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Motivation:

It is challenging to see
entanglement at High
Energy Colliders(HEC) and
it is interesting to check
the sensitivity of HEC to

probe quantum
correlations

We saw it at LHCIIII

Observation of quantum entanglement in top-quark pairs using the ATLAS detector

ATLAS Collaboration

We report the highest-energy observation of entanglement, in top—antitop quark events produced at the Large Hadron Collider, using a proton—proton collision data set with a center-of-
mass energy of \/E = 13 TeV and an integrated luminosity of 140 b1 recorded with the ATLAS experiment. 8pin entanglement is detected from the measurement of a single observable
D, inferred from the angle between the charged leptons in their parent top- and antitop-quark rest frames. The observable is measured in a narrow interval around the top—antitop quark
production threshold, where the entanglement detection is expected to be significant. It is reported in a fiducial phase space defined with stable particles to minimize the uncertainties that
stem from limitations of the Monte Carlo event generators and the parton shower model in modelling top-quark pair praduction. The entanglement marker is measured to be

D = —0.547 £ 0.002 (stat.) & 0.021 (syst.) for 340 < m,; < 380 GeV. The observed result is more than five standard deviations from a scenario without entanglement and hence
constitutes both the first observation of entanglement in a pair of quarks and the highest-energy observation of entanglement to date.

Observation of quantum entanglement in top quark pair production in proton-proton collisions at \/5 =13 TeV
CMS Collaboration
6 June 2024
Submitted to Reports on Progress in Physics

Abstract: Entanglement is an intrinsic preperty of quantum mechanics and is predicted to be exhibited in the particles produced at the Large Hadron Collider. A measurement of the extent of entanglement in top quark-antiquark (t)
events produced in proton-proton collisions at a center-of-mass energy of 13 TeV is performed with the data recorded by the CMS experiment at the CERN LHC in 2016, and corresponding to an integrated luminosity of 363 fo~!
The events are selected based on the presence of two leptons with opposite charges and high transverse momentum_ An entanglement-sensitive observable D is derived from the top quark spin-dependent parts of the t¥ production
density matrix and measured in the region of the t€ production threshold. Values of D<—1/3 are evidence of entanglement and D is observed (expected) to be —0 480?3_833 (—0 4571'3:%3) at the parton level. With an observed

significance of 5.1 standard deviations with respect to the non-entangled hypothesis, this provides observation of quantum mechanical entanglement within t pairs in this phase space. This measurement provides a new probe of
quantum mechanics at the highest energies ever produced



Find new quantum
observables and check if
they are Sensitive to new
physics e.g. CP-phases in
Yukawa, contribution from
other SMEFT operators
depending on channels

Why H - VV?

Higgs as a scalar pure state.

Massive vector boson decay is chiral in SM that mean
there decay product have spin polarization
information

List of work on VV spin correlation at colliders

Testing entanglement and Bell inequalities in H — ZZ by J. A. Aguilar-Saavedra , A. Bernal , J. A.
Casas , and J. M. Moreno

Entanglement and Bell inequalities violation in H — ZZ with anomalous coupling by Alexander
Bernal, Pawel Caban and Jakub Rembielinski

Quantum state tomography, entanglement detection and Bell violation prospects in weak
decays of massive particles: Rachel Ashby-Pickering, Alan J. Barr, Agnieszka Wierzchucka

Bell inequalities and quantum entanglement in weak gauge boson production at the LHC and
future colliders by Marco Fabbrichesi, Roberto Floreanini, Emidio Gabrielli, Luca Marzola

Spin Correlations in Decay Chains Involving W Bosonsx by Jennifer M. Smillie

Stringent bounds on HWW and HZZ anomalous couplings with quantum tomography at the LHC
by M. Fabbrichesia, R. Floreaninia, E. Gabriellib,a,c,d and L. Marzolad

Bell-type inequalities for systems of relativistic vector bosons by Alan J. Barr, Pawet Caban, and
Jakub Rembielinski

Breaking down the entire W boson spin observables from its decay by J. A. Aguilar-Saavedra, J.
Bernabéu

Testing Bell inequalities in Higgs boson decays by Alan J. Barr

The Z boson spin observables as messengers of new physics by J. A. Aguilar-Saavedra, J.
Bernabéu, V. A. Mitsou, A. Segarra



» Talk on three-particle entanglement in partficle decay and
scattering by Kazuki sakurai

» Talk on Entangiment in QED scattering processes by Bruno Micciola

» Talk on Entanglement in flavored scalar scattering by Enrico Maria
Sessolo



Quantum tomography

» We can’t measure spin polarization of particles at colliders. We observe angular
distribution of decay particles, In our case we observe angular distribution of 4
lepton.

