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Motioation

%k Test Quantum Mechanics at the TeV scale
» Quantum Information at the LHC: relativistic, fundamental particles
» Learn from QI: fundamental interactions structure, interpretation

* Challenge: can we actually do it in a “dirty” environment?

* Rise in interest in the community: new ideas, methods, exp. strategies

9 9
o o
o »

Citations to the

Afik & de Nova
seminal paper
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Entanglement in bipartite systems

Given a bipartite system, with Hilbert space # = #'| Q #,

If state separable | V) = |¥,) @ |'V,) ==~ No entanglement

This is not always the case, e.g.:
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Maximally entangled states: spin 1/2
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Density matrix =T

entangled if p, # p; ® p,

The fundamental object in QM is the density matrix *

,0:1 4+ § :CI,)\ One particle of spin s:
d 17\

: d=2s+1
1=1 \

Generalised Gell-Mann matrix
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Density matrix =T

entangled if p, # p; ® p,
The fundamental object in QM is the density matrix *

1 d?—1
p= =1+ § : a;\; One particle of spin s:
d
1=1

\ d=2s+1

Generalised Gell-Mann matrix

Two particles, each of spin s:

| ! d?—1 | d?—1 d°—1d*—1
p:ﬁI[@H dzai)\fi@]l dej]I@))\j chzj)\i@)\j
1=1 j=1 i=1 j=1
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Density matrix =T

entangled if p, # p; ® p,

The fundamental object in QM is the density matrix *

pzl 4+ E :0,)\ One particle of spin s:
d 17\

: d=2s+1
1=1 \

Generalised Gell-Mann matrix

Two particles, each of spin s:

d?—1 d?—1 d?—1d°—1
1 1 1

p:ﬁﬂ@ﬂl dz)\fi@]l dz [® A; ZZM@)\]-
i=1 \ j=1 i=1 j=1

The parameters completely characterise the quantum spin state of the system
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How do we build the density matrix?
/ Sum over initial state only

I
Ra1042 B1B2 = Z Mazﬂz a1f1

colors
a,b spins \

Matrix-element  Mgyg = (t(k1, a)t(k2, 8)|T |a(p1)b(p2))

Luca Mantani 7



How do we build the density matrix?
/ Sum over initial state only

Ra1042 B1B2 = Z Mazﬂz a1

colors
a,b spins \

Matrix-element ./\/laﬁ = (t(kl,a)f(kz,ﬁ)‘7|a(p1)b(p2)>

—1d%—

R=AI®I+ Zaz)\ QI+ Zb IQ N + Z Z%A ® N

1=1 =1
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Ouantum observables

C(p) = inf | ) " pic(|3s))

2-qubits:
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C[p] — ma,x(O, /\1 — /\2 — )\3 — )\4)

Entangled if > 0




Ouantum observables

Concurrence

2-qubits:  C|p|] = max(0,A\; — A2 — A3 — Ayg)

LLuca Mantani

C(p) = inf ZPiC(W?:))

P(p) = tr[p]

Entangled if > 0

Pure if P=1



Ouantum observables

C(P) = inf Z po(|?,bz>) Entangled if > 0
L 7 _
with 4. eigenvalues of \/ \/PP\P

p=(0, R 0, p* (0, & 6,)

P(p) = trfp) Pure if P-1

2-qubits:  C|p|] = max(0,A\; — A2 — A3 — Ayg)

Bell inequality JEERC/REg L (Tr (,0 UTeVHB(Ue V))) > 2

2
B=—"=(S;®8:+85,®8,)+ A ® A+ A5 ® As

V3
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The ideal candidate:
the top quark

= — 2 — — = = = = == — S — = = === ———




* Aoude et al. 2307.09675
Ashby-Pickering et al. 2209.13990

Wl y the tOl 2 .? Fabbrichesi et al. 2302.00683

Weak bosons (*) and top quarks are the ideal candidates:
EW interactions allow for spin reconstruction from decay (no hadronisation)
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* Aoude et al. 2307.09675
Ashby-Pickering et al. 2209.13990

