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CMS

The world of elementary particles

* In APS the name DPF - the division of particles and fields emphasizes the dual

(quantum) nature of elementary particles
® Their behavior is described by quantum field theories: QED and QCD
* Quantumness should be engrained in the behavior of elementary particles
® Yet, it is not so easy to observe

e Fora typical momentum of 100 GeV/c the precision of measurement is

~1GeV/c, typical position precision is 100 um
Ax-Ap>h/2r
At-AE>h/2rx

e We are ~10 orders of magnitude away from the uncer tainty principle
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® Interference is observed in multiple processes
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W pair production at LEPII:
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Bell came full circle back to CERN
- Will Bell go to Bellell?

_,vL TR 8

K | ‘. — = John Stewart Bell
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Top-antitop quark pair is a two qubit system

* 'Top quark has s=1/2, itis a qubit
* 'Top-antitop quark pair is a two-qubit system
* Top quark is very short-lived O(102°s)< hadronization time O(10%s),

“vacuum” to form a bound state — a hadron)
* Top quark spin information is preserved in the angular correlation of its
decay products t=2>Wb, W=21v —or — qq’ (=udbar, or csbar)
* When bothW bosons decay leptonically
— dilepton channel
* When one W boson decays
leptonically and the other
one hadronically —
leptonjets channel

.

decays unlike other quarks before hadronizing (picking up a light quark from
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Spin correlation and entanglement

Polarization, P and spin correlation matrix, C determines
the angular distribution of the decay products in the helicity basis

K - spin analyzing power of top/antitop decay products — max for charged
leptons and d-type quarks (d or s)

() — anit vector in the direction of the decay product
2:3(P)+3x3(C) =15 coefficients Q,,
Or use y —opening angle between the two decay products in rotated tt frame

(a.k.a helicity angle) 75

= A(1+ DxK cos )
d cos

~

and 7, where the sign of n-component in one of the decay products is
inverted: do

d cos ¥
\ X

= A(1+ Dxic cos %)

asin [1212.4888] N
99 _5 (1+kP-Q+FP Q-xiQ-C-Q) W

dQdQ —
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https://arxiv.org/pdf/1212.4888.pdf
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Spin correlation and entanglement in ttbar system

The system is considered Separable if its density matrix can be factored into individual states
| = AYAS
1 =1 Pl

Otherwise, it is considered entangled - Peres-Horodecki criterion [2003.02280]
A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

P. Horodecki, Physics Letters A 232, 333 (1997) ! E = Cnn+ |Crr + Ckk |> 1
Entanglement is a result of spin correlation. b1

There are four pure maximally entangled (Bell) states: %) = V2 (1) = 1),
1

0F) = —= (1) £ M)

V2

0o athigh M _triplet vector state
s (PP, P P+ D)

at low M - singlet ; 197 Peres-Horodecki criterion
pseudoscalar state Y- CCB ZE l l 5
Peres-Horodecki criterion 72 s A =C, 1 G 1 Gy =3D>1
= 1
0.3
A, =TrHC)=-3D>1 [b>§
D < —l B
3 0.0 0.2 0.4 0.6 0.8 0.0
20
k ™ Top angle with the beam axis /
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Bell inequality

e Bell inequality is formulated based on . L
. . . . . o5 Y
conventional logic, which is violated in QM o5 %0 A
! Entanglement 1S a necessary but not sufficient -107
condition for Bell inequality violation

* It can be phrased in terms of Clauser, Horne,
Shimony, and Holt (CHSH) inequality [PRL, G
23(15), 1969] which states that measurements %%

a,a’ and b, b’ on subsystems A and B, LO g [—
05 o " m CHSIT, Triple
respectively (with absolute values <=T1) 00 :%Hzmzllei
Cis —0.5~~
classically must satisty: -10
‘!ab! " #Hab'l +"a'b! +"a'b'!‘ "2
* For ttbar system the CHSH can formatted as Bl = Crr ! Cnn P> \/5
2 leading conditions for CHSH violation B, = C +C, > \/5

