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'l would not call [entanglement] one but rather the
characteristic trait of quantum mechanics”

- E. Schrodinger
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Fresh new!

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

)

ATLAS <7

EXPERIMENT

Submitted to: Nature CERN-EP-2023-230
November 20, 2023

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

The 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 v/s = 13 TeV and an integrated luminosity of 140 fb~! recorded
with the ATLAS experiment. Spin 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 Carla event generators and the parton
shower model in modelling top-quark pair production. 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 hoth the first observation of entanglement in a pair of quarks and the highest-energy
ohservation of entanglement to date.




Fresh new!
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“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

THE ROYAL SWEDISH ACADEMY OF SCIENCES



Fastly growing sub-field (since '21)

Bipartite Tripartite+
Bernal, '23]
TOp'quark Diboson 'Sakurai, Spannowsky, 23]
Afik and de Nova, '21] Barr 1]
Fabbrichesi, Floreanini, Panizzo, '21 Balt,
Severi, Degli, Maltoni, Sioli, '21] | Barr, Caban, Rembielisnki, 2] +more
[Aoude, Madge, Maltoni, Mantani, ’22]  lAguilar-saavedra et al 22] | BY = J/pK*
Afik and de Nova, '22] :Ashby—P|Ck§r|ng, Barr Wierchucka '22]
'Aguilar-Saavedra, Casas, '22] Fabbrichesi etal ‘23] o [Fabbrichesi et al '23]
Fabbrichesi, Floreanini, Gabrielli, '22] [Aoude, Madge, Maltoni, Mantani, "23]
'Severi, Vryinidou, '22] :Aguﬂar—S’aavedra 23]
Dong, Goncalves, Kong, Navarro '23] :I\/Iorales 23] |
'Aguilar-Saavedra, Casas, '23] Altomonte, Barr 23]
Han. Low, Wu 23] Fabbri, Howarth, Maurin, '23]
- | Bernal, Caban, Rembielinski '23]
Bi, Qing-Hong Cao, Cheng, Zhang '23]
+ 2 specilalised workshops
Foundational tests of Quantum Mechanics at the LHC Quantum Observables for Collider Physics

Mar 20-23, 2023 Nov 6-10, 2023



Top-pair entanglement




Why top quarks?

107 2°s 1023 10~ 21s

Ifetime hadronization spin-decorelation

- allows to efficiently reconstruct the spin from decay products
- top spin correlations vastly studied:

DO and CDF at Tevatron and ATLAS and CMS at LHC
- Observation from ATLAS



Entanglement Iin spin-space

We want the entanglement in the top pair spin




Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
ay0,8182 = N, N, Z Mazﬁz Malﬁl

colors
a,b spins

R’

] where Mg = (t(k1, a)t(ka, B)|T |a(p1)b(p2))
I =g9,qq
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Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
Ra102,5152 N Nb Z Mazﬁz Malﬁl
2 5 s
) where Mag = (t(k1, @)t(k2, 8)|T |a(p1)b(p2))
I =99,4qq

E, \. v\
ad R ¥ "L"/J
T . < ;i &
SM: M }‘-“‘“’/
| |
\ »
AN
| 7 . -
e e
o ‘ 'ﬁ}‘
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Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
Ralazaﬁlﬂz N, N, Z Mazﬁz Malﬁl
colors
a,b spins
where Mg = (t(k1, @)t(kz, 8)|T |a(p1)b(p2))
I =g9,qq

Mixed state of gg and gg initiated channels, N Y P
weighted by the luminosity functions R(8,k) = ZL (8)R" (3
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Spin production density matrix [Afik and de Nova, 21]

4x4 matrix in spin-space of the top pair.

Fano decomposition: (spanned by tensor prod. of Pauli and |dentity)

R = fi]lz@]lg—l—é,j_gz@ﬂg—l—éz_]lg®0’Z—|—C~'m O'i®0'j.

. do a3 -
16-coefficients where the norm S— 2
10d: ~ 22 4Gk
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Spin production density matrix [Afik and de Nova, 21]

4x4 matrix in spin-space of the top pair.

Fano decomposition: (spanned by tensor prod. of Pauli and |dentity)
R=A1,01,4+B/¢'®1,+B; 1,00'+C;; c'®0c”.

