b o S 4leieiee: ..o 8. oo o o o ot t by .
g . - 0 ;E. . . | Deviates from the zero-asymmetry
: x10 : x10 .
e 06 08 1 12 14 16 1.FG viz e 06708 1 12 14 16 T8 2 hypothesis by 2.70
m,; [Ge m, [GeV] . . .
‘ t = A, is consistent with SM
Source Uncertainty Ag(%) Uncertainty A;(%)
Data statistical uncertainty +1.6 +1.5 Scenario Ar (%) A; (%)
MC modeling +13 ~14,+13 F<OP < TP <y
Size of MC samples +0.7 +0.6 Data —63 + 23 25+ 23
Th +0.4 —0.6,+0.
eory , 0 0.6,+0.3 SM (MG5 aMC@NLO+PYTHIAS) —1.6 + 03  —0.5 + 05
Jet energy corrections +0.3 -0.2,+0.3
Other experimental uncertainties +0.4 +0.3 SM (POWHEG+PYTHIAS) —05+03 —01+01
Total 423 423 SM (POWHEG+HERWIG7) —0.1+£01 —04 £+ 0.3
Top Quark Measurements at the LHC 11
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Utilize W — cb to extract |V, |  [=weo] B Qanas

EXPERIMENT

= CMS measurement of the CKM matrix
element |V, | using tt lepton+jets
events.

= Extracts |V, | from the hadronic W = cb
decay in tt events.
Vel = 4.59%075 (stat)XgSe (syst) x 1072
= Run 3 and future boosted-topologies: improve the

precision & provide a complementary test of the
“inclusive-exclusive” |V | discrepancy

CMS Preliminary 138 fb~! (13 TeV)
Te} T T T T T E
o { Data mm tt, W — ud(us) VetsttX/VV
© 107} — &, W—cbx5 mm tidiepton Qcb J
[2] tf, W — cs(cd) M Single top MC unc.
& 108
>
L
10°
104
108
PR | L 1 1 |
O 3 T T T T T _:
s 1.25 7
— 1.00 L .- (3 ¥ L v - v - & E
] 2 3
IES' 0.75 ] ] ] ] ] 3
o 0.4 0.5 0.6 0.7 0.8 0.9 1

Dw - cb

Events

Events Data/ Pred.

Events Data/ Pred.

Data / Pred.

ATLAS measurement of the CKM matrix
element |V, | at the weak/electroweak
scale using single-lepton tt events with
exactly four jets.

Determines |V, | from the ratio of W -

cb to W = cqg decays, where g is any
down-type quark.
V| = 50711 x 1073

2b0c = ATLAS
1 Vs=13TeV, 140 fb-!
3 Postit
¢ Data Il single top
] -r?‘vw‘=| -W+jets
I:] thy,-0+b I:lO!hers
- ————— & l:l thy,-0+C Uncertainty
1.00% 4+ T 4 woiid [ Jflval-o+light = e
099E = 4 -
10°F 1b2c = 2bic un 3b0c _
10%
103;— s
102 é— """"" N
10255 E
1.00 + + ¢
0.975 = =
104 E E 3
1b3c E 2b2c E: 3bic 3
10°
LA D
whe s E— O
1.1F E3
1.0p==2~ + 6 + M S + {
0.9E E e 3
Low Medium High Low Medium High Low Medium High
NN output NN output NN output

— Dominant uncertainties come from tt + heavy-flavor modeling and flavor-tagging. But neither
depend on nonperturbative B-hadron theory inputs. Higher precision needed to resolve...

47 PURDUE A. Jung Top Quark Measurements at the LHC
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ATLAS: tZq and spin asymmetryA =

ATLAS

EXPERIMENT

= Using the trilepton final state, and

also including both resonant Z
production and non-resonant dilepton

contributions.

o(pp - H’W‘q) =
S(stat.)*23 (syst.) fb

95.2%%

Events

200

O

r @ Rt e e Rt
[ ?TLAS . ¢Data Ith - § 600 ATLAS ¢Daxa Bizq ]
[ (5=13TeV, 140" [Jyvsb  [Jvvac - @ [ (5=13TeV, 140" [Jyvsb  [Jwv |
- SR (iZq() B Bz : F CRiz ) A
F Post-fit Ottw Bonz 5000 postfit EYVH =ttZ .
L = F ttw twWzZ ]
Wt Wother : s [ [ Wother
[ONPL-e-HF HEINPL-e-Other- 4001 [INPL-e-HF [lINPL-e-Other
BINPL-u-HF [INPL-Other — EINPL-u-HF [[JNPL-Other -
~ Uncertainty Uncertainty B

*—

. -03- 1.125
= Events with 3 electrons or muons and S
. . . . & 0.8757 g g
2_4 jets, InCIUdIng 1_2 b_tagged Jets' ° 0750 01 02 03 04 05 06 07 08 09 % 50 160 150 260 250 360 35lO 460 450
= Agrees with SM O p(2) [GeV]
Phase space Process Measured [fb] MC prediction [fb] E; S?ATIlAS I o I.I Data oo *;
o] St C Vs=13TeV, 140 fb"' =+ NNPDF3.0 (4FS) .
S|E C ' . =
tZq(t) 3.097033 (stat.)*01% (syst.) 3.45%02 o - Parton level, tZq +§1N$E?%?: %E;;S) 1
Particle level  1Zq(r)  2.21%93) (stat.)*d:]3 (syst.) 1967015 6= T MMT2014 (4Fs)
Tod7 (stat) 7% s - Tol unceraimy
1Zq 5.362047 (stat.)Zgg (syst.) 5.41 078 SE o ty .
SO e — .
1Zq(t) 7457050 (stat.)*030 (syst.) 8.34°0%% 4 E
— L] ]
Parton level  tZg(7) 52607 (stat.)*0:43 (syst.) 4.58"933 3 ¢ =
tZq 12.60*1: 53 (stat.)*08 (syst.) 12.92*052 o ° =
N c
= Extract spin asymmetry: Sg %
fo{Fa g
A=0.34 £+ 0.14 (stat.) X 0.06 (syst.) e
Acys=0.54 + 0.16 (stat.) + 0.06 (syst.) ()l
J7 PURDUE A jyng Top Quark Measurements at the LHC 13



How to probe Entanglement

®* Qubit = two-level quantum system 0), 1) —» most simple quantum system
* Two qubits — most simple example of quantum correlations
® Entire hierarchy of quantum correlations

— A ) -> Non-separability of a bipartite
p Ez psz ® pB quantum state = entanglement

p= ]4-|-Zi ;I_Ui®12 -l'ﬁi—[?@Ui) -|-Ei,j0ij0i®0j 2
~0 ~ 0 4 é_ e Entanglement
® Remarkably the tr[C] can be probed from Observed  Affected
. . . . . here over there
single differential distribution
1 do 1 tr[C]
odcosg 71 —Dcosp) D =—— Experimental goal =» measure D (entanglement proxy)
* Depends on production mode, m(tt), and scattering angle (0)
1000 7 e = 1000 {,;’m N 1.0 g
§ w r .8 SM predicts entangled states:
. g £ > at the production threshold
g " g region in gg-fusion production
= = - at the boosted region for central

production of the system

20
T Afik, De Nova, Eur. Phys. J. Plus 136, 907
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Observation of Entanglement

ATLAS

EXPERIMENT

CMS?