" #$YSE(")*+")&, 'Yo-.//0+/0//.%."12$2B25

/
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While entanglement can be observed at the threshold (si
highMtt (triplet) regions, for the observation of Bell ineque
violation we must probe even Intjhierl TeV), central
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Dilepton ciramg|ROPP 87 (2024) 117801 1

CMS

Advantages of dilepton channel: d—a = A(1+ DKK cos x)

clean, have 2 charged leptons(max spin analyzing power) d cos x
To extract Dwe measure the distribution in the sensitive variable — cos !
CMS Preliminary 35.9 b~ (13 TeV) The ttbar entanslement i
%12000_—”“”“"“”H“H}””— € ar entanglcme S 01} ATLAS Sonm
> I I | 1 - R
5 46000 ——— observed (expected) at the /e=13TeV, 140
[ 345 < m(tF) < 400 GeV — B 02}
8000 0.0<$<0.9 . 5.0(4.7)' level for [
i ] " S — - o®
6000 . 345<Mtt<400 GeV, <0.9 & -03l
- —— 0% No Spin Corr. 1 g [
4000F +50% No Spin Corr. - CMS Preliminary 35.9fb~" (13 TeV) §
I —+ +100% No Spin Corr. | e L L L L (S 1 . .
2000 — -50% No Spin Corr. - —— Entanglement Threshold | —— tgmg:(icw:eg::e{r\]@f)
L — -100% No Spin Corr. 1 +e4 Data (] ; Tﬂloé/sv:c:gaim; =)
ol ! ! P R R &4 POWHEGV2+PYTHIAS8 -0.5} @ Data 1
58, of BEEN g i MG5_aMC@NLO+PYTHIAS [FxFx] ¢ @ Pouwheg + Pythia8 (hvq)
531 ol : rei POWHEGV2+HERWIG B Powheg + Herwig7 (hva)
g8 0F e oooo (tt only) 345 < m(tk) < 400 GeV -0.6 s e p—
§30.75§_—i | | | | _; 0_0<ﬁ<0_9 340 i < 380 380 i < 500 i > 500
1 066 033 0.0 033 0.66 1 5 Particle-level Invariant Mass Range [GeV]
cos/ © R
-0.48973888 4+ o
w/out Toponium . -
D
. B
° o
-0.47878882 |+ o &
w/ Toponium result + (total)
-0.66 - -‘0.155 — -‘0.15(‘) - -‘0.145 — :0.146 — :0.135 - -IO.SO

~1.5! tension with the b

expectation if toponium is not
included

01/22/26


http://dx.doi.org/10.1088/1361-6633/ad7e4d
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L+jets channel

I We pursue both strate@msluation of the full correlation nGtna polarization veckas well 43
andD~ measurements

I The measurements are done inclusively and differentiaNy,indéirendftop quapk
I Event reconstruction-gattorassignment) is performed using NN

| Lepton+jethave higher statistics, but

I Major challengebidentify d-type jets fromW boson decay

I Divide events into categories based on lepton flavor, Aiagdearaf DIN score

Fraction of tf events with correctly assigned

jets to partons including dtype quark

138 fb1 (13 TeV)

S oL SMs., r 2 Rt o mm tf correct _ 1?|\/|S Simulation Preliminary
E B tT not ep-jets Single t g’ - %b'S 2b S
EwW Multijet o r — . e
-og 10° -Uncertainty - Mute — "'CF 09 ; high low
L% g %/ 0.8 =TT 1b Sy, = 1b Sy,
lgo "\5 07 ;*
-~ )
z §0.6 -
> 0.5 = -
04 T
0.3
. 1.4 =
%lg 12 0.2F
N N 0.1
0.8 1 E
0_6 0 1 I Il Il Il i Il Il Il i Il Il Il i Il Il Il i Il Il Il i Il Il Il
O 0.1 02 0.3 04 05 06 0.7 08 09 1 400 600 800 1000 1200 1400 1600

