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As a particle physicist, do
you ever think about
quantum mechanics?



As a particle physicist, do
you ever think about
quantum mechanics?

Shame on you...




What about guantum computing?



Use quantum computers to improve HEP techniques
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Use quantum computers to improve HEP techniques

Not today’s topic

Quantumr
accelera!



What about measuring
“quantum observables”™

a.k.a

Testing QM in a new energy
regime?



Why?

Why measure “quantum observables” at colliders?

Quantum at different length scales...

Ethan Simpson: Entangled in Tops



Why?

Why measure “quantum observables” at colliders?

Quantum mechanics
developed to describe
physics at this
length-scale
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Why?

Why measure “quantum observables” at colliders?

QM phenomena at

macroscopic scales:

« Quantum fluids
e Superconductivity

Harnessing QM:

* Quantum computing

10
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Why?

Why measure “quantum observables” at colliders?

It from qubit”. ..

« \What is the information-theoretic
structure of QFTs?

Is spacetime an emergent property of
gquantum entanglement?

Further reading:

 Simons Collaboration on Quantum Fields, Gravity and Information
» Spacetime from Entanglement

Ethan Simpson: Entangled in Tops


https://www.simonsfoundation.org/mathematics-physical-sciences/it-from-qubit/
https://www.annualreviews.org/docserver/fulltext/conmatphys/9/1/annurev-conmatphys-033117-054219.pdf?expires=1717534722&id=id&accname=guest&checksum=D5A8BB8460B5EC214F19D250699B90C7

Why?

Why measure “quantum observables” at colliders?

Does QM look different in QFT
regime?

Test “beyond QM”...

There’s more to life than (not)
finding New Physics

Can quantum observables
help us look for New Physics?

Ethan Simpson: Entangled in Tops



Quantum Entanglement

“the most characteristic trait of QM”



Quantum Entanglement

between quantum numbers.

internal degrees of freedom

You cannot write down a
description of one particle

without describing the other...

Ethan Simpson: Entangled in Tops



Measurement of the Entanglement of Two
Superconducting Qubits via State Tomography

MATTHIAS STEFFEN, M.}Al\fSMANN, RADOSLAW C. BIALCZAK, N. KATZ, ERIK LUCERO, R. MCDERMOTT, MATTHEW NEELJ Experimental determination Ofenta“glement With a
| single measurement

S. P. Walborn &3, P. H. Souto Ribeiro, L. Davidovich, F. Mintert & A. Buchleitner

Stabilized entanglement of massive mechanical {
oscillators
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& M. A. Sillanp&s ™ Temperature
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¥ Phys. Rev. Lett. 28, 938 — Published 3 April 1972

Observation of quantum Hawking radiation and its
entanglement in an analogue black hole

Jeff Steinhauer &

J PAPER - OPEN ACCESS

Entanglement in a qubit-qubit-tardigrade system

KS Lee®(2), Y P Tan, L H Nguyen', R P Budoyo?, K H Park?, C Hufnagel?, Y S Yap%3 (2,
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Experimental Test of Local Hidden-Variable Theories
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2022 Nobel Prize

Alaih Aspect John F. Clauser Anton Zeilinger

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

"for experiments with entangled photons, establishing the violation of
Bell inequalities and pioneering quantum information science”




CERNCOURIER e
high-energy physics

Physicsv | Technology~v Community~ @ In focus Magazine

STRONG INTERACTIONS | NEWS

Highest-energy observation of quantum
entanglement

29 September 2023

A report from the ATLAS experiment.

ATLAS preliminary
Vs=13TeV, 140 fb~ 1

--=- |limit (Powheg + Pythia8)
theory uncertainty

—-— limit (Powheg + Herwig7)
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Entanglement in HEP

Measurement of EPR-type flavour entanglement in Upsilon(4S)->B0 BObar decays

Flavour entanglement
(2007)

A. Go, A. Bay, et al. (for the Belle Collaboration)

Bell inequality is violated in B’ — J/¢ K*(892)" decays

M. Fabbrichesi?, R. Floreanini?, E. Gabrielli®»*%¢ and, and L. Marzola? f I
* INFN, Sezione di Trieste, Via Valerio 2, 1-84127 Trieste, Italy POIarlsatlon
b . . . . . .
Physics Department, University of Trieste, Strada Costiera 11, 1-34151 Trieste, Italy
¢ CERN, Theoretical Physics Department, Geneva, Switzerland and entanglement
4 Laboratory of High-Energy and Computational Physics, NICPB, Rivala 10, 101438 Tallinn, Estonia (20 23)
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Entanglement in HEP

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

ATLAS Collaboration . . .
Dileptonic top pairs
(2023)

Observation of quantum entanglement in top quark pair production in proton-proton
collisions at /s = 13 TeV

CMS Collaboration DileptoniC ’[Op pairS
(2024)

CMS-PAS-TOP-23-007
Measurements of polarization, spin correlations, and entanglement in top quark pairs using lepton+jets events from pp collisions at /s = 13 TeV

CMS Collaboration

Lepton + jets top pairs

(2024)

Ethan Simpson: Entangled in Tops 19



Strategy

1. Define a mathematical (QM) description of tt production

2. Condense description down into a single entanglement marker



Strategy

1. Define a mathematical (QM) description of tt production
2. Condense description down into a single entanglement marker
3. Measure an angular observable in tt data

4. Extract the entanglement marker from this angular distribution



Strategy

1. Define a mathematical (QM) description of tt production
2. Condense description down into a single entanglement marker
3. Measure an angular observable in tt data

4. Extract the entanglement marker from this angular distribution
5. Compare the measured value to a no-entanglement limit

6. Defend against claims this is “spin correlation window dressing”



The Top Quark



The Top Quark

We have produced Top Quark - @‘l
of top quarks at the LHC. » - g

Tops have several unique properties
which make them useful for quantum
information studies.

