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ﬁelgome to the Quantum Year‘

S Celebrating entanglement
B:.envenue dans V'année quantique ! -




Interesting physics # ‘new’ physics + beyond-SM physics

EDITORS' SUGGESTION
First Search for Light Dark Matter in
the Neutrino Fog with XENONNT

E. Aprile et ol. (XENOMN Collaboration)

Phys. Rew. Lett. 134, 111802 (2025) - Published 20
March, 2025

Bounds on GeV-scale dark matter are placed for
the first time in the range of parameter space
effected by the neutrino fog.

Show Abstract

EDITORS' SUGGESTION
Entanglement as a Probe of
Hadronization

Jaydeep Datta, Abhay Deshpande, Dmitri E.
Kharzeev, Charles Joseph Naim, and
Zhoudunming Tu

Phys. Rev. Lett. 134, 111902 (2025) - Published 19
March, 2025

The entropy of hadrons produced within highly
energetic jets can be related to the
fragmentation function if the initial quarks and
gluons in the jets are maximally entangled.

EDITORS' SUGGESTION
How to identify the dead cone in the top-
quark jet

Stefan Kluth, Wolfgang Ochs, and Redamy Perez-Ramos

Phys. Rev. D 113, 114048 (2026) - Published 26 June, 2026

The dead cone is the angular region about the momentum
direction of a heavy quark in which QCD radiation is
suppressed. While well-studied and even experimentally
validated for bottom quarks, observing the dead cone for the
most massive quark, the top, is exceedingly subtle because of
its nearly immediate decay. The authors present a thorough
study of the dead cone for top quarks, and establish technigues
that can be used to isolate this intriguing effect from the
physics of its decay.

Show Abstract ~

EDITORS' SUGGESTION

Constraining neutrino-nucleon form factors
with charged-current scattering at the
Electron-Ion Collider

Guang Yang and Praveen Kumar

Phys. Rev. D 113, 116031 (2026) - Published 22 June, 2026

This study investigates the potential of electron-proton
scattering at the Electron-Ion Collider to constrain the
neutrino-nucleon axial form factor with unprecedented
precision. By exploiting a free-proton target, the proposed
measurements largely avoid nuclear-model uncertainties and
offer a promising avenue for advancing the precision frontier of
neutrino interaction physics.

Show Abstract ~ 2



Some of the old problems are amongst the deepest. ..

1935: Einstein-Podolsky-Rosen

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EinstEIN, B. PoporLsky AND N. RosSEN, Inusiitute for Advanced Study, Princeton, New Jersey
{Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in
quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality.

* Einstein-Podolsky-Rosen were famously uncomfortable

with quantum entanglement and suggested Quantum
Mechanics was not a complete description

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.

A. Einstein B. Podolky N. Rosen
Einstein—Podolsky—Rosen paradox




Quantum Entanglement Timeline

1935: Einstein-Podolsky-Rosen
1950: Wu-Shaknov Experiment

* The first experiment on quantum entanglement

* The angular correlation of two Compton-scattered photons

Ny,
Nal(Tl) counters
T Detectors of scattered pho\tons a / (1) \
ZZNa
N,
P

o o
"o

u GAGG Plastic scatterer/‘ u

Wu-Shaknov Experiment A

p."“
N, ]
'Compton
scatterer Intermediate
scatterer



https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136

Quantum Entanglement Timeline

1935: Einstein-Podolsky-Rosen
1950: Wu-Shaknov
1964: Bell’'s Theorem

They are experimentally accessible |

* Predictions of QM incompatible
with any “local” theory

* Gedanken experiment for
demonstrating Q nonlocality

J.S. Bell ‘On the Einstein Podolsky Rosen paradox’ (1964)

5




Quantum Entanglement Timeline

1935: Einstein-Podolsky-Rosen
1950: Wu-Shaknov

1964: Bell's Theorem

1969: Clauser-Horne-Shimony-Holt

* Realistic proposal for a Bell experiment

~ B )

John Clauser used calcium atoms that could emit entangled photons after he had illuminated them with a special light.

He set up a filter on either side to measure the photons’ polarisation. After a series of measurements, he was able to
show they violated a Bell inequality. 6



Hidden Variables vs. Quantum Entanglement

Classical
physics

nobelprize.org



Hidden Variables vs. Quantum Entanglement

HIDDEN VARIABLES ‘@

Quantum
physics

nobelprize.org



Experiment of Bell’s Inequality

« Experiment of Bell’s inequality

Detector

settings:

b, and b,

Measurements:

1

2
3
4

Analyzer 2 Analyzer |

Detector
Detector 2 Source Detector )
5:0 >' settings:
-Z.._..
a, and a,
Apparatus Apporatus
2 |

number of times both Alice measures + and Bob measures +
number of times both Alice measures + and Bob measures -
number of times both Alice measures - and Bob measures +

number of times both Alice measures - and Bob measures -
9



Experiment of Bell’s Inequality

« Experiment of Bell’s inequality

Analyzer 2 Analyzer |

Detector Detector
- Dt tor 2 Source Detector )
settings: il >| settings:
-z.._..
b, and b, a, and a,
Apparatus Apporutus
2 |

Measurements:

Ntt+ N~ —Nt——-—N*

E =

N+t +N-—+ Nt + N+

E=-1 E=0 E=+1

Fully anti-correlated Uncorrelated Fully correlated

10



Experiment of Bell’s Inequality

« Experiment of Bell’s inequality

Bell 1964
Clauser, Horne, Shimony, Holt 1969

Clauser, Horne 1974

Measurements:

|E11 — E1g+ Eo1 + Ep| <2

All classical theories satisfy this inequality

Quantum theories can satisfy this inequality

Bell local state

Or quantum theories can violate this inequality

Bell nonlocal state

11



Quantum Entanglement Timeline

1935: Einstein-Podolsky-Rosen
1950: Wu-Shaknov

1964: Bell's Theorem

1969: Clauser-Horne-Shimony-Holt

1980s: Experiments by Aspect, Clauser i~ iowe st

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

* The experiment using entangled photons
S =k — Eio+ Eo + E

* Clear violation of Bell’s inequality
=2.697+0,015.

ex pt

* Excellent agreement with quantum mechanics predictio Som=2.70+0,05,

12



Quantum Entanglement Timeline

1935: Einstein-Podolsky-Rosen

1950: Wu-Shaknov

1964: Bell's Theorem

1969: Clauser-Horne-Shimony-Holt
1980s: Experiments by Aspect, Clauser

2020-2026: Entanglement measurement at colliders

Entanglement with microscopic
quantum units: pairs or

Macroscopic multiple ions, atoms,
entanglement photons.... LHC

S R

meV eV KeV MeV GeV TeV

13



Entanglement measurement at Colliders

Letter Published: 06 May 2019

Polarization and entanglement in baryon-antibaryon
pair production in electron-positron annihilation

