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Big Picture

Entanglement is a correlation between two qubits
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Big Picture

e Entfanglement is a correlation between two qubits

decay Top quark collision Anti-top quark decay

e Let the top and anti-top be qubits, perform the same quantum experiments!

o  Measuring entanglement (ATLAS has done this already!)
o  Looking for Bell inequality violation



Big Picture
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Entanglement between a pair of top quarks

lulia Georgescu &

Nature Reviews Physics 6, 85 (2024) | Cite this article

212 Accesses | 3 Altmetric | Metrics

Entanglement is a purely quantum phenomenon that has been studied extensively in low-
energy systems to explore the foundations of quantum mechanics and for applications in
quantum technologies. Would entanglement manifest at very high energies, in a relativistic
regime with exotic interactions and symmetries? There is no reason to suspect that it

wouldn’t, but so far there has not been any experiment able to test this assumption. Now, the

QUANTUM | RESEARCH UPDATE

Quantum entanglement observed in top quarks

11 Oct 2023

Top result: An artist's impression of top-quark entanglement. The line between the particles emphasizes the
non-separability of the top-quark pair, which is produced by LHC collisions and recorded by ATLAS.
(Courtesy: Daniel Dominguez/CERN)




Quantum Mechanics: States

e Quantum state [¢)) is a vector in Hilbert space
e Example: spin-2 has two states

W) =al1)+614)=al+0) = (§)

® Anobservable Ais a = (| Aly)

e Example: observable o,

(Ulo=|¢) = |al* - |8]*

spin-up = +]

spin-down = -1



Quantum Mechanics: States

e Braket formalism only for pure states
e Generally, for mixed states requires a density matrix p = |¢) (1
e Anobservable Ais @ = tr(pA)
e Example: 1 »
[¥) = <0) —»> = (1 0) - (r(po.) =1
00
L 11
) = ( “?) > p= <_21 f) > tr(po.) =0
V) 2 2

e A mixed statfe is p = Zp,,;p,,; Zp,,- =1



Quantum Mechanics: States

e Qubit state can be decomposed

p == Iy + bo;)

[\/lb—\

e State described by b, b,, b,

17 P
e Example:

(10
o (0 o) (b, b, b,) =(0,0,1)

1 1
— [ 2. T2
P = (—% ) ( b-|l o1 3) = ('11 O/ O)
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Quantum Mechanics: States

Bipartite qubit system is two qubits

Label two sub-systems as A and B

1) = [1a) @ |¥g)

Common basis:

Example:

) = a]00) + BI01) +7]10) + 5]11) =

1
) = %IOO

(@)

\%)

1
>+ﬁlll>
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Quantum Mechanics: States

e Density matrix for two qubits is 4 x 4

o E le: 1 !
Xxampile /8 8 8 8\ From state:
B L
1 nn 1
\1 001

e Decomposition for two qubits:

1 _
p:i(lg‘-l-BjO"i@IQ-l-Bi IQ®0'7j+C,jj0'.,j®0'j)

)
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Quantum Mechanics: States

1 _
,0:1(]:_1'1'BT+O',(X)IQ‘FB2 IQ®0'71+OgjO'.i_®O'j)

+ . -
B, Polarization vector of qubit A

A

~ .

Polarization vector of qubit B

Spin correlation matrix

e Example: 0 Lo o
Bj_ — Bz_ - 0 C,'J': 0—10
100} 0 00 1
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Quantum Mechanics: Entanglement

e Einstein's “spooky action at a distance”
e Can only describe sub-system A with knowledge of sub-system B
e By contrast, a separable state can be written

V) = |[Ya) @ |¥p)

separable entangled

[4) =100) = 10) ® |0) ) = %I()O) + %\ID

e Entfangled is non-separable
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Quantum Mechanics: Entanglement

e Given a state, how to tell if it's entangled?

e Compute concurrence C[/}] = O (separable)

= 1 (maximally entangled)

e For pure states C[,D] = \/2(1 — tra(p))

partial trace

e Two qubits has a closed-form solution Wootters guant-ph/9709029

(even for mixed states)
15


https://arxiv.org/abs/quant-ph/9709029

Quantum Mechanics: Entanglement

e Given a state, how to tell if it's entangled?
Peres quant-ph/9604005

e Positive Partial Transpose (PPT) Horodecki, Horodecki, Horodecki quant-ph/9605038

e Apply transpose to sub-system B to form pTB

If pTB is a valid state => separable

If pTB is not a valid state => entangled

e State is non-negative operator (all eigenvalues >= 0)
o list of inequalities

o >= 1 inequality violated means entangled
16


https://arxiv.org/abs/quant-ph/9604005
https://arxiv.org/abs/quant-ph/9605038

Quantum Mechanics: Bell’s Inequality ol 106
e

e An inequality that is satisfied by all local theories (including hidden variable
theories) Tive Mabel Prize fn Phvel

