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30+ years of top guark measurements
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What about top quark spin?

VOLUME 85, NUMBER 2 PHYSICAL REVIEW LETTERS 10 JuLy 2000

Spin Correlation in {7 Production from pp Collisions at /s = 1.8 TeV

B. Abbott * M. Abolins,* V. Abramov,'” B.S_ Acharya !’ D. L. Adams > M. Adams *® V. Akimov.'” G A Alves ?
N. Amos,*? E. W. Anderson.*® M. M. Baarmand_ ** V. V. Babintsev,'” L. Babukhadia ** A  Baden " B. Baldin **
S. B-:-merj‘er&}'3 I ]i'..:-mtlj,f,f'2 E. Barberiz ** P. Baringerfﬁ I.F. Bartlett *” U. Bassler” A. Bean® A Belyaevzm
S.B. Beri,!' G. Bernardi.” 1. Bertram " V. A. Bezzubov,'” P.C. Bhat** V. Bhatnagar,!' M. Bhattacharjee **
G. Blazeyf' S. Blessingjf" A. Boehnlein®® N. L. Bcjkﬂjw F. Burcherdingzzq A. Brandt>® R. Breedon,” G. Briskin >

o
(DO Collaboration)

The DO collaboration has performed a study of spin correlation in tf production for the process
ti — bW*bW ™, where the W bosons decay to er or wv. A sample of six events was collected during
an exposure of the DO detector to an integrated luminosity of approximately 125 pb™' of \/s = 1.8 TeV
pp collisions. The standard model (SM) predicts that the short lifetime of the top quark ensures the
transmission of any spin information at production to the #f decay products. The degree of spin corre-
lation is characterized by a correlation coefficient k. We find that k > —0.25 at the 68% confidence
level, in agreement with the SM prediction of k = (.88.

PACS numbers: 14.65.Ha, 13.88.+¢
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What about top quark spin?

25+ years of measurements

Measured in multiple bases
AHelicity
ABeam
A Off-diagonal

Recently many advancements made by
ATLAS& CMSIn understanding the spin
properties of the @gystem
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Polarization summary, v's = 1.96-13 TeV

Helicity basis B = total (stat + syst)

CMS, dilepton, 13 Tev, B}
CMS, dilepton, 13 TeV, B}
CMS, Ljets, 13 TeV, B](pr(tf))
CMS, kjets, 13 TeV, B3{pr{tf)
D + EV

ATLAS, dilepton, 8 TeV, B
ATLAS, dilepton, & TeV, Bj

N

CDF, dilepton ), 1.96 TeV, B"
D@, |+jets, 1.96 TeV, B
D

“cMs, diepton, 13TeV, B,
CMS, dilepton, 13 TeV, B}
CMS, kjets, 13 TeV, B (pr(t))
CMS, I+jets, 13 TeV, By(pritf)

+0.006 +0.013 (+0.009 + 0.010)
+0.017 +0.013 (+0.009 + 0.009)
+0.005 £ 0.005 (+0.005 + 0.001)
+0.009 +0.005 (+0.005 + 0.001)

—0.018 + 0.034 (+ 0.020 + 0.027)
+0.023 +0.042 (+0.020 * 0.037)
84

—0.038 +0.101 (+0.088 + 0.049)
+0.040 £ 0.034 (£0.030 £ 0.017)

023 £0.017 (£0.011 £ 0.013)
-0.010 £0.020 (£ 0.011 £ 0.017)
+0.003 + 0.006 (+0.006 + 0.002)
-0.003 £ 0.006 (+0.005 + 0.003)

CATLAS,diepion, 8 Tev, 8,
ATLAS, dilepton, 8 TeV, B;

+0.039 + 0.042 (+ 0.026 + 0.033)
+0.033 £ 0.054 (£ 0.023 + 0.049)

10,005 +0.023 (+0.010 + 0.021)
+0.007 +0.023 (+0.010 + 0.021)
+0.001 + 0.006 (+0.004  0.005)
+0.004 + 0,006 (+0.004 + 0.005)
004