The BESII Collaboration ¢ Entangled dOUble
baryons AA system

Nature Physics 15, 631-634 (2019) | Cite this article

8157 Accesses | 190 Citations | 63 Altmetric | Metrics

CP violation

Article  Open access = Published: 01 June 2022

Probing CP symmetry and weak phases with
entangled double-strange baryons

The BESII Collaboration

Nature 606, 64—69 (2022) | Cite this article

37k Accesses | 82 Citations | 86 Altmetric | Metrics
14




Entanglement measurement at Colliders

Nature P

8157 Ac

A

PAPER - OPEN ACCESS

Observation of quantum entanglement in top quark pair
production in proton—proton collisions at 1/s = 13 TeV

The CMS Collaboration

Published 23 October 2024 - © CERN, for the benefit of the CMS Collaboration
Reports on Progress in Physics, Volume 87, Number 11

Citation The CMS Collaboration 2024 Rep. Prog. Phys. 87 117801

DOI 10.1088/1361-6633/ad7e4d

* Entangled double
baryons AA system

Article | Open access | Published: 18 September 2024

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

Nature 633, 542-547 (2024) | Cite this article

87k Accesses | 19 Citations | 476 Altmetric | Metrics

* Entangled tt system

Top quarks decay before hadronization,
spin information can be transferred to
their decay products

15



Entanglement measurement at Colliders

PAPER - OPEN ACCESS

Polal Observation of quantum entanglement in top quark pair
pair production in proton—proton collisions at 4/s = 13 TeV

The CMS Collaboration

R

PAPER « OPEN ACCESS

# Observation of a cross-section enhancement near the tt

i
MNature P )
.57 o] | Pproduction threshold in V'8 = 13 TeV pp collisions with the
a
ATLAS detector
ARiglS | The ATLAS Collaboration
AT ObsS{ Published 7 May 2026 - © 2026 The Author(s). Published by IOP Publishing Ltd
ua Reports on Progress in Physics, Volume 89, Number 5
q Citation The ATLAS Collaboration 2026 Rep. Prog. Phys. 89 057801
The ATL DOI 10.1088/1361-6633/ae60a0

Nature 633, 542-547 (2024) | Cite this article

87k Accesses | 19 Citations | 476 Altmetric | Metrics

Entangled double
baryons AA system

Entangled tt system

“quasi-bound state”
toponium

16



Entanglement measurement at Colliders

News: ATLAS and CMS measured entanglement in Higgs boson decay.

arXiv: 2603.26463 CMS PAS HIG-25-011

Strong evidence for quantum entanglement between spin-qutrit bosons at the electroweak scale
Unique role of the Higgs boson as a natural laboratory for precision studies of entanglement. -


https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf
https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf
https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf
https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf
https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf
https://arxiv.org/abs/2603.26463
https://arxiv.org/abs/2603.26463

High-Energy Physics and Quantum Information Science

Each of these are individually interesting and vibrant fields

v" Identify the fundamental constituents and laws of nature

v' Explore symmetries and conservation laws

v" Test and refine the .



High-Energy Physics and Quantum Information Science

Each of these are individually interesting and vibrant fields
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v' Explore quantum systems as a resource for

information processing

v" Understand the foundations of quantum mechanics

v" Build




High-Energy Physics and Quantum Information Science

HIGH ENERGY
- PHYSICS -
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High-Energy Physics and Quantum Information Science

The quantum nature of the SM is so * What is the information-theoretic
pervasive in the daily life of the particle structure of QFT?

physicist, that we often forget about it. » Can quantum-information observables

Naively: reveal new aspects of fundamental

interactions!?
e tree level - order R’

ig e 1-loop = order ! * Can quantum information provide new
4= /D‘b e *l . 2-loop - order 12 probes of physics beyond the SM?
. etc. * How does quantum information flow in
time!?
We have extensively validated QFT at )
different scales, and always found it a .
consistent way of making predictions in HEP. - s\ /

T S
\hm 21
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ﬁelgome to the Quantum Year‘
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Celebrating entanglement



Quantum Mechanics

* In classical physics, states have definite values

0 or I

SCHRODINGER’S CAT

* In quantum mechanics, states are in superpositions

( Probability(0), Probability(l) )

* We write this as a wavefunction

‘w> — Q{‘O> — /8|1> |Oé|2 = Probability(O)

‘5|2 = Probability(1)

* or a density matrix

pl =p, Tr(p)=1.

23



Features of Quantum Mechanics

Classical Bit quantum bit “qubit”

Binary system Arbitrarily manipulable two-state quantum system

SUPERPOSITION

Overlay of
different states

Parallel arithmetic
operations possible

MEASURING Exponential

Clear definition multiplication per qubit
of the state
Massive amounts of

data can be handled in
plausible time

L
X\ o

Image from Volkswagen




Quantum State

* For a quantum state: a set of conserved quantum numbers (m, S, p, t, charges)

* Observables represented by operators A

Pure State Mixed State
Wave function (Schrodinger) Density Matrix (Heisengerg)
SUPErposition | |g) = 77, aa|én) p=10)(¥] p=YipilWi)(Wil, Yypi=1,p:>0
Normalization | (¥|¥) =3 |an|? =1 Trlp] = 1
Measurement | (4) = (V|A|¥) (4) = Tr[pA]
Purity Tr[p?] =1 Tr[p?] < 1
* Density matrix: a state an observable

25

p = z n; [ )i | (A) = Tr[pA]




Quantum State

* For pure states, Bell's inequality and entanglement distinguish the same states
wavefunction 1)

* For mixed states, there are more entangled states than Bell nonlocal
density matrix p

pure |w> mixed ()

Quantum states Quantum states

/ Bell nonlocal

[
\

Bell nonlocal

/
\\_/

Entangled Entangled

26




Quantum State

Quantum state observable
ure 100% [}
fate | oo | O (0) = (|0lp) = Tr(0-p)
p=|Y XY
observable

mix 70% 1), 30% |2)
NANAAAANAANNANSD O (0) = Tr(0-p)

!