- Reconstruct Quantum state tomography

L angular _ . :
distribution and | > [ Spin density matrix ]
ensemble of _

+ decays
IZ""|,<

A4
4 )
Look for sensitivity of these Look for entanglement
observables for new < | and bell nonlocality
physics observables

- J




Quantum tomography

The Polarization operator basis parameterization/ ireducible
tensor parameterization

1 ~ ~ ~ ~
p=gls @1y + AT @ 1y + Apy Ly © T + Cppary s, T @ TF2)

For spin-1, the spin operator S and
polarization operator are relates as

1 - 1

T = —F=1, T1M=E

7 Su,  Tom = Zcm,,spsx,

Constraint on A and C coefficient in
spherical basis

(AL = (-)MAL =12

M M
CL]:Ml.?LZ:MZ = ( 1) i+ &{CL] )_M]:L29_M2)*



Quantum tomography

The Polarization operator basis parametrization/ ireducible
tensor parametrization

1 - -~ ) A~
P= 5[13 ® 1y + A7y T @ 13 4+ ALy 1y @ T + Oy gy an, T @ TH2YE]

We know how the angular differential cross section is related to
density matrix:

]_ dU 2Sa —|— ]_ 285 —|— 1 / !
;ande = A . Z p(Aq, Ags Abs )\b)ra@sa)()\a%g)Pb(QSb)(Ab,)\;)
Xas A Ap, A,

The traces of decay density matrix can be written in term of spherical harmonics as

Tr[1:07] = 2v/7Y)(0,0), Tr[TyI7] = BY{M(0,9), Tr[TyI"] = BY,"(0,6)

2T

These traces of decay matrix is same for all spin-1 particle decay B, =\2na and B, = [*=
5

except B; coefficient, which depends on decay products
Spin analyzing power



Quantum tomography

Now we have normalized joint angular distribution in ferm of
spherical harmonics and function

1 do 1
o dQedQy  (47)

511+ AGyBLY Y (60, ¢a) + ALy BLYY (61, b0)
+ CL1M1L2M2 B?Jl BEQYLIEII (933 qﬁ)a)Yfo (gb? GEl}'{})]

We can compute full spin density matrix using experimental data by
using following tomographic reconstruction:
Bj

1 do .
- VM (Q.) dQ,dQy, = —L A7 i —a.b
fadﬂadﬂb L () b= "y m I T

Total 80 parameters

L _do * My * Mo BE1BEQ
EdQQdeYLl (2a) Y7, "% () dS2a €y = (4m)2 CLy M Ly M,

A9, = sin 0,d0,d¢,




Observables and density matrix

Lets compute amplitude square for generic vector and pseudo-vector currents

2 2

Ay =cy ﬁl’}’“({fLPL + crPRr)vs ﬂfg"}“ﬁ(dLPL + drPRr)v4 B} = m:£+ig

d2, — d2

a2 A 1ela 127292 .2 2\ 1T 252 | 212 Bl = Vom0

IM(H — aa’bb’)|* = ZAVAV = 16|cv | [(cpdf + cpdR) I + (cidR + chrdy) To] R Ay
8

, : 1, = (pq. :
Non-zero A and C coefficients for vector and vector-axial couplings 1= (P1-P3)(P2-Pa)

[T, = (p1.P4)(P2-D3)
50=A30#0

A%’[]-I—l:CzQQ 2 7 0
v 29,

Ci-1110=Ci111,-1=—-Cs 121 =—-C212-1#0
Cae22-2=-—Cip10=2—Cap020F#0

All A and C coefficient are p=glla®@ly+ ALy T @ 1y + Apy Ly @ T + Oy 0, TH @ TH
real in this case



Observables and density matrix

Lets compute amplitude square for generic vector and pseudo-vector currents

Av = ey ﬁl’}’“({fLPL RS {JRPR)“UQ ﬂ;g"m(r)fLPL -+ dRPR)fU;_L

IM(H — ad'bb’)|?

