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| Polarization, P and spin correlation matrix, C determine the angular
distribution of the decay products in the helicity basis as in [1212.4888]

99 _ 5 (1+xP-Q+icP B-kikQ-C-B)
deQ norm

K - spin analyzing power of top/antitop decay products

Q) — unit vector in the direction of the decay product
2x3(P)+3x3(C) =15 coefficients Q,,
Alternatively, we can define ¥ -opening angle between the two decay products, then

do
dcos x

= A(1+ DKk cos x) C +C +C, =Tr(C)=-3D
and 7y, where the sign of n-component in one of the decay products is inverted

do~=A(1+l~)Kl?cos5() C -C -C =3D
dCOSX nn " kk

The system is considered separable if its density matrix can be factored into that of individual
states pP=> P.O.O,

Otherwise, it is considered entangled = Peres-Horodecki criterion [2003.02280]
Entanglement is a result of spin correlation.

Two approaches — both presented

*  Use full angular information of two decay products (e.g. charged leptons, or a lepton and a
d-type quark) to measure the full matrix C and then construct Ag

K Use the distribution in % and 7 to measure D and D

Spin correlation and entanglement

n

A, =C +|C +C, [>1

/
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Spin correlation and entanglement
There are four maximally entangled states =) = \% (1) £ 14 ),
1
e

. at high M - triplet vector state
0.9 (CI)+'CI)_; "I'H; CD++CD-)

Il

TEYy = — (1)) £ [I1)).

08 Peres-Horodecki criterion
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Dilepton vs |+jets channels

o Dilepton based on rrD 100 2019 072000 ® Leptontjets

® Lower branching ratio * Higher branching ratio

* |[k[=1 for charged leptons, which are e |g|=1 for down-type quarks, but they are
casy to ID —2>Ideal channel for spin harder to identify — employ AI (~66%)
correlation

. . ® Higher p; cut for single lepton (30 GeV)
® Lower p; cuts for leadlng/ subleadmg and for 4 jets (30 GeV)% lower

lepton (25/20 GeV) - higher o
efficiency at the threshold efficiency at the threshold, but OK for
high M,

® Worse M, resolution, not ideal for

differential measurement ® Better M, resolution, good for

e Best for threshold differential measurement
high entanglement ° Advantage for high M,
potential for “toponium” * high entanglement
observation

° potential for observation of Bell

mostly time-like separated Inequality violation

events

e CMSTop-23-001
P * CMSTop-23-007
\ /

° mostly space-like separated events
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Signal modeling

. 40 2"" FiX_e?)-grder Cy— coefficient
e NLO POWHEG+Pyth1a8 Se| — bele=0.4 in Lagrangian
— ¢t ¢,=0.6
® Include EW corrections with HATHOR (Comput. Phys.  _ 30
Commun. 182 (2011) 10) 825
o NNLO (Phys. Rev. Lett. 127 (2021) 062001) £
* Dilepton: prreweighting to match the top quark pr s
10
spectrum from a fixed order ME calculation at NNLO
5 7 Toponium model
* Leptontjets: NN-based reweighting to match NNLO 2m LHC 13T1=V
330 336 342 348 354 360
distributions at reco level Mbar [GeV] I
* Add “toponium” (pseudo-scalar color singlet | e
predicted by non-relativistic QCD) 7 — ¢ ;=04
_ — ¢+ ¢,=0.6
* M(toponium)-344 GeV, 6=~6.5pb o4
—0.5

Sumino, Fujii, Hagiwara, Murayama & Ng (PRD"93)
Jezabek, Kuhn & Teubner (Z.Phys.C'92) A —0.6
B. Fuks et al. (PRD 104 (2021) 034023)
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—0.7
e affects the invariant mass distribution and the spin
. _0.8
correlations at the threshold

—0.9 Toponium model
: . LHC 13TeV
330 336 342 348 354 360

Mppa; [GeV]
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Dilepton channel