P =70%| Y1 XY 1] +30% |P2) W3]

state

27



Single Qubit

* For a single qubit |) (i.e.,a doublet of spin, iso-spin etc.)
describes two-level state |T),|l) or |1),]|0) in terms of

Bloch vector B; : 0 , 0
W) = cos |0) + e'? sin - |1)

Qubit described by 3 parameters use Pauli decomposition
1
p=7z+ z B;o;)
i
* Observables represented by operators A

* Measurement of given by G = (?,D|A|1b>

28



Bipartite Systems

Given a bipartite system, with Hilbert space H = H & H,

» If state separable [¢) = [¢;) ® |¢),) EEE) No Entanglement

* Bell State: maximally entangled states ( spin 1/2)

(DY = (|T1) + [L)/NVZ and [¥7) = (IT) £ [11)/V2

Alice

* In the case of a statistical ensemble (mixed state)

measurement ‘
P = Zpkpk entangled if Pk 7 P1 ® P2
k

o

Measurement in one subsystem immediately affect the other, even if they are causally disconnected 29

o



Bipartite Systems

Can only describe sub-system A with knowledge of sub-system B [¥) \/5(|00> +]11))

) = 2 (100) + [01) + 10 + [11))

E.g.,can be writtenas |Y) = |Y4) ® |Yp)

) = 1) @ [tho) 6r) = [e6n) =%(|o> 1))

Separable Non-Separable

30



Concurrence

Given quantum density matrix p the concurrence C measures entanglement

2-qubits system measured at a collider using C(p) = max(0, Ay — A2 — A3 — \y)

4 (— ’I‘r(z(;') - 1, (spin singlet)\ A; are eigenvalues of \/ﬁ (o0, ® 0y)p*(0y, @ 0y)\/P
C =3 Tr(C) — 2C;; — 1 C =10 separable
max; ! ® ] , (spin triplet)
O 2 ) 0<C<1 entangled
Experimentally it is preferred to do this
using | measurement rather than 3 D= _% separable
1+C ldo 1 2 1
_ -~ 2 (1-=D — 2 <D< —= entangled
D=-—1 i =3l Deosg) 3<D< - g

31



Concurrence

* Given quantum density matrix p the concurrence C measures entanglement

2-qubits system measured at a collider using C(p) = max(0, Ay — A2 — A3 — \y)

4 = Tr(g') ~ 1’ (spin singlet)\ A; are eigenvalues of \/ﬁ (oy ® 0y)p*(0y ® 0y)A/p
C = <\ma.x,; Tr(C) _220,-1- - 1], (spin triplet) C=0 separable
\ J 0<C<l1 entangled
How to tell a state is entangled or separable?
E.g.pure state ¢y = \/2(1 — Tr(y3)) W = Tep(t)
E.g mixed state  C(p) =min 'y p; C(3) p =2 pili) (Wil

over all possible decompositions 32



Bell Nonlocality

* Another measure of quantumness is Bell Nonlocality

detector

Al@AZ

E.g., choosing

Al — 01,

—> (AibB)

EAnnnnnn

(A1B1) — (A1 Bg) +

1
Ag — 03, Bl = +—

7

= Tr((al ® —(01 +03)) - ) =+

detector
source NANANANANANSD Bl@Bz
(AsBy) + (A9 Bg) < 2
1
\/5(01 +03), By= iﬁ(—fﬁ + 03)
1
E(Cu + C13)

33



Bell Nonlocality

* Another measure of quantumness is Bell Nonlocality

detector

Al@AZ

E.g., choosing

Al — 01,

EAnnnnnn

Source

NANANANANANSD

detector

B4 @Bz

(A1B1) — (A1B2) + (A9 Bq) + (A3Bs) < 2

1
Ay =03, By =x—(01+ 03),

— |C1 £ Cs3] < V2

V2

The violation of Bell's inequality correspondsto B > 2

1
By —+—

V2

(—0'1 -+ 0'3)

34



Quantum Correlations

Spin
correlation

Entanglements Bell's inequalities

35



Quantum Magic

What separates “Quantum” from ‘“‘Classical’’?

Much of the hype on Quantum advantage in quantum computing is based on identifying
quantum resources, such as the entanglement.

However, not all qguantum resources provide computational advantages over classical
algorithms.

Some quantum circuits, even with entangled states, can still be efficiently simulated
classically.

A second layer of “quantumness” is needed to for quantum speedup - the magic (non-

stablizerness).
Bravyi and Kitaev, quant-ph/0403025

36



Quantum Magic

Quantum Magic

« Stabilizer states that can be efficiently simulated by a classical computer.
* Entanglement is not enough to guarantee the advantage of quantum computing

* Bell states have C=1butM,=0!

 Magic states: A second layer of “quantumness” where quantum computing has advantages

LS B Y, (B) X, (G’
I (B o, (B )2+ 2y (C)?

My = —

Stabilizer state M, =0

| 16 | |
Maglc state 0< M, < logz 7 ~ 1.192 Liu, Low, and Yin, 2502.17550

37


https://arxiv.org/abs/2502.17550

Quantum Magic

Quantum Magic
White,White. 2406.0732|

* The top-antitop state has measurable magic

* Measurements of magic for tt have been made by CMS CMS. CMS-PAS-TOP-25-001

* Discussion about how to understand magic: “The SM tends to minimize magic”
Liu, Low,Yin. 2509.1825]

Fast top quarks 138 1 (13 7oV
2000 T T T ; - ~ —
1= 1'4: CMS i Data
1.2F Preliminary stat, total unc.
o - Powheg+P8
1 L Powheg+H7
B 04 0.8 ~e- MGS5+P8
: ‘ e MiNNLO+P8
€ 0.3 06 =
0.4F
0.1 0 2:_ ‘
1 500| | OE ‘ | e | ——
—— |
00 02 04 06 o8 19 300400 400600 600-800 =>800

Slow top quarks s m(tf) [GeV] 38


https://arxiv.org/abs/2406.07321
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
https://inspirehep.net/literature/2902583
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ﬁelgome to the Quantum Year‘

S Celebrating entanglement
B:.envenue dans V'année quantique ! -



Colliders as a Quantum Mechanical System

e |ow-energy experiments

Y Y

Alice 4 source | ——————p Bob

We use spin correlations as a diagnostic tool to reveal underlying quantum correlations, notably entanglement.
e Collider experiments

t t
- collision | =9

40



Colliders as a Quantum Mechanical System

* How to measure the spin of a particle?

111111111111111111111111111

—_
ORI
()]
=
|
|
—
(/)]
[l
+
=

10 ~ N

[cns Y s
AN o0

probability
=

Electron

o o
(GBI \O]

210 =05 00 05 10
spin along 7

« Each spin bends differently in the magnetic field « In each event, the spin is known

41



Colliders as a Quantum Mechanical System

« How to measure the spin of a particle?