CMS, dilepton, 13 TeV, B}
CMS, dilepton, 13 TeV, Bj
CMS, k+jets, 13 TeV, B (pr(tf))
CMS, k+jets, 13 TeV, B(pr(tf))

o\

ATLAS, dilepton, 8 TeV, B}
ATLAS, dilepton, & TeV, B}
CMS, dilepton, 8 TeV, B*(p)

044 +0.038 (£0.018 £ 0.033)
-0.064 +0.040 (+0.020 + 0.035)
-0.027 £ 0.057 (£ 0.016 + 0.055)

ATLAS, comb. (Dec 2013), 7 TeV, B*
ATLAS, dilepton, 7 TeV, B*

ATLAS, l+jets, 7 TeV, B*

CMS, dilepton, 7 TeV, B*

035 £ 0.040 (£0.014 £ 0.087)
-0.040 + 0.058 {+ 0.030 + 0.050)
-0.034 *388 (+ 0.017 *}53)

+0.010 £ 0.041 {+ 0.026 + 0.032)

-0.085 *30% (357 + 0.056)
~0.102 £ 0.061 (+ 0.044 + 0.042)

-3 +£0.283) % 10

Beam basis

D@, comb. (Jan 2017), 1.96 TeV, B* | i +0.081 +0.048
D@, dilepton, 1.96 TeV, B® e — +0.113 £0.093 (+ 0.091 £ 0.019)
D@, 1+jets, 1.96 TeV, B* == +0.070 + 0.055 (+ 0.046 + 0.030)

NLOW ‘ { 4 x

* Preliminary

-10° 10" 0 10-" 100
Polarization

from my thesis 5



Top quarlspin correlations

0

O«

O«

O«

<
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P P a
Unique because of large massn, =172.52+0.33 GeV a 3 ¥
production  Jifetime m
Spin correlationsare dependent onproduction pm O pm O pm O
mode (C @s.N\N) and hlgher orbital momenta
A function ofe.g. -0 Tk

_ _ Helicity basis
Top quark spin cannot be measured directly d

Fully preserved (spin analyzing powdr  p) £,
In charged leptonic and downtype quark decays of -
W boson L

parton | ¢t d u b

ki | 0.998 0.966 -0.317 -0.393
PLB 539 (2002) Nucl. Phys. B 351 (1991)

Measured In the helicity & beam basis

le
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https://doi.org/10.1016/S0370-2693%2802%2902098-1
https://www.sciencedirect.com/science/article/abs/pii/0550321391900829?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321391900829?via%3Dihub

@spin density matrix

6 Spin density matrix fuIIy captured by a foufold angular distribution

EQ_ L ||<E>\' | @tm It )

t# *#
s Spin Polarization'E/'E Spln CorrelationE A # #
\o #ooo##

s Can integrate above fowfold angular distribution to get 1D distributions for

each spin coefficient
P2 Plo 41 Ao
. B G
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@spin density matrix

6 Spin density matrix fuIIy captured by a foufold angular distribution

EQ_ L ||<E>\' | @tm It )

t# # #
s Spin Polarization'E/'E 07 Spln Correlatione H # O#
t# *#

pQ \/

§<p # 1 AFQe
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ATLAS CMS °~ pgcombination

3%g5, (Measured in lab frame) Is most precisely measured spin corr. dist.

0

<

o

<

0)

s How ATLASR CMSdiscovered @spin correlations

ATLASCONF2026-001
CMSPASTOR22-004

Recent unfolded measurements show tensionwrt SM expectations
s ATLASeported 2.2, tension wrt Powhegv2 EPJC 80 (2020) 754
s CMSreported 1.9, tension wrt Powhegv2 PRD 100 (2019) 072002

Tension weakens when compared to NNLO QCD &

Calls for a
combination!