Non-zero A and C coefficients for vector and vector-axial couplings

50=A30#0
@4-1—@222 2 #0
V2
Ci-1110=Ci111,-1=—-Cs 121 =—-C212-1#0

11

Cae22-2=-—Cip10=2—Cap020F#0

All A and C coefficient are
real in this case

p=

| =

0
0

0
0
0
0
0
0

1+ \,rAz.u

C,-121

Cy, 222

o o o oo o o o o o

Z AL Ay = 16|cy|? [((,Ld + chdy) My + (cidg + chd7) I |

By

B

I1; = (p1-p3)(D2-P4)
[ = (P1-Pa)(P2-P3)

(_‘2.13—1

1 \/i‘ié,n

Ca,-1,2,1

o O o o o 9o o o o

2

2

o ('R — {L
= 4/ 2?1'{2 n {.2
2, ]
d‘“‘ dz
= 27
d‘“’ - (fz
0 0 n\
0 0 0
Caa2-2 0 0
0 0 0
Cz12-1 00
fl' 0 0
ﬁ 0 0
0 0 0)



Observables and density matrix

First task: reconstruct the quantum state: easy in this case but not always

(00000000 0)
00000000 0 (00 0 0 0 0 0 00)
0 0 U!}U 0 0 oo o o 0o 0 0 00
0 0 aya}y 0 apaj 0 aya® 0 0
00 0 0\9\000 a, =a_ 00 0 0 0 0 0 00
p= 0 0 Y 0 2 0 Y 0 0 < p=1 0 0 apa} 0 agag 0 aga®™ 0 0
00 0 0/0/0 0 0 - 0o 000 0000
00 aay 0 aaj 0 aa 0 0
0 0 0y 0 0 0 00 0 0 0 0 0 00
00 0O0O0O0O0O00O0 \00 0 0 0 0 0 00)
\0 0000000 O0)

By looking this we can directly write the helicity
state.
W >=a,|+—>+ay00>+a_| —+>

a, =a_ Also CP conserving condition



Observables and density matrix
1. Entanglement 13

[0 0 0 0 0 0 0 0 0) o .

0 0 0 0 0 0 0 0 0 Sufficient condition for Entanglement

0 0 1+£A313,[] 0 02,1?2,_1 0 Czjzjgi_g 0 0 CZ,Z,Z,—Z 0 or C2,1,2,—1 #+ 0

0 0 0 0 0 0 0 0 0

p:% 00 Cyapr 0 1-+v244, 0 Coipr 0 0 W >=a[+->+a00>+a|-+>

00 0 0 0 0 0 0 0

00 Cy 292 0 Cy_121 0 1‘1‘%3115,[1 0 0

0 0 0 0 0 0 0 00 /00 0 0 0 0 0 00)

\0 0 0 0 0 0 0 0 0) 00 0O 0O 0 0 0 00
0 0 aya}y 0 apaj 0 aya® 0 0
00 0 0 0 0 0 00

p=1 0 0 apa} 0 apayg 0 aga® 0 0

00 0 0 0 0 0 00
00 aa}, 0 aa; 0 aa 0 0
00 0 0 0 0 0 00
\0O0O 0 0 0 0 0 00)




Bell nonlocality for the quitrit system

CGLMP inequality

I3 = P(A1 = Bl) + P(B1 = Ao + 1) -+ P(Az = Bg) s P(Bg = Al) D. Collins, N. Gisin, N. Linden, S. Massar and S.
P , Phys. Rev. Lett. 88, 040404 (2002
— P(A1 =By —1) = P(Bi=Ay) —P(Ay =By — 1) — P(By = A, — 1) < 2. opescu Thys.Rev.Le 200

P(A; = B; + k) are the probability that the outcomes for party A A. Ac’in, T. Durt, N. Gisin, and J. 1. Latorre, “Quantum
. . [ lity in two three-| | syst J'Phys. Rev. A,
and B, measuring 4; and B;, differ by k modulo 3. Vol 65, b, 052305, May 2002 Y
. _ i.—d pl | ol il 23 2, 2 2
For maximal entangled state I; =~ 2.8729 B = gpliehit el s (holy + 150 15)
Upper value in QM I3 = 2.9149 —~ %(Si@s‘?ﬁﬁﬁ'@ﬂy)+)~:{'®A4 + A5 @ As

How we can measure it¢ o

. B'=(VeU)!'BVeU)
As we know we can compute expectation value of any
operator in QM if we know density matrix

o
—

I3 = Tr[pB’]

Where B’ is bell operator.