At high-energy colliders, particles decay

t — fvb

« Decay products have preferred direction « Only the distribution is known

42



Colliders as a Quantum Mechanical System

Alice’s detector LHC detector

~

- —~ D

10 =05 00 05 10
spin along 71

43



Quantum Tomography for Qubits

* For two qubits, use Fano-Bloch decomposition a bipartite system described by

1 _
p:Z ]I4—|—ZBZ-+(TZ'®I[2—I—ZBJ- ]IQ@OJ'-I-ZCMJZ'@OJ'
| ———— ] ——
Polarization vector Spin correlation matrix
B; = (B;) = Tr(o; - p) Cij = (B;B;) = Tr ((Ui ® ) - P)

« two spin % particles: |00),|01), [10), [11)

1 1 ) }
3 003 0 10 0
0000 00 1
1 1 0 i _
2 0035

44



Quantum Tomography for Qubits

* For two qubits, use Fano-Bloch decomposition a bipartite system described by

1 _
pZZ H4+ZB{FU¢®H2—I—ZB]-]IQ@UJ'—I-ZCMU@@(IJ'
[ o — ] —— ] —

B ;_ Qubit 1 polarization (3 parameters)

b j_ Qubit 2 polarization (3 parameters)

Ci : Spin correlations (? parameters)

The |5 coefficients for the bipartite > Quantum Tomography
which encodes the full quantum information.

Straightforward to generalize to qutrits, qudits ...

45



Quantum Tomography for Qubits

* Can perform quantum tomography through angular distribution measurements

1 _
p:Z ]I4-|—ZBZ+JZ'®]IQ—I—ZBJ- I[2®aj+ZCija7;®aj

t J L)
B+ . N
; Qubit 1 polarization (3 parameters)

e Extract density matrix parameters from data

AT I "WaAreasaanas _; LA

121 By =+1.0 -f ,ﬂl‘z' y 12! ,=-0.38
< 1.0! ' 1.0} g <= 1.0}
g 08} g 038} .; g 08}
2 06} = 06} : = 0.6}
Z 04} g 04 g 04

0.2¢ : 0.2} { 02t ]

) 1 RS SRS (A e | ] 0’0 """"""""""" ] J | L S SO S ST R O R SO WOV VU YR WA SO N O B

003505 00 05 10 ~i0 -05 00 05 10 004005 00 05 10

COSO; coso] CoSs ez

46



Quantum Tomography for Qubits

* Can perform quantum tomography through angular distribution measurements

1 _
pzi H4+ZB¢+W®H2+ZBJ'H2®Uj+zcijai®0j

C’i ‘ Spin correlations ( 9 parameters)

e Extract density matrix parameters from data

“10 -05 00 05 10

M a5 0y 5 18
cos 0 cos 0, cos 6y cos 6, cos 0, cos 0.

47



Fictitious state

Paradox!?
v Quantum states are spin basis-independent

v’ Spin correlations are spin basis-dependent

We are not using genuine quantum states, we are using ~fictitious states”
v Basis-dependent state
v’ State reconstructed from averaged quantities

v Convex sum of quantum sub-states, but with coefficients due to rotations

Quantum state PO = Z Pa
1}

Fictitious state Pfic = E CaPa Ca = tI‘(fTi,a X Oja-0; X Uj)
a 48



Fictitious state

~what we

~what we N

< ) 4

> N
A - 7 + / +
are doing

( e /I@‘ /'
& :) + + ...... +
should do

49



Fictitious state

physical p = ...... + Z O@j (O‘i X Uj)
ii '\ -
/ C?,J — (S:S;’>
t + t
v/ what we (*® /"@ /‘w
> Tt~ < ¢ ) + + o +
/A should do
N 2

? what we “ \55‘57 ’
< - d + / + ... + \
o are doing

-~ 50



Fictitious state

C(pﬁctitious) > () : C(psubep) > ()

Beu(pﬁctitimm) > \/5 : BeH(PmbEP) > \/5

mathematically useful

conceptually different

Note: Physics is described by an underlying quantum state, we reconstruct the fictitious state

ol



Quantum Tomography @ Colliders

Two paths to proceed to quantum tomography

1
p=1 (]12®112+ZB?0¢®H2+ZBJ-Hz®o@+20¢jm®%)
i J

ij

: Production I Quantum state p : Decay I
I I

[ ' ®
I |
I _Z_"_G) [ +— ® —>» ,
I ® | ® '“‘k’?\ l
I I L @ |
| [ —— - [P -

Kinematic Approach  cheng Han, Low 241008383

Theory input on the production

Spin is related with scattering kinematic

Initial states and scattering angle 0, speed of particle 3
Useful for stable particles

Historically, the determination of the quark spin in e"e* — qg and the gluon spin
in 3-jet events e "et — qgg are inferred from kinematic distributions.

52


https://arxiv.org/abs/2410.08383

Quantum Tomography @ Colliders

Two paths to proceed to quantum tomography

1
P=1 (H2®H2+ZB;FO'¢®H2+ZBJ']12@07;"‘20@'3'0%'@03')
i J

ij

: Production | Quantum state p : Decay I

| |

[ ' ®

| |

I A_@) | 4 ® - ,

I ® l ® '°“k";>~\ l

I I L @ |

K i i o i - 0 e ot oy st -
Kinematic Approach  cheng Han, Low 241008383 Decay Approach Afik, de Nova. 2003.02280
* Theory input on the production * Theory input on the decay
* Spin is related with scattering kinematic * Spin is related with decay distribution
« Initial states and scattering angle 0, speed of particle 8 * Angles in rest frames of decay products
e Useful for stable particles * Useful for particles with tracked decay products

Both inherit the corresponding quantum information:
Interaction @ production < Theory m) nteraction @ decays 53


https://arxiv.org/abs/2003.02280
https://arxiv.org/abs/2410.08383

Kinematic Approach

Cross section

o(pp — tt) = /dHfZM(XY — totg) MY (XY — t313)

initial ab,c‘zf_)

* Average over initial spin, color, ...

* Sum over final spin, color, ...