CMS 35.9 b (13 TeV)
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iy
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Ratio to Powheg+Pyth

NLO QCD + EW
1.08—||"|‘"'\lw\I|\||\||\|||||\I||||\\||\l‘\||\||w|l_
Inclusive ATLAS _

1.06— .
r Vs =13 TeV, 36.1 b :
1.04++ ;
1.02F ‘ ‘ ;
o) Uizizs . o ]

. & Data e
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096: I MCFM __
0.945 — NNLO (u =Hy4) 1

_IIIII [ | 1 [ | ||\|\||\||\||_
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NNLO scale up/down
Powheg+MadSpin+Pythia8|
I 11 | L I T | 1

Parton level A¢(I",I)/r [rad/n]
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https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
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https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://doi.org/10.1140/epjc/s10052-020-8181-6
https://doi.org/10.1103/PhysRevD.100.072002

ATLAS CMS ~ pgcombination

Data or MC
NNLO

0.25— Phys. Rev. Lett. 123 (2019) 082001

105__ .................... S, N, ST, . eerem e

0.95

Combination w/ Convino EPJC 77(2017) 792

~30-40% reduction in overall uncertainty

ATLASCONF2026-001
CMSPASTOR22-004

Tid, tension w/ NLO QCD + EW (large scalec. in prediction)
P& ,tension w/ NNLO QCD

I | | | |
ATLAS+CMS Preliminary Vs = 13 TeV (Nov. 2025)

LHClopWG

{ ATLAS, L =36.1 ft
Eur. Phys. J. C 80 (2020) 754

% CMS, L =359 '
Phys. Rev. D 100 (2019) 072002

{ ATLAS + CMS combination

.............

= NNLO (NNPDF3 1, [T H,/4)
«===» Common MC Powheg+Pythia8

0.2 1 1

IIII|IIII|IIII|IIII:|IIII

el e e
zzzzzzzzzzzzz

A
|

- # Combination stat.@ syst. & ATLAS

s CMS ]

w2 2n3  5mlb
Parton level| A¢(I*, I)| [rad

0 6 T3
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H;:l

EW corrections
important for

spin
correlations!
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1 [1/rad]

do
dlAa(l, I7

1
]

Data or MC
NNLO

0.45 I T T | |
_ ATLAS+CMS Preliminary Vs = 13 TeV (Nov. 2025) _
-~ LHCtopwG ATLAS 36.1 fo' + CMS 35.9 fb" ]
4= ]
"} ATLAS + CMS combination s
03 oo —
0.3 —
0.25— B NNLO (NNPDF3.1, 1 _ = Hy/4) _
B =% NLO expanded QCD+Weak (CT10,p__=m,) i
B << Common MC Powheg+Pythia8 ]
0 2 | | |
2 O S SS— S SO AU —
1k -~ e — ‘W"‘
..._}%/ll IIW‘”I-;/// ————— e ‘ |§\\\t\\
0.950 .. .Combnatonstatosyst ..
0 /6 /3 /2 2n!3 51cf6 T

Parton level| A¢(I*, I")| [rad]10


https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://cds.cern.ch/record/2952446/files/TOP-22-004-pas.pdf
https://doi.org/10.1140/epjc/s10052-017-5345-0

Measurement of I Ipin density matrix in/kjets

O¢ O¢ O«

Ncorrect/ I\Iall

Used OI" +jets events with full Run Il dataset
Used DNN to perform jetparton assignments

Measured all 15 spin coefficients

A quantum state tomography

3 Used fourfold distribution of decay productst

z Measuredin 1/2 b je§ low/high NN score G,4/S;o,) regions

Measured in helicity basis

1 CMS Simulation (1 3 TeV)
- =20 Shi h ==2b S|ow
gg E_ """ 1b ShiZh """ 1b Sy,
0.75
0.6
0.5
04'——’_'— """""""""""""""""""""""""""""""""""""
0.3
0.2
0.1
Eol e e
400 600 800 1000 1200 1400
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Ot = truth templates
1|, =reco templates

[PRD 110 (2024) 112016

CMS Simulation 59.7 fb' (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016

Measurement ofi 'lpin density matrix in/kjets PRD 110 (2024) 11201
A15 spin coefficients, 3 x Zpin polarizations h9 spin correlations

AFull guantum tomography differentially in & (@h |A T gd and® O
AMost detailed @lBpin density matrix measurementr 235 coeffs. measured!

