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Entanglement at Colliders

=+ Entanglement is the characteristic trait of Quantum Mechanics. [Schrodinger, MPCPS '35 |

= Nobel Prize in Physics 2022: A. Aspect, J.F. Clauser, and A. Zeilinger

=+ High Energy Physics = new path to test entanglement

first proposals: Tornqvist, FoP '81; Abel, Dittmar, Dreiner, PLB '92

¢ Currently: first observation of spin entanglement in tt pairs [ATLAS-CONF-2023-069]
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What about entanglement in massive spin-1 particles?

Barr et al., PLB 2022, Quantum 2022, JHEP 2023; Fabbrichesi et al., EPJC 2023; Aguilar-Saavedra, PRD 2023; Aguilar-Saavedra et al., PRD 2023

How would new physics affect entanglement at high-energies?

for tt: Aoude, E.M., Maltoni, Mantani, PRD 2022; Severi, Vryonidou, JHEP 2023; Fabbrichesi, Floreani, Gabrielli, EPJC 2023
for h — V' V™: Fabbrichesi, Floreani, Gabrielli, Marzola, arXiv:2304.02403 [hep-ph]

—> SMEFT
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< We cannot prepare the state

observation of many pp collision events =  mixed state

<» We cannot measure spin directly

Spln reCOHStI’UCtIOH 'FI’Om decay prOdUCtS [for massive spin-1: Ashby-Pickering, Barr, Wierzchucka, JHEP 2023 ]

eg. W~ — (v = W~ has helicity —1 in lepton direction
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Entanglement in Weak Boson Pairs

massive spin-1 particle — 3 polarizations —> qutrit bipartite system
< bipartite system: H=Hi@HB
¢ separable state: V) =|¥),®|¥); = not entangled

otherwise — entangled
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Entanglement in Weak Boson Pairs

massive spin-1 particle — 3 polarizations —> qutrit bipartite system
<> bipartite system: H=Ha®Hp
: separable state: U) =|¥),®|¥); = not entangled
otherwise — entangled

s for statistical ensemble: p= Zpk W) (| = Zpk Dk
L pr > 0, Z,\.p/\. =1, trpp =1
entangled if p # % ® pf
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Spin Density Matrix and Fano Decomposition

R matrix:
Oéloéz B1B2 — ZL|S Z 'MalﬁlMZQﬁQ Maﬁ = <V(k17 ) <k27 )|T|IS>
DOFs (excl.
FS spin)
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Spin Density Matrix and Fano Decomposition

o+ R matrix:
041042 B1B2 — Z L|S Z /\/l(w MOQBQ Jf\/l(\,'f — <"<]11 Q )‘77<]‘2 3> ‘T‘ |S>
DOFs (excl.
FS spin) matrix element
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Spin Density Matrix and Fano Decomposition

< R matrix:
g average over IS DOFs, sum over FS DOFs (except spin)
Oéloéz B1B2 — ZL|S Z Malﬁl agﬁg Maﬁ = <V(k17 ) <k27 )|T|IS>
DOFs (excl.
FS spin)
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Spin Density Matrix and Fano Decomposition

R matrix:
luminosity function

0410425152 ZLB Z MalﬁlMagﬁg Ma5:<v(k17 ) <k27 )|T|IS>

DOFS (excl.
FS spin)
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Spin Density Matrix and Fano Decomposition

o+ R matrix;

0410425152 ZL|S Z MalﬁlMagﬁg Ma5:<v(k17 ) <k27 )|T|IS>

DOFs (excl.
FS spin)
do 5}
E = ()_LF—ZPA tr R(S k)
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Spin Density Matrix and Fano Decomposition

o+ R matrix;

0410425152 ZL|S Z MalﬁlMagﬁg Ma5:<v(k17 ) <k27 )|T|IS>

DOFs (excl.
FS spin)

do I}
9 PR3k
0 Garzs TSR

x spin density matrix:

R 1

—E-glel+s ZalA @I+ < Zb I® A +ZZCU>\ ® A

=1 jl i=1j5=1

p=
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Spin Density Matrix and Fano Decomposition

o+ R matrix;

0410425152 ZL|S Z MalﬁlMagﬁg Ma5:<v(k17 ) <k27 )|T|IS>

DOFs (excl.
FS spin)
do 6]
—=——t 5,k
19~ Ganzs TREK)
<+ spin density matrix: 80 Fano coefficients
R 1 s { s 4 8 8 ¥
p= — eI+ = Z(z)x@l[—i- Z ]I®/\j+zz(f,;/>\i®)\j
R 9 i=1 g 1 i=1j=1
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[Horodecki, Horodecki, Horodecki, Horodeck, RMP 2009]

Q u a nt um Wit n esses [Ashby-Pickering, Barr, Wierzchucka, JHEP 2022]

2+ Concurrence: C(p) = inf [ZpZC(|\IfZ>)] . C(|¥)) = \/2 (1 - trA[(trB |0 (0| )2} )

* 0<C(p) < C(p) > 0 = entangled

2
V3
® for qutrits: analytically calculable only for pure states

— provide lower and upper bound: (Cig(p))* < (C(p))* < (Cus(p))?
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Q u a nt um Wit n esses [Ashby-Pickering, Barr, Wierzchucka, JHEP 2022]

o Concurrence: C(p) = inf lZpiCﬂ\IfZ))] . C(v)) = \/2 (1= tral(trp [W)(])?])