01| ATLAS Son
/s=13TeV, 140 fb’
15t measurement of entanglement of B R
|
top quarks by ATLAS Nature 633 (2024) 542 ¢
- Astronger entanglement is observed in data i : - s
o . . [ ] s Theory Uncertaint y
compared to nominal predictions at threshold cMs i S e rtiva
P()‘\VVI—IEG'\-BIJHER‘\\"I(; W Powheg + Herwig (hva)
° Entering new realm: Quantum |nf0rmaﬁ0n I;: i\l(()\;,]ﬁ[((u)I\Llo\(rlx“rl\\) o 340 <m, <380 380 <my <500 me>500
Science meets top’s AN o
e AD<os
CMS confirmed observation of top quarks | Without
. 0491388 |-—e A toponium
being entangled at tt threshold e e
- 5 standard deviations, improved modeling at the | £
-0.480+0026 | i Oponlum %
threshold RPP 87 (2024) 117801 . . =
. . . . . . -0.60 -0.55 -0.50 -0.45 -0.40 0.35 -0.30
- ~1.5 tension with the expectation if toponium is ous T e 1 Ten
not included 320 g oa
G d . h SM L_z 2k stzt?total unc. :|:
. Powheg+P8
O-O .ggreem.ent wit - - o 18 — Pouheg P e T
significantly improved by including n; P Frv i
OC 14:_ -----MiNNLO+P8
N L " e s A AR
Observation of top quark entanglement in T S I
: C 2.2(2.4) 6.7(5.6)
boosted region PRD 110 (2025) 112016 1 BT Y
. ; - m(tf) > 800 GeV
Reasonable agreement with SM m(tf) <400 GeV A S
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https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
http://dx.doi.org/10.1103/PhysRevD.110.112016

Characterization of top quantum state =

ATLAS

EXPERIMENT

Top quarks as a Quantum
Information Science Lab

Exciting probes to SM

On the heels of first
measurements of entanglement
in threshold by ATLAS, CMS and
boosted by CMS

Use |+jets full Run 2 data to
measure quantum information
science / QlS-observables in top

138 fb™' (13 Te V)
_ 7
S "fems  Heiotybasis PRD 113 (2026) L051101
r Measurement
06— stat, total unc. I — - 1_ e 138 tb” (13 Te Y
r —— POWHEG+PYTHIA ] = CMS |11)= r(m ) f",& e o E
] = 0.8 stat, t tal | -
0.5 _ - pa F —— POWHEG+ PYTHIA E
N :|: ;L ] >~ 06¢ - POWHEG+PYTHIA+n,
L ] 0.4 R =_x
0.4 _i 1 i B g - - E
C 1 0.2F% - = ™
C - kS £ ] s ‘ 3
03f = E3 - S TN ‘ =
3 ES = o8t [41) s (@) - [@) E
0.2 = T T | T T f T T } T T = - Qsji — E
Icos(6)) 0 0407 1 0407 1 0407 1 0407 1 0.4 - = - 7
m(tt) [GeV] 300 400 600 800 1300( 0,2:&“-1--_r . = =]
138 fb (13 TeV) g E ‘I‘I";—i(lm o
—~ 26 & = F = +\1) ]
< T Lems Helicity basis = osF 2 E
D 24F Measurement = 2 0.6 =
stat, total unc. o k|
221 =~ POWHEG+PYTHIA 7 0.4~ E
E x|
= — 0.2 = = =
2 x T ;I_.Li-_rf =5 = 7
e _ - T = L A 3
181 =71 T T = 1wy =Lt - 1) ]
1efr— 1 ¥ = Sos- 7 ® E
I T I 2 o064 _I_“* =
1.4F I o . =T = ]
F 0'41_ T - —z——:
1.2 I B 0.2 — - ]
1B 3 S R Rl T
R Icos(8)l 0 0.4 0.7 T 0407 1 0407 1 0407 1

Icos@) 0 0407 1 0407 1 0407 1 0407 1 m(t)[Gev] 300

400 600 800

13000

. . m(tf) [GeV] 300 400 600 800 13000
qguark pair production ) 381" (13 TeV)
o 15 —CMS Beam basis R
° r I C) ¥ G (stat, total unc.)

First measurements by CMS of: : MINLOYTHA - PONHEGsHERWI]
1 — === POWHEG+PYTHIA —_
* Decompose density matrix into Bell and spin g ;Jr ]
. - . 0.5 + |7 —
states in helicity and beam basis i f]{ I | :
: : o i
* Measurements of purity, von-Neumann entropy or %’ e
* Entanglement in both basis osh ® ;3 ]
. See talk by X for more g ¥
* In agreement with the SM detail 1
: o . etails lcos(®)l 0 0407 1 0407 1 0407 1 0407 1

» Sizeable statistical uncertainty m(t) [GeV] 300 400 600 800 13000
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https://doi.org/10.1103/hkgw-dztk

Intermediate summary

ATLAS

EXPERIMENT

CMS?

" Entanglement of top quark events established at LHC

= Level of observed entanglement cannot be explained by
classical exchange of mforma‘non between the two particles !

JHEP 02 (2025) 064

. 1 CMS 138 fb™! (13 TeV)
% E Dllepton parlon level o Data dof =6 %
T POWAPYT, X =5 ]
S 10'F o FXFX+PYT, % =7 E
e F POW+HER, X* = 4 1
E 102E m:‘c=175.5eev,xz=1e—g
B F m® = 169.5GeV, X’ =6 3
o} Y. Total unc. 7
-g 1078 E P Stat. unc. E
104 F - 1
10°F E
he{f] . , =
55 14 ]
a0 1 87 o’ o = v
ok T
500 1000 1500 2000
m(tt) [GeV]

Can we say more on
top quark bound state
effects at threshold

116 do/dm®™ [1/GeV]

MC / data

14

12

06

do / dM [pb/GeV]
o
[o-]
T

1 8
99— SO[|

1g 11 J
99— 'S,

L S ]
0.4 qq s,
02 r LHC Vs = 14 TeV ]
0 77’11/7 1 1 I 1 1 1 1
335 340 345 350 355 360 365 370 375 380
M [GeV]
EPJ C 80 6 Phys. Rev. D 97, 112003
I T 35.8 b’ (13 TeV)
10’ = - E
3 £ CMsS elu+jets o Data
Vs=13Tev. 36117 J 3 F parton level Sys ® stat
® Data 2015-16 o 1l Stat
total uncertainty 8 E ‘,' 3 POWHEG P8
— Powheg+PY8 ‘—G £ - i NNLO QCD+NLO EW
- Powheg+PY8 RadDn 8‘ = 3 i~ - -« POWHEG H++
Powheg+PY8 RadUp = .
10'3 - aMC@NLO+PYs 5 10 3 b MGS P8 [FxFx]
] F et
] 1072
1 E rodgn
4l 107°
10 —— E | | prmnanze drpunradeanr
k| 2l 14F ‘
= 4
1 3 28 “WENLLL L f _+ ;
= R T A o Aty elalelelelelalels leleleleleletetelale
=0 ik
0! 3 0.
50 100 150 200 250 300 350 400 450 500 068
Dilepton m" [GeV] 500 1000 1500 2000 2500
M(tt) [GeV]

Particle-level D

-0.6

CMS
I/ P()WHE(;vz + HER\VIG+++:/, I

I/l MG5_aMC QNLO(FxFx) + PYTHIAS + 7, / g,
/ POWHEGV2 + PYTHIAS + 7, /

MC Stat.