R A= iy
2. Decays weakly,

quickly
[CIF == :
Pokemor ' | AQ’A‘ /n 24
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tt production

In terms of density matrices

o o< 1T [Ff—>l_)ff X Rgg—)tf X Ft—)bff}
Decay Production Decay

Ethan Simpson: Entangled in Tops 25



tt production

In terms of density matrices

R=A+)> (Bfo'+B;5')+)» Cyo'c’
L Polarisations nJ Correlations
(of ndividual tops) (between tops’ spins)

Ethan Simpson: Entangled in Tops 26



Spin correlation measurements

History of tt spin measurements at the LHC

C FTTT | FTTT | TTTT | FTTT | TTTT I TTTTI | ITTT | TTTTI | T TTTT CMS 35'9 fb-1 (13 Tev)
S . ]
S 1L ATLAS Preliminary Inclusive B —* Data —+ POWHEGV2 + PYTHIA8
o s /s p . —=— NLO calculation —— MG5_aMC@NLO + PYTHIA8 [FxFx]
(b : =13 TeV, 36.11b : —<— NNLO calculation
g 1.4 B C.. |—|—.—H|l| 0.300 + 0.022 + 0.031
G i 1 i
8 1.2 ~ C, '_‘Iji_'o—H 0.081+ 0.023+ 0.023
D - . aa
'© B s N C H—e—  0.329+0.012+0.016
g 1 i i nn i
<ZD ;-o_ﬁ_-:._:F'ﬂ':ﬁ i -D HJH 0.237 + 0.007 £ 0.009
0.8 ;.—I_I_ — Powheg N 8
= — Powheg (C=0) | A rim” 0.167 +0.003 £ 0.010
0.65 -.-. MCFM (nlo) B ? . v
T ¢ Eﬁtl?esult - Ay, H'_-ﬁ_'M 0.103 + 0.003 + 0.007
L N . I v
O 4 _l (I | L 111 | 111 | L1111 | 1111 | 111 | 1111 | L1111 | L1l | L1 I_ result + (Stat) t (SVSt)
0 010203040506 070809 1 | N T o
0 0.1 0.2 0.3 0.4 0.5
Parton level A¢(I",I)/m [rad/x] Spin correlation coefficient/asymmetry
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Accessing Top Spin

Decays so quickly, spin information retained

Production Lifetime Hadronisation Spin decorr.
1 1 1 m(?)
— << — << <<
m(1) I'(2) Aocp Agcp
~1027s ~10-5s ~1024s ~1022s

Weak decay does something magic...

+
The spin w

information of
the quark. .. + [T ...controls (on average)

the direction of the
decay product

Ethan Simpson: Entangled in Tops
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Ql Theory



Quantum States

Pure quantum system: | p—
vector in a Hilbert space

DAVRY fREE /O;

=3 anlon) S

quantum system:
density operator in Hilbert space

P = an |¢n> <¢n‘

Ethan Simpson: Entangled in Tops
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Old Friend

We can and the
density matrix for tt production!

R=A+) (Bfo'+B ")+ 20—305‘7

t Polarisations %3 Correlations
(of individual +ops) (between tops’ spins)

Mathematical properties of the density
matrix reveal aspects of the quantum state.

(“The unreasonable effectiveness of
mathematics” - Wigner)

Ethan Simpson: Entangled in Tops



Entanglement

Is the density matrix factorisable?

P Z Wy, pL R P WE'RE

INSEPARABLE PARTNERS

if density_matrix.separable == False:

state.entangled = True

Ethan Simpson: Entangled in Tops 32



Entanglement

Is the density matrix factorisable?

P Z Wy, pL R P WE'RE

INSEPARABLE PARTNERS

if density_matrix.separable == False:
state.entangled = True

uantum Separability Problem: Determining whether an arbitrary
density matrix is separable is in general NP-hard [arxiv:0303055].

Ethan Simpson: Entangled in Tops 33


https://arxiv.org/abs/quant-ph/0303055

Concurrence conuales of the

A measure of how entangled density matrix)

y C) | oW stqtistics -
Io.s . | arger jet uncertainties

* Driven by subdominant qg

* High statistics
* Driven by dominant gg

Ethan Simpson: Entangled in Tops 34



Peres-Horodecki

Alternative entanglement definition

Quantum entanglement

Ryszard Horodecki ! Pawet Horodecki ® Michat Horodecki !, Karol Horodecki 12

L Institute of Theoretical Physics and Astrophysics University of Gdarisk, 80-952 Gdarisk, Poland
2 Faculty of Mathematics, Physics and Computer Science University of Gdarisk, 80-952 Gdarisk, Poland and
3 Faculty of Applied Physics and Mathematics, Technical University of Gdarisk, 80-952 Gdarisk, Poland
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Peres-Horodecki

Alternative entanglement definition

Quantum entanglement

Ryszard Horodecki ! Pawet Horodecki ® Michat Horodecki !, Karol Horodecki 12

! Institute of Theoretical Physics and Astrophysics University of Gdarisk, 80-952 Gdarisk, Poland
2 Faculty of Mathematics, Physics and Computer Science University of Gdarisk, 80-952 Gdarisk, Poland and
3 Faculty of Applied Physics and Mathematics, Technical University of Gdarisk, 80-952 Gdarisk, Poland

Perform linear algebra
operations transpose T,
one of the subsystems P — P

Do we still have a density matrix

after this operation?
It so, state is not entangled...

Ethan Simpson: Entangled in Tops



Peres-Horodecki

A measure of how entangled?