\_ S m() [Gev] _/
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http://dx.doi.org/10.1103/PhysRevD.110.112016

CMS

Extiractiion affsgpincoorealabon

7 Theoretically predicted distributions in angles of decay products

. . . . . . 20000 [—
" A b
T Reconstruction level distributions, which take into the account 20000

selection criteria, efficiency and resolution of the detector. T

In other words, encode the effects of the environment w0 O R

Data distribution is fit the sum of T, with free coefficients — Pj and Cj; IZOOOZ:: aEsEnEnREEsEE
40000 [~ ‘ ‘ ‘ P,
20000

We observe the distribution over top quark decay products-

49 6 (1+xkP-Q+kP-Q-kkQ-C-0)
deQ norm

Full measurement of the vectors Pand matrix Cis performed using templates defined based

on the functions of angles of top and antitop decay products

! :{!sin! cos! ... I T cos! cos!_}
p p p p

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

are the components of Pand C 2 000 CMS  — Generatorlevel ", Constan
>

15 Preliminary — 2b S, Ty, (#30)
W 40000 =

| tot ! 0 +! Qm" m 2°°°z%uﬁ%whhﬁ%

m=1

120000 —

40000 — P
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http://dx.doi.org/10.1103/PhysRevD.110.112016

CMS

Spin correlation matrix measurement

I Full measurement of the Pand Cis performed inclusively and differentially in bins of My, CO$ and top Pr
| Full covariance matrix will be provided with the published result
A good agreement with the SM prediction is observed
1
CMS Preliminary 138 fb™ (13 TeV)
inclusive
"£=0.664 +0.028 ¢ Data
— Powheg+P8
c-1 | -0.039+0.048 — - Powheg+H7
P, 0.0034 £ 0.0064 ' MG5+P8
P, 0.0054 + 0.0048 ’ --- MINNLO+P8
P, | 00014200065 4
=] -0.0034 +0.0061 ¢
P, 0.0095 + 0.0047 ’
P, | 00044200062 ¢
C, | 0036£0015 ‘
C., 0.3266+0.0090 P
Ci | 0302:0019 #
(I;r 0.009+0.016 b
C:k -0.251+ 0.030 -f
|
Cr_]k | -001120.022 4}
C. -0.010+0.015 q
C_;k | -0.015:0026 <
an |O'q14|io'P21| [ | [ R k [ R | [ R |
\\\‘ 11 10.5 0

0.5 1 /
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L+jets: Example of the fit

| In each (M, €O8) bin COB distribution is fit to the reco-level templates

59.7 fb™ (13 TeV)
£ CMS 20 Sy T Dam i
Q10° Prefiminary : f1t 9 . gen: 400 < m(tf) < 500 GeV, 0.4 < |cos(!)| < 0.7 it gen: 800 < m(tf) < 900 GeV, 0.4 < |cos(! )| < 0.7
i M : pren Single t Multijet/EW ]
tt: : : - ttno correlation . . . . Ulncertainty . Pre- f]t . .
" N . . . . . . N N N N N N
10 00400GeV | 400500GeV 500600GeV | 600700GeV | 70G800GeV 80Q900GeV | 9001000GeV| >1000GeV
103 * Ceveeety L0
QF;A — :
c| 1.2 : : : : :
o] ol I e SO e SO SO 18 — L - — : U AN SV ST
08 Fadty :“ H : mﬂ"‘-‘""'-':h"i;'""'-'hﬂ:' : 'n'e"""---.:'""”"'f '"‘*'"-'u"-@""""":mm "“iil!i!ﬁ"“il“]*? v ii“ii!iu?* *mm'; = {{}HH*{}WQM}?FW *im}{!}{{.ﬁi“*; Y
06 — : : : : : : : : : : : : : J :
-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 0.6 cos(")
0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 |cos(!)|
300-400 400-500 500-600 600-700 700-800 800-900 900-1000 >1000.0 . m(lf) [GeV]
59.7 fb™ (13 TeV)
g cCMS . 2b Sy, x Data . t :
glo5 =— Pretiminary: {f.'tg I ( gen: 400 < m(tt) < 500 GeV, 0.4 <|cos(!)| < 0.7 I (t gen: 800 < m(tt) < 900 GeV, 0.4 <|cos(!)| <0.7
i = : : posti Single t Multijet/EW Post-fit
C Cgs : : Uncertainty _ _ _
10 : : : : :
= 00407 1 .
10° R i R S N . T —
--..-."": weesel . , ;\-".“".é . 1y é-.‘"'""é
11123 I.E 0 |Ih“_|"
¥ :
clsld F— : -L-
w012 — : :
Dili I IR YN Sepeton Bp b e P TIRPSEE TR LN TP odiss tap R N TR 1 R
gy r:*g!!n' 1 ey v K e ¥ .: ¥ LLA L ) ¥ Y r- ¥ 7T T LA Eﬂunni:v Wy g {l!r:l! 'iﬂ
0.8 : . : : :
06 —_: : : : : : : : : : : : : : : :
-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06 cos(")
0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 |cos(!)|
300-400 400-500 500-600 600-700 700-800 800-900 900-1000 >1000.0 m(th [GeV]
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/. Decomposition into eigenstates