CMS 138 fb™' (13 TeV)
| Inclusive from m(tf) vs. |cos(8)| bins _— Data I B
— stat, total unc.
L A:=0.663+0.029 e Powheg+tP8 |
c-1 | -0.062+0.053 —_— ==+ Powheg+H7 [ . 1
P |_-0.0037+0.0077 i -+ MG5+P8 i 3
spin | B |- 0.0080+0.0063 X =+« MINNLO+P8 3
_ . P, |_0.0135+0.0068 i i I
po|ar|za’[|ons P. | _-0.0168+0.0078 ot i b
P, | 0.0036+0.0062 [ i b
Bl 0.0143+0.0067 - i D
C, | 0.028+0.017 =, i —
Cnn | 0.330+0.010 et [ Ve
Cw [ 0.305+0.020 [ K——
: Cy [ 0.014£0.019 F—t i B——
SPIN | ¢, [ -0208+0.035 —— | —
: C, 0.009+0.026 e ———
correlations | ¢ [ -0o16+0.017 ] i ——
Cy | -0.009+0.030 — i —
Cx |_ 0022+0.026 — i —
lllllllllllllll]llll]l I 1 lllllllll lII llllllllllllllllllllllllll
-05 04 03 02  -0.1 0 0.1 0.2 0.3 005 0 005 0.1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016

Characterization of theTlguantum state in/ljets

PRD 113 (2026) L05110:

s After performing a full quantum tomography, we have reconstructed
the full spin density matrix”

» Pe s v EVs ., e, 8

T .
s Can characterize the measured state in many ways:

1. Purity [ quantifies how pure a quantum stateis 7k 4 O
: Pure statesf
s Mixed states/

2. Von Neumann entropy Y” also characterizes how mixed/pure a

quantum state IS . S

s Quantum analogue of Shannon entropy X") 401 1€
s Purestates’ ") Tt

;s Maximally mixed states' ") ¢

3. Expectation values identifies contributions of individual states
dgga

4/10/2026 SM@LHC 2026, Torino, Italy 13


https://doi.org/10.1103/hkgw-dztk

Characterization of theTlguantum state in/ljets

PRD 113 (2026) L05110:

s Characterized in both the helicity & beam basis

s Same methodology as prior measurement for beam basis

Helicity basis

Helicity basis states: Beam basis states:
P P

W) =) ) W) =) Jeny)

- ) %

B ) =y sy o) ey - 2K
\/E 88 t_

s Uncertainty via statistical bootstrapping -’

5 Spin quantization axis: Y

s CO¥or helicity basis
s OHbr beam basis

4/10/2026 SM@LHC 2026, Torino, Italy
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Characterization of theTlguantum state in/ljets

PRD 113 (2026) L051101

138 o' (13 TeV) 138 i (13 TeV)
N 1= Helicity basis —] vy 1 Beam basis —
2 - CMS o4 = ,{i—mT) + ) Myeasurement - = CMsS ITT) (l‘I’+) + kb}) I Measurement .
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5 - : ? 3 i - i : ]
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IS | B TR ;
. T T T T —] - 1 —— LE— T T
S ™ BT E T = ]
= 08l T = o 08f I -
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400
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600

800

13000

A 1) Q [88)
expectation values
equal due to initial
state symmetry

A Large | ) fraction in
boosted central

— region

A Large spin singlet
|l ) fraction in

— threshold region

lcos(6)] 0 04 07 1 0407 1 0407 0407 1

m(tt) [GeV] 300 400 600
SM@LHC 2026, Torino, Italy
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Characterization of theTlguantum state in/ljets

138 fb~' (13 TeV)

—~ 0.7
< [CMS  Heliity basis ]
i 1 Measurement ]
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1
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138 b~ (13 TeV)

PRD 113 (2026) L051101

low observedentropy
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= 07p ]
= . CMS Beam basis -
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- | |==roweerma 1 A Large fractions
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m(tt) [GeV] 300 400 600 800 13000
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How to probe=ntanglement

s> What does it mean to benot entangled? Separable!

