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CMS

| 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

() — unit vector in the direction of the decay product

2:3(P)+3:3(C) =15 coefficients collectively called 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

1
There are four maximally entangled states =) = 7 (1) £ 14 ),

1
UE) = ﬁ(m +I1)).

at high M - triplet vector state

at low M _singlet (®*-D, P+, O*+D)

pseudoscalar state P- Cnn>0
Cnn ’ Crr) Ckk> 0 Crr) Ckk< 0
AE =Cnn —CW—Ckk =3D>1
D>l
3
A, =THC)=-3D>1 ™
D < !
3

\ /
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~Bell inequality

° Bell 1nequahty is formulated based on

conventional logic, which is violated in QM

e Entanglement is a necessary but not sufficient

condition for Bell inequality violation

* It can be phrased in terms of Clauser, Horne,
Shimony, and Holt (CHSH) inequality [PRL,
23(15), 1969] which states that measurements
a,a’ and b, b’ on subsystems A and B,
respectively (with absolute values <=1)

classically must satisfy:

(ab)-(ab")+{a'b)+{a'b")|<2 Mos e
0.0 .
e For ttbar system the CHSH can formatted as B —0\-5\_\1%'%81@“
-C,+C,|sv2 B =C -C [»\2
nn
k C Severi et al. arXiv:2110.10112v2 [hep-ph] B2 =| CW + C n |> \/5 /
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Dilepton
Lower branching ratio
[k|=1 for charged leptons, which

are easy to ID —>1deal channel for
spin correlation

Lower p; cuts for
leading/subleading lepton (25720
GeV) > higher efficiency at the
threshold

Worse M., resolution, not ideal for
differential measurement

Best for threshold

L high entanglement

° potential for “toponium”
observation

° mostly time-like separated
events

Dilepton vs |+jets channels

® Leptontijets

° Higher branching ratio

* [k|=1 for down-type quarks, but
they are harder to identify —
employ AI (~66%)

® Higher p; cut for single lepton (30
GeV) and for 4 jets (30 GeV)=>
lower efficiency at the threshold,
but OK for high M,

* Better M, resolution, good for
differential measurement

° Advantage for high M.,

° high entanglement

° potential for observation of Bell
InequalityViolation

° mostly space—like separated events
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Signal modeling

. 40 i"" :"‘:‘g'grder Cy— coefficient
e NLO POWHEG+Pyth1a8 Se| — bele=0.4 in Lagrangian
. . — ¢ Cy = 0.6
® Include EW corrections with HATHOR (Comput. Phys.  _ 30
Commun. 182 (2011) 10) 825
e NNLO (Phys. Rev. Lett. 127 (2021) 062001) £%°
515
* Dilepton: prreweighting to match the top quark pr °©
10
spectrum from a fixed order ME calculation at NNLO /A ol
5 2 oponium mode
* Leptontjets: NN-based reweighting to match NNLO | — — 2m LAC 13TeV
36 342 348 354 360
distributions at reco level Mybar [GeV] I
* Include “toponium” (pseudo-scalar color singlet | e
: . : —0.3 ¢ =0
redicted by non-relativistic QCD) as an uncertaint — ¢ ¢,=04
P y Y | g oclos
+-100% o o
® M(toponium)-344 GeV, G:~6.5pb —0-> \ \_,/
Sumino, Fujii, Hagiwara, Murayama & Ng (PRD"93) L:‘Q —0.6 [A7
Jezabek, Kuhn & Teubner (Z.Phys.C'92) o7
B. Fuks ct al. (PRD 104 (2021) 034023)
—0.8
* affects the invariant mass distribution and the spin - ol
. oponium mode
correlations at the threshold —09 >m,|  LHC 13TeV
k 330 336 342 348 354 360
Mppa; [GeV]
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L+jets system reconstruction

® The measurements are done inclusively and differentially in M,,, cos@ and p; (t)

® Jet-parton assignment, including d-type quark is performed using NN
* Input —jet 4-vectors, b-tagging score (it carries some info about charm jets)

® Remove events with NN score S\<0.1;