Production density matrix

P < R 35 = / S M(XY = to ) MA(XY = tyF;)

initial

* Leave final spins unsummed

o4



Kinematic Approach

Cheng, Han, Matthew. 2410.08303

5
beam 6

* Parametrize density matrix as p(6, f3)

* Process-specific components of the density matrix

For example: qq — tt
(2 — 3?)sin* 6 0 /1 — %sin (26)
0 —B3?sin” 0 0
V1 — (3?sin (20) 0 5%+ (2 — B%) cos® 6

1
2 — (32 sin? 6

Ci' —
* From O and B distributions

(2 — B?)sin’ 6

C1o=0
2—628in29> 12

C11 = (

Tips: Entries that are predicted to be zero are often used in practice 55


https://arxiv.org/search/hep-ph?searchtype=author&query=Floreanini,+R
https://arxiv.org/abs/2410.08303

Decay Approach

How to measure the spin of the top?

* Full set of spin correlations reconstructs the quantum density matrix

dl

1
—(1+ B
y P 2( + Bk cosf)

© = angle to one of the decay products

B = polarization of sample

K = spin analyzing power

K=-1 k=0 K=+1

Fully anti-correlated  Uncorrelated  Fully correlated

56



Decay Approach

Pab,ab can be extracted from the angular distribution of decay product

do(XY - AB - decay) ~TAR4BTB

In the decay of a top, consider one particle — the spin analyzer — and take the angle
between its momentum and a reference axis (in the mother A,B rest frame)

. [ ] [ ] - ?‘
K is spin analyzing power ['Q) I+ kQ;o0;. S
*}
>
Spin Analyzer Power
lepton /down-quark 1.00 1 der 1
neutrino/up-quark | -0.34 — — = (]- ' HAB:- COS 0A,i) )
odcosby; 2
- Daughter a
b-quark or W F0.40 1 do i (1 N Be ; ) g 1
~ v = — KpD;: COSURB ;
soft-quark 0.50 o d cos HB,j 9 J J) Mother A
optimal hadronic 0.64

Brock Tweedie 1401.3021 Rest frame of A



https://arxiv.org/search/hep-ph?searchtype=author&query=Floreanini,+R
https://arxiv.org/pdf/1401.3021

U

U

Decay Approach

Rest frame of A

QA ° 0B
1_do 1 (1, > (A BAQE + kP BPQP) + ) " kAP QAC;08
o d2QAd2Q8  (4rr)? , P B e

2

Rest frame of B

0]

Direction of A, B
1 d?o
odcosby;dcosbg; 4

1 do 1+ k&P Cij cos 07 cos 67

od(cos 94 cos 67) 2

Polar angle of A with respect to the i-th axis

log | cos 04 cos 6’3’-3 ‘

= — [1 + K4B; cosB,; + KBB]-+ cosOp ; + Kykp(;j COS B, COS HBJ-].

58



Decay Approach

* Parametrize density matrix as p(B;", B, Cij)

A. Extract components of the density matrix

1

1
(c059)=J dx x §(1+KBx), X = cos 0.

-1

1 (! kB KakpCii
(x)=—j x(1+kBx)dx =—, (xy)= kel
2)_4 3 9

3(cos 0 j) 9(cos B4, cos Op ;)

l?{-'_ ) l?f —_ ) (&j —

KA J KB KAKB

59



Decay Approach

* Parametrize density matrix as p(B;", B, Cij)

B. Positive-negative asymmetry

AX) = NS 0T Nx<0)

A(cos 8) = folg(l + kBx)dx — f_olé(l + kBx)dx = %

J

2 2
B, = aA(cos 9,4,1'); Bj+ = EA(COS 93,]-),

)

Alxy) =

Cij -

KgKp

KakpCij

J

4
A(cos B4 COS HBJ-).

60



Decay Approach

* Parametrize density matrix as p(B;", B;, Cij)

C. Fit the angular distribution from event-level observables

L Fold . RECONSTRUCTED BY
True distribution =——> Detected distribution -

Smearing, missing v...

Unfolding,
Templete fitting
Machine Learning

o

MACHINE
LEARNING

Experimental reconstructions

61



Choice of Basis

Cheng, Han, Low 2311.09166
Cheng, Fang, Han, Low 2502.14065

* Equivalent to axes for spin measurement
* Beam basis {x,y,z}: cancellation leads to null result
* Helicity basis {rk,n} : entanglement with no cancellations after averaging over phase space

Chirality = helicity at high energy, simplifies physical interpretation

Beam basis

beaml beam?2

beaml

62


https://arxiv.org/abs/2311.09166
https://arxiv.org/abs/2502.14065

* Example: qq — tt

* Helicity Basis

e Beam Basis

Choice of Basis

0.66
Chel = 0

0 =033
—0.003 0

—-0.33 0 0.34

A = {0.87,0.13, —0.003}

0.003 0  0.002

CI_)eam — 0

—0.003 0

0.002 0 0.99

A = {0.99,0.003, —0.003}
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Choice of Basis

* Quantum states do not depend on the spin basis

1

J 1]
* Change of basis is a unitary rotation U

p - UtpU
* We can directly see quantities of interest are basis-independent

v' Concurrence C(p) = max(0,A; — 4, — A3 — 1,)

v" Bell variable B(p) = 2/A4 + 1,

|

64
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Top quark pair production as a two-qubit system

Top Quark is Unique:
Top quark is the heaviest fermion in the SM (172 GeV)

Elmcinmn Meulring Muon Meutting

Ko =0 =
[ ) 1 1 '25 ~ _25
Beckon — Lifetime of 10-%> seconds Ttop & 5 X 107 °"s

A1 105.7

—24
SQUARK Decays before it hadronizes =~ 7had ™ 1/Agep ~1077s

ot o * Fully reconstructable t— Wb — (qq’)b
s | 2 t— Wb— (tw)b
* Top polarization directly observable via angular distributions
of its decay products
1 dr 1 [ fhd] b|vu
Decay product f - — _ (1
0 rr I" dcosOy 2( By costy) Bf‘ ! |_O'4|_0'3
; .