MC Stat. @ Syst.
Entanglement boundary
Data extr. with PH+P8
Data extr. with PH+P8+7,

36 3 fb g (13 TeV)

s =
- e

m(tt) < 400 GeV
3,(tt) <0.9

83 |

|
| Without
~0.491°3%88  |+—e | toponium
1
! %]
= @
| ‘ With g
| . )
—0.4808%8 | | toponium |&
I ! ! !
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D
ATLAS Son
/s=13TeV, 140 o'
|
é.
[ SO s ]
n —-— Limit (Powheg + Herwig7)
===- Limit (Powheg + Pythia8)
o mm Theory Uncertainty
@ Data
é @ Powheg + Pythia8 (hvq)
I Powheg + Herwig7 (hvq)
340 <m; < 380 380 < my < 500 my > 500

Particle-level Invariant Mass Range (GeV]
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http://dx.doi.org/10.1007/JHEP02(2025)064
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_7907/10052_2020_Article_7907.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112003

Quantify the excess at threshold

" [nterpretation in terms of n,

RPP 88 (2025) 087801

= Extract cross section using the n; color-singlet model

= “cross section” = difference to perturbative prediction

|o(n,) = 88405 (stat) "1} (syst) pb = 8.8 712 pb)

- See Talk by X

= Theory: a(n:) = 6.43 £ 0.90 pb

(PRD 104 (2021) 034023)
(JHEP 09 (2010) 034)

= Differentiate between n; (CP-odd) and y; (CP-even)

= Dominant systematic uncertainties:
= bb4l: NLO, off-shell effects, interference tt and tW

= PS FSR: a5 in final state radiation

= top quark mass and Yukawa coupling
= Herwig7 as alternative parton shower model

= \Words of caution:

= Cannot distinguish between n, & pseudo-scalar Higgs
= Missing e.g. color-octet states - these are expected to be small

=10 +

=15

Events x

=

Ratio to FO pQCD + BG
=

O

©
©

—
o
IS

N w

[y

=)

CMS supplementary 138 fb~! (13 TeV)
¢ Data W tX unc.
tt Other

my < 360 GeV

Postfit (FO pQCD + BG + n:+ Xt)

—————

— N o(n) =7.8415pb
— Xt 0(x) =3.032%pb — Total

-1 0 1

Chel

CMS

T
—_ FO pQCD + BG

138 fb~! (13 TeV)

N, % Observed
N ——=*1SD
\ -——- +35D

\
\ —— *5SD

10 1I5 2I0 2I5 30
1c[1] 9(ne) [pb]
Sg
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https://doi.org/10.1088/1361-6633/adf7d3
https://inspirehep.net/literature/1848052
https://inspirehep.net/literature/860040

ATLAS result in dilepton threshold & ¥amas

= Confirmed by ATLAS CERN Press-statement: "Elusive romance ..."

& "2[" ATLASSImulation

) USIng dllepton events and Spin_ ::g 10: B;;;ti;e\;;arton—level inclusive in my I p@?:gevti; GFRW = Green’s
e O ’ ! t —ee 15, - -
sensitive angular observables : “le ;-7 Function
08l s = ReWeighﬁng:
= Baseline pQCD model without quasi- L o 1 NRQCD-inspired

modeling of tt
guasi-bound-state
effects near

bound-state effects is disfavored at
>80 (60) observed (exp.)

- o 1  threshold
= Excess is compatible with color- 0 e .
singlet, spin-singlet S-wave tt quasi-  °oF 5 e 1
bound state | Che

3 [ atias = Vi
Threshold component: S S Sie TR, :
_ +1.4_ @ 0‘8; : . -j‘<ch...<:% ‘ o . -j<c.....<‘§ ‘ o - - i<c.....<1‘
O-threShOId _ 9.3_1.3 pb 4:- hel €73 | T3S Chelty 3 < Chel hel < =3 3 <Chei <3 3 < Chel el <=1 ! <}

Rep. Prog. Phys. 89 (2026) 057801
= Improved NRQCD/off-shell |

modeling and pQCD-NRQCD

matching are needed to fully I e e T
characterize the excess. - T T v
= Dominated by GFRW & pQCD &= -~ - . Ut

] § OOyt oo T L e e M EaAEETTE
modeling (~7 and 5%, resp.) S S S S S S S S T ;

350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 45]

mg [gEV]
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https://atlas.cern/Updates/Press-Statement/Quasi-Bound-Tops
https://doi.org/10.48550/arXiv.2601.11780

CMS Observation in

|+jets

CMS?

ATLAS

EXPERIMENT

. . QAR ‘Fs,=13,TeV_ . CMs 138 fb! (13 TeV)
= First CMS search for this 2 o1gl SMS Partonlevel | 3 10 7 L Du ., mEicoree 2]
' _ ) _ ; , B tt non e/p+jets Single t
eﬂ:ect iNn the e/u + Jets 0.14F —mn, — tigepy — Continuum ti £ :27 —r = Uncertainty
0.12F o . 28, 2b Sy,
) ) .. o1 Subm. to ROPP 10°
= Uses two spin- and parity-sensitive 008l [arXiv-2608.19546] 107
observables together with B/, which 0.06} S .
provides better sensitivity & robustness 004} [ — ?
002* 1 8 0. | S S S ] |
. . o
= The background-only hypothesis is I TR 3 “issarsiesiesyiies
excluded with 6.10 (obs) and 7.30 (exp B _ Sw
‘ CMS 138 fb™' (13 TeV)
% 10’} I Data Mt Single t Pre-fit
. . L ald 0 6 Multijet/EW Uncertainty Background +n,
= Using a simplified pseudo- a
. 10*
scalar color-singlet n, model, w0
9 1.1
. 2 e el
the measured signal cross sl L
% 09 :
hd b . — By [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]
SeCtI O n IS [ ] J - 5 n 1 i O l9 pb : Chel -I1 -1/3 1;3 1:-1 -1‘/3 13 1!-1 -1/3 1}3 1‘-1 -1/3 13 1‘-1 -1/3 173 1€-1 -1/3 1}3 1!-1 -1/3 13 !I
= Dominant uncertainties arise from modeling of Tems
continuum tt and n, production. § ol B B ooy o setground 41,
10°
= For m(tt) < 350 GeV, both the n, model and a Green’s- A
function-based threshold model indicate an o 1af o
enhancement of about 3 pb. 2, i, ! i
= |nterpretation is still model-dependent, and improved & & ot wror twsw T omor s T o

theory is needed for a precise description of the tt

threshold region.