. do a3 -
16-coefficients where the norm _ s .
10d: ~ 22 4Gk

Normalize the state as p = R/tr(R)

- 1o®1 5 + B;LUi®]12 -1 Bi_]lz®a’i 4 Cz.j o' Ro’
— y |

0
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Density matrix and helicity-basis

Helicity basis:

{k,mn,r}: r=

To expand In this basis, e.g.
Chrpy = tr[C’ij TL@TL]

Phase-space parametrized by: 537

— (1 —4m2/3)

and

2 = cos

15



R-matrix coefficients at LO QCD

1. CPinvariance — (;; symmetric and B;" = B}’

2. Crn,Crn, B> only generated at one-loop

n

3. B B require P-odd — vanish for QCD

T

For gg-initiated SM o 7iops?

~ 99 T 192(1—p222)2
Agg,(O) — Fgg(]- 4 2/32(1 . 22) . 164(24 — 222 + 2))7

C99:0) = _F, (1282 + B*(2* — 222 + 2)),

C990) — _F (1 -222(1 —22)8% — (2 — 222 + 2*) %),
P = —Fog (1= (2— 22"+ 21)%(2 - 87)),

Cop ¥ = Fyg22 (1 - 22)°/2°\/1- 2,




Entanglement in bipartite systems

Given a bipartite system Hap = Ha @ Hyp

Can you write |Vap) = [Va) ® |¥y,) ? No? Then it is entangled.

Or more generally as product (mixed states): Pab = Zpk Pa ® Py
k

Maximally entangled states (e.g Bell states):

T + ) £ 1)
ot — \TT>\/§\H> or |9 =

17



Entanglement in bipartite systems

Entanglement measures are more useful:

+ Peres-Horodecki Criterion: A= —Cpn + |Cre + Crrr| — 1 >0
(in the helicity-basis) (entangled)

» Concurrence: C|p] = max(A/2,0)

Clp] =1 (maximally entangled)

18



What’s the story for the SM? [Afik and de Nova, 211

1

1 ———

P

0.8 08 White regions: zero-entanglement
06 0.6
04 0.4 ClP)
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X — 0 Maximal entanglement points/regions

1 ———

0.8 5

06 + Atthreshold: 5° = 0, V6
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04 | ,

0.2 + high-E: 8“ — 1,cos6 =0

0

0 02 04 06 08 10 02 04 06 08 1

lcos 0] |cos 0] .



What'’s the story for the SM?

0 02 04 06 08 1
|cos 6]

[Afik and de Nova, 217]

Maximal entanglement points/regions

. Atthreshold: 82 = 0, V6
(singlet)

Pag (0,2) = [¥7)n (¥ |n

+ high-E: 8% — 1,cosf = 0

(triplet)

Pag (1,0) = [¥F)n(TT |
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What'’s the story for the SM?

lllllllll

0

0.2 04 06 0.8
lcos 6|

[Afik and de Nova, 217]

Maximal entanglement points/regions
. Atthreshold: 82 = 0, V6

mixed but separable

+ high-E: 8% — 1,cosf = 0

(triplet: same as gQ)

Pg(l;-w(lao) — I\Ij+>n<\p+|n-

21



Tomography and reconstruction of the state Mahlon, Parke 10]

Baumgart, Tweede 12']
Afik and de Nova, 21]

['y ~ 1GeV top quickly decays — spin-info to decay products

t - W' +b
(W =0 +vord+u)

Ny
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Tomography and reconstruction of the state Mahlon, Parke 10]

Baumgart, Tweede 12']
Afik and de Nova, 21]

['y ~ 1GeV top quickly decays — spin-info to decay products

t—> Wb _ +1.0 ¢t or d-quark
(WH =47 +vord+u) L d = (14+a;cosy;)/2 «; =4 —-0.31 ¥ oruquark
L't dcos X —0.41 b-quark
f_l_ Xi angle between i-th particle and top spin (top rest frame)

Ny
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Tomography and reconstruction of the state Mahlon, Parke 10]

Baumgart, Tweede 12']
Afik and de Nova, 21]

['y ~ 1GeV top quickly decays — spin-info to decay products

t— W™ +b _
+ _
(VVJr S ¢t L pyord4 n 1 dl’ +1.0 /47 or d-quark
. d T (1 +a;cosxi)/2 «a;=4-0.31 v oru-quark
PTG —0.41 b-quark