>
Top quark spin Spin analyzing power: maximum for charged leptons 66



Top quark pair production as a two-qubit system

* ATLAS and CMS have measured entanglement (in tt)

o4l ATLAS oonm
- /'s=13TeV, 140 fb'
-0.2
|
o e e - §.
s | separable
m . - -
P e e Predictions and measurements are far
© ‘ off at low mass region (signal region
£ | entangled gion (signal reg
T _p4 . o
B ™ —-— Limit (Powheg + Herwig7)
---- Limit (Powheg + Pythia8)
@ 6.1c I Theory Uncertainty
-0.5 @ Data
é @ Powheg + Pythia8 (hvq)
- B Powheg + Herwig7 (hvq)
e 340 < m; < 380 380 < my < 500 my > 500

Particle-level Invariant Mass Range [GeV]

= S|ower top quarks

Faster top quarks ep

[ATLAS, 2311.07288, CMS: 2406.03976]

(Only slower top quarks)

CMS Preliminary 35.9 fb-1 (13 TeV)
TN T TR T T T T T | T R
— Entanglement Threshold
+e+ Data
o POWHEGvV2+PYTHIA8
¢ MG5 aMC@NLO+PYTHIAS [FxFx]

- POWHEGv2+HERWIG
oooo (tt only) 345 < m(tt) <400 GeV
0.0<3<0.9
&)
o}
o
—0.4891'8;852 = =Er
. %
; B
" &
04789 e 5
result + (total)
L L ] | ‘ 1 L 1 L ‘ L L | L ‘ L L 1 L | L 1 L L | L Il L .
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D

6/



Top quark pair production as a two-qubit system

* Top pairs ideal probe: spin correlations preserved after decay

1 ) _
RélaZ:ﬂ]_BQ — NaNb Z Mazﬂg Mcxlﬂl At LO in QCD I = gg, qq

colors
a,b spins

Map = (t(k1, @)t(k2, B)| T |a(p1)b(p2))

g t

g t q t

R(5,k) = Z LY(5)R!(5,k). Full correlation matrix is mixed state, weighted by parton luminosity
I 68



Top quark pair production as a two-qubit system

* Top pairs ideal probe: spin correlations preserved after decay

1 ) _
RélaZ:ﬂ]_BQ — NaNb Z Mazﬂg Mcxlﬂl At LO in QCD I = gg, qq

colors
a,b spins

Map = (t(k1, @)t(k2, B)| T |a(p1)b(p2))

g t

g t q t

R(5,k) = Z LY(5)R!(5,k). Full correlation matrix is mixed state, weighted by parton luminosity
I 69



Top quark pair production as a two-qubit system

* Definitions ; l
o (p — zk) . n 0
{k,n,v}: r= i n=kxmr, BeamaXi;p
N ey t
B =+1—4m¢/s, cosh 7

* P and CP invariance under tt production ! B; = B; = 0 and Cij = Cji
* Things further simplify in the helicity basis: only non-vanishing parameters

are the diagonal terms Cii and one off-diagonal term C;, = Cy4

70



Top quark pair production as a two-qubit system

initial state

> IMP?

Correlation matrix

[ -85 0 2cy0/1-57 \
2—,6’233 2—,8233
_ _ 3242
qq kg (2 = 4%s7) 0 s 0
_ 2cgsgy/1-P2 0 2c2+3%s2 )
\ 2—6283 2—6232
/ (2-6°)s3 0 _ 2cp594/ 1—ﬁ2\
2—[3235 2—6233
_ 3242
grgr kgl32s5(2 — B%s7) 0 2_'?92 2 0
\_209391/1—32 0 2{:34—,6’233 )
2— 3252 2— 322
2_
( = 0 0 \
9191/ 9rIR Kg(l — 54) 0 gz;i 0
\ 0 0 -1
_ LN 29 NP +1) -2
MORTNE T Mg 1 NV )




Top quark pair production as a two-qubit system

initial state

YIMP?

Correlation matrix

> D+) = (IM) + [L)/V2

|©7) = (I1T) = [L)/V2

[ -85 0 2cy0/1-57 \
2—,6’253 2—,8233
_ 22
qq kg (2 = 4%s7) 0 s 0
_ 2cgsgy/1-P2 0 2c2+3%s2 )
\ 2—5233 2—6233
/ (2-6°)s3 0 _ 2cp594/ 1—ﬁ2\
2—[3283 2—6233
_ 3242
gLYR kgl32s5(2 — Bs3) 0 %QS% 0
\_209391/1—32 0 2{:34—,6’233 )
2— 3252 2— 322
2_
( = 0 0 \
9191/ 9rIR Kg(l — 54) 0 gz;i 0
\ 0 0 -1 )
_ LN 29 NP +1) -2
MORTNE T Mg 1 NV )

12



Theoretic & parton level result

0 02 04 06 08 10 02 04 06 08 1
cos cos 0
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Theoretic & parton level result

No entanglement

0 02 04 06 08 10 02 04 06 08 1
cos cos 0
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Theoretic & parton level result

1 1
-y
0.8 0.8 No entanglement
[
0.6 A. 0.0

32
o
N

04} { o4

0.2 k Max entanglement

0 lllllll | g
——— B

0.8

0.6
N !
04

0.2 F IIIIII'-

0 " " [ . 1 " 1 "
0 02 04 06 08 10 02 04 06 08 1
cos cos 0




0.8

0.6

32

0.8 f

0.6

o
Q

0.2

0

04

0.2 E

04

Theoretic & parton level result

Y

0 02 04 06 038

cos

No entanglement

Max entanglement

| / Threshold: 5> = 0
]

0 (0,2) = [T7)n (T |,

lzgéi

e High energy: f* =1,cos =0

10 02 04 06 08
cos 0

SM _ + +
" Pgg (170) — “Ij >'n<‘11 7|gz



As a probe of BSM interactions

For eTe™ - ff in the high-energy limit m]% K s, the final-state spins form a two-qubit state:

|Y) = a|TT) + b))+ c[TL) + d|iT)

Interaction structure — Bell-state sector

Lorentz structure Dominant spin sector Entanglement pattern Physics message

Vector / axial-vector c,d =0 |DE) = (|11 + L) /2 Gauge-like helicity
(y/Z/Z") structure
CP-even scalar ab =0 W) = (|TL) = [41)/V2 Chirality-flipping scalar
(H) coupling
CP-odd pseudoscalar ab =0 W) = (JT) + [{1))/v/2  Relative phase/sign carries

(A°) CP information

7
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How to look for new physics?

How do we interpret the measurement results?

Model-dependent

Known particle

SUSY, 2HDM. .. Rate

Effective Field
Theory region

New particles

' Energy

Deviations in tails



Direct and Indirect Searches for BSM

How do we interpret the measurement results?

Model-dependent Model-Independent

SUSY, 2HDM... Rate Known particle Simplified models, EFT

Effective Field
Theory region

Unknown heavv particle New Interactions
@ WP of SM particles
4

New particles

S anomalous couplings

Deviations in tails

Framework to describe both precision physics and Heavy New Physics. -



New interactions

How can we describe the presence of new interactions?

New particles being exchanged in collisions

SM SM

SM SM

81



New interactions

How can we describe the presence of new interactions?