Wh y the tOl 2 ? Fabbrichesi et al. 2302.00683

Weak bosons (*) and top quarks are the ideal candidates:
EW interactions allow for spin reconstruction from decay (no hadronisation)

W decay: Top decay:
lepton decays along W spin lepton decay correlated with top spin

1 dI 1 + cos @
S/ﬂ £/+ —
I"dcos @ 2
T / ¢ angle between lepton and spin
54 S
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* Aoude et al. 2307.09675
Ashby-Pickering et al. 2209.13990

Wl y the tOl 2 ? Fabbrichesi et al. 2302.00683

Weak bosons (*) and top quarks are the ideal candidates:
EW interactions allow for spin reconstruction from decay (no hadronisation)

W decay: Top decay:
lepton decays along W spin lepton decay correlated with top spin

1 dI 1 + cos @
5/ F —
¢ I"dcos @ 2
T ¢ angle between lepton and spin
s

Z boson more complicated but doable: spin can be reco if right/left asymmetry
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Spin 1/2 density matrix

The R matrix can be decomposed in the spin space

R = A]12@]].2—I-B,;FO'Z(X)]].Q—I—BZ_]].Q@O'Z-FCN’ZJ 0'i®0'j
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Spin 1/2 density matrix

The R matrix can be decomposed in the spin space

R =2®]12+B;r0i®]12+éi_]12 @Ui‘l'é’z'j o' Qc’

Cross section

do agﬂ ~
0~ 2 2GR
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Spin 1/2 density matrix

The R matrix can be decomposed in the spin space
R :2®]]-20'i®]]-2]]-2®0'i‘|‘éz’j o' Qc’

Cross section Degree of top and anti-top polarisation
(zero if interactions P-invariant)

do agﬂ ~
10d: ~ 2 A6.k)
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Spin 1/2 density matrix

The R matrix can be decomposed in the spin space
R =2®1120'i®]lz]lz®0'i0'i®0'j

Cross section Degree of top and anti-top polarisation Spin correlations
(zero if interactions P-invariant)

do agﬂ ~
10d: ~ 2 A6.k)
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Spin 1/2 density matrix

The R matrix can be decomposed in the spin space
R =2®1120'i®]12]lz®0'i0'i®0'j

Cross section Degree of top and anti-top polarisation Spin correlations
(zero if interactions P-invariant)

do agﬂ ~
10d: ~ 2 A6.k)

To'®1s + B; 12Q0" + C;; 0*®0?

If normalised, we define the density matrix 0= z 3
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Quantum tomography
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Quantum tomography

For example, for the density matrix

Ashby-Pickering et al.

LLuca Mantani

How do we reconstruct the spin density matrix at colliders?

Measure angular distributions of the decay products

of a W boson

2209.13990

&P+ = v/2(5cos @ £ 1) sin f cos ¢
&L+ = v/2(5cosf £ 1) sin fsin ¢
&3 * = L(£4cosf + 15cos 20 + 5)

&~ = 5sin” f cos 2¢

12

&L+ = 5sin” fsin 2¢
@gi = v/2(£1 — 5cos ) sin § cos ¢
&L+ = v/2(%1 — 5cos ) sin fsin ¢

P+ _
Qe =

1
4/3 (-

12 cos @ — 15cos 20 — 5)



Quantum tomography

How do we reconstruct the spin density matrix at colliders?

Measure angular distributions of the decay products

&P+ = v/2(5cos @ £ 1) sin f cos ¢

For example, for the density matrix

of a W boson P
3

Ashby-Pickering et al.