L | \ \ \ \ \ )
Chei -1 -1/3 1/3 1-1 -1/3 1/3 1-1 13 13 1-1 -1/3 1/3 11 /3 1/3 1-1 -1/3 1/3 11 -1/3 113 1

L , , , , , , )
R B B B I B B 1 B R R R R |

B¢ = top-quark velocity variable in the tt system
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http://arxiv.org/abs/2608.19546

ATLAS reinterpretation of ¢ data % SATLAS

‘atLas s_'{s”rei/ 140167
= Use differential distributions to test for tt quasi- « Powneg bbaiePYE il oM
A Powheg bb4l+PY8 + . x n,
bound-state effects :
= Compares baseline pQCD predictions with models including a”
color-singlet threshold contributions via NRQCD Green’s p—
functions or a pseudo-scalarp, ¢ O B 7 g a3
Sianal strength n
" |ncluding the threshold contribution 5ol o s F s
3 ool (s=13TeV, 140 fo™ 8 6F (s=13Tev, 140" o ]
M = ) ° o tt — g ] p-1 [ ett—e - 1
describes data better T s e fa st T
B L 41 . L0002
107F o 3 T e
= Differential data shows 30 evidence for : .. | ;
a quasi-bound-state contribution : |
d -] 1 7
= Result is consistent with the dedicated RS R e 0 i
ATLAS spin-angular threshold analysis A VR UE B e Wi
S il e AR NILES AL g 1+- bkt -ﬁdv-i-i-d;v’rlfﬂﬂ!-r-r-r-n-
g J+
0.9r _norm. tt—-eu 0-95& + __norm. ti—ep ]
e R e e e B N —
g IE— 1 3 e
o Powheg MINNLO+PY8 + uxtt "7 o Powheg+PY8 NNLO rew + u x tf__ 17 e ﬂ'#m o : ' ' s ﬁﬁ'*’ﬁ” y
4 Powheg MINNLO+PY8 + p x 1, 4 Powheg+PY8 NNLO rew + i x n, 0.9F " +T* + 147 0.95[- . __norm. ti—ey]
o . . § fF B | heTEEESRL vl
é 1:,#,.-» s "t‘q, #n+tf- g 1 '*'*"}'A{#ﬁo‘v&"*ﬁwm*m
eun _— ep — }
Ao A A¢ — A 0.9 _norm. ti—ep 0.951 . horm. tf—>eu_
PoTEEERL. ] BedEEERL
e — e — 8 iy 3
A(T)m|u|“‘\7| I B Ad)mlu\ i I T I a1 e ¢¢-Y+H+H +i—+ g 1@##}##&##*4’**’*'-}#*#*&
0 0.5 1 1.5 2 2.5 3 3.5 -1 05 0 0.5 1 1.5 2 2.5 o9k Corm. outE 0.95- ——
Signal strength u Signal strength u 0100 200 300 400 500u 600 005 i 15 2 25 : 3

dilepton m*™* [GeV]

dilepton A¢™* [rad]
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ML-based top quark reconstruction

cms, |

ATLAS

EXPERIMENT

Double diff. xsec Polarisation (0 in SM) Spin Correlation

1 d*o 1
P = —(1 + B%cos 6? + B? cos#” — C(a, b) cos 6% cos 6
o dcos@*dcos@” 4( + + (a,b) * )

- RMSE captures amount of bias and variance into singular

value
2017 (13 TeV)
LLM “bumblebee”: N CM]SSin?u/ati?n Prglimir?ary — 201‘7(13‘TeV) 23.0[ CMS T ' T T
o ; : T > 600k — RMSE mE mj-weighting ] % Simulation Pre//mma.ry |
Gagb S} ' Ao Bias Transformer | A 2.5 Target 1 mp-weighting
S O gt == |Bias| MLP [ MLP ] Transformer |
< 2000 1 e 1 20 - .
'§1oo ..“‘.bN’N '5 200 1 5: Shown at
= et Transformer | ') e lm
2  oumberes | S | : TOP25
c 0 200 500 600 700 2 1.0k 5
_1Z T T T o O» : N
<_(|%1_0~ .................................... - 8 :
0.5 = euennagrgaraziiitilioseasetentes iy o 200 0.5 |
=400 500 600 700 S ° — | . | s L . | . —— .
Genmg (GeV) & 400 600 800 1000 1200 N ST -- "
AJ Wildridge, ... AJung, etal. = Gen m(tf) [GeV] ' 167.5 170.0 172.5 175.0 177.5 180.0
NeurlPS (2024) [arXiv:2412.07867] CMS-NOTE-2025-010 m(t) [GeV]

» Transformer approximately 30% improvement vs m{b — method
* Reconstructs events for which 5% of time mfb - method fails

» Exciting region for SM (aka n;), EFT, and Quantum Correlations...

» Further studies to assess performance, e.g. angular distributions / QIS ob’s)
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https://cds.cern.ch/record/2944724

Global SMEFT interpretation (t,H,EW) [ §anas

EXPERIMENT

. = No significant deviation from the Standard Model is
- T_he g|LOba| fit | observed.

simuitaneous
trains 47 y t = Provides a broader framework in which top-quark

con's rains o_perg ors measurements contribute to global constraints on

or linear combinations possible BSM interactions.

of operators. = No deviation from the SM

[ Reports: ATLAS Vs =13 TeV, 36-140 fo ' SMEFT ;\=1e _
= linear SMEFT :
constraints including 5
terms up to 1/A? and .
also include quadratic | —&= " o
1/A* contributions. arsaw hasts z
= Finds that quadratic ~ : 3

EFT terms can 5
significantly modify . .
the inferred ETE
constraints for a REmsinm J Wi
reference scaleof | ITFITHTHT TTHTHITHHTH TR
A = 1TeV. T R L TR B i
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A new approach...new observables ?!

o) 08 CMS  363m7(13TeV)
tG Od / I’()[\\'HE(}\".Z OIHER\\'I(;++ +n0c /e [ [
I/l MG5_aMCGNLO(FxFx) + PYTHIAS + 1, /
Con /' POWHEGv2 + PYTHIAS +, 1
I at.
— G 0.01 m/ mg z:a:.eSyst,
=~ - Ea”:"e‘g'f"\lj”‘ b°‘1"“a'y mi(tf) < 400 GeV
- 005 2 000 z Ea:a ex:r: wit: E:¢EZ+”‘ Ba(tt) <0.9
a ("]
£ § 001 i Without
= ==t _o491:088 | toponium
¥ 0.00 ] o e [P = —
5 = 5 | ¢
g E—O-OZ | ‘ with |8
fa) O = 1igs(Qu T')§GC, B 048035 | ——e—i | toponium |3
- ¢ h R I H ol
0.05 , / -0.03 060 055 050 045 040 035 030
: \ D
b (13 TeV.
N -0.04 — 2P 1380 (3TN
-050 -0.25 0.00 0.25 0.50 -3 - -1 0 1 5 3 O Lb stat, total unc. I
Cc[A=1TeV] c8 [A=1TeV] +,_ F Powheg+P8
d O‘_ 1.8 . - POWheg'*PB‘F'I' stancassssatensacadsacsncasassacencacans
JHEP 01 (2023) 148 [2210.09330] T ogef T pnegs?
S 14: -~ MINNLO+P8
. o TE
—> QIS observables anti-correlated / orthogonal to e
o i i 7o [ E 22040 6.7(5.6)0
existing spin density / polarization observables! i asparabfe states |

5 m(tt) > 800 GeV
m(tt) < 400 GeV lcos(@)l < 0.4

- Break flat directions by accessing quantum correlations

— unlock sensitivity to operators “invisible” in traditional analyses
* Al-based nuisance morphing in physics-aware bases

« Direct mapping: observables — EFT parameters Sept 17" 2026: Strong evidence for

quantum entanglement between Z

* Not just for top quark sector but also for Higgs sector! bosons found by ATLAS and CMS
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https://home.cern/strong-evidence-for-quantum-entanglement-between-z-bosons-found-by-atlas-and-cms/

Sufficient or looming limitations ?