) =la)a®[b)p B R
5> Forpure states|f Yay 6 Rt WR LWIJ ¢ dntaralaniddt éhérdpye™Y” 1 LWL

s Atthe LHC top quarks are produced in a mixed state
s Need an entanglement withesss3-for mixed states

s Hardtoshow” Rt Wt I3G¢ | ¢ HUIWWHe qW! Ye WHE UL
t 13GE | Geianddedls LU
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Peres,Phys. Rev. Lett/7, 1413
Horodecki, Phys. Lett. A232, 5

How to probe=ntanglement PeresHorodecki Criterior

s " Is a valid guantum state— Unit trace, Hermitian, Eigenvalues 0

5 " isentangled if the abovel Y Unbldifor the partial transpose of”,
s A sufficient condition forentanglement using PeresHorodecki Crlterlon:

> 0 |O o) | 0 TT [Eur. Phys. J. Plug36, 907]
Atlow & (00) 1 At high & (ooF& low SA | gCE
0 &0 mo o o] p . 0 &0 mO 0 0 0 0
Helicity
$ L basis $
$ - 0 entangled! $ -Oentangled!
- — p $A|o@ _— — p $AI‘O

Measure Aor Ato access entanglement information!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1

Foreword on interpretations of results

5 In @events wecannot measure the spin directly

O«

Means we must assume a value for the spin analyzing powier
s We assume LO SM predicted value dif  p8t

PLB 280 (1992) 304 arXiv:2507.15949 a_rXiv:2507.159_47
Dreiner et. al. note a local hidden variable theory can reproduce all of our

observations (no quantum mechanics! purely classical states!)

O«

O«

We assume we are analyzing qguantum states when asking questions of

whether separable or non -separable (entanglement)

sz No circular proof crisis:
y not all quantum states are separable
y assuming QM = true assume @Bystem is entangled

s Useful perspective: EpPJ+ 140 (2025) 9, 855

JHEP 01 (2023) 148
New physics in decays of top quarks is tightly constrained { D T)

Ox¢
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0

How to discoveentangledtop quarkSrore 87 (2024) 117891

ATLAS& CMS probed both
the boosted region and the
production threshold region
for entanglement

Mostly timelike (spacelike)
separated decays in
production threshold
(boosted ) region

4/10/2026

CMS Simulation

7oo§ Ehtanglec

550

500

450

400

Entanieled

-1.0 -0.5 0.0 0.5
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-0.8
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https://doi.org/10.1088/1361-6633/ad7e4d

ATLASobservation oéntanglementinthreshold region

Nature 633 (2024) 542

0

O«

O«

Measured in dilepton events using

full Run Il dataset
Constructed~a_cajibration curve from
reweightingA | <O
Calibrate detector—level Ato particle-level .
§ AT;—AS| T I+|Data| T _ 4”%
1160000 s=13TeV, 140 fs! & Pow+Py (hva) _ {0123
- Pow+H7 (hvg) o
50000 340<mﬁ<380GeV 4 Pow+Py (bbal) _:_ ] __0.143
[ Background -
40000 Total uncertainty - § [ ] 1016

4/10/2026 Detector-level cos ¢ SM@LHC 2026, Torino, Italy

O ‘l LI | [ | [ | | | I I | L | | | L
@

> 04r Total Uncertainty
% - ATLAS Statistical Uncertamty’
° " Vs=13TeV, 140 fb’ e Data

t i ) m Reweighting points |
c  02p 340<my<380GeV o Powheg +Pythia8 |
S Entanglement limit |

L1 - L1 | L1 1 |
0.2 -0.18 -0.16 -0.14 -0.12

0.1

| [ S
-0.08 -0.06 —0.04

Detector-level D
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https://doi.org/10.1038/s41586-024-07824-z