* Based on the measured polarizations and full spin correlation matrix we can
construct the probability density matrix and decompose it into its
eigenstates, evaluate properties like purity and von Neumann entropy

138 b (13 TeV)
5 TEomMs jey- Lt iy bSs
o 08F 2 stat, total unc. - OF 1 608 Tl a3 1H b TeY)
e 06:— £== POWHEG+PYTHIA 3 % T Eous Hal icity basis ] -—% e Beam bass 1
U - == POWHEG+PYTHIA+, "] C I Magucmant ] C I MG LrGmont ]
0-4—_ = 05 QL okl Lnc. I = 0= SEL kot une -
= - —— POWHECS-PYTHIA 1 - —— POMNHESHP YTHA
02;1__1_—1—_?+T_;_T_T__1_-L?5 Oj;- I i - - Dj;- .
A | o - 1 - — :
%-03§ =gk , E D‘if_ + 1 B = {' E
5 F : ; = 3 g s I . ] ;f . IT I ]
04.:_ _L_L = _: 02.:— | | | -‘ 02:— \ | 3 -
0-2;'1"*1--1-5 - - s casi] 0 0407 1 0407 1 0407 10407 1 cosfll © 0407 10407 1 0407 1 0407 1
c S S . z i) (e 300 a0 80 o 12000 mnjd)[GeV) 200 4 80 80 13000
o [y = LTy + [LT) . .
E_ 0_3;— \P; E( : ) z = & 25 _ 138 67 (01 T = 28 138 (b u;ﬂ’n:y
= O.G;— - & 2A¢;_CMS mﬂ'!zaa.:.m‘ra-_r R # 24 g_CllS w?fur:a.mr_( ';
04 EI : :l:_: 2z ;‘ Pr— ;gnﬁflﬁ: :’:'rm ': zz2 ;‘ e ;-rgfld&?&h;;'nh ‘;
02— T _-_"‘-‘-‘L—I—T__r'—_ 2E - . 23 = e
R S X S . 16E ¥ E 18F T
= F Wy = LTy — LTy E o — T IT - 43 mi _E i {Té
-§ 081 , V2 : E |¢;FI 1 _»I E 14 | | |
~ O'GQTTQ - : = 12fp= - 125— I -
04F% - = = iE | | .I . E ; ; . 3
0.2 -:-“:5’ T ocoskil 0 0407 10407 1 0407 10407 1 ol 0 0407 10407 1 0407 1 080T 1
E ; : = ] i) (GeW) 400 a0 ali] am 13000 mEl ([Gev]) 300 & 800 % 1300
lcos(@)) 0 04 07 1 0407 1 0407 1 0407
\\\\‘ m(tf) [GeV] 300 400 600 800 13000 4////
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I The value ofl ¢in the threshold region exceeds
the maximal value for separable states by 2.2and
In the high Mtt region by 6.7".