Restricted EFT: O(50) Wilson coeff’s in top quark sector e 143[62210'093301

= Large HL-LHC datasets, many differential measurements

0.05

= But: information is not independent
— strong correlations and flat directions

Why traditional observables fall short

0.00

Difference from SM

= Mostly 1D distributions / asymmetries B

= Limited sensitivity to interference and correlations a0 |
= Different operators map onto degenerate combinations e

= |Information-limited system, not statistics-limited Subm. to PRX Quantum [arXiv:2608.30037]

Alvarez et al. (Jung group)
e.g. utilize Quantum Steering Ellipsoid - reorganizes the

spin-density matrix into an intuitive geometry

Center ¢ ~ Single particle polarization

Shape @ ~ Spin-correlation anisotropy

Semi-axis and angle ~ Principal correlation direction
Area and Volume ~ Accessible conditional state space

- Opportunity: go beyond classical observables &
exploit full quantum structure of the event
- Powerful for top quark sector & Higgs sector Represents all possible quantum

states of a spin-2 particle or qubit A.

47 PURDUE A. Jung Top Quark Measurements at the LHC 25


https://arxiv.org/abs/2608.30037

Disclaimer
Al helped here

Initial state
(quantum
preparation)

Environment
& decoherence

Quantum
observables
accessible

Unique QIS
strengths

Example
processes

Protons (composite)
Mixed state (PDFs)

o— O

Parton-level uncertainty — mixed initial state

Very busy hadronic environment
High pileup ((2) ~ 50-200)

e

Strong decoherence, measurement noise

o Entanglement (e.g. tZ, V'V)

e Spin correlations

o Coarse-grained density matrices
o Limited by PDFs & combinatorics

First discovery of quantum
structure in high-energy
collisions.

Access to widest energy reach
and new heavy states.

pp — tt, WW, ZZ, H, jets
(new physics searches)

—
EM_C.-f

| <

FCC-ee (et*e?)

90 GeV - 365 GeV

Electrons/positrons (elementary)
Well-defined quantum state

et —» <« ¢
Clean, controlled initial state

Very clean environment
No pileup

Minimal decoherence

o Full density matrix (state tomography)
¢ Precision entanglement measurements
o CP phases via interference

¢ Quantum coherence in rare decays

@

ete- = Z,HZ, WW, tt, vy
(precision program)

Ultimate precision on quantum
observables with minimal
decoherence.

Quantum tomography machine.

Ao,
& Muon Collider (utp)
9 ~125 GeV - Multi-TeV

Muons/antimuons (elementary)
Well-defined quantum state

ut ——» « U
Clean initial state (leptonic)

Beam-induced background (BIB)
from muon decays

Moderate—strong decoherence
(dominated by detector background)

e Entanglement in heavy systems (¢, V'V, BSM)
¢ Direct s-channel resonance quantum states

¢ CP & coherence in Higgs (s-channel)

¢ High-energy quantum interference

Direct preparation of resonant
quantum states (e.g. Higgs in
s-channel). Quantum dynamics
at multi-TeV energies.

whu~ — H (s-channel), tt, WW, ZZ, u" 'y~ — X
(heavy resonances)

+

e

w JZ

"o no

SO EIC (e p/eA)
»-  20-140 GeV

Electron (elementary) + proton/nucleus (composite)

Controlled probe of partonic structure

Well-defined lepton beam on hadronic target

eF ——=p

Medium-complexity environment
Lower multiplicity (ep), higher in eA

Reduced decoherence vs pp; clean probe

o Spin correlations in nucleon structure
e TMDs, GPDs (quantum phase space)
¢ Entanglement in partonic distributions
o Access to confinement dynamics

Tomography of QCD matter.
@ Access to confinement and
hadronization onset.

Bridge between partonic and
hadronic regimes.

ep — e’ + X (DIS)
ep — e +jets
eA - e +X

s

Colliders are complementary: 1t observations, precision studies, high control initial states

Key takeaways:

QIS as an arch connecting colliders and to break “flat directions” in EFT space
Powerful for top quark and Higgs sector at LHC! Rich and exciting at new colliders!
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Big Questions & Challenges 3 Farsas

= Top quark physics at center of big questions...Precision era

= Plethora of cross section results L
= Higgs potential L
= Associated production of vector bosons and =

fermions

" Powerfu:]tests of SM and allows to leverage data for EFT |”||||||”||'|||||I| T |H|I|
approac | ]
= Observation of top quark pair entanglement by """ ! |"|| '"'""u'
ATLAS & CMS __{
= Top quarks as Quantum Information Science Lab, new .
approaches!
= Observation of a pseudo-scalar excess at threshold - [ E
= Quasi-bound states ? N
* Full non-relativistic QCD calculation is needed! .. 4'\“ v Mt
- Top quark physics has a bright & exciting future — T INTE T
new probes, Quantum Information Science inspired | * % f}fl}i- o
> Vast amounts of top quarks to come | ——s)
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CO n ﬁ r m ati O n by AT LAS e Rep. Prog. Phys. 89 (2026) 057801

= Reinterpretation of published differential cross section data

= Evidence in the cross sections alone, compatible with other results

—— PH7 hvq ft + tW

—-— PP8 bb4¢
Dilepton, nominal predictions, pre-fit --=- PP8hvq ff + tW + tlaraw Category ImpaCt

€ [300, 500] GeV t
mit € [300, 500] Ge PP8 hvq ff + tW +

ttgrrw modelling 6.9%
ATLAS Simulation Vs =13 TeV, 140 fb™"
=S 1.10F ' ' ' = ' ' ' = ‘ ; ' = = ;
g% I -1<Chan<-1/3 B -1<Chan < -1/3 T ~1<Chan <-1/3 ] pQCD 1t modellmg 4.7%
£ ~1<Chay < -1/3 B ~1/3< Chey < 1/3 T 1/3 < Crgt < 1 ] .
© i et i ot Toemees €€ 1 JES pile-up 1.5%
o 105 T B . .
[ 1 T - b-tagging 1.3%
ie] : L ]
g 100} 4 - . Instrumental (other) 0.9%
=3 1105 . ‘ £ , . £ ‘ — JES 7 inter-calibration 0.9%
g* r ~1/3< Cpan < 1/3 T ~1/3< Cpan < 1/3 T ~1/3< Cran < 1/3 1
2ro0 A<t <113 T B<om<iB T 113 < Gt < 1 y Jet energy scale (JES) 0.6%
o L 1 = ] ..
o Tor Easasy i rTT 1 Background normalisations 0.6%
g [ R ] Leptons 0.6%
m 1.00,._. = s L |
i 1 j— 1 JES flavour 0.6%
TS 1.10F —] —— f f t — )
g= - 1/3 < Cpan < 1 T 1/3 < Chan < 1 T 1/3 < Cpan < 1 1 tW modelling 0.5%
-; L -1<Cha < -1/3 | -1/3<Cpe1 < 1/3 4o 1/3< Cher < 1 i
sl T NSt . Limited MC statistics 0.3%
e T ..... Lo, L ————— . _:i ------ . . T _:: [ . : .
e e T T e, ] Jet energy resolution (JER) 0.2%
© L  — B T — [ meeeaas ]
n: 00 e e oo e e T T T I P W Mmsmammenent e s s s s st b FE T S ettt T e e e T A
[ T T 3 . .
i T Y— Total syst. uncertainties 8.8%
300 350 400 450 300 350 400 450 300 350 400 450 500 Total .. 119
my [GeV] mg [GeV] mg [GeV] otal stat. uncertainties o
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https://doi.org/10.48550/arXiv.2601.11780

Top quark physics —m, Highlights

CMS?