ATLASobservation oéntanglementinthreshold region

@

O«

O«

O«

Nature 633 (2024) 542

Clear observation | v , of entanglement!
Clear deficiency of Monte Carlo to modetntanglement
in threshold region -
o4l ATLAS Son
: : . /s=13TeV, 140 fb’
First observation ofentanglement |
-0.2+
between top quarks! | .
% S _ é.
. 3 -03}
Observation ofentanglement at & [
. ' E i
hlgh energy' -04 | U u —.— Limit (Powheg + Herwig7)
- 7 -=-- Limit (Powheg + Pythia8)
o B Theory Uncertainty
-0.5 @ Data
§ @® Powheg + Pythia8 (hvq)
_ B Powheg + Herwig7 (hvq)
0.6 340 < myg < 380 380 < mg < 500 my > 900
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Particle-level Invariant Mass Range [GeV]


https://doi.org/10.1038/s41586-024-07824-z

CMSobservation oéntanglementinthreshold region

s Dileptonic events w/ 2016 data [ROPP 87 (2024) 1178Q1
s Measured Ausmg binned profile CMS 363 (13TeV)
likelihood fit of A T «O W 3008 sONLO{Ento TS
~ / v t /At
s Significance v , /) POWHBGY2 + PYTHIAS + /1
s Confirmed obs. ofentangled top quarks ! jivesa ess:.
. . . — Entanglement boundary
o Including effect of hypotheticaltoponium | i oaaexr.winp.ps e
— improves MC agreement w/ data & e
y CMS lllllllll qsgfbjpgT‘ev?
/ o] 0 <doo Gev | il wilout t-
See o Izs: ———————————————————————————————————————————————————————————————— / -0.491:33%8  ——o—+
90dcel Rckit W
talk! 20_D exp. = — 0.467+3:028 ‘ . %)
o Do = 048055 I Wi 8
ol j 048070928 e >
" With 7, E T
sp (E)’;pe‘:‘e" kS -0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
f obigxig stat. 3’;_! D
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https://doi.org/10.1088/1361-6633/ad7e4d
https://agenda.infn.it/event/48435/contributions/289831/
https://agenda.infn.it/event/48435/contributions/289831/
https://agenda.infn.it/event/48435/contributions/289831/

CMSobservation oéntanglementinboosted region
[PRD 110 (2024) 112016

Same/bjets measurement in helicity basis

O«

CMS 138 fb™ (13 TeV)

1.1¢
- Data
16 stat, total unc.

5 MeasuredstobeT® v ¢ TBT U ¢ e o St tofa)un
: 6.1, observation forentanglement inthe ', *°F - Ponheg:i7
boosted region ! © F o MNNLOss I __________________

o

=
>
>

@

<

----MiNNLO+P8

| 07F I ---------------------------------------
[ C
) 0.6 Frsmssnsnsnsnsanssasssssnsasess

CMSobservesentanglement in both W oosf

O«

threshold and boosted region ! Do G55y 4.0(3.6)
0.3F l Separable states 1)
m(tf) > 800 GeV m(tf) > 1000 GeV
|cos(0)| < 0.4 |cos(0)] < 0.4
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016

Summary
5 1 DK2I0WEYGUWe WaYUNLWs ¢! Wn!l Y@eNEntsl ¢ | HE

s First spin correlation combination betweenATLAS& CMS

s Quantum tomography enables rich characterization of twaqubit
system

s Top quarks areentangled both when decaying and
timelike separated

s Start of guantum information studies in high energy physics

5> KDs Wl YYI WRUqqYWbYG! wlGE! + RAEL
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Top Quark Spin Density Matrix in dilepton

[PRD 100 (2019) 072002

5> SM predicts zeropolarizationfor @{ p 1 )T QCD is CP even
s Zeropolarization A zero slope atparton level

p Q 1 p 5 3 ’ ’
T a~% v A _(p U 8_|7 ) CMS 35.9 b (13 TeV)