fbﬁfbﬂmﬁabfbb
c ocococ o cooc o
:&Im::::@:@
‘,_’m|mc:c:c:c:c:«::c:‘:m|w
c::c::c::c::c:uc:caamcv
=== ==E==
o oo o Cb';hle)DD
::::::::awc::»om
S—

—
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|
b DDD%'MDDD o



Bell nonlocality for the qutrit system

CGLMP inequality

I3 = P(x’-h = Bl) -|-P(B1 = As + ].) -I—P(Az = Bg) -I-P(Bg :Al)

- P(Al = B — 1) - P(Bl — Ag) - P(A2 = By — 1) - P(BE = Ay - 1) <2 D. Collins, N. Gisin, N. Linden, S. Massar and S.
. Popescu, Phys. Rev. Lett. 88, 040404 (2002)
P(A; = B; + k) are the probability that the outcomes for party A

and B, measuring 4; and B;, differ by k modulo 3.

A. Ac’in, T. Durt, N. Gisin, and J. |. Latorre, "Quantum
nonlocality in two three-level systems,”Phys. Rev. A,

For maximal entangled state I3 = 2.8729 vol. 65, p. 052325, May 2002
Upper value in QM I3 = 2.9149

U and V both are random orthogonal matrixs

2.8

How we can measure ite

As we know we can compute expectation value of
any operator in QM if we know density matrix

2.6

F2.4

I =Tr[pB’]

Where B’ is bell operator.

B =WV&oU)YBV®&®U)
10 20 30 40 50 80 70 80 90

mi (GeV)



> Generate event for H - ete~u*u~ with Madgraph5 aMC@NLO at NLO EW accuracy, label large
invariant mass is Z; ,, and other one is Z; .

» Define Helicity basis, Z-axis is taken in the direction of the Z; three-momentum in the H rest frame.
X = sign(cos@)(p —cosO2)/sinb, y =2 XX

> The angles (04,4, $1/4) are the polar coordinates of the 3-momenfum of negatively charge
lepton from the Z,,, in the Z, ,, rest frame.

1 d B
/ ? VM () dud = ALy G =ab

o dQ,dSY, LM

1 d:(T * M # Mo BE1 Bf':z
; ds) de YLI (QG)YLQ (Qb) dﬂadﬂb — (4?1_)2 Cblﬂfngﬂffz



Observables at LO level

17

Sufficient condition for Entanglement

Cz)z’z’_z * O or 62,1’2,_1 * O

no cuts myg, > 10 GeV > 20 GeV > 30 GeV
Ca22, 2, LO 0.58 0.63 0.71 0.78
Aj0/V2+1,LO 0.58 0.62 0.71 0.77
Co12, 1, LO -0.94 -0.97 -1.01 -1.02
I3, LO 2.60 2.66 2.77 2.80

Bell nonlocality condition I3 > 2
For maximal entangled state I; = 2.8729




Observables at LO level

18

no cuts mz, > 10 GeV > 20 GeV > 30 GeV
Sufficient condition for Entanglement Cona 2, LO 0.58 0.63 071 073
Copz-—2#00rCy15 1 #0 A30/V2+1,10 0.58 0.62 0.71 0.77
Co12, 1, LO -0.94 -0.97 -1.01 -1.02
I3, LO 2.60 2.66 2.77 2.80
A0 1 = Crags Bell nonlocality condition I3 > 2
V2 o For maximal entangled state I3 = 2.8729

a, =a- Also CP conserving condition



Observables at LO level

G0=A5,#0

Ag’ﬂ-i-l:(’mz' 2 # 0
7 29,

1,1

Cr-111=C111,-1=—-C121=—-Ca121#0
Co92-2=—Cr010=2—C2020#0

Lo
oo O O
N
o=
P

p=

o o o o o o o o O
o o o o o o o o O
=

~
o o o O O
=

o o o o o o o o O

o o o O o o o o O

no cuts mz, > 10 GeV > 20 GeV > 30 GeV
(92, 2, LO 0.58 0.63 0.71 0.78
Aj0/V2+1,LO 0.58 0.62 0.71 0.77
C19, 1, LO -0.94 -0.97 -1.01 -1.02
I3, LO 2.60 2.66 2.77 2.80
(0.00 0.00 0.00 0.0 0.01 0.00 0.00 0.00 0.00)
0.00 0.00 0.0 0.00 0.00 0.01 0.00 0.00 0.00
0.00 0.00 0.19 0.00 —0.31 0.00 0.20 0.00 0.00
0.00 0.00 0.00 060 0.00 0.00_ 0.00 0.01 0.01
pro=0.01 0.00 —0.31 0.00 0.61 0.00 —0.31 0.00 0.01
0.0l 0.01 0.0 0200 0.00 0.000 0.01 0.01 0.00
0.00 0.00 0.19 0.0 —0.31 0.01 0.20 0.00 0.00
0.00 0.00 0.0 0.01 0.00 0.01 0.00 0.00 0.00
\0.00 0.00 0.00 0.0l 0.0l 000 000 0.00 0.00)