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

Fraction of tt events with correctly assigned

iets to partons including d-tvpe aquark

138 fb' (13 TeV) . .
< 10° Foms 25 miee T i a7 corroot i ’ :CMS Simulation (13 TeV)
> - -tglncorrect. tt.nonreco. o = 2b S ) . 2b S
oS 10 mm tt non e/p+jets Single t o 09F high low
- B DY/W-boson ml Multijet =2 Y E o ibsS. . = 1b S
..g 10°% Uncertainty ~ 0.8F high low
2 g 08¢
2 5 07F | |
Z 06 I e LI s
05F
04
03F
L 025
fao] . =
*ﬁ‘g 1.2 0.1
o o- L B A s ® I O E 1 | - L L Ll | L1 L [ . Ll | L - L
O 400 600 800 1000 1200 1400
0 0.1 0.2 0.3 04 05 06 0.7 0.8 O.QS 1 m(tf) [GeV]/
NN
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Weights defined at the gen level i

then combine B0

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_}
m norm p p p P

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

are the components of P and C

To avoid generating events with every possible combination of

the events are reweighted with

W, = —

tot

To minimize the bias due to variation of Q, or T, within the bin

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

L ‘ -0.2

4 7 10

L L . | . -
400 500 600 700 800 900 1000
m(t) GeV

15
2tot - Z0 + Eszm
m=1

®* The templates T, are defined at the reco level.

CMS simulation

Gen level 2, and reco level T,

59.7 fb" (13 TeV)
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Fit is performed in
different categories
(e.g. 2b Shig, 1b
Slow...)
simultaneously.
Bins are defined at
the reconstruction
level,

But contributions
from all bins at gen
level are included
and fit for
(different shades of
red).

Thus, we present
the result in bins of

gen level variables.

\

Example of the fit

] 138 fb' (13 TeV)
g 10° CMS 2b shigh ¥  Data ) tt gen: all other b_i)ns
[} . z . 400 < m(tt) < 500 GeV, T . 800 < m(tf) < 900 GeV,
D e pre-fit M fgen: (S S0 2 0.7 I gen: (" = Cos(o)) < 0.7
10° ¢ Single t [ Multijet+EW

tt no correlation

e |

Uncertainty

-

= ©1.2F

oa 1ﬁﬁ_‘—'—\_ ﬁ_‘_;\—_ - e [

NE st e, . iii"wi,iii'm..o.......‘o“.'a ale T 000 eTte
o 08r *

w0
cos() -06 O O6 -06 O 06 -06 O 06 -06 0O 06 -06 0O 06 -06 0 0.6
|cos(8)| O 04 0.7 0 . 1.0

m(tt) [GeV]300 400 500
6 ¢ 138 fb™' (13 TeV)
% 10 CMS 2b Shigh ¥  Data tt gen: all other bins
[ . + . 400 < m(tt) < 500 GeV, = . 800 < m(tt) < 900 GeV,
31 1 post-fit I gen: ) <<|co(s?eﬁ<o.7 I fgen: <<\co(s-()e)<|<0.7
10° Single t [ Multijet+EW
Uncertainty
104_ ooooo”’...é . o'....
:1.2¢
%8 L1 3 i
:Q_ 1§,z ¥ S 5 5 ,,§§,§§!!%19§ e ..O' ..l.-'!an'.'l - 4 58 4990 -
&= 09f ’

ST T D D D D
cos() -06 O 06 -06 O 06 -06 0O 06 -06 0O 06 -06 0O 06 -06 0 06
|cos(6)| O 04 0.7 0 7 1.0

m(tt) [GeV]300 400 500

/

O

Regina Demina, University of Rochester

10/01/24



CMS

e Full covariance matrix is provided

e A good agreement with the SM prediction is observed

Polarization, spin correlation measurement

* Full measurement of the P and C is performed inclusively and differentially in bins of M,,, cos@ and top pr

* Include uncertainty on Powheg+p8 (in pink), the other models have similar uncertainties

138 fb™ (13 TeV)

Coefficient value

CMS
| Inclusive from pT(t) vs. [cos(8)| bins Dtaf[a I B
- stat, total unc.

— Ag = 0.664 + 0.028 = PohosP8. T
c-1 | -0.039+0.048 e Powheg+H7 ——H
P, 0.0034+0.0064 ] MG5+P8 P
P, | 0.0054+0.0048 W e MiNNLO+P8 fo
P, | 0.0014+0.0065 ] i
P. | -0.0034+0.0061 ] rd
P, | 0.0095+0.0047 f Fref
P, | 0.0044+0.0062 M o
C. | 0.036+0.015 Hob ek
Con | 0.3266+0.0090 o ey
Cuw | 0.302+0.019 Ko i
Cy | 0.009+0.016 o e
Ci |_ -0.251£0.030 ——i —— i
C, | -0.011£0.022 e —e—
C, | -0.010+0.015 Fed F—H
C, | -0.015+0.026 —-H —e—
C. | 0.014+0.021 Her H—e—i

oo b b b b b b b b b b b b L

-05 -04 -03 -02 -0.1 0 0.1 0.2 0.3 -0.05 0 005 0.1

A(data, Powheg+P8)
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Differential measurement