AT ¢
—e— Data —+— POWHEGV2 + PYTHIA8
Recon Stru Ct| on Leve D arto 1 Ievel —=— NLO calculation —+— MG5_aMC@NLO + PYTHIA8 [FxFx]
5 CM 35. 9fb 13 Tev 35.9 fb" (13 TeV
— 3010, 'CI S_ ( ! -y CMS ———— 2231 (137 ) B : — | 0.005 + 0.010  0.021
o | ¢ Data .tt other .Zﬂets ] ol 2 [ 4 Unfolded data --NLO, SM 1 .
~ I . ] S| 8 0.56F _ powHEGV2 + PYTHIAS -- NLO, unpolarized i} -
%) . [litsignal [lSinglet [ |Other ] © - MG5_aMC@NLO + PYTHIAS [FxFx] ] BY | — 0.007 +0.010 + 0.021
it - ] 0 52:7 | B; : -0.023+0.011£0.013
L T T ] e
0-5_“"i"* -+ == + + - B, —t . " -0.010+0.011+0.017
£ | — 5
0.48[ .
B" e 0.006 + 0.009+ 0.010
i o 1 "
m Stat Stat @ Syst -
- 11 - . 1.05 - Bl L, 0.017 + 0.009 + 0.009
BB v, | eee—m——— .
(=) D‘: //// ///// ///% ﬁ 0 result + (stat) £ (syst)
0.9 0‘95 _ 1 1 | | 1 1 1 ‘ 1 1 1 | l 1 | 1 1 l | 1 1 1 | | | 1
-1 _0_5 0 0_5 1 - _(j_5 0 0_'5 1 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
coso, cos6,, Polarization
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Top Quark Spin Density Matrix in dilepton

[PRD 100 (2019) 072042

5 SM predicts nonzerocorrelation for @

s Non-zerocorrelation A asymmetry inw é—o é— distribution at parton

|€V€|p Q T P v~ ez, CMS 91" (13 TeV)
= —(p 6 AI—@os—l—) S

~% v AT s —e— Data —+— POWHEGV2 + PYTHIA8
n QA | —C00 €+ Q —a NLO caloulation v MG5_aMC@NLO + PYTHIAS [FxFx]
Reconstruction Leve Parton level _
80><1 0° CMS 35.9 fb" (13 TeV) __ Cms o 359 fb|’1 (13 TeV) Co. ;—|—.ﬁ: 0.300 £ 0.022 + 0.031
1—- T T T T | T T T T | T T T T | T T T T A&}N B T
L - . 1 1.5+ ¢ Unfolded data ----NLO, SM -
o | ¢ Data Mttother  [PZ+jets | § i ooy s C, H':'ii_'_‘ 0.081+0.023 +0.023
o eol Mitsignal [MSinglet [ [Other | 8% | -- MG5_aMC@NLO + PYTHIAS [FxFx] ] s
S | 1 8 T fo He—  0.329£0.012+0.016
4 (&) nn ‘M
Ll
oo
| D
a)
D- ! | 1 | | | | | | | | 1 | | | | | | | | | | |
, , , . _0_5 ' O 0.5 . 0 0.1 0.2 0.3 0.4 0.5
-1 —0.5 0 0.5 1 - : : Spin correlation coefficient
cos®' coso cosfcosel P
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ATLAS CMS - pgCombination

O¢ O«

O«

O«

O«

ATLASCONF2026-001
CMSPASTOR22-004

Category ATLAS uncertainty

CMS uncertainty Correlation Variations

_ _ EPJC 77. (2017) 792 FFmodeling _
Combination w/ Convino e NLO choice /

vs. MADGRAPHS_ NLO)

Estimated correlations: ey
LOW = 0.25 Norpmbatrs'  Showrdioke o
HALF = 0.5

ME & PS scales LOW HALF,
(POWHEG) ~LOW, —~HALF

Hamp HALF HIGH

e

é Detector response

3 H I G H — O . 7 5 Jet flavour QCD JET_Flavor_Composition,
e

—HALF, —HIGH
Underlying event tune HALF HIGH,

—HALF, —HIGH
PDF g FULL HIGH

-FULL, —HIGH
JEC_FlavorQCD LOW HALF
JEC_Fragmentation LOW HALF
JEC_PileUpDataMC LOW

bhadron_semilep_BR LOW
bgquark_fragmentation LOW

JET_Flavor_Re: S
FULL=0.99 g o e
All other systematics are bt i1 o R
uncorrelatec N Do
DY (r1) DY (r7)

Combination Is tested with w B e epon e

Fake lepton shape

varied correlations v p

DY (ee, ) FULL
DY (r1) FULL
W FULL
Fake lepton total, LOW

Leptonic T decays
W, T2 HALF
WW,ZZ, WZ HALF

s Vary syst.corrs. o
one-by-one - ,
tegory ATLAS uncertainty

CMS uncertainty Variations

s Vary all together {7 modlling

Scales ISR & FSR

: Vary pairing & corr. of Shower Shower choice

ME & PS scales HIGH, HALF, —-HALF, —HIGH
hdamp HIGH, HALF, —-HALF, —HIGH

Detector response

systematics _ Jet flavour QD JET Flavor Compositon,
Dropped 39 bin to combine | i et ok At