NLO effect on rno martix

[0 0 0 0 0 0
0 0 0 0 0 0
00 1+5A450 0 Coip1 0 Copzoo
0 0 0 0 0 0 0
p = % 00 Cy121 0 1-— \/iAille 0 Cyi2,-1
0 0 0 0 0 0 0
00 Cy 222 0 Cy121 0 1+ %@Aiu
0 0 0 0 0 0 0
\0 0 0 0 0 0 0
50=A30#0
A3
v +1=0C222,2#0

Cr-111=C111,-1=—Cs 121 =—C2121#0

1=17

Ca92-2=—Cr010=2—-Ca020#0

o O o O 92 9O 2 9o O

PNLO —

(0.08
0.00
0.00
0.00
0.01
0.00
0.00
0.00

\0.00

PLO =

0.00
0:60
0.00
0.12
0.00
0.02
0.00
0.00
0.01

(0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00

\0.00

0.00
0.00
0.12
0.01
—0.18
0.00
0.19
0.00
0.00

0.00
0.00
0.00
0.00

0.00 —0.31

0.01
0.00
0.00
0.00

0.01
0.12
0.01
0-00
0.01
0.60
0.01
0.01
0.01

0.00
0.00
0.19
0.00

0.00
0.19
0.00
0.00

0.00
0.00
0.00
000
0.00
0.60
0.00
0.01
0.01

—0.)1
0.01
—0.18  0.00
0.01
0.59
0.00
—0.187 0.01
0.00
0.02

0.01
0.00
—0.31
0.00
0.61
0.00
—0.31
0.00
0.01

0.01
—0.02

0.60
0.00
—(0.601

0.14
0.00

0.00
0.01
0.00
0.00

0.00
0.00
0.20
0.00

0.00 -0.31

0.06
0.01
0.01
0.00

0.00
0.00
0.19
—0.01
—0.18
0.01
0.12
0.01
0.00

0.01
0.20
0.00
0.00

0.00
0.00
0.00
0.01
0.00
0.14
0.01
0.01
0.01

0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00

0.00 \
0.01
0.00
0.01
—0.01
0.00
0.00
0.00
0.09 )

0.00)
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00)




NLO effect on rho martix

50=A50#0 = {

A3
0 1= Chog 920
R ——— 1
Cr,-11,1=C) 12170 {

1,1,-1=—C% 121 =—C%

11

Co22-2=—-—C1010=2—-C2020#0

AT NLO level all relation are broken. {

LO NLO

A3y -0.59 -0.51
A3, -0.58 -0.56
Ca12, 1 -0.94 -0.95
Ci,1, 1 0.91 0.14
Ajo/V2+1 0.58 | 0.64
Ca22, 2 0.59 0.57
Croto 061 | -0.10
Ch.02.0 141 | 1.38
Cro10+2 1.39 1.90




NLO effect on rno martix

G0=A5,#0
Ao +1=Ch2292#0
\/§ gy iy

Cr-111=C111,-1=—-Cs121=—C2121#0
Co22-2=—-—C1010=2—-C2020#0

AT NLO level all relation are broken.

LO NLO
A%,U -0.59 -0.51
A%,U -0.58 -0.56
Ca12, 1 -0.94 -0.95
Cii1, 1 0.91 0.14
A} o/V2+1 0.58 0.64
Ca22, 2 0.59 0.57
Cio1,0 -0.61 -0.10
C2,0,2,0 1.41 1.38
Cro1,0+2 1.39 1.90
S L




Till now we have to keep in mind

v

AN

Fing quantum tomographic state so that instead of one or two parameters you
can produce whole density matrix. As we see at LO our spin density matrix was
corresponding to pure state but at NLO level it is no more pure state it is
correspond to mix state.

Due to change in spin density matrix our definition of both Entanglement and
Bell-non-locality condition will modify.