ATLAS

EXPERIMENT

30 years of top quark physics!

Profile likelihood fit setup fitting together with my;

and m; — improves total uncertainty

m_J(mt,,lL, 9) =A+B- (mt - 1725) +C - (,U/ - 1) + Z QSAS =

e Systematic uncertainties significantly reduced in 3

dimensional fit

o JES: from 1.4 GeV to 0.26 GeV

o ISR + FSR: from 0.82 GeV to 0.14 GeV
o Recoil: from 0.36 GeV to 0.08 GeV

ATLAS

Direct top quark mass measurements

Tevatron comb., 1.8+1.96 TeV, < 9.7 fb”'

LHC comb., 7+8 TeV, <20 fo™'

ATLAS, leptonic inv. mass, 13 TeV, 36.1 fb™'
CMS, l+jets, 13 TeV, 35.9 fb™!

CMS, I+jets boosted, 13 TeV, 138 fb™!

ATLAS, l+jets boosted (this result), 13 TeV, 140 fb

I+jets boosted
Total uncertainty

m, + total (stat. + syst.) [GeV]

e 174.30 + 0.65 (0.35 + 0.54)

172.52 + 0.33 (0.14 + 0.30)

—+—e—— 17441+ 0.81 (0.39 £ 0.71)

171.77 £ 0.37
173.06 + 0.84 (0.24 + 0.80)

172.95 + 0.53 (0.27 + 0.46)

1
160 165 170

1 1
175

180 I I
m, [GeV]

j2) 1600 T T T ] \
S ATLAS ¢ Data ]
D 100F {s=13Tev, 140 b ot ]
Post-Fit M Background {
1200} oSt Uncertainty 4
1000f" ¥
goof
600} L.‘._..g._.*_,

kel
©1.075 i
(N D 77077) 227700000077 7077 72777 7
= 1 + ‘+ , 7
90925
T 085

: 160 180 200 220 240 260

m; [GeV] J
(> 7000 . : ‘ ‘

8 ATLAS ¢ Data
w0 6000f Vs =13 TeV, 140 fb" Ut
~ Post-Fit M Background
™ 0s - Uncertainty
~ 5000 ol ]
b2]
c
2 4000}
w

3000f

2000f

1000 Lo

. . ——
B 07:
1.
=
©0.925 ¢
S 080 "8 70 75 80 8 90 95 100 105

\_ m, [GeV]

Most precise mass measurement from
ATLAS to date
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https://arxiv.org/abs/2502.18216

|V, |extraction

o CMSPrelminay  138f” (13TeV) 138 -1 (13 TeV) CMS profiminary 138 fo- H(13 Tev)
€ i Data B tf+ light V+jets/ttXNV T+ S S s p e  a e B ‘ T T K;
o 104 mm ti+b/bb EEE Single top MC unc. i - CMS tt, W—cb ] E‘, = * Observed —
T e tf+ c/cé [ Simulation W= W found 1 [ ® Toys T
125 P reliminary Combinatorial ] i <> Toy mean
103 B Out of acceptance ] -
100 | B Radiative HF 4 2F .
102 5t E
50 | = N ]
10! 1
O 14F T T T T T ] 25
= 1.0 = B ]
~ I 3 % ¥ s 3 0 L n % elli i
LN | | | | i 0O 02 04 06 08 1 E gg; z:::p:
o 1 2 3 4 5 6 Dwcp sttt
Unrolled 2D B score bin (3rd/4th jets) 0 1 2 3
Fars
5 CMS Preliminary 138 fb~1 (13 TeV)
S — Tota Vol = 4591378 x 102 g
J 5[~ Stat. only = 4.597045 (stat)*3 98 (syst) x 1072
N 4
|
I N S R A N
) Source Uncertainty in r
Renormalization/factorization scales +0.24/—-0.23
. Additional-b normalization/modeling  +0.14/—0.15
. 1 b tagging +0.11/-0.10
Jet energy scale/resolution +0.10/-0.08
‘ Parton shower +0.09/—-0.06
48 56 — .
Veo| (10-2) Total (statistical and systematic) +0.44/—0.42
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Quantum steering ellipsoids (QSE)

e Conditional states: For a correlated pair A + B, Subm. to PRX Quantum [arXiv:2608.30037]
measuring B and selecting one outcome Alvarez etal. (Jung group)
determines a “conditional” state of A.

) , Bloch sphere ¢

* Quantum steering: Varying the measurement
direction and outcome on B “steers” the
conditional state of A.

» Steering ellipsoid: All accessible conditional
states of A form an ellipsoid E4|p inside its Bloch
sphere.

* Geometric information: Center 5A|B describes
the displacement or polarization, while the
semi-axes U4, U,, U3z encode the strength and
principal directions of the correlations.

* Boundary and interior: projective outcomes Represents all possible quantum
generate states on the ellipsoid’s surface; more states of a spin-2 particle or qubit A.
general measurements can access its interior.

« The QSE reorganizes the spin-density matrix into an intuitive geometry

« Steering does not enable faster-than-light communication: without
conditioning on the outcome measured for B, the local state of A remains
unchanged.
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https://arxiv.org/abs/2608.30037

FCNC EFT limits

15 and 26 tu FCNC (Profiled) ---- tu FCNC (Fixed) CMS Preliminary
Confidence Intervals | —— tc FCNC (Profiled) ---- tc FCNC (Fixed) 138 fo' (13 TeV)

- -EEBEBREEREE- - mm-iiilﬂq-iiH“lhhlilm}--l IIII|T|'| T T
C”P [ ——— Br(t— qH). ------------------------

+2 - - Br(t— qZ)

Cor?2 -»n - Br(t— qZ)

Cz - Br(t— qZ)

Br(t— qg)

Br(t— qy)
Br(t— qll)p==
Br(t— qll)p
Br(t— qll)
Br(t— qll)
Br(t— qll)
o =D TR B -\ Cad ) TN A R
- 08 0 05 1 10° 107 10° 10° 10 10° 107
Wilson coefficient / A% [TeV?] Branching ratio
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Charge asymmetries

CMS Preliminary

muon L Process Events
SM expectation tt ({+jets) 88800 + 3600
electron| ot exmocaton tt (dileptonic) 12500 + 580
ot exmoction tt (hadronic) 106 + 5

resolved | —_— + ia T

Nominal snayee tt (out) 18800 + 870
boosted |+ Single top quark 9280 =+ 460
Wjets 9250 + 690
2018} —— Z+jets 770 + 65
QCD 1010 =+ 140
o Diboson 570 + 110
2016 Total background 52300 =+ 1400
= 10 = ) ° 10 Total simulation 141100 + 3800

Data 137100

_ 2 2
Miep — My, My,.q — M
2 2 2 ep ep had had
X _Xlep+Xhad_ ( o ) +( )

" O
mlep Mhad
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Entanglement in lepton+jets events ™ sanas