* 0<C(p) < C(p) > 0 = entangled

2
V3
® for qutrits: analytically calculable only for pure states

— provide lower and upper bound: (Cig(p))* < (C(p))* < (Cus(p))?

o Purity: P(p) = tr[p?], N

< P(p) <1, P(p)=1= pure state

O
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o Purity: P(p) = tr[p?], < P(p) <1, P(p)=1=> pure state

O

& Bell inequality: (B)max = max (tr (p UTeVHB(U® V))) <2 (CGLMP inequality)

2
B — = (»5,1' ® b‘J‘ + b‘l/ ‘/>§ ASV;,/> + )\4 ‘/?/ /\4 + /\f’) ‘X‘ /\f“) [Collins et al., PRL 2002, Kaszlikowski et al., PRA 2002 ]
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SMEFT corrections

SM + dim-6 operators:

1
Lsverr = Ly + > PO 43000 4 D x

Ad—4

We include dim-6 and dim-6 squared contributions to a;, b;, ¢;;, C, P, (B)max, €tc.

7/ 10


https://doi.org/10.1007/JHEP11(2021)089

SMEFT corrections

SM + dim-6 operators:

1
Lsverr = Ly + > PO 43000 4 D x

Ad—4

We include dim-6 and dim-6 squared contributions to a;, b;, ¢;;, C, P, (B)max, €tc.

Operator Coefficient Definition 95 % CL bounds
e
Opu Cou i(¢T D) (iyHu) [—0.17,0.14]
e —
Opd Cod i(¢T Do) (dyHd) [—0.07,0.09]
ol @ (o1D gyt Tl —0.21,0.05
®q Ceq 1(‘10 uTI‘P)(QV T q) [—0.21,0.05]
Ow cw erggWL,W7vew ke [-0.18,0.22]

95% CL bounds in TeV~2 from [SMEFIT, JHEP 2021]
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SMEFT effects in pp — WTW~
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SMEFT effects in pp — WTW~
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Central High-Energy Region (pp — W ™)

20%

: Modification of entanglement

A ar mostly due to tr R, i.e.

oF R balance of the IS channels
- _ —20%

I .+ Different directions can be

E o — probed at a lepton collider

<o '=. (or if we could single out one
2 | IS channel)

7 01E 2 %25 2

:; 0 ¥

6—(].1

T -
—005 0 005 —02 —01 0
Coa [TeV] ) [Tev-?)



Conclusion

< weak boson pairs produced at the LHC are entangled in large part of the phase space
<+ highest entanglement: high-energy forward region

o+ EFT effects can modify the entanglement pattern

— entanglement-related observables can be used to probe new physics
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Thank you for your attention!
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[Horodecki, Horodecki, Horodecki, Horodeck, RMP 2009]

CO n C U rre n Ce [Ashby-Pickering, Barr, Wierzchucka, JHEP 2022]

—inf S ac(u|. C09) = 20— a9 )]
C(p) > 0 = entangled

2 for 3 x 3: analytically calculable only for pure states

— provide lower and upper bound: (Cig(p))* < (C(p))* < (Cus(p))®

(Ce(p))® = 2max (0, tr[p”] — tr((pa)?, tr[p®) = tx[(pp)?])  paym = trsalp)
4

8 8
:_9+§max (_zzag+zb§ > _zzzﬂ> 8y @
=1 j=1 =

i,7=1

(Cus(p))* = 2min (1 —tr[(pa)?], 1— tr[(pB)Q]) = ;L — 4 min (Z a?, Zb?)

=1 7=1


https://doi.org/10.1103/RevModPhys.81.865
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Dimension-6 Operators

Definition 95% CL Definition 95% CL
two-fermion operators bosonic operators
Cou i((pTBMgo) (tryHu) [-0.17,0.14]  ew e WL W PWER [-0.18,0.22]
coa  ile!Dug)(dy'd)  [~0.07,0.09] Cor (go*go - )W“”Wf [—0.15,0.30]
1 . -

ESI : Z(gD Uiy qz [7006,0.22] CoB (SDhP — ”22)BWB!“’ [0.11,0.11]
cpq ("D, Tr0) (g Tlg)  [-0.21,0.05]

coe  i(p!Dup)(Eyte)  [-0.21,0.26] W (lrre)B*W,,  [-0.17,0.27]
RO ~<¢TBM¢> (') [=0.11,013] _C¢D (P'DHo) 1 (¢T D) [-0.52,0.43]
Cs(j) (SOTDMTISD) (Iy#r11)  [-0.21,0.05] four-fermion operator

cu (Iyul) (1y#0) [~0.16,0.02]

95% CL bounds in TeV~2 from [SMEFIT, JHEP 2021]
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Electron-Positron Collider
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Quantum Tomography for Massive Spin-1 (W1 ™) [morcens e |
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Entanglement in tt

“ top has spin % — qubit _01| ATLAS Preliminary é..
/s =13 TeV, 140 fb™!
— concurrence can be
. -0.2¢
calculated analytically ; n
ol °
- a>) _03,
& concurrence directly related to 2 ™ ——
differential cross-section £
& _o4f
1 do. 1 u ---- Limit (Powheg + Pythia8)
_ _ I Theory uncertainty
o d CcOS 2 (1 D cos 80) 05 L —— Limit (Powheg + Herwig7) |
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[Afik, de Nova, EPJ+ 2020, Quantum 2022, PRL 2022 ]
[ATLAS-CONF-2023-069]


https://doi.org/10.1140/epjp/s13360-021-01902-1
https://doi.org/10.22331/q-2022-09-29-820
https://doi.org/10.1103/PhysRevLett.130.221801
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