We can check how NLO correction can misinterpreted with new physics e.g.
Spin density matrix can get modified if instead of V we have some other e.g.
scalar or tensor infermediate state.

Or for modified H to VV couplings due to EFT conftribution:s.



How NLO correction can be misinterpreted as new plil8iCcs e

1. What we are measuring at collider? -> four fermion angular momentum distribution
generated from Higgs decay. Lets write a generic current for H-> 4f S

h . . . i
Lipr = ﬁ—: a; 11" Py P31y, With T = {1,795, 0pws Y Y5} 5

i a; = {ag,as,ar,ay,as}t

This is similar to using simplified models with resonant intermediate states.

As = cgtuy(a+ ibys)vg ug(a’ + ib'vy5)vy
Ay = cy myu(erLPr + crPr)va usy,(drPr, + drPRr)va
Ar = ertouve Uzo! vy

As we know the A and C coefficient are proportional to amplitude square due to following equation

1 do Bl |
/ YLM(Qj)andezil—;AiM j=a,b

o dQ,dQ,
1 do . . Be pb
_/ o df dS)y, YL’;MI (QG)YL;’"? (2) dS2adS2y = (Z})élﬂ CLy My Ly M,



How NLO effect can be misinterpreted as new physig

1. What we are measuring at collider? -> four fermion angular momentum distribution 25
generated from Higgs decay. Lets write a generic current for H-> 4f

/ . i
LEpr = ﬂ; a1y Y3y, With I = {1,795, 0pw, Vs Yu Y5} -
i ai ={as,as,ar,av,as}

This is similar to using simplified models with resonant infermediate states.

As = cguy(a+ibys)vg ug ((L’ + ib"‘}ﬁ; vy m2 m2
Ay = ¢y ﬁl’}'p(CLPL + (:RPR)TJQ ﬂS’}’p(fiLPL + dRPR)‘U4 HO = (pl pz)(p3 p4) = a4 b

Ar = cplyo,vs izoh vy

[, = (p1-P3)(D2-P4)

I, = (p1.04) (P2.03)
1, = (eP1P2P3P4)

amplitude square for different currents
[Z AsAs = 16\(:5;|211“ ((12 + b2) ((1’2 + b’z) ]

ZA* Ay = 16lcy [ [(cd] + chdh) Iy + (cidf, + chdl) 1] For SS current all A and C
coefficient zero, as amplitude
square of SS in independent on
any angle.

ZATAT = 128|er|? (200 + 2115 — I1o)
Z A Ar + As AT = —64Re(cger) [(a,bJr + a'b)Il, + (aa’ — bb") (11} — Hg)]

S Apdr = 0

ZA;AS = 0




a Ab ?é 0
2,0 — 4120 1 2
Az,u — A:}:,u 7 0, CE,U,EJI # 0

Aa-
2.0 B
+1=0C%22,-2#0 Ca, 121 = Ca12-170 Co, 2292 ==Cs29 _2F#0

V2
Cr-111=C111,-1=—-C121=—-Ca121#0

=1

Co92-2=—C1010=2—C2020#0

(00 0 0.0 (ml 0O 0 0 0 0 0 0 0
00 000000 0 —z 0 -y 0 0 0 0 0
00z 0y r 00 0 0 =z 0 y. 0 4z, 0 0
000000000 0 -y 0 “z, 0 0 0 0 0

p= 0O 0 v 0 2 0 v 00 p = 0 0 i 0 1 0 0 0
00 00000 0 0 0 0 00 0 -2 0 -y 0
00 0450200 0 0 424 0>y -0 =z 0 0
0 o 00 0 0 0 0 0 0 0 0 -y 0 -z 0
\0 0 0 0 0 0 0 0 m)
\0 0 0000O0O0O0)




a Ab ?é 0 ‘
2,0 = A2
’ ‘ Ayy = Aj0#0, C20.20 7 0

Aﬂ-
2.0 B
Vo) +1=Cy22,-2#0 Co,_121 = Co212-17#0 (2,222 ==0C222 2 F#0
Cr-111=C111,-1=—-C121=—-Ca121#0
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Effect of modified H 1o ZZ vertex on spin density matrix

1

Ay (EFT) = - (ulgwm%; + a2 (guvPa-pp — pﬂy;ubﬁ) + (L;{,t’.#uﬂﬁpgpg) *

w(py)yu(eLPr, + crPr)v(p2) w(ps) v (dr P + dpPr)v(pa)