JohhrF. Clauser Anfrérn Zeilinger

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

e “for experiments with entangled photons, establishing the violation of Bell
inequalities and pioneering quantum information science.” 17



Quantum Mechanics: Bell's Inequality

e For two qubits the Clauser-Horne-Shimony-Holt (CHSH) inequality is

detector

e Example:

(A1B1) — (A1Bo) + (AsB1) + (AsBo)| < 2

VNV

Al = Oy
By = o,

source

(A1B1) = tr|(0,: ® 0y)p)

Clauser, Horne, Shimony, Holt, 1969

VWV

detector

5
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Quantum Mechanics: Bell's Inequality
Clauser, Horne, Shimony, Holt, 1969

e For two qubits the Clauser-Horne-Shimony-Holt (CHSH) inequality is

(A1B1) — (A1Bo) + (AsB1) + (AsBo)| < 2

detector detector

AC T VW[ o wAANW\%<§%

Ay = _
B,=o. (A1B2)=trl(o.®o0:)p]

< 19

|
S

e Example:



Quantum Mechanics: Bell's Inequality
Clauser, Horne, Shimony, Holt, 1969

e For two qubits the Clauser-Horne-Shimony-Holt (CHSH) inequality is

(A1B1) — (A1Bo) + (AsB1) + (AsBo)| < 2

e Assemble measurements and test inequality
e Example: Al = 0, <0'J X o. > = tr[(aw X 03)’[)]

e Depends on choices of A and B. ,

20



Collider Physics

e Cross-section for two-body scattering
F(XY = AB) = / S Y M(XY - AB)aaM (XY — AB)y,
initial gb,ab

e Average over initial spin, colors, etc.
e Sum over final spins, colors, etc.

e Leave final spins unsummed

Rya= > M(XY = AB)uaM* (XY — AB)y;,

initial
e Production spin density matrix (4 x 4 matrix for two spin-/2 outgoing particles)

21



Collider Physics

e Same formalism applies to decays

Fab = M(A =Dy a1a2a3)aM*(A —% a1a2as)b,

<
S

e Decay spin density matrix (2 x 2 matrix for spin-/2 particle)

©
o
&
S
N
0
&
S
o
S~
(9)

e Consider one of the decay products ¢

polarization
1 dI' 1
FdCOSH 2 (1+ |B|KU COSH ) Mother A
Spin analyzing Daughter a,

power 22



Collider Physics

e Spin analyzing power quantifies how spin of mother is preserved by direction
distribution of daughter
e Example: top decays

Spin Analyzer Power

lepton/down-quark | 1.00 (Lepton is maximally correlated)

neutrino/up-quark | -0.34

b-quark or W F0.40
soft-quark 0.50 (For hadronic decays, cannot
optimal hadronic 0.64 distinguish jets) Mother A

Daughter a,
Tweedie 1401.3021


https://arxiv.org/abs/1401.3021

Collider Physics

e Decay angle distribution determined by spins of (mother) particles

Rest frame of A Rest frame of B

A OB

ol

1 d*o 1 A pAOA B pBOB A BOA B
;dzg.A(pQB = (477)2 (1+zz:("5 Bz' Qz‘ + K Bz' Qi)+§;n K Qz’ Ciij 9
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Collider Physics

e While individual spins not measured, can statistically measure
e Measuring angles of decay products will measure the parameters B, and Cij

x10° CMS 359 (13 TeV)

~— 80 T . . . .
S | +paa Mhoter Mz+ets] ® Can reconstruct the full production spin density matrix
o ol Mttsignal [lSinglet [ |Other |

b— | | «10° _CMS 359 b (13 Tev) x10° _CMS 359" (13 TeV)

GCJ L 4 EEO + Data [ttother  [Z+jets ESO + Data [Mttother [ Z+jets

> L 5 i 2 col Mttsignal [@Singlet [JOther % co[ Mttsignal [@Singlet []Other

W 40r ] 2 2

1 %
[=]n Qla
X g é X
T 05 0 05 1 -1 05 0 05 1 T 05 0 05 1
costcose} cos6fcos6), cos6fcose)
«10° _CMS 359 b (13 TeV) 359 (13 TeV) «10°_CMS 35.9 " (13 TeV)
4 MS ] T 4 T T

T
t Data [Mttother  [MZ+jets
Mttsignal [ISinglet [ ]Other

T
Mttother  [Z+ets

+ Data Mttother  [MZ+jets

Events /0.1
Events /0.1

AN\

-1 05 0 05 —
cos0; cosb,

Data
Pred.