When both top/antitop have lepton in the decay, the angles (fixed beam basis)

]. dO’ _1—|—B+°(Al_|_—B_°(Al_—(Al_|_'C°(Al_
O’dQ_|_dQ_ N (47T)2

g+ lepton (antilepton) directions in the parent top (antitop) rest frame

[CMS, PRD 100, 072002]
24



Experimental detection [Baumgart, Tweede 12’

|Afik and de Nova, 217]

[Aguilar-Saavedra, Casas, '22]

However, there Is a direct experimental signature

1 d 1
tr|C] —_— A —(1 — D cos p)
3 o d cos

© angle between leptons in
each parent direction rest frames

Clp] =max(1-3D,0)/2 ——  entangledif D < —1/3

*things are actually more subtle due to mass window constraints

25



Experimental detection

Particle-level D
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Experimental detection

Particle-level D
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Experimental detection

04| ATLAS
- Vs=13TeV, 140 fb’
-0.2
_ ® u
- S _ O
F>) L
9 —0.3
b itttk ekttt
O
= _
S !
a
-0.4F - i 7Y |
] —.— Limit (Powheg + Herwig7) .
---- Limit (Powheg + Pythia8)
| . B Theory Uncertainty
-0.5¢ Threshold effects? @ Data
‘ @ Powheg + Pythia8 (hvg) |
§ B Powheg + Herwig7 (hvqg) -
-0.6
340 < my < 380 380 < mg < 500 my > 500

Particle-level Invariant Mass Range [GeV]

Too early for any fit or claim in this region!!
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SM particles

W H
1 [
Z
u d S C b t
e u T
& & &
103 104 101 109 101 102

Mass [GeV/c?]

[Fig from CMS collaboration]
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BSM particles?

New particle?

u d S C b t
e u 7
# # $
10-3 102 101 100 101 102 )

Mass [GeV/c?]

[Fig from CMS collaboration]

Al generated image:

prompt: new particle
[craiyon.com] 3o



http://craiyon.com

SMEFT

[:SMEFT

1
LsmerT = LM A2 Z c;O

LO-QCD in ttbar prod.

Oa = gszBCGf’”Gf’VGS’p

U2 U
ngG — (QOTQO 9 ) fol Gﬁz/

O = s(Go™ T4 )3G2, + h.c.

'Grzadkowski, Iskrzyns

Aguilar-Saavedra et. al,

+4F operators

i, Misiak, Rosiek, 10’]

18]

SMEFTatNLO: Degrande et. al, 20°]

Qd’

qul) 0(8 3) Ogi)) Oﬁ?) OS@)L’ 0(8) 0(8)
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SMEFT

LSMEFT

1
LsmerT = LM A2 Z ¢; O;

LO-QCD in ttbar prod.

Oa = gszBCGf’“Gf’VGS’p

V2 5
Opc = (w*so ) G Gl (8,1)
Oqq

O = 95(Qo" TAH)GGA +h.c.

'Grzadkowski, Iskrzyns

Aguilar-Saavedra et. a

+4F operators

8.3 8 8 8 8
0501+ 01 Oga O,

i, Misiak, Rosiek, 10’]

18]

SMEFTatNLO: Degrande et. al, 20°]

Qd’

Maximal points are affected by SMEFT?

Can SMEFT induce new regions?

8
O,

32



SMEFT

1
Back to the R-matrix...  Rajan s = N > Mg, Mays,
2 SO
With dim-six contributions:
| 1 (d6) B RSM 4 REFT
Map =M | AQMO‘B - = tr(RSM) + tr( REFT)

L vy, !

" R x @) where

The Fano coefficients X = xX© 4

X = A, C;; and B;

O(A™") from dim-6 sg.



SMEFT

1
Back to the R-matrix...  Rajan s = N > Mg, Mays,
2 S
With dim-six contributions:
| 1 (d6) B RSM 4 REFT
Map =M | AQMO‘B - = tr(RSM) + tr( REFT)
At O(A™7)
CQQ (1) gs 1 -_7g§vmt Cica 527”’21 oG | 99352mt ’
- A21 — 3222 | 124/2 4m? — (1 — B2)m? 8
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SMEFT entanglement: gg-initiated [Aoude, Madge

Maltoni, Mantani, 22’]

5 D O | RSM -I—REFT
only Via,Va, Uy contributes P = H(RSM) + tr(REFT)

gg-initiated at threshold 3% = 0

. linear interference exactly cancel, maximally entangled state unchanged

* quadratics vanish for O,¢ and decreases for O:a, Oc

gg-initiated at high-E: 3% — 1 : EFT notvalid but m? < § < A*

. linear interference: sign dependent

* quadratics always decreases
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SMEFT entanglement: qq-initiated [Aoude, Madge.