0 o CMS 138 fb™' (13 TeV)
< Data
© SE stat, total unc.
t Powheg+P8
O 1.8 — Powheg+P8+  .iiecscscscesesescssessssssssseces
5 - e Powheg+H7 = o
. 16F MG5+P8
> [ -~ MINNLO+P8
1.4
I L e
L =
<1 1.2 = o
1:_ 2.2(2.4)c 6.7(5.6)c
: | Separable states |

m(if) < 400 GeV m(tf) > 800 GeV

Icos(0)| < 0.4 1
Observed % exceeds % =1 (maximal value for
separable states) by >5& /
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%ﬂmtts iml+jets B reaching fiar Bl neegadtyy

| Criteria for Bell inequality - _1s£45 5 E—
violation (in CHSH definition = .. ounegur * <50 *
are shown mange T: e I
&
B,=|C, ! C, P2 e R
B,=[C_+C, P \/5 oL By,=0.884 +0.031 B,= 1.317 +0.044
m(tt) > 800 GeV m(tt) > 800 GeV
|cos(!)| < 0.7 |cos(!)] < 0.4
CMS  Preliminary 138 fb™ (13 TeV)
s Powheg+P8
| We are not there yet o PowhegiHT  Clisii ¢ *
. U 1. ; ----- i I +
' Need more data to go to higl’, ;- ™™™
Mtt "o
1 pomnsnssmin ) S——
081 B, =1.003 +0.041 B, = 1.345 + 0.059

m(tt) > 800 GeV m(tt) > 800 GeV

k |cos(!)| < 0.7 |cos(!)| < 0.4 /
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CMS

Focus on the methodology

justed for detector effects to fit to

| Rely on the angular correlation of the decay products to infe
orientation of the parent particle

| Use angular templates ac
extract polarization and spin correlation matrix

| Do this in bins of phase space (in to$ cambtt)

| Account for migration betweerbdigeenerator level bin contrik
to many bins at reconstruction level

| This is important when resolution in a particular variable of
(Mttin our case) is not negligible

J

/
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What can we do at Belle 11?7

® The system of T7 is very identical to tt from the point of view of QIS — 2

qubit system The dependence of thé leptons production amplitude
squared on the scattering anglée' is given by
P(")=1+ ¢ +4#2s?, (1)

where#. = BL, m- is! lepton mass,s - is the center of

mass energy squared of SuperKEKB, and, and ¢ are
the sine and cosine of the scattering angle.
The 4x4 probability density matrix is given by

11 1+B; %! 1+ By 1! %+ Cj %! %

$= 2 (2)
L@ Dt 0 0
* Spin correlation matrix C=5m 0 (4#2 +1)s? s B
(") 0 Mo 1+ R RS
(3)
* Concurrence, it >1/3 — entangled state s = (1" 4#?)s?

P(")

K. Ehat"aht, M. Fabbrichesi, L. Marzola, and C. Veelken, Phys.
Rev. D 109, 032005 (2024), arXiv:2311.17555 [hep-ph]

/
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>, Analysis strategy for time-independent

entanglement and Bell inequality test

"% () - Peres-Horodecki test for entanglement
"$ "## '$%&'/0*0,-
"1$$ 2%&'(3*+,-
"4$$ 29%6& (35 -

Usd, ", e,u as polarimetdrs>70% ot"
decays$, 50% df'1"are analyzable

I Define basis based o#dlrection, boost

0.2

decay products in the rest frame offpar ..