4

&L+ = v/2(5cosf £ 1) sin fsin ¢
_ 1

(=

-4 cos 0 + 15 cos 260 + 5)

2209.13990 ‘I’fi =5 Sil’l2 6 cos 2¢

1

+ P-
§/dﬂﬁp(€ﬁap) (I)j

a; —

— ( ) //dﬂnl dQn2p gil,€n27,0) (A )(I)
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@gi = 5sin? 0 sin 2¢

O+
(I)P:i:

(I)P:l:

= v/2(£1 — 5cos ) sin f cos ¢
= v/2(41 — 5 cos @) sin @ sin ¢

4\/_(

Expectation value

of the Wigner P functions

12 cos @ — 15cos 20 — 5)



Afik & De Nova

Quantum tomography: top pair

In the case of top pair things are simpler

1 dO' _1+B+°(Al_|_—B_°(A]_—(Al_|_°C°(Al_
o dQ dO_ (47)2
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Afik & De Nova

Quantum tomography: top pair

In the case of top pair things are simpler

> Direction of decay

1 do  1+Bt-q,-B -4 — q.-C. q_/' produced lepton (in parent frame)

o A0, dQ_ (47)2
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Afik & De Nova

Quantum tomography: top pair

In the case of top pair things are simpler

> Direction of decay

1 do  1+Bt.q,—-BZ-§_— q.-C. (Al_/' produced lepton (in parent frame)

o dQ+dQ— N

Spin density matrix

coefficients
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Afik & De Nova

Quantum tomography: top pair

In the case of top pair things are simpler

> Direction of decay

1 do  1+Bt.§q,-BZ-q_— &, - C - q_/' produced lepton (in parent frame)

g dQ‘|'dQ— N

Spin density matrix

coefficients
Angle between

leptons
1 do 1 7

Interestingly, at threshold, a specific angular distributions o d cos @ - 2 (1 = Dcosy)
is directly proportional to the entanglement: tr[C
entangled tops produce small angular separation D = E)’ | Clp] = max(—1—-3D,0)/2
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Afik & De Nova

Quantum tomography: top pair

In the case of top pair things are simpler

> Direction of decay

1 do  1+Bt.q,—-BZ-§_— q.-C. q_/' produced lepton (in parent frame)

g dQ+dQ— N

Spin density matrix

coefficients
Angle between

leptons
1 do 1 7

Interestingly, at threshold, a specific angular distributions o dcos ~ 9 (1 = Dcosy)
is directly proportional to the entanglement: tr[C
entangled tops produce small angular separation D = E,, | Clp] = max(—1—-3D,0)/2

1
D < ——

LLuca Mantani 13 3






Ouantum measurements at the LHC

LHCb
2104.04421

— BY - D7t — BY - BY - D_nt — Untagged

Luca Mantani 15



The R matrix at the LHC e

1 .
I — * AtLO in QCD
Ralaz,ﬂlﬁz — NaNb Z Mazﬁz Mo‘lﬂl T — " _
ks — 9
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The R matrix at the LHC e

At LO in QCD
Ra1az,31,32 Z Mazﬁz a1f1 _
colors I — 44,44

a,b spins

Map = (t(ky, a)t(ke, B)|T |a(p1)b(p2))

We collide protons
q

R(3,k) =) L'(3)R'(3,k)
I

g t q t
Full density matrix is mixed state, weighted by parton luminosity

LLuca Mantani 16



SM entanglement

0.2 E IIIIIII
O N N 1 1 1
0O 0.2 04 06 08 10 02 04 06 08 1
cos 6

cos 6
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Aoude et al.
2203.05619



SM entanglement

04 -

0.2 E ‘
0

0O 02 04 06 08 10 02 04 06 08 1

cos 6
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—~>  No entanglement

cos 6

Aoude et al.
2203.05619



Aoude et al.

SM entanglement

1

1

0.8

0.8
- —~>  No entanglement

0.2 | | | 192 Max entanglement

0O 0.2 04 06 08 10 02 04 06 08 1
cos 6 cos 6

Luca Mantani 17



Aoude et al.