New particles being exchanged in collisions

SM SM

M
92 p2

2

A
A

A

SM SM
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New interactions

How can we describe the presence of new interactions?

New particles being exchanged in collisions

SM SM SM SM

SM SM SM SM
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New Interactions

How can we describe the presence of new interactions?

New particles being exchanged in collisions

SM SM SM SM

SM SM SM SM

Interaction can be described without explicit presence of new states!

New framework » Effective Field Theory

84



The Standard Model Effective Field Theory (SMEFT)

EFT. Bottom-Up approach with general parameterization

(i)

Loy + 3 Y00
S

w 1

— J
Y

Effective operators

-

SM SM SM SM
SM
+
SM SM SM SM
L )
Yy

SM

SM

W

SM

SM

Effective operators

SMEFT

Low Energy
Theory

85



Dim-6 operators

59 operators flavour universal

2499 operators flavour general

X3 o8 and @!D? 23
Qc | [ABCGIGErGSH | Q, (¢p)? Qey (') (lperp)

g | JABCGAGEGSH | Qo | (ple)D(ple) Que (") (Gpurp)
Qw | eEWEWPWEr | Qup | (' D )" (¢'Dye) | Quap (#'0)(@pdrep)
Qw EIJKWJVW;TPW.G{(“

X2§02 1/}2ch ,po(PQD

Qo | oloGAe™ | Qv | (oe)r' oW | QX | (#'iD,e)G")
Qi | ¢0GAG™ | Qs | (ho™e)eBu | Q9 | (o1iD] o) Gy,
Quw | Mo WLW™ | Qua | (40" T u)3Gh, | Que | (91D, 0)(ete)
Qv | PeWLWH | Quw | (Gou)r WL, | QW | (o'iD, ) (@"e,)
Qun @' B, B" Qus | (30" u,)P B o (w*iﬁi ©) (@7 v"qr)
Qi | ¢BuB” | Qi | @0" T d)eGL | Qu | (#1iDue)(mn u,)
Qows | o WLB™ | Quv | (@o™d) oW, | Qui | (#'iDue)(d*d,)
Qive | P TOWLB | Qs | (§0"d)¢Bu | Quua | (@' D) (u,yd,)
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59 operators flavour universal

Dim-6 operators

2499 operators flavour general

X3 (p6 and (,o‘J'lD2 7,&2993
Qe | fAECGIGErGSH || Q, (¢'p)? Qey (') (lperp)
Q~ | FABCGAYGBrGCH || Q.n (0T )T P) Qi (ot O) (G, d)
(LL)(LL) (RR)(RR) (LL)(RR)
Qu Loyl (v 1) Qee (epyuer) (Esver) Qe (Lpvulr) (857 €4)
Wl @) @e) | Qu | @)@y ) | Quo | Gyde) (@ )
9@ @)@ ') | Qu | ([dd)(dard) || Qu | ) (deyhdy)
Qi | Gl @r'e) | Qu | Ee)@aru) | Que | (@vua) @7 er)
QY | G L)@ ' a) | Qu | (@uer)(dioy dy) @ @) (@)
QW | (@) (doytdy) @ | @I @y Thu,)
Q) | (@, TAu,)([dy TAdy) || QL (TpYutr) (dgy™dy)
QY | (GuT*q,)(dy"T4d,)
Qows | @ToWLBY | Quv | (@0™d)T oWl | Quu | (¢'iD,¢)(d"d,)
Qs | OTOWLBY | Qus | (40" d)¢Bu || Quua | i D)@y d,)
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R!

R-matrix in SMEFT

1
aras,B1B2 — N,N; IZ Mozszz M01ﬁ1
a,b spins

R°M + REFT
p= tr(RSM) + tr(REFT)

—

At O(1/A?)
A99:(1) — s L gsvmy (96%2% + 7)(3 = B*mi 5 CoG + 992 8°mi c

A%21-— 222 121/2 G 4m? — (1— B2)m2 pG 3 Gl
C"vgg,(l) _ gg 1 —7gsvmt ﬁzmt it 992 2 2 zc

s A21-p6222| 124/2 T amZ — (1 - B)m?2 CoG 3 Gl

C99:(1) _ 9; 1 g2omy (98222 +7) (,62 (z o8 1) +1) c

A21—/82z2 ] 12\/§(B2Z2—1) t

82m? 992 B%m2 22
- 4m? — (1 — 5?) mi CoG 3 ca |, .



SMEFT entanglement

O = g5(Qa** T )G, + h.c.
Linear Quad
99 1 p——
0.8
0.6
N@\ i
0.4
0.2

0
qq 1
0.8
06 F 1 -
v | | [ .
0.4 | 1 F y
0.2 | 1r y

L ] 0 L 1 1 | 1 | 1 1 L L 1 1 ] 1 1 1 1 !
oL L 0 02040608 10 02040608 1 ”

—y ' cos 6 cos 6

02




SMEFT entanglement

LT pp, Oiq !
0.8 F . 7 M
i} j -=- linear
- N quadratic

— ¢;/A? = 0.7/TeV?
— ¢i/A? = —0.7/TeV?

0 02 04 06 08 10 02 04 06 08 1
p B

90



gg-induced

ce/A? [TeV~]

_0.02 L

—0.01

SMEFT entanglement

PEFT(0,2) = gg [ U)o (W |y 4+ (1 — pgg ) [0 7) (U7,

72 i
Pag = Wm;f(s\/ﬁmt cg +veg)?  Only quadratic effects!

—0.1 —=0.05 0 0.05 0.1
(&7e. / A2 [TeV_z]

91



SMEFT entanglement

PEFT(0,2) = pgg [ ) p (T |y + (1 — pgg )18 7) (U7

gg-induced
r2 V2 Onl dratic effects!
Pgg = 7A4mt(3 2m cq + v g )? nly quadratic effects!
EFT o L (l—po-
Pag  (0,2) = Pqg [T1),, (T, + (1 —Pgg) ), (W,
qq-induced (8),u
1 ¢ 8m; vV2 (s 1, (1 8),u (8
pra= 3 — a8 8 VR gty 1 o)
Dgg [Yooo) Pqg [70]

o 1 2 3 4 5 46 48 50 52 54

co/A? [TeV—2

—0.02 ™ —1
-0.1-005 0 005 01 -1 -05 0 0.5 1

92
cig/A? [TeV~?] 22 cgi) /A? [TeV~2]



As a probe of BSM interactions

BSM Lorentz
U
Contributes to B, C;;

U

Distinct pattern
in the spin density matrix

W*W™ pairs
Z7 pairs
WZ pairs

vegg;afs; W bosons g
= £ bosons

photons  tauleptons Multi-boson

; final states
leptons nBUtrlnos multi-hadron

(e u, T) final states

s, AXiONS

forward scattering
deep inelastic scattering
jet substructure
heavy-ion collisions
hadronic collisions
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What QIS offers

New methods,

Rich information,

Highlight unique signal regions...