1+ Bf + By + Cs3 B[ +C31 —i(By + C33) Bi + Ci13 —i(By + Ca3) C11 — Caa — i(Cr2 + Ca1) |
By + Cs31 +i(By + Cs2) 1+Bf —B; —Cs3 Ci1+Co+i(Ci2a — Co1) B —Ci3 —i(BS — Cas)
B + C13 +i(Bf + Ca3) Ci1 + Cog +i(Ca1 — C12) 1 — B + By — Cs3 BT — C31 —i(By; — Cs2)
i Ci11 — Coyy + i(CQl + 012) Bf_ — 013 —+ ’I,(B;_ — C23) Bl_ — 031 + Z(B2_ — C32) 1— B;_ — B3_ + C33

IS separable?

AE — Cnn = |Cr'r =+ Ckk‘ > 1

Ethan Simpson: Entangled in Tops 31



Peres-Horodecki

Accessing experimentally

Threshold (Singlet)

1

1 D < ——

D = § (Cnn + Ckk + Cfrr) 3
High-mass (Triplet) 1
. 1 D > —
D = — (Cnn — Crr . Ckk) 3

3
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Peres-Horodecki

Accessing experimentally

1
D:§(011—|—022—|—033) DS—%

D can be extracted from a single angular distribution:

Leptons boosted
into their parent 1 do
top’s frame

;dcosgp D = —3<COS 90>

COS QL 39
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Summary

» tt production is described by a density matrix.
» Entanglement is non-separability of the density matrix

» Measure entanglement through one angular observable, D.

40



ATLAS Measurement



Selections

* 1electron and 1 muon
* 2jets, at least b-tagged

-1.0

— LO Analytical
- - MadGraph +MadSpin

400

Ethan Simpson: Entangled in Tops
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600

760 860 900
]MQA(}e\/]

1000
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Signal / Background

535O>_—<J'O:'5I"'I"'I"'I"'"'I"'I"'I"'I"-':

§ - ATLAS Internal ¢ g?t? .

| | | c 300k VS=13TeV,1401" ™= Si6 syst emor —

Modelled using MC simulation: S Siomal  Emwe .
: 2 o5l @ Drell-Yan =

* Powheg (hvq) + Pythia8 s L Backgrounds E&TSO" -

° Powhe (th> +Herwig/ . 200 gas?Powhe + Herwig72)

. Povvhe§ (bb4l) + Pythiag8 - Al signals {Z war ool ok 5
150 —

1001~ =

Background - :

. . 50— —

Backgrounds are estimated using - .

. . —
simulation. -

. . ‘o o :

Fake lepton prediction modified o 1_+_‘__+__*_+_*_+_+
using a data-driven scale factor. § 68660402 0 02 04 06 08 1

Cos(0) 4
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Dileptonic Reconstruction

t=b+e/u"

...I1s challenging because of MET.
Several techniques exist to solve.

Ethan Simpson: Entangled in Tops 44



Dileptonic Reconstruction

t=b+e/u"

...I1s challenging because of MET.
Several techniques exist to solve.

Primary technique: Ellipse Method

Alternative techniques: aenon L -
» NeutrinoWeighter IHAT Th ELLps 1
* Simple kinematic matching N

45



Data-Simulation Comparison

£ S LN LN RN RN RN RN RN RN R 01 a
L%BOOOO:_ATLAS Prelimnary ¢ Data g
V5= 18Tev, 1405 OO O 0125 Distortion from detector
so000f= <M <TGV — powy (ooa) " ol effects (resolution,
B Background
400003 Total uncertainty O o6 acce pta Nnce )
30000 |0 The agreement is decent
1oz for the distribution.
20000F :
oouok Jo22 Tension in the mean.
{-0.24
0
<§ 1.2 1 §
S 08 I m o
8 7080604020 02040608 055

Reconstructed coseo 46
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Calibration Curve

Correct measured value of D to truth

Different hypotheses of
truth- and reco-D, derived
from simulation.

SWM prediction

7 )

R Altervative hypotheses

Interpolate to give variation.

Truth-level D

Reconstructed D

Ethan Simpson: Entangled in Tops



. = T HACKING THE .~
Calibration Curve E L

Generate alternative hypotheses

— -20% reweighting

Apply a per-event < [ ATAS SmuatonPreiminay -

: : - : > b Vs=13Tev,140fg'  — nomina B
re_Welghtlng Of the S|mU|at|On! % 1 o= 340 <m(ff) < 380 GeV -60% reweighting ~ _7]
< — -40% reweighting E

1 =

— +20% reweighting

w = f(m, cos g, K)

0.6
1

Choose such that -

|E|||I|||||||Iu|

i

. . . . . O Loy v bv v by v by v v by v g v v by v by g o |
distribution remains linear 515 B
1%—1
Y
Scaling parameter £ -1 -08-06-04-02 0 02 04 06 08 1
COS @
48
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Calibration Curve

Parameterise variation in D

Different hypotheses of
truth- and reco-D, derived
from simulation.

SWM prediction

7 )

R Altervative hypotheses

Interpolate to give variation.

Truth-level D

Reconstructed D

Ethan Simpson: Entangled in Tops



Calibration Curve

Parameterise variation in D

Systematic-shifted SM
prediction

: |

Systematic-shifted
~— alternative hypotheses

Truth-level D

Systematics build different
calibration curves.

Reconstructed D =0

Ethan Simpson: Entangled in Tops



Calibration Curve

Parameterise variation in D

Truth-level D

Combine all systematics to
build nominal curve +
uncertainty band.