To extract D we measure the distribution in the sensitive variable — cos ——— = A(1+ DK cos x)
Optimize M,, cut to maximize sensitivity to entanglement dcos x

Determine the effect of acceptance and efficiency by comparing D,co(Myeco) V5 Dyer (Myen full phase space)

CMS Preliminary 35.9 fb' (13 TeV) ;
D o o co000CMSPreliminary 3591 (13Te)
g 41: p — Y/ BN 7, signal B tisignal
w 10000~ — 5, 50000f [ Diboson Single t 77/ Stat® Syst

L 345 <m(tt) <400 GeV I — R z I [ tiother Bl Z+jets ¢ Data

8000} 0.0< #<0.9 1 The ttbar entanglement is 2 o000}
- — N < |
soo0l | : observed at > 5.0 g level for soo0ok. 345 <m(tD) < 400
i —— 0% No Spin Corr. ] i
4000 +50% No Spin Corr. < < < I 0.0<3<0.9
5 —+ +100% No Spin Corr. | 345 Mtt 400 Ge\l‘ .B 0'9 20000:—
20001 — -50% No Spin Corr. .
- — -100% No Spin Corr. ]
PRI (ST ST NS S S
™ ‘ ]
£ e CMS Preliminary 35.9 b1 (13 TeV)
gf: o |—‘—7 — Entanglement Threshold
N B BT +e4 Data
033 0686 1 re« POWHEGV2+PYTHIAS
cos X re4  MG5_aMC@NLO+PYTHIAS [FxFx]
re¢ POWHEGV2+HERWIG
ocooo (tt only) 345 < m(tt) < 400 GeV
0.0<p3<0.9
L° ~1.50 tension with the
L] o . . . .
w/out Toponium ~0.489°3%8 . o . expectation if toponium is not
B @ included
° B
. ° o
w/ Toponium 047838\ e iy g
result + (total)
AT RSN NSNS SN ST SR [T SO TN SN T SN SN S ST SR NN SR ST S SNHN i S S
\ -0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D
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L+jets channel

* We pursue both strategies — evaluation of the full correlation matrix C and polarization
vectors P as well as D and D measurements

* The measurements are done inclusively and differentially in bins of M,,, cos@ and top quark p;
* Event reconstruction (jet-parton assignment) is performed using NN
® Remove events with NN score Sy <0.1;

* Divide events into categories based on lepton flavor, number of b-tags, and NN score

Fraction of tt events with correctly assigned

jets to partons including d-type quark

138 b ' (13 TeV)

Dat tt t i i imi
= _F CMS 2bu LA ong - e — 1 pMS Simulation Preliminary
10 Preliminary = . . =)
S B tt not eu-jets Single t S = %b S 2% S
s EW I Multijet o . . —
-g 10° Uncertainty we —_ Iz; 0.9 = high low
L°>Ij s|= 0.8 S 1b Sy, e 1b Sy,
5| 2 07F
£l 878
z H_"g 0.6 -
= 0.5 =
0.4f
0.3
1.4 =
%]8 1.2 0.2¢
e 0.1
-------- B -
- T IS Ry ee==, I -
8:2 . O :\ I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
(0] 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1 400 600 800 1000 1200 1400 1600

SNN

m(tt) [GeV] /
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L+jets: Example of the fit

* In each (M, cos@) bin cosy distribution is fit to the reco-level templates
59.7 fb" (13 TeV)
" _
£ M %S, + Data - it }
% 10° greli%u‘nary it BN (T gen: 400 < m(tf) < 500 GeV, 0.4 < |cos( 0)| < 0.7 NS (i gen: 800 < m(t) < 900 GeV, 0.4 < [cos( 8)| < 0.7
m preti Single t s Multijet/EW .
Pt tt no correlation Uncertainty Pre-fit
¢ L ! ~ 5 ~
10 800-400 GeV 400-500 GeV 500-600 GeV 600-700 GeV 700-800 GeV 800-900 GeV 900-1000 GeV| >1000 GeV
10° : Sevets e %i*-.ﬁ.oo. M Feogetyusel
Seetegens see ! T o "?-T.IT‘.
i\;.a______ seses . -
L un'!! giipﬁi-';;;
olgia b I -
©O1.2F
0| 3 - [ =S [ ; PR = & =
0.81 _%rz;tiﬁ!- Qﬁ%ﬁi T B W S oo-"uo."..'...'.n“.ﬁm!“#;: PRI fiﬁiiiiﬁﬁ—igiiﬁéi % ﬁi#;m*%mmi L) ii;ﬁ‘}fﬁ;*m*“iw ’&;ii'{
0.6
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® _
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Uncertainty
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L+jets - full matrix measurement