SM entanglement

1

1

0.8 0.8
: —~>  No entanglement
0.6 0.6
N
04 F 104 Clel
0.2 102 Max entanglement

e Threshold: 5> = 0

,022/[ (0,2) = [ )n(¥™ |n

e High energy: #* = 1,cos6 = 0

/021;4(170) — ‘\Ij+>n<\lj+|n
Afik & De Nova
0 02 04 06 08 10 02 04 06 08 1 2003.02280

cos 6 cos 6
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Scouting for entanglement

R= (4n)7! / dQ R(3, k),

v

5E—Cz+|20_|_‘—1>0

C'lp| = max(6/2,0)

l1+0
3

Luca Mantani 18

D = —3(cos p) =



Scouting for entanglement I

2003.02280
0.0 .
R = (4m)~? / dQ R(3, k), |
_0.4}
Q)
~0.6} ,
5 — _Cz + |20J_‘ T 1 > 0 | — LO Analytical
- -  MadGraph + MadSpin
C[,O] — maX(5/27 ()) ~10—200 500 600 700 800 900 1000
D = —3(cos p) = ;
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Scouting for entanglement I

2003.02280
0.0 .
R= (4n)7! /dﬂ R(3,k), |
5 — _Cz + |20J_‘ T 1 > 0 il — LO Analytical
- -  MadGraph + MadSpin
C[,O] — maX(5 / 2, ()) ~10—200 500 600 700 800 900 1000
1+0
D = —3(cos p) = ; \

Need for a narrow bin close to threshold
LLuca Mantani 18



Open new windows

Hagiwara, Sumino & Yokoya

0804.1014
3"'I""I""I""I
: — — gg, singlet :
. —. gg, octet
= .- qq, octet
= sumofall
2 2
Q u
S |
B
g |
2
s 17
O;""r"".:i’-{l’.'—.'—;—:.-'-'-1’--'.2.--‘".". R —
340 345 350 355 360
m_ (GeV)
Luca Mantani
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Open new windows

do/dm_ (pb/GeV)

\®)

(S

Hagiwara, Sumino & Yokoya
0804.1014

— — gg, singlet

. —. gg, octet
.- qq, octet

— sum of all

Toponium

”

=
== -
—

- .
.

SRR R o
340 345 350
m_(GeV)
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Open new windows

Hagiwara, Sumino & Yokoya

05804.1014
3 l T T | l I T I | ' I l | I | | |
- gg, singlet
I -— - gg,octet
i -+++ (q, octet
_ — sum of all
>
O 2
2 | Toponium
<L P
Q
N’
g |
S
@) -
RS 1
e SO R ST L

340 34

m_ (GeV)

[Luca Mantani

19

Maltoni et al.
2401.08751

—0.8-

—0.9;

—— SM Fixed-Order
— ¢r ¢, =0.2
— ¢+ ¢,=0.4
¢+ c,=0.6

Toponium model
LHC 13TeV

2My

330

336

342 348 354 360
Mppa; [GeV]



New physics

The density matrix opens the window to new sensitivities

ete” > WTW™

()\1/\2|Oé ,8) SM EFT A—2: CWWW

+ — 00 —2v/2Grm?% sin 0 -

+ — —+ 2\/§Gpm%;v sin 0 -

+—+— —%GFm%V sin® 0 csc*(6/2) -

+ — ++ - 3. 214\ /G rmy sin 0 (4m?, 2> — m%)
+— 0+ - —3-23/4/Grmd, (£1 + cos ) x

+ — %0 - —3-23/4/Grmd, (F1 + cos ) x

— + 00 2v/2Gr(m% — m%,) sin 6 -

—+ 4+ - 6 - 21/4\/Grmy (m% — m2,)sin @
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New physics

