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“Heart of Quantum Mechanics”

“There Is a troubling weirdness about QM. Perhaps its weirdest feature is
entanglement, the need to describe even systems that extend over macroscopic
distances in ways that are inconsistent with classical ideas.”

- Weinberg

Quantum superposition
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Borders of the Quantum World: Energy/distance scales

Quantum computers
Quantum devices,..
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Back to the basics... entanglement in spin space

7.
onequbt €2 [¢h) = 1| 1) + cald) = <c1)

DeﬂSi’[y matrix: ppure — |w> <w| g pmixed — Zp2|¢2><w2|

Gen. decomposition (identity and Pauli’s) 0= 1 (12 n a-z:(fi)
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Back to the basics...

entanglement in spin space

Two qubit

Density matrix 1s 4x4  p =

Yap) = 1| T1) + 2| 1)) +e3|IT) +ca| L) =

Io®1o + B;LJi®]lz + B,;]lz@mi + O o' Ro’
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Back to the basics... entanglement in spin space

Two qubit Pab) = c1|T1) + 2| TL) +es|ih) + ) =

1o®1 5 + B;rai@)]lz -1 Bi_112®ai -+ Cz.j o' Ro’

Density matrix is 4x4  p = y

Entanglement Given a bipartite system Hap = Ha ® Hy,

Can you write |Yan) = [Ya) ® |thy) ?

No” Then it is entangled.




Back to the basics...

entanglement in spin space

Two qubit

Density matrix 1s 4x4  p =

Entanglement

Yap) = 1| T1) + 2| 1)) +e3|IT) +ca| L) =

Io®1o + B;LJi®]lz + B,;]lz@mi + O o' Ro’
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Peres-Horodecki Criterion:

= _Cnn‘l‘ |Ckk:+crr| —1>0

Concurrence (max =1);
Clp] = max(A/2,0)



Back to the basics... entanglement in spin space

C1
C
Two qubil $ab) = e[ 1) + o 1) + el ) +ea W) = | 2
Cy

+ i — 0 R J

Density matrix is 4x4  p = L2®1; + By 0'® 1 +fz 1280 + Cij 0'®0 .
Entanglement Maximally entangled states (e.g Bell states):

— |(I):> __ H\T> - H’l’> or ‘\If:> — ‘T\L>\_/_7|\LT>
S 2 ;

Measures: A = 2 Clp] =1
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Top-pair entanglement




Particle-level D
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Why top quarks?

- itis very heavy (172.5 GeV ~ mass of Rhenium nucleus)

10~ 2%°s 10~ %35 10~ 21

Ifetime hadronization spin-decorelation

- allows to efficiently reconstruct the spin from decay products

- top spin correlations vastly studied (both in theo and exp):
DO and CDF at Tevatron and ATLAS and CMS at LHC

- Observation of entanglement by ATLAS and CMS
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How to construct the spin density matrix?

t(a)
ﬂ Rgalﬁl)(cwﬁﬂ -~ Z MO&zﬁz a1 B1 Ax4 matrix
F color spin

Maﬁ t(5)
4 , g ; /h
SM:
g T ! ~

Mixed state of qg and gg initiated channels, "N Frax a7
weighted by the luminosity functions R(3,k) = ZL (5)R°(3,k)
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Spin production density matrix

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

R = A12®]12+B;—0i®]12+é,£—]12 ®ai—l—C~'1;j ot Ro’.
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Spin production density matrix

Fano decomposition: (spanned by tensor prod. of Pauli and |dentity)
R :2@]].2"’.@:—0'2@]].2—'—.&@—]12 ®az+6~‘w O'i®0'j.

Cross-section:

d 23 -
%) _O%BA

dQds 32 (5, k)
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Spin production density matrix

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

R =2®]12—|—i®1l2—|—2®0'i—|-c~'7;j O'i®0'j.