¢ Full measurement of the vectors P and matrix C is performed using templates defined based

on the functions of angles of top and antitop decay products

2 =0 {KsinH CoS® ,...— KK cosl 0059_}
norm p p p P

m

® The total cross section is a linear combination of these templates with coefficients Q, that

are the components of P and C 15
S s 5 Gen level 2, and reco level T,
tot - 0 + Q m m CMS Simulation Preliminary
m=1 Generator level LY, Constant

60000 —

><40 for 2bS ioh

Events

® The templates T,, are defined at the reco level. sa00 15
: = g 5

To avoid generating events with every p0551b1e combination of

20000
Q,, the events are reweighted with 0 W
2 ki

i —20000

weights defined at the gen level Wi 5 )

ot 20000 — — — — — —
H1
To minimize the bias due to variation of Q, or T, within the bin | | L E N S

-20000

7]

we perform the measurement in finer bins in M, and cos 6,

20000
1 &
0.8 0
0.6

then combine

0.4 ~20000
02
0 cos(6,
02 @) 0 1
0.4 o
06 L w2 w20 w2 %
0.8 ‘
A VUUOT! DUDTUIIOY DU cs®) 7o T o 90 90 90 90 90 4
400 500 600 700 800 900 1000 0
m() GeV R R R
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L+jets - spin correlation matrix measurement

* Full measurement of the P and C is performed inclusively and differentially in bins of M,,, cos@ and top pr
* Full covariance matrix will be provided with the published result
* A good agreement with the SM prediction is observed
CMS Preliminary 138 fb™' (13 TeV)
inclusive
| A.=0.664+0.028 ¢ Data
o1 | 00390048 —h ngﬂzg:ﬁg
P, 0.0034 +0.0064 " " MG54P8
P, 0.0054 +0.0048 W MINNLO+P8
P, | 0.0014 +£0.0065 @
ﬁr | -0.0034 +0.0061 ,.'
I—;,-n | 0.0095 +0.0047 ih
P | 00040002 §
C, 0.036 £0.015 Hi
C., 0.3266 +0.0090 "
Cy | 0.302+0.019 ot
C;r | 0.009 £0.016 Ho{
C | -0.251£0.030 el
c’, -0.011+0.022 e
C.. -0.010 £0.015 ol
C, -0.015 £ 0.026 ok
an | 00|‘|4|i0f:)21| | | | | | | If'-' | | | | | | | | |
0

k -0.4 -0.2 0.2 0.4 /
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L+jets - entanglement results

e

|cos(8)] < 0.4

|cos(0)| < 0.4

. . 1
® We quantity the entanglement using Peres Low M, D< 3
1 criteri CMS Prelimina 138 fbo" (13 TeV)
n ry
Horodecki criterio o } Separable states T
° Significant entanglement is observed in the O 035~ 3:5(44)0 16(2.8)0
+ [
high M,, region P i ----------------------------
+ i
] e ——— s Data
| S — Powheg+P8
I L e Powheg+H7
a ~05F MINNL O+ P8
: A =C +|C +C, ]>1 B Co VIR
Based on full matrix E un | . ik | p_(1) < 50 Ge () < 400 GeV
. -1
__ o> CMS Preliminary 138 fb™ (13 TeV) ngh Mtt 13 - l
< r ¢ Data 3
o , ~ — Powheg+P8 CMS  Preliminary 138 fb™" (13 TeV)
+ I— Powheg+H7 %2) £
= _ = 1 & Data
(@) 1.8 — : MGS+P8 e nsnsnnn s e e s s s e s e s = E J— Powheg+P8
— o e MINNLO+P8 e O o9 S Powheg+H7
c C O | F MiNNLO+P8
O - 0.7F
I 1.4— I c { [
Lu e E 0,6 ;?. TN SO
< 12 R Y 05F
F 22(2.4)c O osb
| Separable states E 6.1(5.5)c 4.0(3.6)0
= 0.3 | Separable states |
T m(tt) > 800 GeV
m(tt) < 400 GeV (th) m(tf) > 800 GeV m(tT) > 1000 GeV