Concurrence
o o
o0 O =

e 2o 2
W N =

entangled

/ separable \

o
'S

|IIIIIIIII|IIIIIIIII|IlII|IIII|IIII|IIII|III

' Design templates based on the angles  ° - 05 0 03 1
pOIarImeterS at reconstruction level CHSH test for Bell inequality violation
| Divide the sample into biee®i{how goo z:sE
IS this resolution?) Sio BIV
. . . . 14 —
I Account for migration across binsinth .2
templates LE
I Fit for the full spin correlation matrix 06 £
| Evaluate the concurrence and check fc o ¢
entanglement, Bell inequality violation = o =%———pr—too

1
cosO

\!_ Expect to observe both -
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Time dependence

Account for decoherence (quantalassical transition due to |
Interaction with the environment) using Lindblad master ec
t=min(},t,),decoherence length,js a free parameter

C($, Ct) - C($, O)e" Ct/L  decon ,

T leptons have an advantage over top quarks since

their lifetime (ct=87 Wm) is long enough to be

8 s Q y measured, but not so long that the decay happens

100um outside of the detector volume

Smm

SuperKEKB has a very small beam spot and Bellell
has excellent Pixel Vertex detector (PXD)
Nevertheless, time resolution cannot be neglected
The approach that we used in CMS to account for

migration across bins (in Mtt) can be applied here

for migration across time bins %
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CMS .
Concurrence vs time

Decoherence ! Assumed resolution on decay length of 50 Um
g g g 1E g |
5 gz = ct<100 um ct_min g 8‘3 = 100<ct<200 um g g"g ct>200 um
2 '~ E Ldecoh=500u 2 '~ E Ldecoh=500 3 L decoh=500 um
207F 207F 207 .
S 06 E S 06 E S 0.6
0.5 E 05 E 0.5
04 £ 04 F 0.4
03 E 03 E 0.3
02 E 02 E 0.2
0.1 E 0.1 0.1
0 EL L 1 1 1 0 E_1 1 O
-1 0.5 0 0.5 -1 0.5 0 0.5 1
cosO cosO
g lg g lg g |1
2 07 E ct<100 um 2 0% E 100<ct<200 um 2 00 £ ct>200 um
2 '~ E Ldecoh=300u 2 '~ E Ldecoh=300 um : ) 3 L. decoh=300 um
g 07k 207F — Effects of résolation
(=] E e} E
o 06 E o 0.6 E ) o 0. :
0.5 E 0.5 E
04 £ 04 F
03 E 03 E
02 E 02 E
0.1F 0.1E
0 E 1 0 E_L 1
-1 0.5 0 0.5 -1 0.5 0 0.5 1
cos0 cosO
g |1 g 1 g LE
2 00 E ct<100um 2 0% £ 100<ct<200 um 2 00 £ ct>200um
3 A L decoh=100 uj 3 A L decoh=100 um 3 o~ E Ldecoh=100 um
2 2 0.7 207E
S S 06 S06F
0.5 SE
0.4 E
0.3 E
0.2 2
e 0.1 ‘ E
oy 0 - L E_ 1 .
-1 . 0 0.5 1 -1 0.5 0 0.5 1 -1 0.5 0 0.5 1
coso coso coso

Each point is not one event — it is concurrence evaluated on an ensemble of events
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Py
;gb@%z
\%z» Ai? &

Analysis strategy for time dependence &¥

I We would like to have at least 2 tracks to have a reliabl
vertex

| #" h+hht (~15%)! 2.2%9%6 off$kre analyzable
| Construct polarimeter from 3 hadrons

I Design templates based on the angles of polarimeters
reconstruction level

| Divide the sample into bice®andct

I Account for migration across bins in the templates
| Fit for the full spin correlation matrix

| Evaluate concurrence, and its dependence on time
| Fit for decoherence pararheter

[an)

o /
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Conclusion

I Quantum tests at colliders are In their infancy

| It Is an exciting new field at the intersection of pe
physics and quantum informatics

A new community Is forniagworkshop at CERN |

April, following a series of workshops held in Flol
Oxford, Shanghal

I Quantum tomography opens new possibilities to
the foundations of qguantum mechanics with unst;
particles

| Belle Il is ideally suited for several of such studie
\ /
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