. do a3 -
Cross-section: — 5" A(s
10ds — 2 AGE)

Degree of top and anti-top polarisation (zero for P-inv interactions)
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Spin production density matrix

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

. do a3 -
Cross-section: — 5" A(s
10ds ~ 2 A6k

Degree of top and anti-top polarisation (zero for P-inv interactions)

Spin-correlations NB: Spin-Correlations 2 Entanglement



Spin production density matrix

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

. do a3 -
Cross-section: — 5" A(s
10ds — 2 AGE)

Degree of top and anti-top polarisation (zero for P-inv interactions)

Spin-correlations NB: Spin-Correlations 2 Entanglement

Normalize the state as - 1,01, + B;—O"i'®]]_2 1 Bi_]]_2®0"i + C;; ot R0’
p = R/tr(R) = 4 |
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What'’s the story for the SM?

0.8

0.6

0.4

Fii"

L
—
L.A

0.2 04 0.6 0.8
lcos 6|

1

0.2 04 06 0.8
lcos 6|

1

[Afik and de Nova, 217]

Two-to-two scattering: 2 d.o.f
velocity and angle of the top

2
5:\/1 Am cos 0
S

White regions: zero-entanglement

Maximal entanglement points/regions
. At threshold: 5% = 0, V6

. high-E: 8% — 1,cosf = 0
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Experimental detection (Quantum tomography)

Top quark cannot be measured directly

Spin information is directly transmitted to decay products t — W™ +b

+ + 7
L epton direction Is totally correlated to the top spin (W" = £7 +vord+tu)

1 d 1
trlC A —(1 — D cos )
odcosyp 2

D-coefficient;: D =

¥ angle between leptons in
each parent direction rest frames

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

At threshold 3% ~ 0

ATLAS and CMS measurement
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[Nature 633, 542-547 (2024)]

*7¢ topponium modelling
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[Rep. Prog. Phys. 86 (2024) 117801]

D < -1/3 «<—> entangled
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Also observed at high invariant mass by CMS

0.9
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l Separable states l

m(tt) > 800 GeV m(tt) > 1000 GeV
|lcos(0)] < 0.4 lcos(0)| < 0.4

[Rep. Prog. Phys. 86 (2024) 117801]
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SMEFT



SM Effective Field Theory

LSMEFT

1
LsMmEFT = L8M A 12 Z c; O

LO-QCD in ttbar prod.

Oa = gszBCGf’“Gf’”GS’p

V2 L
ngG — (QOTQD 9 ) Gljl Gﬁu

Ovc = gs(Qo* T4 t)cﬁG’ﬁV + h.c.

'Grzadkowski, Iskrzynski, Misiak, Rosiek, 10’]

Aguilar-Saavedra et. al, 18]

SMEFTatNLO: Degrande et. al, 20°]

+4F operators

B B3 B ) B HE HE)
oS, 05 0%, 05,08 .05, 0
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Top pair within SMEFT
B%\AWL@/< |
{

1 v
SM: _ZGﬁVGAM

EFT: fAPCGHHG) VG P
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Top pair within SMEFT

O

SM:  tyHt

EFT toMVt

AN
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Top pair within SMEFT

ST

vV A
EFT: oGy G,
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Top pair within SMEFT

t

t

Oa = gSfABCGf’“GE’VGS’p

t
O = 9s(Qo* T t)pG4, +h.c.
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Top pair within SMEFT

t

t

Oa = gszBCGf’“Gf’VGS’p

}w< |
t
O = 9s(Qo* T t)pG4, +h.c.
t
t

Ovc = gs(Qo* T4 t)gEGﬁ,, + h.c.

b

Four-fermion op.
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SMEFT averaged concurrence [Aoude, Madge,
Maltoni, Mantani, 22’]

Average over the solid angle

R = (4m)~! /dﬂ R(s, k) —  Only function of energy (top velocity) 3
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SMEFT averaged concurrence [Aoude, Madge,
Maltoni, Mantani, 22’]

Average over the solid angle

R= (4m)~" /dﬂ R(3,k) —  Only function of energy (top velocity) O

P, Oq
< 0.6 F==-_
....... . Y — SM

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

— ¢;/A* =0.7/TeV”

oY 1‘1 ¢;/A2 = —0.7/TeV?
0 02 04 06 0.8 1 00 02 04 06 08 1

3 p 32



0

0.2 04 06 0.8
p

1

linear depends
on the sign

— SM
--- linear

""" quadratic
— ¢;/A? = 0.7/TeV?
— ¢;/A? = —0.7/TeV?
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0

0.2 04 06 0.8
p

1

quad
lowers the ent.