® You can see the transition from singlet to triplet state
. .
. at hlgh Pr trlplet vector state
at low pr singlet
CI)+_CI)- l|l+ CI)++CI)-
doscal - P
pseudoscalar state C O
C_,C_C,=>0 nn
nn’ ~rr “kk C C.<0
‘ rr “—kk )
cMs 138 o' (13 TeV) CcMS 138 o (13 TeV)
0 <p,(t) < 100 GeV Data L [ 200 <p_() <300 GeV Data L
L Ag=1.101%0.055 ;‘g\;}gg;'g? L - Ag=0549+0.050 _ ;‘g&gggﬂ;gc- L
c1 [ -0.023+0.049 —l == Powheg+H7 [ —— c-1 [ -0.057+0.050 —H ==+ Powheg+H7 | kst
P, [ 0.014+0.013 |- MG5+P8 i — P, [ -0.010+0.010 ¥ M%{;\TLPs o [ e
Pn [ -0.001£0.010 " =+ +MNNLO+P8 H P, [ 0.0167+0.0079 m -+ - MINNLO-+P8 [ b
P [ -0.003+0.010 W i | P, [ -0.011£0.013 L] i i
P [ -0.005+0.012 L] & P |_ 0.000+0.011 L] L HA
B, [_ 00170010 I - B, [ 0.0177+0.0081 ) i B
P [ 0.005+0010 & e P, [ 0.007+0.013 L i
C, [ 0.232+0.031 —_+— C, [ -0.254+0.030 i H——
Cu | 0.394£0.017 HE Con | 0.245:£0.018 K —
Cy | 0.475:0.039 —i—H, Cy | -0.050+0.036 L H—
o | 0.007+0.034 i —— C, | -0.023£0.032 i —
C, [ -0.208+0.063 — L —— ] C, [ -0.267+0.049 L ——
Cy | -0.020+0.046 — L — Ch [ 0.070£0.040 L —— L ho——
C, [ -0.000+0.031 an L — C, [ -0.010+£0.032 —H L —
C, |_ -0.081+£0.055 —i | —— C, [ 0.074+0.047 0 L —
C. [ 0.001£0.045 — L — C, [ 0.004+0.039 —H— L
Lo b b b b b b s s b b b b b | IR R BT RS T ST R BT IR AR SRRl SRR Rl ARl FENE R
-0.8 -06 -0.4 -02 0 02 04 005 0 005 0.1 08 _06 04 02 0 0.2 04 005 0 005 01
Coefficient value A(data, Powheg+P8) Coefficient value A(data, Powheg+P8)
cMS 138 fo! (13 TeV) cMS 138 b (13 TeV)
100 < p_ (1) <200 GeV Data [ [ p,()>300GeV Data L
- Ap=0.417 £0.035 — ?"g\:’/r:g;alggc - | Ag =1.003 + 0.067 gtgs\,lr:gtgaiggc- L
c1 [ -0.051+0.047 —— ==:Powheg+H7 [ ——f c1 [ -0.069+0.059 ——] ==+ Powheg+H7 [ ———st—xi]
P, [-0.0033+0.0080 L] M_G5+Fg ps | ) P, [ -0.023+0.012 e MG5+P8 [ ]
P, [ 0.0105£0.0061 ) =+ - MiNNLO+P8 [ Bt P, [ 0.0047+0.0098 # =+ +MiNNLO+P8 -
P, [ 0.0106+0.0089 ] L B P, [ -0.008+0.017 L i rh
P. [ -0.0021+0.0084 L Hi P, -0.004+0.012 L] L Lo
B, | _-0.0004+0.0063 L H P, [_-0.0010+0.0098 L H
P, [ 0.0016+0.0092 L w P, 0.016+0.016 i —
C, [ -0.087+0.023 L — C, [ -0.361+£0.037 i E—
Co [ 0.265:0.013 L e Con | 0.359+0.025 i —
Cy [ 0.240+0.025 L e Co | -0.282+0.047 L H
G, [ 0.025:0.023 L —— C,, [ -0.042+0.042 i —
G, [C -0.305+0.038 — | ¥— I C\. [ -0.178+0.060 = i Hr——
C, [ -0.018£0.030 L —— Cik | -0.041£0.052 —— L —
Gy [ -0.019+0.023 i L — Cy [ -0.038+0.042 —3 L —f
C, [ 0.036+0.035 Kt L —— Cy 0.023+0.060 — L ——
C, [ 0.031:0.028 - L b—— | 0.026+0.051 He— L —t——
Ly b e e by b b b b e Bennn e [ T B B T B B IR T AT T AT N
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 -005 0 005 041 -0.8 -0.6 ~0.4 -0.2 0 0.2 0.4 005 0 005 01
Coefficient value A(data, Powheg+P8) Coefficient value A(data, Powheg+P8)
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Differential measurement - diagonal elements