Reconstructed D =

Ethan Simpson: Entangled in Tops



Calibration Curve

Parameterise variation in D

Truth-level D

Map measured D to truth.
Reconstructed D -,

Ethan Simpson: Entangled in Tops



Calibration Curve

No-entanglement limit

Higher level of entanglement
than predicted in simulation

Particle-level D

_IIIIIIIIIIIIIIIIII|IIIlIII|III|III~

041 Total Uncertainty -
- ATELAS Statistical Uncertainty’
- {s=13TeV, 140 b’ e Data :
0.2 - 340 < mg< 380 GeV m Reweighting points |

e Powheg + Pythia8
----- Entanglement limit

----------------------------------------------------------------------------

-0.6 - -

—IIII|III|III|IIIIIIIIIIIIIIIIIIIIIIIA

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 —-0.04
Detector-level D

Ethan Simpson: Entangled in Tops
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Particle-level D

ATLAS |
/s=13TeV, 140 fb'
® n
....................... _ ®
T VR1 VR2
i I —.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) 1
O B Theory Uncertainty
- @ Data 1
@® Powheg + Pythia8 (hvq) |
é B Powheg + Herwig7 (hvq)
340 <m;; < 380 380 < m;; < 500 mg > 500

Particle-level Invariant Mass Range [GeV]
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o4l ATLAS
| /s=13TeV, 140 fb’

Simulation

. . ()]
predictions dO N I Agreement

not agree [ VR1 Vi"yBBl in VRs

H —.— Limit (Powheg + Herwig7) .

---- Limit (Powheg + Pythia8) 1

, O mmm Theory Uncertainty -

Predictions -0.5 @ Data -_

: i @ Powheg + Pythia8 (hvq) |

underestimate | ® B Fonhog + Horwig? (hwa) |

d ata 0.6 340 < myz < 380 380 <my <500 my > 500

Particle-level Invariant Mass Range [GeV] 55



Results

Mapping limit to particle-level

Map entanglement limit using | N
calibration curves oap ATLAS Freliminary Som
' - /s=13TeV, 140 fo’!
We derive a separate mapping for both Bl + -
Pythia and Herwig parton showers. S . ®
> -0.3f
b e
& o4 . i
Our systematic model is built | . o (oo v )
around Pythia, therefore only 05| elvelincitosidl
iInclude uncertainties on the | ¢ & FounegrPyiiad (va)
Pyth|a bOUﬂd. ~0 340 <m(tt) <380 380 <m(tt) <500 m(tt) > 500

Ethan Simpson: Entangled in Tops

Invariant Mass Range [GeV]
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Why Particle-Level?

Extrapolation to parton-level incurs huge parton shower uncertainty

:.(_2 E I I I T l I T I I ‘ T ! T I T I T E . - I I I I I : —
S 0.09 = —— Powheg+Pythia 8 = g 008 —— P8 default —
5 ; - > - i
= 0.08 - —+— Powheg+Herwig 7 — g 007 [ —— PHy default =
= - 3 Q - 7
B 0.07 — E — E
5 : E 0.06 - E
0.06 = = 0.05 —
0.05 o — ¥ ]
0.04 - ATLAS Simulation = 0.04 — —
0'03 - Vs=13TeV, particle level - 0.03 - R
0.02 = 3 0.02 £ =
0.01 3 0.01 f— _f
1_065”“| |_ 9
':Ef 1.04 = E 1.04 i_ —i
0>: 1.02 = _‘_l_l E o 102 ;— —;
5 | = 3 ;é 1E
c% 0.98 — —= 0.98
0.96 = | | | — 0.96 —
0.94 - — - - 94 E | | |
_1 _0.5 O 0.5 1 [¢) 94 L | | -0.5 | | | 5 | 0.5 | | | | L
cos @, my; < 380 GeV cos( phi ) inclusive, parton level
Large difference at particle-level No difference at parton-level

Ethan Simpson: Entangled in Tops
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Systematic Uncertainties

Modelling dominates, like in other precision top-quark measurements

Signal modelling biggest limitation

Source of uncertainty ADgpserved(D = —0.537) !D [P]  ADexpected(D = —0.470)  AD [ég

Signal modeling 0.017 0.015

Electrons 0.002 0.4 0.002 0.4

Muons 0.001 0.2 0.001 0.1 . .

Jets 0.004 0.7 0.004 0.8 T VOPQ@&]+‘ ov of Spiv

b-tagging 0.002 0.4 0.002 0.4 1 _F 1

Pile-up < 0.001 < 0.1 < 0.001 <0.1 l V] O V‘VM ﬂl‘H OV]

Ems 0.002 0.4 0.002 0.4 . . S

Backgrounds 0.005 0.9 0.005 11 Systematic uncertainty source Relative size (for SM D value)

— - Top-quark deca 1.6%

Total statistical uncertainty 0.002 0.3 0.002 0.4 m on function 1.2%

Total systematic uncertainty 0.019 3.5 0.017 3.6 Recoil scheme 1.1%

Total uncertainty 0.019 3.5 0.017 3.6 Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
hgamp setting 0.1%

(A
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Particle-level D

Common Questions

How reliable are the simulation predictions?

| ATLAS Preliminary é..
- /s =13TeV, 140 b
| X
ST _ ®
-,
H ---- Limit (Powheg + Pythia8) |
PY Theory uncertainty
—-— Limit (Powheg + Herwig7) |
@ Data
é @ Powheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq) |
340 <m(tt) <380 380 <m(it) <500 m(tt) > 500

Invariant Mass Range [GeV]

Derived from general-purpose MC
event generators (powerful and
widely used).