/00 0 0 0 0 0 00 \ Highezr Dim Operators
00 0 0o 0 0 0 0 0 Lhzz = %alzﬁz#h + %:‘LZWZ‘“” + %.&ZWZN"”’
0 0 aya’l 0 ayal 0 aga®™ 0 0
¢co-0 0 0 0 0 00 Again we got pure density matrix of pure state

p = 0 0 apa’ 0 apa; 0 apa® 0 0 |¢ > = a+| + —> 4+ a0|0 0>+ a_| — 4>

0 0 0 0 0 0 0 0 0
0 0 u;_u;j_ 0 a_ay 0 a_a* 0 0
o0 0 0 O 0O 0 00 [ a, +a_ ]

\0 0O 0 0 0 0 0 00)

a+ = j—;?rmamb\/(r:% + r:‘i._)[d% + ﬂ%,_) (—Q(LT’H‘L%; + ug(mi + mg — m;‘i) T iaﬁ)lﬁ(mﬁ, mi? TILE))

ay = _ﬂ\/ (¢2 + &) (d2 + d%) (2aymimi — ajmi, (m2 + mj — mj3))



Complex numbers
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New non-zero coefficiients
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Complex numbers New non-zero coeffi
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As we see in top sector LHC is sensitive to probe quantum observables. So it is the fime we
do computation with more detail.

It is useful to use quantum state tomography to relate spin density matrix directly to
experiment data.

NLO correction can effect guantum state which will change the entanglement and bell-
nonlocality condition.

It is still possible o look new physics but have to be careful to define the right observable
which will not effect by NLO corrections.

And we can also look for the parameter space where we can reduce NLO correction e.g
if we can force one 7 be on-shell then NLO corrections to the spin density matrix can
reduce although it will also reduce number of events.

Stay tuned for final paper you will find more information with more detail.
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Back-up slides
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One example is the fermion-photon distance for recombination AR: a smaller
value will correspond to more radiation appearing as real emissions.

| no cuts | myg, = 10 GeV | = 20 GeV = 30 GeV ||

LO 0.58 0.62 0.71 0.77

AL o/V2+1,LO 0.58 0.62 0.71 0.78
NLO 0.55 0.58 0.69 0.75

ALy /vZ +1,NLO 0.70 0.73 0.83 0.89

Table 8: Values obtained for the coeflicient Caza 2.

no cuts mg, = 10 GeV = 20 GeV = 30 GeV

LO -0.93 (.98 -1.02 -1.02
NLO -0.95 -1.01 -1.03 -1.03

Table 9: Values obtained for the coefficient Ca,2,-1-

l no cuts J myg, = 10 GeV |_ = 20 GeV L = 30 GeV ”

LO -0.59 -0.53 -0.41 -0.32
NLO -0.42 -0.37 -0.24 -0.16

Table 10: Values obtained for the coefficient A} .

no cuts myg, = 10 GeV = 20 GeV = 30 GeV ||
LO 2.60 2.67 2,77 2.80
NLO 2.64 2.7 2.82 2.84

Table 11: Values obtained for the observable ;.



no cuts B0 < mg, < 100 GeV 80 < mg, < 95 GeV
LO 0.58 0.61 0.61
Ay o/V2+1,LO 0.58 0.61 0.61
NLO 0.56 (0.60 0.61
Ay o/v2+1,NLO 0.64 (.60 0.61

Table 12: Values obtained for the coefficient Cy 55 _5.

nocuts | 80 <mz <100 GeV | 85 <mg < 95GeV ||

LO -(1.94 -0.96 -(1.95
NLO -(1.94 -0.95 -().4¢6

Table 13: Values obtained for the coefficient Cz 12 4.

no cuts 80 < mgz, < 100 GeV 85 < mgz, < 95 GeV
LO -(1.59 -0.56 -(1.56
NLO -(L51 -0.55 -(.55

Table 14: Values obtained for the coefficient Aé,ﬂ.

no cuts 80 < mg, < 100 GeV 85 < mg, < 95 GeV
LO 2.60 2.64 2.63
NLO 2.61 2.63 2.6D

Table 15: Values obtained for the observable T5.



» There are at least 3-4 parameterization to define rho matrix in bipartite qutrit system e.g.

define your state |y; >of system the we can construct density matrix using p = Y p; |[Y; >< ;] .
Using helicity dependent amplitude computation
The generalized Gell-Mann maitrix basis parametrization.

The Weyl operator basis
The Polarization operator basis parametrization.