® You can see the transition from singlet to triplet state

1C|V|S Supplementary 138 b (13 TeV) CMS Supplementary 138 fb”! (13 TeV)
O§ - Data - i Data
0.8 stat, total unc. - stat, total unc.
0.6E —— Powheg+P8 06E —— Powheg+P8
TE o omeme e Powheg+H7 R Powheg+H7
04F "1 . MG5+P8 0.4F MG5+P8
0.0k el ...... MINNLO+PS8 0.0k e ...... MINNLO+P8
2 . 2
O: J.:E.L 0: iy il
-0.2 -0.2F
0.4F 0.4F e,
7" 7F£0.427+0.074 0.344:0.025 0.093+0.042 0.040+0.050 " F0.475+0.039 0.240+0.025 -0.0500.036 -0.282x0.047
-0.6 _ | : | _ ! -0.6 ! ! !
-1
1CMS Supplementary 138 fb_1 (13 TeV) o 1CMS Supplementary 138 fb (13 TeV)
5 F Data O f Data
0.8F stat, total unc. 0.8 stat, total unc.
0.6E = Powheg+P8 0.6 —— Powheg+P8
TE e Powheg+H7 E e Powheg+H7
0.4 MG5+P8 0.4F MG5+P8
ook -..... MINNLO+P8 02f -~ MiINNLO+P8
OF el 5 . 0; g
_0.2F K —0.2r -
0 4:_ —0.4F r il
T 0,269+ 0.070 -0.018+0.020 -0.064+0.038 -0.202: 0.044 - 0.232+0.031 -0.087+0.023 -0.254+0.030 -0.361+0.037
-0.6 | | | -0.6= 5 | T ! % ! "
Soo _ 400 600 M) Sh <p <p TV
My < . < . N rlY < (0 (0 00
(t[)V‘OoG '77(11«)?600 o '77(@?800 o, 80o Gely 709 Geyy 'Y< 200 G "Y' < 30, Goy Gey,

\_ " ’ J
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D and D~ measurements

* 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 1
cMs 138 1b (13 TeV) cMms 138 fb' (13 TeV) Low M, D<——
[m) F Data i Q E ¥ Data
0.1 ES stat, total unc. 0.1 stat, total unc. 138 fo™' (13 TeV
F  =—— Powheg+P8 F =— Powheg+P8 CMS ( eV)
0F e Powheg-H7 g 0 v Powheg+H7 -+ @ T Separable states T
c £ + — =
] S MINNLOPS 04 e MINNLO+P8 T O:E 0351 3.5(4.4)c 1.6(2.8)c
—0.2 f_ -0.2 ; = = + C T
-03F = 03 O _o4F f
- sl + i
-0.4 E i B ? £ r A |
E amrs g 038240030 -0.191£0.012 -0.102£0.020 -0.010+0.036 © 045 :IZ 1 Data
£-0.427+0.026 -0.265+0.013 -0.0424+0.0095 0.114x0.015 = ‘ . ‘ I - stat total unc.
S 0065 ‘ ‘ ‘ g 0eg I R Powheg+P8
I S o5 e
ooz P e IRy S == — C MG5+ P8
£, Ogg = =+ T ‘I Y I - -~ MINNLO+P8
§-004F §0041 , | p, (1) < 50 GeV m(tf) < 400 GeV
T-0.06 = == ¥= = 1
i cms 138 o' (13 TeV)
cMS 188107 (18 TeV) o [ - . ~ 1
a g ES Data = 0.6 x stat, total unc. “}; ngh Mtt D S
0.3F stat, total unc. ©" == Powheg+P8 Kt 3 138 1o (13 TeV
S Egmgiﬁg e P%wheg+H7 o 1 1CMS ( eV)
N Powheg: 0.4 MG5+P8 _— = F Data
E o MINNLO4P8 - co MINNLO+P8 T < 1E stat, total unc.
01E 02 o £ Powheg+P8
E C = 1 09 E e Powheg+H7
°F —_— ol 5 08F MG5+P8
oib 5 i © . MINNLO+P8
E s L I |cos(6)| < 0.4 | C 0.7 I """""""" tp
—-0.2F L c E
£-0.167+0.028 -0.07810.0092 0.128+0.011  0.339:£0.020 :'0-13510-062| 0.129+0.019 | 0.314+0.027 J 0.652+0.052 o 0'65 """"""""""""""""""
g 0.06 ; 1 1 1 g 04 z_ I 15 0.5 ?
& 0.04F 055 £
Loo §°°§; e e — e 0-4F 6.1(5.5)c 4.0(3.6)c
s of == g -I- € o05E T 0.3 | Separable states |
g onar x g 01t m(tf) > 800 GeV m(t) > 1000 GeV
Z ' E E* i 1 1 1
S-0.065——(5— 5 T 7 37015 w0 pre o g |cos(8)| < 0.4 |cos(8)| < 0.4
\ B0<soy, T05rsy.  Plcgy iy S ~ i 7> 800,
Gev ?Gey 0oy T0gy, T0g,, “%0g,, OV
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cty, fm