-1 0.

CMS 1907.03729 T T

5 0 05 1 -1 05 0 05 1
cos67cose},+cosecose) c0s6//cos0;+cose); cose) 25



https://arxiv.org/abs/1907.03729

Collider Physics

CMS 35.9 fb' (13 TeV)
—— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation —¥— MG5_aMC@NLO + PYTHIAS [FxFx]
—— NNLO calculation
c e+ 0.300 + 0.022 + 0.031
kk b
e
[
C. H—e—Hi 0.081+0.023+0.023
r b
o
C,., He—H  0329:0.012+0.016
M
D - 0.237 £ 0.007 +0.009
|,‘_1
-l @H” 0.167 +0.003 + 0.010
¢ gl
.
A Fd 0.103 +0.003 + 0.007
o, L
result + (stat) = (syst)
1 | | 1 I | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | | 1
0.1 0.2 0.3 0.4 0.5

Spin correlation coefficient/asymmetry

CMS 1907.03729

Che
components of spin correlation

C , C are diagonal
rr nn

matrix

D=(%)(C,+C +C )
Will show that D measures
entanglement

CMS found that there was no
entanglement
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https://arxiv.org/abs/1907.03729

Phenomenolo
gy Afik, de Nova 2003.02280

e Afik and de Nova described formalism to go from spin correlations to a
quantum state for top-antitop system

e Qubit A = spin of top

e Qubit B = spin of anti-top
:§“w< >“< e Each phase space point is a different
g i g _— : quanfum state

o Invariant mass TTlf;
o  Scattering angle @

e When using a fixed basis, can integrate
over phase space for a total quantum state

27


https://arxiv.org/abs/2003.02280

Phenomenology

Afik, de Nova 2003.02280

e Production spin density matrix for gg — ¢t identified with quantum density matrix

Pag(miz, 0)
e Similar for initial state gg — tt

/)gg('fm/tfa 0)

Clpggl —>

M;|GeV|
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https://arxiv.org/abs/2003.02280

Phenomenology

Afik, de Nova 2003.02280

e Production spin density matrix for gg — ¢t identified with quantum density matrix

paa(me, )
e Similar for initial state gg — tt

/)gg(’m/tfa 0)

Clpgg) —>
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https://arxiv.org/abs/2003.02280

Phenomenology

e Total quantum state is a mixed state
Pt = PggPgg T PgiPqq

e Concurrence in ttbar system is

—1-3D
C[PD,] =

2

e D < -V5(entangled), D>-%; (separable), where D is

e Angle between lepton and anti-lepton
e Trace of spin correlation matrix

Afik, de Nova 2003.02280

30


https://arxiv.org/abs/2003.02280

Phenomenolo
gy Afik, de Nova 2003.02280

e Parton-level study

? separable
Q 1 * entangled

-0.6}

—-0.8}
— LO Analytical
- - MadGraph +MadSpin
_10 i | 1 | L L
400 500 600 700 800 900 1000

Mtf[GeV]


https://arxiv.org/abs/2003.02280

Cheng, Han, ML 2311.09166
Afik, de Nova 2203.05582

Phenomenology

e Spin quantization axis (basis) matters for quantum states

e Beamline basis (x, y, z) leads to quantum state
e Helicity basis (k, r, n) leads to fictitious state
e Fictitious states still show there exists

entanglement but the measured value is not
meaningful

32


https://arxiv.org/abs/2203.05582
https://arxiv.org/abs/2311.09166

Phenomenology

Fabbrichesi, Floreanini, Panizzo 2102.11883
Severi, Boschi, Maltoni, Sioli 2110.10112

e Bell inequality violation measured via spin correlation matrix

my+ me > 1
The ™ are the 1st and 2nd eigenvalues of C
This is the optimal choice of A, and B. ,
e Better to fix A, , and B. , rather than optimizing
\/§| _Crr+cnn| <

e Studies found just less than 20 for 3 ab’

o

2,
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https://arxiv.org/abs/2102.11883
https://arxiv.org/abs/2110.10112

Phenomenolo
gy Aguilar-Saavedra, Casas 2205.00542

e Rather than measuring full spin correlation matrix and extracting the relevant
entries, can select observable direcily related to combination