« Lack full spin info in shower
* Lack higher-order corrections to
top quark decays

Future: build systematic
model built arounad

something like bb4/

Ethan Simpson: Entangled in Tops 59


https://cds.cern.ch/record/2792254/files/ATL-PHYS-PUB-2021-042.pdf

Sources of mis-modelling

Bound state

NLO EW

tf, LHC13, NNPDF3.0 _;
0.1 Fewach - HBR(020)/QCD — = 1)
0.05 F 2 o8 | P — j
N = i ]
0 :——Q:&—-————--———-————--——-—T g 0.6

I I T 04 [ aq — s,
0 1000 2000 3000 0_2:_ o
m(tf) [GeV] = r

335 340 345 350 355 360 365 370 375 380

M [GeV]

Cross-section enhancement near threshold in both cases.

Ethan Simpson: Entangled in Tops
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Bound States

Simple toponium model

_ | SM Fixed-Order
2401.08/751 consider a bouno —03] ¢ cy=0.2
pseudo-scalar decaying to an L e
: ~0.4 t ¢y=0.
on-shell top-quark pair
~0.5 AN
& 00000 [ Q06 /
tA> — —(1)— < —0.71
E 00000 t .
Toponium model
B , LHC 13TeV
mt
330 333 336 339 342 345
Mppar [GeV] 61
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https://arxiv.org/pdf/2401.08751.pdf

Summary of Arguments

The does not strongly depend on agreement
between data and simulation, as shown.

The of the simulation is limited because of:

* Discrepancies pbetween predictions understood to arise
from difference in parton showers.

- Discrepancy between data and simulation thought to ﬁh@g@@ﬂ
arise from missing effects. hope you learmed.
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CMS Measurements



CMS has two measurements of
entanglement

In the dilepton channel,
re-observe entanglement at threshold

In the lepton+jets channel, observe
entanglement at high mass

64


http://cds.cern.ch/record/2900633/files/TOP-23-007-pas.pdf?version=1

Dilepton Measurement

. . L CMS Preliminary 35.9 fo-1 (13 TeV)
Probing entanglement in top quark production with the LN BUCAAEE NLRAY  WRSALNANLN ITALERELERE
CMS detector — Entanglement Threshold
&+ Data
&+ POWHEGv2+PYTHIAS8
The CMS Collaboration ¢+ MG5_aMC@NLO+PYTHIAS [FxFx]
- POWHEGv2+HERWIG
0000 (tt only) 345 < m(tt) <400 GeV
« Only use 2016 data .
@)

« Use all OS dilepton channels ;

o)
‘0-489i838§g —H——+

Invariant mass window

[345,400] GeV k-
 Additional kinematic cuts to 04TBNEE e -
’[arget gg—fUSion result + (total)

o, e, Wil W, W TR |/
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
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Dilepton Toponium

CMS.Pr?I{mir.’ar}./. I I35.|9|f|9‘|1 (13 TeV)
¢ |ﬂC|Ude d mOdel Of tOpOnlum — Erlltanglemelnt Threshlold | |
: . . +&+ Data
bound-state in the simulation o POWHEGY2LPYTHIAS
4 MG5_aMC@NLO+PYTHIAS8 [FxFx]

. _ : -/ POWHEGV2+HERWIG

Data MC tenSIOn reduced 0000 (tt only) 345 < m(tt) < 400 GeV

when toponium effects 00< <09

included o

o
-0.48973038 |+ o 4+

* Superior bound-state
modelling should appear .

soon... -0.4787003% ——e—

9|qeledas

result + (total)

RS  SH T H ST S N SN S SNNTHN NNNY HON SO SRTANN NNVAN (T S
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D
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Single-lepton Method

« Uses a DNN to reconstruct « Simultaneous binned likelihood fit to
the top quarks extract all spin parameters

. 138 fb™' (13 TeV)

10 - Dat ft t '
S ECMS o cbuiets o iiing  mmtnoneco. « Reweight MC templates to reco-level
o 10 B tt non e/u-jets © Single t
P 5 B EW B Multijet
= 10 Uncertainty
© 15
- St =Zo+ Y QnZ

10* tot — <0 + Qm m:

10° m=1

2 59.7 o' (13 TeV)
10 2 S T Data tt
§10' 3 g,mf;m,y tf"'"" s i gen: 400 < m(tf) < 500 GeV, 0.4 < |cos(6)| < 0.7 | tfgep: 800 < m(tf) < 900 GeV, 0.4 < |cos(8)| < 0.7
w postfit Single t I MultijetVEW
10 0-04-0.7-1 Uncertainty
ofdeosol | |
- 10° ¢ ' ' [ e stene "““"";““..

_ 1.4 Postfit T rF :
*('U' 9 12 - s —_— A—— p— ORI p—
O o 1 Vs e are s rymairs e P . ) . 1.4 : ;

£ 1 o o i e A R '* ....... ﬁ”i ”!w jr ] L H

0.6 =y i e s e o — gg‘ | | - 1
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Single-lepton Results

Threshold High-mass
Not enough significance for First observation
evidence
CMS Ppreliminary 138 b (13 TeV) CMS  Preliminary 138 o' (13 TeV)
Q T Separable states T Q LE & Data
< - 3.5(4.4)c 1.6(2.8)c ~ -~ — Powheg+P8
O 0351 O o9 .. Powheg+H7
+ Y S ' osE MG5+P8
O _og4af O F - MINNLO+P8
+ : I 07 :_ { """""""""" l """"""""""
OE T . OE 06 %:7:T:f:T:7:T:T:T:T:T:T:T:T:T:f:T:T:T:T:
= 045 — ¢ Data =~ o050
I|I - — Powheg+P8 z£ TE
a -os- Fowheg 7 041 6.1(5.5)c 4.0(3.6)c
- . ---MINNLO+P8 0.3 | Separable states |
pT(t) <50 GeV m(tt) < 400 GeV m(tt) > 800 GeV m(tt) > 1000 GeV
Icos(0)l < 0.4 lcos(0)l < 0.4
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Single-lepton Space- vs time-like separated

