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tt polarization and spin correlation

@ Important test of standard model; allows for testing quantum properties of the tt system such as entanglement

@ Spin observables can improve sensitivity of BSM searches (high mass tt resonances) [CMS-HIG-22-013
JHEP03(2024)099)]

@ Typical spin decorrelation time is mt//\gJCD ~ 10~2's > top quark lifetime 5-10~%s
—spin correlation accessible from decay products.

@ In the helicity-frame the differential cross section of the top quark decay products can be parameterized by the
polarization vector P and the spin correlation matrix C:
90 kP Q4P Q4 RRQ . CO
— kP - kP - KRS -
dQdQ2

@ Q is direction of top decay product

Including an overall normalization, there are 16 parameters

@ Spin analyzing power k depends on decay particle. Best sensitivity (k = 1) for charged leptons and down-type quarks
from W decays.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html
https://link.springer.com/article/10.1007/JHEP03(2024)099
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tt polarization and spin correlation in e/u+jets events

138fb ! (13 TeV) CMS: Phys. Rev. D 110 (2024) 112016

@ Use machine learning for reconstruction of top (anti)quarks; including identification of down-type quark
@ Template for each coefficient. Binning: 2 bins in cos(Gp/p) and 4 bins in ¢,/ for the two decay particles
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The blue lines include the detector effect on the theoretical shape (red) due to acceptance, resolution, efficiencies...
—fit linear combination of the detector-level templates to the data.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html
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Quantum Entanglement

5o CMS Simulation (13 TeV) 00 O cMS 138 fb™ (13 TeV)
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@ At the threshold and at high m(tt) with low cos(6:) tt is expected to be produced in entangled states
@ Criterion for entanglement (based on Peres-Horodecki criterion): AE = Cpp + |Crr + Cii| > 1
Assuming that the tt system is described by QM, this is the first observation of an entangled quantum state at high m(tt)
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Quantum entanglement in dilepton (eu) events
36fb~! (13 TeV) CMS: Rep. Prog. Phys. 87 (2024) 117801

At the tt production threshold, where all diagonal elements of C are positive D = f%AE
do
——— x 1 — Dcos
d cos(¢) (9)

with ¢ the angle between the two charged leptons in the helicity-frame

Extract D using template fit of SM template and template without any spin correlation

CMS 363" 1 (13Tev) CMS simuiation 36.3 fb" (13 TeV)
@ T T T 3 12000F T T T T m|
8 . ! 8
S 20000F v Bl 9, dileptonic  EE tlmleptomc S
= T Diboson B tW Stat@ Syst > 10000f- ——
Bysooof | oner oz ¢ Daa 1 = 345 < m(tF) < 400 GeV ‘
i & B,(tF) < 0.9
345 < m(tt) < 400 GeV . 8000f ~= §
100001 3, (t1) < 0.9 ———
6000 B

F F—— + +100%nosCti

Otto Hindrichs (UR)

4000 +50% noSC tf + 50% SC i
—+ +100% SC t
T T T T T 2000 —+ -50% noSC tt + 50% SC tt
PH4PB1, No p} rew. —- Nop}rew.&n N
-100% noSC tt
L L L L L
L g g‘ 25 T T T T T
- 3[31.0
£I£0.75F E

31.03.2025

6/17


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-001/index.html

Quantum entanglement in dilepton (eu) events

140fb~1 (13 TeV) ATLAS: Nat. 633 (2024) 542

Calculate D based on average of cos(¢):

Calibration Detector-level <> Particle-level from reweighted MC:
Particle-level top quarks are constructed using generator-level leptons and b-jets using myy and my criteria.
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https://www.nature.com/articles/s41586-024-07824-z

CMS 36.3 fb~! (13 TeV)
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@ Observation of entanglement at the tt production threshold > 50 in both experiments.

@ ATLAS: performs measurement for particle-level top quark. No extrapolation to full phase space parton level
—reduced uncertainties in experimental results (but theory uncertainty in threshold value)

@ CMS: analysis performed with and without taking into account a tt "bound “-state (toponium).
toponium simulated as a pseudo-scalar particle with mass 343 GeV and production cross section of 6.4 pb
—analysis not sensitive enough to observe the differences.
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Evaluation of magic states of the tt system
1381 (13 TeV) CMS: CMS-TOP-25-001 NEW!

@ In quantum information science eigen-states of unitary operators (mostly tensor products of Pauli matrices) are called
stabilizer states. For these magic is zero.

@ Non-stabilizer states have enhanced properties for quantum computing [D.G.]
A generalized definition of magic for non-pure states was proposed [C.W.]:

1+ ZI’En,k,r[(P:4 + '544)] + Zi,jen,k,r Cj

1+ ZI’En,k,r[(Pi2 + l512)] + zi,jén,k,r C:f

I\712 = —log2

This can be calculated from the measured spin correlations. For stabilizer states :
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Caveat: non-zero magic of the mixed states does not imply non-zero magic for the individual quantum states
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https://arxiv.org/abs/quant-ph/9807006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.116016
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html
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138fb ! (13 TeV) CMS: CMS-TOP-23-009 NEW!
q
W - M
q t 9

@ Effective couplings of the Z boson to light quarks and top quarks

Probing the flavor structure of EFT operators in multilepton final states

operators in the framework of SM-EFT.
ttZ, ZZ, and WZ final states probe different operators:
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-009/index.html

Basic selection: 3 electrons or muons, with a reconstructed Z boson (81 < my < 101 GeV)

@ ttZ: at least 3 jets, 1 b jets

@ ZZ: 2 lepton pairs in Z mass window

® WZ: piniss > 60 GeV
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C M S 138 b [13 TeV]
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Search for CP violation in events with top quarks and a Z boson
138fb~1 (13 TeV) + 35! (13.6 TeV) CMS: CMS-TOP-24-012 NEW!

; : I I .
Measurement of CP-odd effective couplings ¢/, and ¢/ :

@ processes: ttZ, tZq
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-24-012/index.html

Two event categories defined by: |gcéz| > |gcéw|

Results:
@ Coefficients compatible with SM expectation
@ Small slope corresponds to 1.9-2.5¢0 for

CtIZ # 0 (depends on setup: profiled or not;
linear or quadratic in couplings)

Limits (with quadratic terms):
observed: —0.2 < ¢/, < 2.0, —2.7 < ¢l <25
expected: —1.5 < ct’Z <15, -20< ct’w <20
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Search for FCNC (tHu and tHc vertices)

1401 (13 TeV) ATLAS: Eur. Phys. J. C 84 (2024) 757

@ FCNC strongly suppressed in SM,
but possible e.g. in 2HDM

@ tHu and tHc vertices introduced as EFT coupling
SM cross section tH production 74.3 + 0.4 fb

Use leptonic top decays and H -WW (ZZ, 77 lep. decaying)
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After top and H reconstruction train DNNs (for each coupling and category) based on inv. masses, pr, object separations ...
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-23

.}

Search for FCNC (tHu and tHc vertices)

1401 (13 TeV) ATLAS: Eur. Phys. J. C 84 (2024) 757

@ Perform binned likelihood fits in signal regions and control regions
for ttZ, ttW, ... (with 2 b jets, Z—{T4~ etc)

@ H -WW(ZZ) analysis strongest individual channel
@ Combined with H —bb, H —vv, and H =77 (hadronic)

ATLAS
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ATLAS

Observed (expected) 95% CL upper limits
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@ Measurements of tt spin correlation in bins of m(tt)vscos(6:)
—tests of quantum properties: entanglement, magic...

@ New tests of flavor structure and CP violation with top quark data
@ Limits on FCNC with tHu and tHc couplings
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