Quantum Information meets High-Energy Physics

/\

e

.

Quantum

Information Science

0 '_
2016 2018

2020 2022 2024

year

/

J

N
High-Energy
Physics

J

What HEP offers

New quantum systems,
Relativistic environment,
Enormous amounts of data...

95



Quantum Information meets High-Energy Physics

Entanglement and Bell nonlocality 2504.01496: 2506.16077:2410.17025; 2307.14895: 2309.08103:2411.12518:2401.01162...

Ql'in Particle Physics 2605.06907; 2510.0803; 2506.10673; 2411.11294; 2410.08303; 2002.04283 ...

Ql at the QCD Frontier 2509.18276; 2501.03321;2512.22837; 2504.15798; 2309.09487; 2406.16298; 1909.10626. ..
Decohering 2510.13951; 2504.07030 ...

Flavor 2605.09682; 2507.12513; 2407.19242 ...

CP violation 2601.22248; 2512.07939; 2409.15418...

Symmetry and Computation 2511.17321; 2506.08960; 2505.00873; 2307.08112 ...

Magic 2509.18251; 2508.14967; 2502.17550;2406.07321...

New Physics & SMEFT 2605.12033; 2604.21332;2503.19072; 2405.09201; ...

Phase transitions ... 2505.06001 ... Apologies to many papers



Quantum is everywhere

Meson pair system

a
p= 1(144—13540@-@]12—l—b?ﬂz@(fi‘i‘cijai@%)

Spin-Flavor structure

. L |
Pi = ‘[1F®11S+ILF® (Bs-as)+(BIJ-0)®]1-+ZC*‘J‘“®”1

4

i,

Does Entanglement Suppression Lead to
Enhanced Symmetries?

Radiation, leaking information from the “system”,
decoherence in spin correction

Spin in hadrons, CP violation, Magic, Quantum swapping,

Quantum teleportation...

2507.12513

2605.09682

|

o , 4 i ‘n - CDntEX' a'lty 5 '
o antanglement s
coherence coherence

quantum magic
magic states

? quantum

measurement

_ quantum
interference

decoherence

Information

superposition

measurement

measurement
induced disturbance

spin oy
correlations SUpEprSItIOﬂ tef'e”p%rftlaﬁ?gn
quantum
and its breaking  jnterference

decoherence "

topological
quantum effects  phase
transitions

quantum

symmetry randomness

quantum

2

P(x) = |3, (x) + 1, (x)|*




Summary

Quantum nature of particle physics is a foundational part of the theoretical framework underpinning
calculations in QFT

Quantum tomography serve as powerful tool for precision measurements and searches for new physics
We are just at the beginning:

v" Brand new experimental results

v Many new channels can be analogously studied in the SM and beyond

v Many new ideas appearing on the arXiv everyday







Quantum Tomography for Qutrits

Spin in the Higgs boson decay

i
@

+ 5=0

(s G

The Higgs boson is a scalar, while W* bosons are vector bosons

H - W*W ™~ decays produce pairs of W bosons in a singlet spin state

100



Quantum Tomography for Qutrits

In the narrow-width and non-relativistic approximations:

Qutrits [¢5) = 2 (|+) =) — 0) [0) + =) |+))

@ This is a maximally entangled state of two qutrits

o [Y) a5 € (C°)
@ Basis for each qutrit {0,1,2}

This is a Bell state

= Entanglement and Bell inequality tests deep in the realm of QFT

[On the board: qutrits vs 3-state systems] 101



Quantum Tomography for Qutrits

W bosons are their own polarlmeters

4@/ w@/

/ /\/}5

( 4
e V7

Decay of a W* boson is equivalent to a measurement of its spin along

the axis of the emitted lepton 102



Quantum Tomography for Qutrits

Getting the directions right

4£4/ 4[
sl/?@/m g\lﬁ@{//}!
f (
mn 5

/ /\/}5

, /
V'Y

i

Y
« £+ (L) is emitted preferentially along (against) spin direction of W*+(W~)
 For H -W*W-the W+ spins are in different directions

« So the two leptons prefer to go in the same direction as each other 103



Quantum Tomography for Qutrits

More precisely

The probability density function for a W™ boson to emit its charged
lepton in the n direction is:

p(lx;p) = 2= tr(pNia), J

where p Is the W boson spin density matrix and the projection operator is

M. a = |£a) (£al

observe decay <= measure spin )

104



Quantum Tomography for Qutrits

Weak gauge bosons measure their own spin
SU(2) weak force is chiral: v#(1 — ~°)
W boson

Decay of a W¥ boson is equivalent to a projective (von Neumann)
quantum measurement of its spin along the axis of the emitted lepton
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Observables and density matries
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Observables and density matries
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Observables and density matries

Transforming between the spaces

Operator — function

Wigner () symbols

©9(A) = (AlAJR)

The Wigner-Weyl formalism for spin

Function — operator
A=

Wigner P symbols

2]+ 1
41

[ don ) o) @,
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Observables and density matries

Parameterise p

Symmetrically for qutrits in terms of the Gell-Mann matrices A;

Single vector boson

8
P = %’3 -+ Zaf)\fa
i=1

a; : 8 real parameters (3% — 1)

@ Generalised Gell-Mann matrices )\Ed) exist for any spin
@ For spin-half (d = 2) they are the Pauli matrices and we get the
Bloch sphere

e For d = 3 they are the eight generators of SU(3)
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Observables and density matries

Parameterise p — bipartite system

Symmetrically for qutrits in terms of the Gell-Mann matrices A;

Single vector boson

3
p=3h+) a\,
i=1

a; : 8 real parameters (3% — 1)

Two vector bosons

8 8 8
1 1 1
p = §I3®I3+Zai)\i®§I3+ij§l3®/\j+ Z Cf'j)\f@)‘ﬁ
i=1 j=1 ij=1

8+8+64 = 80 real parameters (92 — 1) 110




Observables and density matries

Extracting the parameters experimentally

Parameters of p are the experimentally-measurable classical averages of
the Wigner P functions

3ot

av

- 3ot

av

N . .
6y = 7 (O () o (hz) )

av
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