|cos(0)] < 0.4

G
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Excluding classical explanation

® What is the maximum value of A; that can still be i —
explained by the non-quantum communication N
(v<=c¢)? e
2 60F
® In this case only top and antitop decays separated by a £ sof
time-like interval are entangled g 40f
? 30F ¢
® The rest of the events must be separable 20f |
* Since top and antitop decay vertices are not B
. . 300 400 500 600 700 800 900 1000
observed, the fraction of space-like events, f, can () [GeV]
only be determined statistically oS ey 138 1" (13 TeV)
O§ 22~ ¢ Data I
- — Powheg+P8
In space-like Separable o Ap.. J 1
d L 2 18 C cri
All ttbar interval (f) Max(Ap)=1 S
sidinai In time-like Entangled O 4L
interval (1-f) Max(A;)=3 5 P R S RS 54(4.1)0
15 3.5(4.4)c l6.7(5.6)c
| Separable states |
Max(C,J)- 1 o <socey 000 0¥
AEcritical = f(AE = 1) t (1 - f)(AE - 3) T
Observed A; exceeds A, ;..; by >50
ArXiv:2110.10112v2 - Fig9 - fraction of space-like

. L] L] [ ]
excluding classical explanation
\ events 8 P /
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Summary

° Angular distributions of the top and antitop quarks were used to measure their polarization

and spin correlation matrix, C; inclusively and in bins of #,,

cos@ and top quark p;

® In some regions of phase space top and antitop get entangled, which can be demonstrated

using Peres-Horodecki criterion based on their spin correlation matrix

® Maximally entangled states are a singlet produced at the threshold, and a triplet produced at
high M,

* Both dilepton and single lepton channels were used for spin correlation studies
* dilepton channel is more sensitive at the production threshold,
® ]tjets channel is better suited for high M,

® Based on D measurement in dilepton channel the entanglement was observed at >5G level at
low M,
o 345<M, <400 Gel, f<0.9

® Using full matrix measurement the entanglement was observed at 6.7G level at high M1,

° M, >800 Gel, |cos@|<0.4

® The later result was found to exceed the maximum entanglement achievable by classical

communication by >50

\ /
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Mttbar=400 GeV

Space-like fraction

°

400 500 600 700 800 900 1000
Mttbar, GeV

the direction of the top quark decay
products. Hence, the time of top
(antitop) decays t,(t,) is considered to be
the moment when the measurements is
performed. Events are space-like

separated if
1-p 1+p

—tl<t2< {

1+ 1-8"

Fraction of space—like events

_1-p
f_1+/5

AEcritical = f(AE =D+(1- f)(AE =3)

BEcritical = f(BE = \/5)+(1_f)(BE = 2)
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Space-like separated events

o 10

Spin correlations are evaluated based on ~

Ag/Bg critical

9
Mttbar=800 GeV

0

0 1 2 3 4 5 6 7 8 9 10

1

25

Bell inequality violation

Entanglement

0.5

0 o b b b b by
400 500 600 700 800 900 1000

Mttbar, GeV




Bin: 40(()j< m(tf) < 500 Gtiv, Lcos(e)l < 0.&11, coefff._: cI down final
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Impacts

Measurement: m(tf) vs lcos(0)!, D
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