Excluding classical explanation

Time

e Fraction of events with space-like separation increases with m,;

time-like|distances

e What is the maximum value of A that can still be
explained by non-quantum communication (v < ¢)?
e time-like separated events: AEmax=3 (C;=1)
e space-like separated events: AE sep = 1

space-like distances

Space

e The boundary of critical entanglement (A _,iicq1)
is defined for a given fraction f of space-like
separated events as:

_ CMS  preliminary 138 fb™ (13 TeV)
O§ 2.2 $ Data
AE crit = fAE sep + (1 - f)AE max + - — Powheg+P8 - 1 -
Ot 18 Z_ """ AE crit I
Observed A exceeds toepE T
AE critical by >50 cl? 1.4 f_ ‘/ )
= 5.4(4.1
<1”'I 1.2 | b e \-(...)-6/
— level of observed entanglement C
. . C 3.5(4.4)c 16.7(5.6)o
cannot be explained by classical 1 1 1
exchange of information between Separable states
the two particles ! m(tt) > 800 GeV
t) <50 GeV
P8 lcos(6)l < 0.4
49
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Beyond Entanglement

Bell-type tests in tt production,
using special observables

Testing Bell inequalities at the LHC with top-quark pairs
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(Dated: October 28, 2021)
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Beyond Top Quarks

Testing entanglement and Bell inequalities in H — ZZ Isolating semi-leptonic H — WW™* decays for Bell inequality
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Ql 4 BSM

QI observables can probe and constrain New Physics

8,1)
O( ,
' T ' T ' T ' T T i Qq
1 _— pp) OtG -_ -=-- linear 0.02 }
""" quadratic B+ B,
0.8 F 1 e 2 —— B+ B
i | ci/A* =0.7/TeV = 0.00 °
ci/A? = —0.7/TeV? c nn
'—0.6 F- O —0.02 e — Crr
o — Clk
§—0.04 Cri + Cyr
o — A* /3
&= =
5 -0.06 A~ /3
—-0.08!
el 5 ~2 I © 1 2 =
0O 02 04 06 08 1 cBU[A=1TeV]

p

SMEFT operators alter amount of entanglement, not nature of entanglement.




Post-decay entanglement? Beyond Quantum Mechanics?
Decoherence?

General Probabilistic Theories

2307.06991

2308.07412 Objective Collapse Models

Py, ' o M Q-data Tests

Electrons before and after they e (s > P
notice the detector

mUT

74
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Conclusions

Particle-level D

First observation of entanglement at LHC
First observation of entanglement between free quarks

| ATLAS éom
/'s=13TeV, 140 fb'
X
_______________________ ®
=
H —.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8)
o B Theory Uncertainty
@ Data
@ Powheg + Pythia8 (hvq)
§ [ Powheg + Herwig7 (hvq)
340 < m; <380 380 < my < 500 m > 500

Particle-level Invariant Mass Range [GeV]

CMS Preliminary
S e

35.9 fb~' (13 TeV)

T T T T
Entanglement Threshold

Data

POWHEGv2+PYTHIA8
MG5_aMC@NLO+PYTHIAS8 [FxFx]
POWHEGvV2+HERWIG

0000 (tt only) 345 < m(tt) < 400 GeV

I

0.0<3<0.9
o)
e}
o
—0-489f828§g —H——+
[
[}
]
0478 e

result + (total)

9|geJedas

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

-0.30
D
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Conclusions

First observation of entanglement at LHC

First observation of entanglement between free quarks

Separability of density matrix:
measure through marker D.

Extract D from angular

distribution: standard di-leptonic

techniques. Motivates improvements to
modelling tools
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Thank You

“Spooky action at a distance” is
alive and well at the LHC!

o’



Auxiliary Materials



Dilepton Alternative Entanglement Hypotheses

CMIS[Prel/:n?iqaryl . |35.‘9|ﬂ‘3‘|‘ (13 TeV)
 (Generate simulation with no £ 12000 :
" ' 2 i ] i
spin correlations " 10000} —
- 345 <m(tt) <400 GeV —
« Weighted combination of B000f 0.0<F<09 !
1 g b 1 ' bR i £ ]
spin-on” and “spin-off 6000 [ | -
: . - — —— 0% No Spin Corr.
samples yields changes in D 4000F —— +50% No Spin Corr.
g —— +100% No Spin Corr. -
2000} —— -50% No Spin Corr. |
I -100% No Spin Corr. ]
O— ol e
: : S5 105f 1S
(ATLAS used MC reweighting) = — \ ;
x1&0.75 E
T o066 035 00 033 o066 1
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Dilepton Entanglement Marker

CMS Prel/m/nary 35 9fb~' (13 TeV)

e E | o dt Iat ¢ 60000 R AL AEALA))
mp Oy inne emD dale g [ ] tt+Z/W B ), signal - tt signal

profile likelihood fit g 50000 £ Diboson - =2 Snalet 7 Sal@Syst -

o i ]

1 40000} N

« Based on MC templates

« D at parton-level

- 0.0<3<0.9

20000}

10000
. 0 ! L T [ L l =
(ATLAS corrected to particle- Brost e Cren
level using a calibration curve) ;:gg’ ********* ik
| 1 — |0|66| | IO||33| | O|O | 0|33 | 066 | I‘IO
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Common Questions

Is this just another spin correlation measurement?

The observable is a measure of spin
correlation...

but is also a genuine entanglement

marker, a real quantum observable.

Experimental highlights
Never been done in this phase-space. sl o
Developed refined analysis techniques L
Window Dressing
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Many issues are exacerbated by the narrow phase-space:
Resolution of top reconstruction not good enough.
Unfolding procedures biased.