— SM
--- linear

""" quadratic
— ¢;/A? = 0.7/TeV?
— ¢;/A? = —0.7/TeV?
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Difference from SM

NLO QCD SMEFT and resonant new physics
Otc

-0.05

—-0.50 -0.25  0.00 0.25 0.50
Cc[AN=1TeV]

(a)
D= (A" +1)/3.

O (dashed)
NLO (solid)

[Severi, Vryonidou 22’]
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Difference from SM

NLO QCD SMEFT and resonant new physics

—-0.50

OtG

0.25

~0.25 0.00 0.
Ctc [N=1TeV ]
(a)
D=(A"+1)/3.
O (dashed)
NLO (solid)

0.50

[Severi, Vryonidou 22’]

[Maltoni, Severi, Tentori, Vryonidou 24’]

1 , _ . 5 .
L= Lsm — §¢(32 + Mq%)cp + ¢, == ¢t (cosa + iy’ sina)t.

Crk + Ckr
40 SM Fixed-Order
- ¢ ¢, =0.2
35 — ¢t Cy=0.4
~ 30
L
Q
Q 25
3
220
£
S
S1s ;
10-
5 /£ | Toponium model
- 5 LHC 13TeV
Mt
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Mppa; [GeV]

360

Yt
V2
8 000
A
8

2Me

T~ I

SM Fixed-Order
¢: c,=0.2
— ¢ c,=04
— ¢: ¢, =0.6

Toponium model
LHC 13TeV
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336
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Mppa; [GeV]

360
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Many many questions

® [hreshold bound state effects (topponium)

® Better observables 7

® Can we test beyond QM ?

® Can we test Bell inequalities ?

e \What happens at higher-orders? NNLO QCD? EW??

e Actually, Bell inequalities were proposed a while back [aoel, Dittmar, Dreiner '92]

[Dittmar, Dreiner '96]

® and many more...

but...
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We are In the Higgs 2024 conference.

Entanglement in Higgs decay?

S —

W_I_(— ° — )T
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We are In the Higgs 2024 conference.

Entanglement in Higgs decay?

S =
W_I_(— o —_—eey |}/

W acts as its own polarimeter: It decays along the axis of the emitted lepton

O/

V
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We are In the Higgs 2024 conference.

Entanglement in Higgs decay?

40



We are In the Higgs 2024 conference.

Entanglement in Higgs decay?

But the W has 3 polarisations. It is not a qubit anymore: Qutrit!

41



Qutrits

[Ashby-Pickering, Barr, Wierzchuca, ‘22]

C+
Massive spin-1 boson (W.Z2):  |V) = c|Vi) +¢co|VL) +c—|V2) = | co
C_
Single Quitrit; 1
— 9 i\ i
(3x3) P= 3 T Za a; . 8 real parameters
8
Two Quitrits 1 1
= g l® 1 i Aq | Z
(9x9) p=gleltg) anels Zb @ X, +;;cw\ © ),

aq, ij C;; 8+8+064 real parameters A; are Gell-Mann matrices
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Entanglement in Higgs decays [Fabbrichesi, Floreanini, Gabrielli, Mazola '23]