PRD 110 (2025) 112016

®* Entanglement observed for first time

. . . — -1
in events with high m(tt) ! — ,,CMs 138 fo” (13 TeV)
. egr . < N Data
® highest sensitivity using full C O LE stat, total unc. I
tf Powheg+P8
Ar=C...+1C...+C > 1 O 18 — Powheg+P8+ Seomanes e ssmessssessssesasnsensasas)
E nn | rr kkl = b Powheg +H7
- 1.6 MG5+P8
o F - MiNNLO+P8
I 1.4
w T T
< 1.2 e
£ 2.2(2.4)0 6.7(5.6)0
5 ! Separablle states |
- m(tf) > 800 GeV
m(tt) < 400 GeV
1 Icos(8)l < 0.4
138 fb' (13 TeV)
. % CMS 2b Shigh ¥ Data tf gen: all other bins
* Templates based on nominal & | postfit I tsfii;ner;&‘):{c“é;?aﬁ 77 - fﬂgﬁ;@%}%‘é&ﬁ%j
generatOr : Uncertainty
* Vary spin density matrix 0% Pt T W e e T e S T .
coefficients
* Fittemplates to data based 2312
T . 2a
on a multidimensional I
distribution TR, 04 ©) ®9, ®cos®,) ; "
m(tf) [GeV]600 ' ' 800
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http://dx.doi.org/10.1103/PhysRevD.110.112016

CMS /|

tt+Z + tZ production  cuseastopas012 B Qarias

Not enough CP violation to explain baryon M ;\ﬁ
asymmetry observed & | AR

- motivates searches for additional CP violation sources

138fb (13TeV) +347fb (136TeV)

from new physics, NP can be parameterized by EFT £ s com
. > 500 Preliminary £q =
- CP-odd operators c}y, and cf, modify t — V(Z, W) R s
r I Nonprompt ]|
vertex i .Eiﬁ’r?:s:r';i:ns ]
- SM-BSM interference proportional to 1/A? (linear), i 7/ ncerainty
gives rise to CP-odd contributions =0
. 100
CMS Preliminary 140 fo' (13 TeV) + 35 fo™! (13.6 TeV) CP'Odd Observables US|ng F
N RESAN 204 .. 0
10 +2 Pphysics-informed ML = F R
[$Y] ()] . .
s - Phys.Rev. D 110 (2024) 096023 | S S— —
8 12 - SM contribution CP-invariant 054 Data Preft —Posiit(in) —Post (quad)

. . 5 4 -3 2 -10 1 2 3 4 5
12 - pure BSM contribution CP- Discretized c!, score

' invariant (quadratic)
- SM-BSM interference CP-odd

(linear)

ET i Good agreement with SM
654 -3-2-10 1 2 . . T l
cly - Pre-fit vs post-fit deviations: slight ¢;; asymmetry
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https://cds.cern.ch/record/2928204
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.096023

Quasi-bound states at threshold ? =

ATLAS

EXPERIMENT

= Sh diff b d d o 4o S Simulation Supplementary ___ (13 Tev)
S dpe dalrrerences etween data an % . .F m-243 cev é
S °°F (=28 GeV E
o . . M 2 .ok o(n)=6.43pb
prediction observed in low m(tt) bins!  _of==eer
= 25F -
9 W —r— t g e —— 9 St 3 20k
A -+ A e A + 15 — Powheg NLO 3
1_02 — Powheg NLO + _
g W t—a—f g 0 A—e— g s —e—— ¢ osf - :&%9231%%%?5_'_ '
00 I3¢I10I = I35I>0‘ = I3€I30I = IS;O‘ = I380
= Profile-likelihood fit to 20 bins of m(tt) x 3 bins of ¢, x 3 bins of ¢, ., me [GeV]
CMS 138 fb~! (13 TeV) CMS 138 fb~1 (13 TeV) CMS 138 fb~! (13 TeV)
t Data mmm tX Unc. t Data mmE tX Unc. + Data mEE tX unc.
tt B Other tt B Other tt B Other
5103 .—1<Chel<—% —1<Chan<—% EIO3 .—%<che‘<§ —%<Chan<% §103 . %<Chel<1 %<chan<1
B ; ;
€10 €102 €102
z z z
10! 10! 10!
@ a 8
; + 1 stfit (FO pQCD + BG + n;) + 1. tfit (FO pQCD + BG + n;)
3 5 5
o g. A+ e i g_ T (R N $$ . +¢ l | * |
.0 n T 110 T 1
2 9 Tile C T
2 8 8
S 0.9 M ol =8.8733p0 S 0.9 o(n) = 8.821% pb 0 g.gl—  oln) =8.8:13pb
g 400 700 1000 1300 = T 700 1000 1300  ® 400 700 1000 1300
my; [GeV] my [GeV] my [GeV]
- Excess at low m(tt) visible larXiv:2503.22382]
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http://arxiv.org/abs/2503.22382

Test pseudo-scalar singlet hypothesit® sanas

= Excess is located at low m(tt), stronger for pseudo-scalar
— could this be interpreted as tt quasi-bound state effects?
= Extract cross section using the n; color-singlet model

= “cross section” = difference to perturbative prediction

‘U(ﬂt) = 8.8 £ 0.5 (stat) ﬂ% (syst) pb = 8.8 ﬂ:i pb

= Agrees with NRQCD prediction: (prp 104 (2021) 034023)
o(ns) = 6.43+090pb (JHEP 09 (2010)034)

=\Words of caution:

= This model is not a complete description of a tt bound state!
= Cannot distinguish between n; & pseudo-scalar Higgs
= Missing e.g. color-octet states - these are expected to be small
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https://inspirehep.net/literature/1848052
https://inspirehep.net/literature/860040

Nuisance parameters — impact plot &

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

a(Tlt) = 8.8 pb

bb4l (tt + tW) ST

PS FSR (tt) f—C—

Top quark mass (QCD MC) =
Top quark Yukawa coupling '——°—'—' Ot
Pythia vs Herwig (tf) =) '

b tagging (light/charm ratio) '_._'._OT_. §
PSFSR (n) —_——

Color reconnection (QCD-inspired) N

EW correction scheme |-o—:
Luminosity (all years, corr.) =t

b tagging (gluon splitting) T_
Luminosity (2016, uncorr.) .'__.°T'_.

PDF P e
Jet p_scale (PU rem. central, corr.) e
Jet P scale (rel. sample, 2018) : : '.—_'—'O_.