Maltoni, Mantani, 22’]

| RSM +REFT
only O:¢ and 4F contributes P = (B + tr(REFT)

qg-initiated at threshold 3% = 0

. NO contributions for linear and quad

qg-initiated at high-E: m#? <« § < A*

sign dependent for linear and quadratics always decreases

everything gets more involved for pp

36



SMEFT entanglement Oz = gs(Qo""T* 1)$G,,, +h.c.

iInear quad
SM | 1 '
99

. 0.8 ,

0.6 N 0.6
c&l 0,

v 0.4

0.2

0
1 qq 1
0.8 0.8
0.6 - 0.6
3 QD
- 0.4
0.4 F 1
| | 0.2
0.2 F 1
| | 0

O 0 02 04 o6 o3 1 0 02040608 10 02040608 1
cos(0) cos 0 cos 0

| ‘ :
-




SMEFT entanglement marker

RSM _I_REFT
P~ $r(RSM) + tr(REFT)

A calculated with SM R’s
Al = A\ — A()

k_» calculated with SMEFT R's up to O(A~7)
AQ = A — Al — A()

K» calculated with SMEFT R’s up to O(A_4)
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SMEFT entanglement marker

separate channels

Aq/Ag (%] Ao/ Ag (%]
-40 =20 0 20 40 -2 -1 0 1 2

mixed state

A1/Ao [70] As/ Ao [7]
40 -20 0 20 40 -2 -1 0 1 2

0.6

04

0.2 |

0 02 04 06 08 1 0 02 04 06 08 1
cos 6 cos 6



SMEFT averaged concurrence

Average over the solid angle PHC implies
R=(4w)‘1/dQR(§,k), e =-C,+|2C | -1>0

C'lp| = max(6/2,0)

(fixed beam basis)

40



SMEFT averaged concurrence

Average over the solid angle PHC implies
R=(4w)‘1/dQR(.§,k), —_— =-C,+|[2C|—-1>0

C'lp| = max(6/2,0)

(fixed beam basis)

pp, Oic
— 0.6 F~~~_
....... Rt — SM

\ "..\,\\ -=- linear
...«.0:\\ """ quadratic

\\ — ¢;/A? = 0.7/TeV?

B le ci/A2 = —0.7/TeV?
0 02 04 06 08 1 0 02 04 06 08 1

/6 ,8 41



Tomography and reconstruction of the state Mahlon, Parke 10]

Baumgart, Tweede 12°]

1 dT Afik and de Nova, 21]
t—=WT+b (W' —=/4"+vord+u) FtdCOSXi:(l—F(X@‘COSXi)/z
INn the SM:
+1.0 ¢t or d-quark
a; = { —0.31 7 or u-quark

—0.41 b-quark
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Tomography and reconstruction of the state Mahlon, Parke 10]

Baumgart, Tweede 12°]

1 AT Afik and de Nova, 21']
T T + ] = (1 4+ a;cosy;)/2
t—>WT+b W'"™ —=>/4"+vord+ u) T, dcos x; ( 0 Xi)/
In the SMEFT: In the SM:
+ ]_
[Zhang, Willenbrock, 11] +1.0  £" or d-quark
a; = { —0.31 7 or u-quark
o m? — 2m%,  ReCywv? 8v2mymw (m? — m¥,) —0.41 b-quark
T m22m3, | A2V, (m2 + 2m2,)?
W m¢ — 12mim3;, + 3mim3, (3 + 8 In(my/mw)) + 2mSy,
7 m¢ — 3mimsy;, + 2mY,
ReCiwv? 12v2mimw (m8 — 6mim2, + 3m2mi, (1 + 41n(ms/mw)) + 2mS,
AV (3 + 2m3, )2 (m? — miy )2
Qo+ = 1

o+ = +1 unchanged by dim-6 linear effects

* can be changed to dim-6 squared but very small 43



Diboson entanglement

44



Diboson entanglement

Massive spin-1 bosons (W,Z) have three polarisations EE— Qutrits!