Larger discrepancies in parton showers
Simulation lacks complete description

At the limit of what we can
do in such a tight phase-

space region?
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Particle-level D

Common Questions

_o0.1| ATLAS Preliminary @.
- /s=13TeV, 140 fb
-0.2}
ﬁ ]
-0.3}
FESSSSSSESSSSSSSsssss=s=
-0.4 ]
H ---- Limit (Powheg + Pythia8) |
PY Theory uncertainty
05 —-— Limit (Powheg + Herwig7) |
' @ Data
@® Powheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq) |
0.6 340 <m(ff) <380 380 <m(tf) <500 m(tf) > 500

How reliable is the calibration curve method?

Invariant Mass Range [GeV]

The correction contains a full
suite of uncertainties, like all
ATLAS Top analyses.

We understand our detector
response extremely well.

The detector responds the same way
to Pythia and to Herwig simulation.
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Common Questions

How reliable is the calibration curve method?

QO

O

5 Herwig

E calibration

= curve

| -

|_

uncertainty Pythia

calibration
curve

between SM

Discrepancy I
predictions

Reconstructed D 84
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Measurements of Spin Correlations

Many precision measurements of spin parameters in the past

CMS 35.9 o' (13 TeV)
—e— Data —— POWHEGV2 + PYTHIAS8
—=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx]
—%— NNLO calculation
. Tr|C] 1
ckk H_.ﬁ_| 0.300 + 0.022 + 0.031 D (C _I_ C _|_ C )
e p— _ —
N 11 22 33
C, 0.081+ 0.023 + 0.023 3 3
v
C H-e—  0.329+0.012+0.016 . . .
& ; View as an average spin correlation
-D e 0.237 +0.007 + 0.009
gy
A:':a(?S(p on"* 0.167 +0.003+ 0.010
FUE
A HeH 0.103 +0.003 + 0.007
1Ag,| e
result + (stat) + (syst)
| | | | | | | | | | | | I | | | | | | | |

0 0.1 0.2 0.3 0.4 0.5
Spin correlation coefficient/asymmetry



Unfolding

Correct detector effects back to underlying truth

For comparison to predictions and other experimental results.

Many techniques available: tried Iterative

vvvvvvvvvvvvvvvvvv

A o=

. . = . ATLAS Internal . i
Bayesian Unfolding E 1150 —— Nominal .
it = 3 B —— stressed 5% ]
8 - —— stressed 10% 8
. o 1.10 —— stressed 15%
Must check procedure for bias... £ i
1,051 | -
Recons truction E -
/ \ 100 : -
g i z | - ]
= e © - 0.95— 4
T F T o § N ]
DA 1000 i | ]
Detector response Physics di>tribzl’;:rl:;:mmy 090 __ ——

(detector-level) (particle-levey

-1.0 -0.5 0.0 0.5 1.0

\ tataliiog / Cosq)



Unfolding Efforts

Parameterise variation in the detector effects on D.

Alter the slope of the cos-

£ B ' 1 £ i ' ' ]
p h | d |Str| b Utl on S 115 N ATLAS Internal ——— Nominal i E 115 ;ATLAS Intemal Nominal _
~ i —— stressed5% | 3 - — stressed 5% ]
3 : — stressed 10% | 8 - — stressed 10%
S 1101 —— stressed 15% | © 1.10- —— stressed 15% |
. g B stressed -10% | 5 E stressed -10% E
Unfold the distorted B ] I :
1.05]- -4 105 : -
result [ ! : .
1.00 = : : !H!-J!_- _____ L T 1.00:— —————————————— ==
[ ki 0.95 = -
Compare unfolded to SR ! ; :
truth 0.90— i 0.90[— | | 2
o5, 05 00 05 1.0 -1.0 -0.5 0.0 0.5 1.0

cosd cos¢



Modelling Uncertainties

tt modelling near threshold has large impact on precision.

Systematic uncertainty source

Relative size (for SM D value)

Top-quark decay

Parton distribution function
Recoil scheme

Final-state radiation

Scale uncertainties

NNLO reweighting

pThard setting

Top-quark mass
Initial-state radiation
Parton shower and hadronization
hdamp setting

1.6%
1.2%
1.1%
1.1%
1.1%
1.1%
0.8%
0.7%
0.2%
0.2%
0.1%

How heavy-resonance decays
and spin correlations are
treated

Small because correction
to particle-level.



QI-HEP Hype

Papers per Year by Category

16 ™M LHC-specific Papers
All HEP Papers

14 A

12 A

10 1

Number of Papers

2020 2021 2022 2023
Year
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Updates > Briefing >

discovered entanglement entanglement
between a pair of top quarks

Magazine | Latest¥ | Peo(

physicsworld | a

Physics Briefing

physics results.
top quark

NewsScientist

ATLAS achieves highest-energy detection of quantum
entanglement

28 September 2023 | By ATLAS Collaboration

Quantum entanglement is one of the most astonishing properties of quantum mechanics.
If two particles are entangled, the state of one particle cannot be described independently
from the other. This is a unique property of the quantum world and forms a crucial
difference between classical and quantum theories of physics. It is so important, the 2022
Nobel Prize in Physics was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger
"for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science".

7 N\
(D) (s @

News Features Newsletters Podcasts Video Comment Culture Crosswords | This week's magazine

Health Space Physics Technology Environment Mind Humans Life Mathematics Chemistry Earth Society

Physics

Large Hadron Collider turned into

b
entanglem

world's biggest quantum experiment

Physicists have used the famous particle smasher to investigate the strange phenomen:
guantum entanglement at far higher energies than ever before

25

Ru Alav \Willkine

= IFISLIENCE

LATEST TRENDING HUMANS HEALTH & MEDICINE NATURE SPACE & PHYSICS

Subscribe today for our Weekly Newsletter in your inbox! { SUBSCRIBE TODAY ]

&3 SPACE AND PHYSICS & PHYsICS PUBLISHED September 29, 2023

Highest-Energy Detection Of Quantum
Entanglement Achieved Yet

The energy scale is a thousand billion times higher than typical laboratory experiments.