At tree level: 00 0 0O 0 0 0 00 |
o0 0 O O 0 0 0 0 Pure state!
W 0 O paa O pig 0 paga O O 5
00 0 0 0 0 0 00 0 :/0:|\If><\lf‘
_____ Ph—sww =210 0 pig 0 2033 0 pig 0 O
h 00 0 0 0 0 0 00 1
00 pu 0 s 0 pu 0 0| W) = ———{|11) — k|00) + | 14)}
W 00 0 0 0 0 0 0 0 V2 + K
O 0 O O 0 O O 0 O
1.2
| 1.1
1.0
| 0.91 1.1
0.8, 0.8 o S | Bell | it
o 0e f ee also bell Inequallities
| 0.51 [Fabbri, Howarth, Maurin, 24’]
04 0.35
0.2 0.062
| 0.19
0.0.

0 4 8 12 16 20 24 28 32 36 40

M, [GeV] 43



'Horodecki, Horodecki, Horodecki, Horodecki, 09']

EW bOSOn prOdUCtion at CO"iderS 'Ashby-Pickering, Barr, Wierzchuca, '22]

W+ W+ W+
\/fﬂ
WW: — \ -
e
W W W-
77 WZ:
A YA A VA
A T % !
/\’\’\"\ L\’\'\. ]
YA YA W W
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What’S the StOl‘y fOr the Standard MOdeI? [Ashby-Pickering, Barr, Wierzchuca, '22]

[Aoude, Madge, Maltoni, Mantani, 23’]

ete” > WTW™

Lower bound:

C
- No symmetry around 6 = 7/2 as in ttbar
1.0

0.8  Entanglement is mostly present across
0 he phase space

0.4 Zero entanglementat 6 = 0

0.2
HIgh entanglement at central HE region

0.0

—08 =04 0 04 0.8
cos ¢
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SMEFT entanglement deviations

—-08-04 0 04 08 —-08-04 0 04 08 —-08-04 0 04 0.8

cos cos @ cos 6
W+ W+ W+
O,w B changes TGC coupling T~
112 ! h
Ow new Lorentz structure y ™ y N

[Aoude, Madge, Maltoni, Mantani, 23’] 40



SMEFT entanglement dewatlons

—-08-04 0 04 08 —-08-04 0 04 08 —-08-04 0 04 0.8

cos @ cos 6 cos 0
Wt me. — 0 W+
O,w B changes TGC coupling \mfﬂ
e Mmore ent. In central and backward HE
v/Z h
Oy, new Lorentz structure /

W=

e small effect [Aoude, Madge, Maltoni, Mantani, 23’]



SMEFT entanglement deviations: Central region
mww = 500GeV cosfd =0

AA 0
= > U 2 %.
Agne

(.05

! [TeV—2

11
Coi

—0).5%

S Y

o

—1 %

e

-
e -———

-
_pd'

AT
v S0
+
iQ

| —0.05
Cpe [TV 7] ey} [Tev 7]

c [Tev 7]

Inear+squared dim-6 Linear dim-6
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SMEFT entanglement deviations: Central region
mww = 500GeV cosfd =0

- _Ad
c;) ‘iSTf
& 0.00 _AA
=5 Ao
—0.05 i %_1 <0
‘4SM
AA
Asm
ACLB
SM
CLB

Inear+squared dim-6 Linear dim-6



Growing subfield: many new directions

Symmetries from Entanglement

Beane, Farrell '21

Post decay

[J. A. Aguilar-Saavedra 24’]

Beane, Kaplan, Klco, Savage '18]

Low, Mehen 21°] [Liu, Low, Mehen, '21]

(Carena, Low, Wagner, Xiao, 24]

Thaler, Trifinopoulos, '24]

*not a complete list!

Entanglement in flavour space/
Momenta space

[Cheung, He, Sivaramakrishnan 24’
[Aoude, Elor, Remen, Sumensari, 24’

Low, Yin 24']
Duaso Pueyo, Goodhew, McCulloch, Pajer 24’]

Beyond Quantum Mechanics

|[Eckestein]

Bell Inequalities

I\/\u\tipartite entang\ement [many refs!]