Single vector boson

10:

1
. + E_ i \; a; : 3 real parameters
Two vector bosons

8

pz%ﬂ@ﬂl ;Za@)\f,;@]l Zb I® A; —|—ch23)\ R Aj

=1 =1 7=1

a;, bj> C;; 8+8+064 real parameters A; are Gell-Mann matrices




Concu rrence for qutrits 'Horodecki, Horodecki, Horodecki, Horodecki, 09']

Ashby-Pickering, Barr, Wierzchuca, 22]

How Is the concurrence for qutrits” Not as simple as in the qubit case

= Inf [szc(l'wz))} c(|;)) \/2 L —tral(trp|vi)(¥i])?])

Infimum of all ensembles of the decomposition ~P= sz’|¢z'><¢z"

.. complicated optimisation problem

2
0 <C(p) < 7 C(p) >0 —— entangled

Only calculable for pure states.
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Concurrence Bounds for qutrits

However, we can define lower and upper bounds  Crg < C(p) < Cus,

Lower:  (C(p))? > 2max (0, Tr [p?] — Tr [p], Tr [p?] — Tr [p3]) = 25,

Upper: (C(p))? < 2min (1 — Tr[p%],1 - Tr[p3]) = Cip,

For a pure state: P(p) = trp* =1 —_— Cre(p) = C(p) = Cun(p)
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EW boson production at colliders

W+ W+ W+
WW: _ A
v/ 4 h
T
W W W
77 WZ:
A Z Z VA
T
A e A
h W
/\’\’\'\, L\’\'\. ]
A Z %% W



EW boson production at colliders

r

W+ V W+ W+
WW. s -
W~ T W W~
77 Wz
A I , A
P Z e

Z

W
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ete” > WTW™

Lower bound:

—08 =04 0 04 0.8
cos ¢

CLB

1.0
0.8
0.6
0.4
0.2
0.0

What’s the story for the Standard Model?

No symmetry around 6 = «/2 as in ttbar

Entanglement Is mostly present across
the phase space

Zero entanglementat 6 =0

HIgh entanglement at central HE region

50



Relevant SMEFT Operators for diboson

Operator Coeflicient Definition 95 % CL bounds bosonic operators
two-fermion operators Ow CW EIJKWJVWJ’VPW;{’“, —0.18, 0.22]
< . .
Opu Cou i(¢' D) (ay*u) —0.17,0.14 Opw Cow (<PT<P - %) wi*w,,  [-0.15,0.30]
<
. t - . ;
O‘Pd Cod Z((p 5#30) (dfyﬂd) ! 0077 009 Och CyB ((,OTQO —_ %)BMVB“V [_011, 011]
O Coq i(¢' Dy ) (77" q) —0.06,0.22 . R p— oo
< . . W B CoW B p'Tro)BHW —0.17,0.27
0% &) i(etDu o) (g*lg)  [~0.21,0.05 (;” . ot Dra) m“ e om
> ] _ C —VU.J4, U.
Oe Cope i(pTD ) (eyte) —0.21, 0.26 it it p D7) (¢ Dup) : :
< _ .
Oc(pll) cc(pll) i(goT DuSO)( s l) —0.11,0.13 four-fermion operator
(3) (3) TR o] a - O AN _
O Col (o' Dyrrep) (IyHr1l) —0.21, 0.05; 1 Cll ('y,,, )( Y ) [—0.16, 0.02]

Bounds from [SMEFit Collaboration '21]
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SMEFT entanglement deviations

L0 [T Cin
5

0.8

E ] 11.0

0.6

3 10.8

0.6

0.4

0.2

04 08 —-08—-04 0 04 0.8
cos ¢

ete” > WTW™

Ogoe changes Zegen vertex

e more ent. In central and backward H

1 .
(’)S(Ol) changes Zefe; vertex

® [ess ent. In central and backward H

O,w B changes TGC coupling

Oy, new Lorentz structure

e small effect
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SMEFT entanglement deviations

mww | TeV]

MWW [TGV]

—-08-04 0 04 08 —-0&-04 0 04 08
cos @ cos

—08 -04 0 04 08
cos 6/

Similar balance changes
for hadron collider.
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SMEFT entanglement deviations: Central region
mww = 500GeV cosfd =0

AA 0
= > U 2 %.
Agne

(.05

! [TeV—2

11
Coi

—0).5%

S Y

o

—1 %

e

-
e -———

-
_pd'

AT
v S0
+
iQ

| —0.05
Cpe [TV 7] ey} [Tev 7]

c [Tev 7]

Inear+squared dim-6 Linear dim-6
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EW boson production at colliders

‘/V-i-
WW: > A
W~
[/
A Z
A ——— -
h

/\’L\’\ . .