The density matrix opens the window to new sensitivities

ete” > WTW™

()\1/\2|Oé ,8) SM EFT A—2: CWWW

+ — 00 —2v/2Grm?% sin 0 > -

+ — —+ 2\/§Gpm%;v sin 0 > -

+—+— —%GFm%V sin® 0 csc*(6/2) > -

+ —++ - » 324 /Grmyy sin 0 (4m?, 2> — m%)
+ — 0+ - »  —3-2%4/Grm3, (£1 +cosb)z

+ — =£0 - > —3.2%4/Grm3, (F1 +cosb)z

— 400 2v/2Gr(m% — m%,) sin 6 > -

—+ 4+ - > 6-214/Grmy(m% — m#%,)sinf

Cross section

~

A(Ow) ~ 0
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New physics

()\1)\2|C¥ ,B) SM EFT A2 : CWWW

+—00 —2v/2G Frm? sin 6 -

+— —+ 2v/2G rm?; sin 0 -

+ — +— —\%Gpm%v sin® 0 csc(6/2) -

+ — £+ - 3. 2Y/4\/G rmyy sin 0 (4m?%, 2% — m%)
+ — 0+ - —3-23/4/Grm3, (£l + cosh) x

+ — =0 - —3-23/4\/Gpm§)’;v(:|:1 + cosf) x
—+ 00 2v/2G (Mm% — m?%,)sin 6 -

— +++ - 6 - 21/4\/G pmyw (m% — m2,) sin 0
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New physics

()\1)\2|C¥ ,B) SM EFT A2 : CWWW

+—00 —2v/2G Frm? sin 6 -

+— —+ 2v/2G rm?; sin 0 -

+ — +— —\%Gpm%v sin® 0 csc(6/2) -

+ — £+ - 3. 2Y/4\/G rmyy sin 0 (4m?%, 2% — m%)
+ — 0+ - —3-23/4/Grm3, (£l + cosh) x

+ — =0 - —3-23/4\/Gpm§)’;v(:|:1 + cosf) x
—+ 00 2v/2G (Mm% — m?%,)sin 6 -

— +++ - 6 - 21/4\/G pmyw (m% — m2,) sin 0
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New physics

()\1)\2|C¥ ,B) SM EFT A—2: CWWW
+ — 00 —2v/2GFm% sin 6 -
+— —+ 2v/2G rm?; sin 0 -
+ — 4— —\%Gpm%vsin?’ﬁcsc‘lwﬂ) - -./\/l___|_./\/l* M___|_M>_k_-_ )
+— 4t : 3-2/4/Gpmw sin§ (4mfyz® — m%) p— Mo _M? My M7
4+ — 0+ _ —3.23/4/Grm3, (£l + cosf) = :
1L 40 _ —3-23/4/Grm3,(F1 + cosh) x i _
—+ 00 2v/2G (Mm% — m?%,)sin 6 -
— +++ - 6 - 21/4\/G pmyw (m% — m2,) sin 0

i1(Ow) = b1 (Ow) ~ ew 2°/* z cos?(6/2)(cosf + 3)cscd,  Resurrected sensitivity: energy growth!
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Conclusions

* Measurement of entanglement between tops is highest energy evidence ever.
* In the SM, specific spin configurations are expected, dictated by interactions.

» High degree of entanglement present at threshold and high energy (+ Bell
violation)

» Need to design measurements in corners of phase space.

* Quantum observables probe complementary directions to the cross-section:
e.g. toponium and resurrect the EFT interference.
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First workshop gathering the new community

NN @ IS

Istituto Nazionale di Fisica Nucleare LA LIBERTE DE CHERCHER
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Spin correlation measuremernt