JEC_FlavorQQCD HALF

JEC_RelativeFSR HIGH
JEC_AbsoluteMPFBias LOW

normalized cross sections L=
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ATLASobservation oéntanglementinthreshold region

Nature 633 (2024) 542

AReweighting using 2 Epndg T
0 p O pnAIl-O > T Vs=13Tev — nominal .
J 4 AT oA = 10— 340 <mg <380 GeV -60% reweighting
. p . O (a aA I.O g E — -40% reweighting E
Whe[e nvIS §Ca|lng hypOtheS|SN 1':_ — -20% reweighting _:
TISWT@WTEHID& and 0.8:— — +20% reweighting —|
AO(@ p ® wd  wd 0.6F- j =
(b('X N 0.4:— | _:
is a third-order polynomial fit to MC 02F E
predictions N T T
E 0 -

< 1
= 0.5F , , , . . . . . . N
E -1 -08-06-04-02 0 02 04 06 08 1

COS @
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ATLASobservation oéntanglementinthreshold region

Nature 633 (2024) 542

ALarge difference of D @ particle level between Powheg+Pythia8 &
Powheg+Herwig7 due to difference in showering treatment

AWas able to show that this is due to dipole vs. angular ordered showering
AUnclear whyT spin correlations probe production
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£ 007
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== 1

©
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- —+— Herwig 7 LO Dipole s
—+— Herwig 7 LO Angular

hower
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ATLAS Simulation
v/s=13 TeV, particle level
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094 E 1 1 1 | l 1 | I
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Arbitrary units

E 1 1 I I | I 1 T
=~ —+— Powheg+Pythia 8
£ —+— Powheg+Herwig 7

T I T T T T

ATLAS Simulation
V'8 =13 TeV, particle level

1 1 1 1 1 | 1 1 1
0 0.5 1

cos @, m;; < 380 GeV
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Measurement ofop Quark Spin Density Matrix -jets

CMS simulation 59.7 fb' (13 TeV)
£ 40000 — Generator level LY, P,
520000_7T (><40)f0r2b8 an
s Binned profile likelihood fit of T T e
+ 20000—I | | | | . | - | Iﬁrl
s 1t =linearly dependent on 15 spin o R, Vg
coefficients i
: Reweightingt gives templates™Y OO A pEe] o
with varied coefficients v T p e
generator—level ~20000 [—
10000 — Cnn
e T
b Y e L ]
\ \\ ¢[d]
Y

| % (v} L Y [} 005(95’ R I R e
detector-level o lrad] R
[PRD 110 (2024) 1120:]]6 A e e e e e e B e I
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Measurement
of Top Quark
Spin Density
Matrix In
Jbjets
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[PRD 110 (2024) 11201

138 fb™' (13 TeV)

6

-% 10° t CMS 2b Shigh ¥  Data 400 < () < 600 GV tt gen: all(t%therBSgné y
. <m < ev, .m > eV,
b pre-fit I gen: ) )"0\ Cos(o)) < 0.7 B fgen: ) cosio)) < 0.7
10* | Single t Multijet+EW
tf no correlation Uncertainty
el IIL *J'r , -Il
0T
+— @ 0
ofF oV L A O R T |
= L N, P Tt o [y Lass . (4] Mo
T = ¥
w
1005(®)] 0 04 un ® cos(eﬂ) ® ¢p ® cos(ep) 07 10
cos . .
m(tf) [GeV]300 400
138 b (13 TeV)
% 10° t CMS 2b Sy, 1 Data 400 < () < 600 Gov tf gen: all(t(;)thefrsgé)né y
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@ post-fit B foen: 0 e < 0.7 B oen: 4 (cos(e)] < 0.7
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Measurement
of Top Quark
Spin Density
Matrix in
Jbjets
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