1 1
90+=§(90a+90b), 90—=§(90a—90b)-
l do B 1 agp | C11 + Cao 052 N Ci11 — Oy 082
odpido_  2m2 ' 32 2 P R
—|——Cl2 _; O sin 2¢p4 + —021 ; Gb sin 24,0_] )

e Reduces uncertainty by ~30%

34


https://arxiv.org/abs/2205.00542

Semi-Leptonic Channel

Han, ML, Wu 2205.00542

e Leptonic channel benefits from lepton spin analyzing power

e Semi-leptonic channel benefits from more events

Spin Analyzer Power
Top Pair Branching Fractions
lepton/down-quark 1.00
"alljets" 46%
oxanali neutrino/up-quark | -0.34
b-quark or W F0.40
ttjets 15%
soft-quark 0.50
optimal hadronic 0.64

utjets 15%

i e+jets 15% )
"dileptons" "lepton+jets”

Tweedie 1401.3021
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https://arxiv.org/abs/2205.00542
https://arxiv.org/abs/1401.3021

Semi-Leptonic Channel

Han, ML, Wu 2205.00542

Measuring the concurrence

Oont.anglocl + AC

Want to keep Ccntanglcd as large as possible and AC as small as possible

B Rscrni —leptonic

BRieptoni
‘ptonic
AC’semi—lcptonic = \/ AC’lcptoni(-

= (038) Aclcptonic

But Ccnt.anglcd is lower for hadronic decay rather than leptonic decay
Csemi—loptonic — (0-64)Cleptonic

Naively expect the semi-leptonic channel is 60% better

36


https://arxiv.org/abs/2205.00542

Semi-Leptonic Channel
Han, ML, Wu 2205.00542

10%3_ Concurrence (Parton-level) ] 10%' Concurrence (Reconstructed)
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https://arxiv.org/abs/2205.00542

Semi-Leptonic Channel
Han, ML, Wu 2205.00542

. CHSH violation (Parton-level) | . CHSH violation (Reconstructed)
"4/s =13 TeV
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https://arxiv.org/abs/2205.00542

Leptonic Channel

Particle-level D

04| ATLAS ol
/s=13TeV, 140 fbt'
-0.2
X
....................... § ®
-0.3f
e e
-0.4 - ia7) |
[ | —-— Limit (Powheg + Herwig7)
---- Limit (Powheg + Pythia8)
. eory Uncertainty
[ Theory Uncertaint
-0.5 @ Data
@ Powheg + Pythia8 (hvq)
é B Powheg + Herwig7 (hvq)
-0.6
340 < myg <380 380 < my < 500 mg > 500

Particle-level Invariant Mass Range [GeV]

ATLAS 2311.07288
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https://arxiv.org/abs/2311.07288

Summary
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5 =13 T
g & o
g s
€2 “\v« A
) e
= S
1
100 1000 2000 3000
L @™

Semi-Leptonic Channel

Quantum Review

My|GeV]

04 0.6
20

Phenomenology

Collider Review

40



Outlook

ATLAS has measured entanglement in leptonic top-anti-top events
Semi-leptonic should be more sensitive, but has not been measured yet
Still awaiting CMS measurement

(Experimental to do): Bell inequality measurements in top-anti-top
(Experimental to do): Other channels: H to ZZ, etc.

Other quantum correlations?

Novel quantum experiments?

41



Back-Up: Signal Regions
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Back-Up: Reconstruction
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Back-Up: Entanglement

. € Nparton 2C . .

Parton-level || Efficiency (13 gpfb—l) (Individual) () (Direct) Precision
Threshold 0.16 1.26 x 106 0.518 £0.010 0.522 % 0.008 1.6%
Boosted 0.13 1.15 x 10° 0.576 £0.032 0.566 % 0.027 4.8%
Ndetected 2C ..

Reconstructed (139 fb_l) (Individual) () (st Precision
Threshold 1.26 x 108 0.523 +0.033 0.522 £ 0.016 3.0%
Boosted 1.15 x 10° 0.549 +0.084 0.552 £ 0.052 9.5%
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Back-Up: Bell Inequality Violation

Parton-level || Efficiency eNpartfn o B~v2 . S_igniﬁcance ~

(300fb~!) (Individual)  (Direct) (300fb~1)  (3000fb~1)

Weak 0.080 6280 0.22£0.11 0.22:+0.10 2.20 7.00

Strong 0.078 4127 0.26 +£0.14 0.25+0.12 2.00 6.40

Reconstructed Nactected B=y2 Significance

(300fb~1) (Individual)  (Direct) || (300fb~1') (3000fb~1)

Weak 6280 0.23+0.18 0.22+0.22 1.30 4.10

Strong 4127 0.27+£0.22 0.254+0.28 1.20 3.80

45