Consider separation between:

* Top and antitop

* W+ and W-

* Both tops and Ws are separated

* Leptons contact with macroscopic device

RD, G. Landi arXiv2407.15223v1

-

10/01/24  Regina Demina, University of Rc

Causal connection in ttbar events

Space-like fraction

0.4

0.2

0

Could top and antitop or their decay products have communicated?

o top quark decay
S — W boson decay
i —-—— top quark and W boson decay
................ lepton hitting the beam pipe

\I\III\I\|\I\I‘I\I\l!I\I‘I\I\|\I\I‘I\I\|\I\I‘I\I\

350 400 450 500 550 600 650 700 750 800 850

M,, GeV




CMS.

Causal connection in ttbar events

f— fraction of space-like separated top and antitop vy 28 C
< 26 [ top quark decay
S = — W boson decay
22 ; _ — — - top quark and W boson decay
2 E_ - Peres-Horodecki criterion
=
AEcritical - f(AE - 1) + (1 - f)(AE - 3) 1.6 ;
4
12
In space-like Separable ' L
0.8 )/ e A v A
interval - 350 400 450 500 550 600 650 700 750 800 850
All ttbar () Max(Ap)=1 M,, GeV
events ! !
In time-like Entangled i
. 1l *ml—l
interval (1 :f) MaX(A E) =3 o top quark decay
' I --mmmee W boson decay
1.8 1 —-— - top quark and W boson decay
B S CHSH criterion

BEcritical = f(BE = \/5) + (1 - f)(BE = 2) L6

—_
QG
I\IlI\I\II\I\'EI\I\ll\I\ll\I\”]II\

13 lII\‘IIIJ‘lII\‘IIl\‘III\‘lII\‘IIJ\\III\‘II]\‘IIJ\

350 400 450 500 550 600 650 700 750 800 850
\ M,,, GeV /
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Entanglement results

® We quantity the entanglement using Peres Horodecki g .
criterion P i =2
= 08 - 7 T
® Significant entanglement is observed in the M, >800 £ © T
06 |— .
GeV I‘egIOn o4 i I'J!— ! top quark decay
. . . . . . W/ e W boson deca
* Apply the Demina-Landi criterion to see if this 7 o :u::( a:d%vboson doday
02 —
entanglement could be explained by classical - lepton hitting the beam pige
I\I\l\l\\‘\\\\‘\\l\l\l\l‘l\l\‘\\\\‘\\\I‘I\I\l\l\\
Communication 0350 400 450 500 550 600 650 700 750M800G f/SO
tts IC
Based on full matrix A, =C + | C +C, >1
CMS 138 fb™ (13 TeV) w2 E
. . Data < 26 2 top quark decay
¢ 22 i 24 B — W boson decay
@) - stat, total unc. T 3
+ o Powheg+P8 | _ : 20 ;, — —-— top quark and W boson decay
Ot E —_— Powheg+P8+ nt _L 2B L= Peres-Horodecki criterion
= 18— - O — —— 18
E 1 -6 __ 16 ; ------
O : e Wb
N 1.4 _=______¥ _______ 12 B
w E | 54(4.1)c E
< 1.2 — ] £ e ()4... 1 -
[ 7|\I\‘I\f\‘|\|\‘I\|\‘I\|\‘I\I\‘I\I\‘I\l\‘l\l\‘l\l\
10 3.5(4.4)0 16.7(5.6)0 “"50 400 450 500 350 600 650 700 750 800 850
! Separable states M,, GeV
5. (t) < 50 GeV m(tf) > 800 GeV
T |cos(0)| < 0.4

\_ /
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Summary

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

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

M, 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,

* Using full matrix measurement the entanglement was observed at 6.70 level
in M, >800 GeV, |cos@|<0.4 region

e The later result was found to exceed the maximum entanglement achievable

by classical communication between top and antitop decays by >50

\ /
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