LN



A3y #0,

Ca020 # 0

0211127_1 % [} 025—272,2 - 0272,21—2 ?é D
Ci11,170  Croio#0

p=

( To + 11 0 0 0 0
0 T3 0 —Y2 — T3 0
0 0 Ty — T 0 Yo — T3
0 —Y2 — T2 0 T3 0
0 0 Y2 — 12 0 1/9
0 0 0 0 0
0 0 Y3 0 Y2 — T2
0 0 0 0 0

\ 0 0 0 0 0

T e Y e B e QY e

T3
0
—Y2 — T2

0

3

*
Y2 — Ty

Iy — T

0

o o o o o

ES
—Y2 — Ty

T3

0

0 )
0
0
0
0 6.2
0
0
0
ra+ T /




|M(H — ﬂﬂ’bb’”z = ZAV(EFT)*AV (EFT} = |A1|2 + |A2|2 + |A3|2 + -!4-12 + A];; + Az;; {2.10}

where

| A
| A
| A

A2

16|a1|* My, [T (cidy, + chdp) + Ta(cdf + chd)]

16]as|” [H1(c1d7, + chd}) + Ha(chdp, + cgdy)]

16]as|” [Ha(cid], + chdh) + Ha(cldg, + cdy)]

A1A5 + AT A

SM?E [(amz +ala2") [(cld], + fdp) (21K1) + (c1dF, + cpdl ) (B2Ko)]
i(al*a2 — ala2”) [(Ad2 — RS — (Ad — d2 )T, 5] ]

A AL+ At Ay

_8iM2 [(umg* —al*a3) [(Ad2 — &d%)(SsK1) + (Ad% — &d2)(BaK2)]
i(al*a3 + ala3®) [(Ad2 + RdR)ILY) — (2d% + hd2 )T ]

A A% + AL A,

16 [Hu(ﬂ?u.t *— a2%a3) (2 — Bd2)S) N5 + (B2, — d2) Do)

i(a2"a3 + a203") [(d2 + RdQ)LK, — (d3 + Gd)ILK) |

(2.11)




Quantum Information at High
Energy Colliders :

» Entanglement is a quantum
phenomenon where ftwo or more
particles become correlated in such a
way that the quantum state of each
parficle  cannot  be  described
independently of the state of the Entangled
others, even when they are space-like - Separable
separated. It is one of the features
that can't explain by classical

mechanics. < : !
Bell Nonlocal Hidden Variable

» Depending on spin-1/2 pair or spin-1
pair quantum observable change. It is
challenging to construct quantities
which capture non-local behaviour
depending on channels

> We are interested in different degree

f quant ati . . L . .
of quantum correiation > Different inequality is sensitive for different

» We need a way to define observation systems(e.g. CHSH inequality for biparticle qubits,

such way that they depends on spin- CGLMP inequality for biparticle qutrits etc.)
correlation matrix.




The state is entangled if it can’t be written as

Y > =" >Q |pF >

X fntangﬂement p= Z PkPk ® pﬁ —_> T Z prpl ®[ Pi}T
k

k
‘ e
Peres-Horodecki e 3N If it is still Physics density
S P _
1996, 1997 (\,QO matrix with Tr=1 and
( ) WO Positive definite
Entangled

State is entangled State is separable o Separable
It is analytically unknown for a mix state to determining <
entanglement necessary and sufficient condition for bipartite Bell Nonlocal Hidden Variable

system of dimension larger than 2x3, where dimension defined as
d=(3s+1). But some sufficient condition is known like

A state can only have non-zero concurrence if it is entangled.
There are lower bound on square of concurrence

1.



> In this talk | will only discuss about bipartite system of dimd = 2j + 1 (also called qudit)
» | am interested spin correlation in massive vector boson pair which has spin-1 also called qutrit pair

Talk on three-particle entanglement in particle decay and scattering by Kazuki
sakurai

The state is en’[gng|ed if it can't be written as Talk on Entanglment in QED scattering processes by Bruno Micciola
Talk on Entanglement in flavored scalar scattering by Enrico Maria Sessolo
¥ >=1¢* >® |¢F >

Once we know the state we can define density matrix as
p =[P ><y|

With density matrix we can compute

entanglement, bell nonlocality. Entafialed
ntangie
- 5 Separable

Although at colliders we don’t know the state so we
need another way to directly compute density matrix

<<
Bell Nonlocal Hidden Variable



Thanks
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