Q>
—
3
To
ks

tW norm. -—o—-

Electron ID eff. P

Luminosity (2017, uncorr.) S

Jet P, scale (abs. scale, corr.) —_——
Jet P scale (b flavor response) : L

N
)
(8}
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Alternative background models

= Excess stable against changes of

background model

CMS Simulation (13 TeV)

FO pQCD generator setup

o(17¢) [pb]

POWHEG v2 hvg+ PYTHIA
POWHEG v2 hvg + HERWIG

POWHEG VRES bb41 + PYTHIA

Nominal result

8.7+1.1
8.6+ 1.1
6.6 +-14

8.8 ﬂ:i

CMS Simulation (13 TeV)

© i _ . © j
= L.1r_ ti+tW Powheg+Pythia <= L1F m < 360 GeV N
; . —— tt+tW Powheg+Pythia + n; | + 1
a . tt+tW Powheg+Herwig c{‘
+ bb4| Powheg+Pythia +
(@)}
o o
c I c
S 1.0F- 2 1 b
a g
e | S [TTTTTTRLL
0 [ e s seet ] s i
e pra | == tt+tW Powheg+Pythia
o &U —— tt+tW Powheg+Pythia + n;
. tt+tW Powheg+Herwig
0.9} 1 | : . - 0.9Ff bb4l Powheg+Pythia ]
PR L L L i " L L L . i P L L | L . L .
400 700 1000 1300 -1 0 1
mit [GeV] Chel
Top Quark Measurements at the LHC 40

27 FORDUE A Jung



Top quark spin correlations

® Probed by angular distribution of decay products in helicity basis:

Double diff. xsec Polarisation (0 in SM) Spin Correlation

1 d’o 1

;dcow"dcos@b = 4(1 + B cos 6 + B? cos @’ —C(a,b)cos@icos@é)
¢ 7

. xR ¥
C=xx%x
_%xm;

- Spin dependence of tt production is completely characterized by
15 coefficients (but we have lost information better “correlations™)

1 do — % (1+ [Coef.|z) f(x)

o dz
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Analysis in a nutshell...

* The degree of entanglement is highly phase space-dependent
—> Scan of m(tt) vs. cos(0) vs 8 to determine most sensitive phase space
while minimizing expected total uncertainties

* Focus on low-mass region (345 < m(tt) < 400 GeV) to increase entanglement

Cut on velocity along the beam line of the tt system to increase gg / qq fraction:
Ly

arXiv:2205.00542 8 = |§—§—Ezt'| <0.9
+

CMS Simulation (13 TeV)
T T T

, ® Measure helicity
T anglecos@ = {1 -{;
* fully encapsulates
spin correlations
information for

®* Perform a profile maximum
likelihood fit of the cos
distribution in the m, - 3
signal region

D < - 1/3 — Entangled!

A. Jung Top Quark Measurements at the LHC 4?2



Observation of Entanglement

15t measurement of entanglement 1
of top quarks with CMS data CMS — ,3|6'.3.ft.) , (1.3,T.e\./)

I 1 I I I I 1 I I 1 | I

Rep. Prog. Phys. 87 (2024) 117801 I/ll POWHEGv2 + HERWIG+++1, / yf
I/l MG5_aMCQ@NLO(FxFx) + PYTHIAS + 7, /

/' POWHEGvV2 + PYTHIAS + 17, / #,

* CERN press release: /'] MC Stat.
CERN Press release, Sept 2024: /Il/ MC Stat. @ Syst.
“LHC ... observe quantum entanglement...” —  Entanglement boundary

m(tt) <400 GeV
‘,82 (tf) <0.9

4 Data extr. with PH+P8

* Also featured in ”Symmetry” i Data extr. with PH+P8+1,

"The Quantum Chase" — Symmetry, Nov 2024

5 standard deviations - .
_ | | Without
observation of top quarks "' toponium
being entangled at tt threshold ~0.4915553 | H+—O—+
- ~1.5 tension with the expectation ‘
if toponium is not included | | With éf;
toponium g
Good agreement with SM ~0.4807392¢ g ———— >
significantly improved by AT E T IR A NIE N NIE R AT TR
. . 060 -055 -050 -045 -040 -0.35 -0.30
including n; D
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https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://www.symmetrymagazine.org/article/the-quantum-chase?language_content_entity=und

TPA~
& B

o
o

(@ Prospects at the HL-LHC

CMS-PAS-FTR-18-034, 2022

Reminder: Solve the hierarchy problem : :
dat ¥ }(’ P Signal to bg separation at 185 GeV
—
need a top quark partner CMS Phase 2 Simulation Preliminary (13 TeV) o
[%2]
s~ T 6 Sig m(f) = 185, m(xo) = 10 GeV test 2
FON = Q
/ t > Background test } a O
— — — \ g5 Sig m(f) = 185, m(%o) = 10 GeV train Prog :,f O
h \ -é Background train Lpr Qi Li 7D
h \ <4 e v D
- = —\-;/— - - ile: - D Outpyt
h h 3 ’ A g D
i O
e - t
) miss 4 = O
H O -
// ‘ O
- ot Y
p tz’ --" “ _f— PO — ' . Hidden layers
--7 ! S X1 950 0.2 04 06 08 10
~ - DNN score
~o = ~0 .
. el Xi Employ Machine
t2 ~ - .
N ¢ CMS Phase-2 Simulation Preliminary (14 TeV) Iearnlng to construct
oS T T - T T T T T T
3 1% pposivii,fi 150 el 50 a more powerful
= mEEn mEEn S
o Run2 : EPJC 81(2021) 970 1 1mi
. CMSIPhaS?'z S"”Z“/a”f”? Pre/ir‘ninary’ (14TeV) %( 80[- Projected : This analysis EEEZEER 40 “% dlscrlmlnant based on
S - K} .
8 700 PP ik, - 150 200 . £ top quark properties
o =t 60 a
?ESGOO 1.75 g <30 é
N S @
500 \rboe qpo,(’e {150 g 40l R £
Q) R J125 @ Jo0 £
400 A o e s
& & J100 € 201 1 2
300}- , 2 10 &
Jo7s E @
200 ::) ol )
1 | 1 | 1 | | 1 1
sook 1 B &g 140 160 180 200 220 240 260 280 300
0.25 3° m(ty) [GeV]
o_ L 1 1 | 1 § 8
100 200 300 400 500 600 700 800 900 0.00
e Significantly better sensitivity
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Prospects at the HL-LHC

Double diff. xsec Polarisation (0 in SM) Spin Correlation

1 d’o 1
— = ~(1 + B* cos 6* + B? cos6” — C(a, b) cos 6% cos &”
o dcos6%d cos #” 4( - + (a,b) + )

| CMS
s 0 79MS T 359 |fb (13 TeV} Phase 2 Simulation Preliminary 3000 fb' (14 TeV)
(o) 8 . » Unfolded data ----NLO, SM
© 8 | — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated |
L == MG5_aMC@NLO + PYTHIA8 [FxFx]
-l o6-  zugps =) Standard model fou t (stat) + (syst) + (theo)
z 2
T e - A::.:w —ee 0.74+0.07 £ 0.19+£ 0.07  cMS PhysRevD.100.072002
b T Opening angle between
045-:--- |epton$ in top parent A::?m Projected e 1.00+£0.00+0.11 £ 0.04
o EEE TS S rest fr. Ame Ay i 1.054+0.0340.08+0.11 CMS PhysRevD.100.072002
A|»\°J Projected : 1.00+£ 0.00+ 0.07 £ 0.06
-1 0.5 0 s 1 D — 0.98+0.03+0.04 £0.01 CMS PhysRevD.100.072002
cos@
D Projected -+ 1.00+ 0.00 + 0.03+ 0.00
f . Dieasured — Dtheory,uncorrelated |A¢"| 1.24+0.03+ 0.06+ 0.07  ATLAS Eur.Phys.).C 80, 754
theory,correlated theory,uncorrelated | A¢|,| Projected 1 1.00+ 0.00+ 0.04 + 0.04
0.5 1 1.5 2 2.5 3
el . SM spin correlation fraction
- Expected precision: 4
—_ 0 .
02 -3)% Contributed to Snowmass, CMS-PAS-FTR-18-034
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