Inclusive measurement CMS 1907.03729

CMS 35.9 fb' (13 TeV)
—e— Data —— POWHEGV2 + PYTHIAS
—=— NLO calculation —¥— MG5_aMC@NLO + PYTHIA8 [FxFXx]
—— NNLO calculation
|
C ——e—— 0.300 + 0.022 + 0.031
kk hac]
H—
C. et 0.081+ 0.023 = 0.023
rr
C —e—  0.329:0.012x0.016
nn A
\l
D L'*E* 0.237  0.007 = 0.009
|,v_|
Alab ey 0.167 = 0.003 = 0.010
coSsQp W
}y.l
-~
A HeH 0.103 = 0.003 = 0.007
1A | e
result = (stat) = (syst)
| | | | | | | | | | | | | | | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5

Spin correlation coefficient/asymmetry
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Spin correlation measuremernt

Inclusive measurement CMS 1907.03729

CMS 35.9 fb' (13 TeV)
—e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation —¥— MG5_aMC@NLO + PYTHIA8 [FxFXx]
—— NNLO calculation
C 1 0.300 + 0.022 + 0.031
kk =il
cC, - e 0.081: 0.023 + 0.023 NOt enough to
" v
¢ Lt osmeootze00ts see entanglement!
\l
-D la't_-ll_.:l <4 0.237 = 0.007 = 0.009
|.v_|
Afob&p 'i"HH 0.167 = 0.003 = 0.010
H
—
A HeH 0.103 = 0.003 = 0.007
IAg | e
result + (stat) + (syst)
| | | | I | | | | | | | | | | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5

Spin correlation coefficient/asymmetry
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Hierarchy of quantumness

©Yoav Afik
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Hierarchy of quantumness

Classical
effects

%k Quantum discord: shared information.

Separability

Non-separability

©Yoav Afik
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Hierarchy of quantumness

Classical
effects

%k Quantum discord: shared information.

% Entanglement: non-separability.

Separability %k Steering: “spooky action at a distance”

Non-separability

©Yoav Afik
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Hierarchy of quantumness

Classical
effects *

Quantum discord: shared information.

% Entanglement: non-separability.

%k Steering: “spooky action at a distance”

Non-separability

Separability

Bell non-locality: very strong correlations:
Non local.

©Yoav Afik
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SMEFT relative effects

A= — nn_|_|Ckk_|_Crr‘_1>O

AlEA—AQ

A computed up to O(1/A?)

AQEA—Al—AQ

A computed up to O(1/A%)
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SMEFT relative effects

A= — nn_|_|Ckk_|_Crr‘_1>O
A1/ (%) Ay /Ay [%)]
—40 —20 00 20 40 -2 —1 00 1 2 A=A —-Ag

A computed up to O(1/A?)

AQEA—Al—AQ

A computed up to O(1/A%)
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Avera Qe concurrence
R = (4m)7} / dQR(3,k), ——

0 =—C, |20J_|—1>0

C'lp| = max(6/2,0)
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Avera Qe concurrence
R = (4m)~" / AQR(3, k), — e—

0 =—C, ‘2CJ_‘—].>O

C'lp| = max(6/2,0)

— SM
--- linear

""" quadratic
— ¢;/A? = 0.7/TeV?
T Cz'/A2 — —07/T6V2

0 02 04 06 08 10 02 04 06 08 1
p b
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Ouantum state in the EFT

gg-induced

pg;TT(O, z) = pgg‘\I’+>p<\I’+|p + (1 = pgg)|¥ ™ )p(¥ ™ |p

72 |
Pgg = 7 A4 m? (3\/§mt Cg TV CtG)2 Only quadratic effects!
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Ouantum state in the EFT

gg-induced qq-induced
pgj’f(o, 2) = Pag| T (T Ty + (1 — o) | ¥ ) (T, Pag * (0,2) = Pag|T1), (M1, + (L —pgq) W) (W,
1 B g
Dgg = 7 A4 (3\/_ m¢ Cq 'Uct(;)2 Only quadratic effects! Peg = 5 — 4 ‘,/\‘3 + zt (’v\/_ i CG_9¢$/11)4 gg/ + 2c @4 %%)
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Ouantum state in the EFT
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