[Bernal 247]

Sakural, Spannowsky 23’]

Bernal, Casas, Moreno 23’}

Quantum Simulations in HEP

[Gustafson, Prestel, Spannowky, Williams, '22]

[many refs!]

Recent Review [Barr, Fabbrichesi, Floreanini, Gabrielli and Marzola 24’}
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Conclusions

e Entanglement (Quantum Information) in High Energy Physics is cool!
e SM in ttbar has high entanglement at threshold and high-pT

e SMEFT typically decreases the amount of entanglement

® Recent experimental results appeared this year!

® Synergies between HEP and QIS

® Useful to probe/constrain new physics

® New interpretation for a spin correlations subset
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Density matrix and helicity-basis

Helicity basis:

{k,mn,r}: r=

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

Phase-space parametrized by: 537

— (1 —4m2/3)

and

2 = cos
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SMEFT R-matrix

RSM , A(SM \TSM
REFT.(1) ., A(SM pq1(d6)
REFT.(2) ., A4(d6) 7 (1(d6)

The R-matrix coefficients
At O(A™%)
érgg,(l) _ gg 1 -—7ggvmt
nn A21— (222
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SMEFT entanglement: gg-initiated [Aoude, Madge

Maltoni, Mantani, 22’]

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

gg-initiated at threshold 3% = 0

. linear interference exactly cancel, maximally entangled state unchanged

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

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

. linear interference: sign dependent

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

Maltoni, Mantani, 22’]

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

qg-initiated at threshold 3% = 0

. NO contributions for linear and quad

qg-initiated at high-E: m#? <« § < A*

sign dependent for linear and quadratics always decreases

everything gets more involved for pp
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Threshold effects (“topponium”)

do / dM [pb/GeV]

1.4

1.2

0.8

0.6

0.4

0.2

O PR T . | 1 1 1 1 1 1 1 1 [ T .| 1 1 Ll 11 [ T T 1
335 340 345 350 355 360 365 370 375 380

l | _— l ) I F l Al l

— 3 8
qq — S1l]

LHC Vs = 14 TeV

| TR |

M [GeV]

[Kiyo, Kuhn, Moch, Steinhause, Uwer, 09]

LA B |

ALl 1 1

LHC
Vs = 14 TeV

0 :
335 340 345 350 355 360 365 370 375 380
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Concurrence Bounds for qutrits

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

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

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

For a pure state: P(p) = trp* =1 —_— Cre(p) = C(p) = Cun(p)
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Perturbative Unitarity and Entanglement

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

| _
eTe” — WTW
wt (Al/\zla ﬁ) SM EFT A_2 cCWWW
+ — 00 —2v/2Gpm? sin @
/% | | 2v/2G pm?, sin 6
W - — = \%G’pm%‘/ sin® @ csc?(0/2) W+
1+ - - 3 - 21/4\/G pmyy sin 0 (4m?Z, 2% — m?2)
+ — 0+ - —3- 234 /Grmd, (£1 + cosf) x "7 Ow
+ — +0 - —3'23/4VGFm:{3/V(::1+COSG)x

W-
— + 00 2v/2G p(m?% — m?%,) sin @

— + - 6 - 2/4/Grmw (m% — m?,)siné




Perturbative Unitarity and Entanglement

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

ete” = WTW~™

W+ (A1 A2|a B) SM EFT A2 : cwww

+ —00 —2v/2G pm? sin 6 < > :
/% | | 2\/§Gpm€V sin 6 < > -

w- | | — \%Gpm%v sin® 6 csc*(6/2) < > - W+
+ — - < > 3-2Y/4/Grmy sin 0 (4m?,22 — m%)
+ — 0+ - < >  —3-2%4/Grmd, (£1 + cosf) x "7 Ow
+ — 40 . < > —3.234/Gpm3, (F1 + cosh) x
— 400 2v2G p(m%2 — m?,)sinf < > - v
4 . < > 6-2Y4/Gprmw(m% —m?,)sinf

~

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

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