W/

414

~
I g
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EW boson production at colliders

—08—-04 0 04 08 —-08-04 0 04 08
cos 0 cos 0

Z Z

—0.8 =04 0
cos ¢

ete” = 77

0.4 0.8
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EW boson production at colliders ete” = 27

—08—-04 0 04 08 —-08—-04 0 04 08 —08—-04 0 04 08
cos B cos 6 cos @

Z me. — 0 Z

SMEFT just change the balance
between RH and LH couplings

g Z effects are reduced in pp — 424
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Perturbative Unitarity and Entanglement

The density matrix (and angular observables) are sensitive to new directions

| _
eTe” - WTW
(Al/\zla 5) SM EFT A—2: CWWW
+ — 00 —2v/2Gpm? sin @
I | 2v/2G pm?; sin 6
- — —\%Gpm%,v sin® 6 csc(0/2)
+ — - 3 - 21/4\/G pmyy sin 0 (4m?Z, 2% — m?2)
+ — 0+ - 3. 234 /G pm3, (£1 + cos ) x
+ — %0 - —3-23/4/Grm3,(F1 + cosb) x

— + 00 2v/2G p(m?% — m?,)sin 6
— + - 6 - 2/4/Grmw (m% — m?,)siné
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Perturbative Unitarity and Entanglement

The density matrix (and angular observables) are sensitive to new directions

| _
ete” - WTW
(Al/\zl(l ﬁ) SM EFT A2 : CWWW

+ —00 —2v/2G pm? sin 6 < >
| | 2v/2G pm?, sin 6 < >
- — A —\%Gpm%v sin® 6 csc*(6/2) < >
+ — - < > 3-2Y/4/Grmy sin 0 (4m?,22 — m%)
+ — 0= - < > —3- 23/4\/Gpm:€4/(__1 + cosf) x
+ — 40 . > —3.234/Gpm3, (F1 + cosh) x
— + 00 2v2G p(m%2 — m?,)sinf < >
— 4+ - < > 6 - 21/4\/Gpmw(m2Z — m3;,) sin @

~o

No interference! >  (Cross-section  A(Ow) ~ 0
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Perturbative Unitarity and Entanglement

(AiAsfap) SM EFT A™: cwww The spin-density matrix
+—00 —~2/2G pm sin 0 . has different helicity products
2v/2G pm?, sin 6 -
| | —%GFm%V sin® 6 csc* (9/2) N a1 (Ow) ~ by (Ow) =~ ew 25/1 cos®(8/2)(cosf + 3) csch,
1 — - —>  3.2Y4/Gpmy sinf (4m?%, 2% — m%)
+ -0+ : -3 2%/4/Grmijy (£1 + cos ) Entanglement Is sensitive
+ — %0 - —3- 2V Grmy (F1 +cosb) 2 to off-diagonal contractions
— + 00 2\/§Gp(m22 — m%v) sin 6 .
— 4 - 6 - 21/4\/G pmw (m% — m%,) sin 6 13 =~ 3w - 234 cos?(0/2)(3 cos 6 + 1) cot(0/2) z
Mo M5 _ |- Recovers the energy growth!
LM% ...
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Conclusions

SM induces maximal entanglement points/regions in ttbar

Purely linear interterence SMEFT effects vanish in these regions!
Quadratic interference decreases the entanglement at these points

Missing dim-8 linear interference and double-insertions at O(A™*)
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Conclusions

SM induces maximal entanglement points/regions in ttbar

Purely linear interterence SMEFT effects vanish in these regions!
Quadratic interference decreases the entanglement at these points
Missing dim-8 linear interference and double-insertions at O(A™*)

Diboson production: Quitrits Entanglement measures are more subtle

ete” > WHW—,pp » WTW~ and pp — WZ are sensitive to dim-6 modifications

while ete™ — ZZ and pp — ZZ are less (but potentially for dim-8)
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