DR. ALFREDO CARPINETI N
DOWNLOAD PDF VERSION

Senior Staff Writer & Space
Correspondent 360 Shares

Ethan Simpson: En®&

nt between a

- A c [
P QUANTUMMNEW ® RitRE @H&E K Setection
of quantum entanglement by ATLAS at CERN!

QUANTUM | RESEARCH UPDATE

Quantum entanglement observed in top quarks

11 Oct 2023

R 2
top quark entanglement

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)

STRONG INTERACTIONS

Highest-energy observation of quantum
entanglement

29 September 2023

A report from the ATLAS experiment.

ATLAS preliminary
Vs=13TeV,140fb~*

¢ s

o New-issue alert: sign up ©
today

limit (Powheg + Pythia8)
B theory uncertainty
—-= limit (Powheg + Herwig7)
® @® data
@ Powheg + Pythia8 (hvq)
¢ B Powheg + Herwig7 (hva)

particle-level D

340<m(tt)<380 340<m(tt)<500
invariant mass range [GeV]

m(tt)>500




Angular Observables

Measure spin parameters through angular observables.

* Top spins determine W helicities.

. . e . C _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII |
V\(hel|.<:|t|es correlate with decay product S | ATLAS Prelminary Inclusive §
directions ® [ Vs=13TeV,36.11b"

O 1.4 .
S i
+ S F ]
1.2F ——
l ’ C] @ 1
W™ g’ £ T e -
Y 5 e |
; . il :
t < 0-8_—4'_,_1_ — Powheg -
= — Powheg (C=0) -
- --.MCFM (nlo) 1
0.6r ¢ Data
- -- Fit result .
N A I v |IIII|IIII|IIII|IIII|IIII|IIII
b 046102705 04 0506 0.7 08 0.9 1

Parton level A¢(I",l')/x [rad/x]



Why Particle-Level?

Extrapolation to parton-level incurs huge parton shower uncertainty

:.(_2 E I I I T l I T I I ‘ T ! T I T I T E . - I I I I I : —
S 0.09 = —— Powheg+Pythia 8 = g 008 —— P8 default —
5 ; - > - i
= 0.08 - —+— Powheg+Herwig 7 — g 007 [ —— PHy default =
= - 3 Q - 7
B 0.07 — E — E
5 : E 0.06 - E
0.06 = = 0.05 —
0.05 o — ¥ ]
0.04 - ATLAS Simulation = 0.04 — —
0'03 - Vs=13TeV, particle level - 0.03 - R
0.02 = 3 0.02 £ =
0.01 3 0.01 f— _f
1_065”“| |_ 9
':Ef 1.04 = E 1.04 i_ —i
0>: 1.02 = _‘_l_l E o 102 ;— —;
5 | = 3 ;é 1E
c% 0.98 — —= 0.98
0.96 = | | | — 0.96 —
0.94 - — - - 94 E | | |
_1 _0.5 O 0.5 1 [¢) 94 L | | -0.5 | | | 5 | 0.5 | | | | L
cos @, my; < 380 GeV cos( phi ) inclusive, parton level
Large difference at particle-level No difference at parton-level
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Why Particle-Level?

Extrapolation to parton-level incurs huge parton shower uncertainty

. -
- . b
{ - i : g .
- : % ] [ ", 4 = 2
. 5 BTt LI Y 1
1 : b 30
i e i B e 2
g s T -
' P ey
’ y
i = 3 - 3 !
T ¢ = SF = S 1
E
B

SHOWERPROBLEMS

RRa—
e
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Problems with the shower

A parton shower models QCD Dipole-ordered vs angular-ordered
radiation from hard partons

I I I T | I T I I | I T I

—+— Herwig 7 LO Dipole shower
—+— Herwig 7 LO Angular shower

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Arbitrary units

ATLAS Internal Simulation
Vs = 13 TeV, particle level

1.06
@ 1.04
o
38 1.02
9 |
3
2098
0.96
0.94

I|III III|III|III|IIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| II|I

|

| | | | | I |
-0.5 0 0.5

Evolves by stepping through some cos ¢, My < 380 GeV
ordering parameter.

- III||II||II |II||II||I ||III|||II||III|||II||II |||III||III||III|IIII|I

- III|I
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Top Quark Production

In general, the spin information can be accessed through the decay
products of tops
Two factors come to our aid:
* The short lifetime of the top reduces probability that other effects will

wash out spin information.

* The chiral structure of the weak interaction mean constrains the

helicities of the decay products, eventually leading to a correlation
between the flight of the decay products and the initial spin
information.



"New Physics” in HEP-Q

* In this context, we have to be slightly careful about what new physics
is e.g Is new physics affecting the quantum state?

* Can we test “beyond-quantum” theories e.g. general probabilistic
theories: seek deviations from unitarity and linearity. Apparently so,
Bell-type tests probe these things.

* EFTs not necessarily probing this.

* |s EFT just changing spin correlations. This does amount to changing
entanglement?



1—K~D(mt;)cosga
W = .

1 — D (m,;) cos ¢



Werner States

* Werner states can exhibit entanglement (non-separability) but no Bell
nonlocality.

* Werner states have the minimum amount of quantum uncertainty.
* To test Bell nonlocality, need to do a Bell test.

* This whole study assumes that the states are quantum, in the Bell
nonlocal sense.



