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Quantum Information

Unveil the inner behaviour
of quantum mechanics.

Entanglement is a pure quantum phenomenon.
A measurement at high-energies is lacking.
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of quantum mechanics.

Entanglement is a pure quantum phenomenon.
A measurement at high-energies is lacking.

Top pairs ideal probe: spin correlations preserved after decay
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The fundamental object is the spin correlation matrix

At LO in QCD
R0t1042,,3132 Z Mazﬁz i f1 T _
colors — 99,44

a,b spins

Mg = (t(k1, a)t(kz, B)|T|a(p1)b(p2))
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Spin correlation matrix Luca Mantani

The fundamental object is the spin correlation matrix

At LO in QCD
R0t1012,,31,32 Z Mazﬁz i f1 T _
colors — 99,44

a,b spins

Map = (t(k1, 2)t(ke, B)|T|a(p1)b(p2))

g " We collide protons q ;

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

I

Full correlation matrix is mixed state, weighted by parton luminosity
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Fano decomposition Luca Mantani

The R matrix can be decomposed in the spin space

R = A]].2@]124-3,;'—0'2@]124-32_]12®0’Z—|-C~'Z] 0'i®0'j
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do a2
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Cross section

A (3, k)
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Fano decomposition Luca Mantani

The R matrix can be decomposed in the spin space

R =2®12 +i®12 -|-2 ®0i0i®0j

do a2
dQds 52

Cross section

A (3, k)

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

Spin correlations

If normalised, we define the density matrix of the system

5 — 1,1, + Bf 0'®15 + B 1,Q0" 4+ Cy; 0' Q@07
— ; |
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Entanglement in bipartite systems Luca Mantani

Given a bipartite system, with Hilbert space # = # |  # »

If state separable |\If> = |\If>1 X ‘\If>2 » No entanglement

Maximally entangled states

o M END gy T END

In the case of a statistical ensemble (mixed state)

p = Zpkﬂk entangled if p, # p; @ p,
k
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Given a bipartite system, with Hilbert space # = # |  # »

If state separable |\If> = |\If>1 X ‘\If>2 » No entanglement

Operative definition of entanglement: Peres-Horodecki criterion

A=-C,, + |Ckk + Crr\ —1>0 entangled



Entanglement metric Luca Mantani

Given a bipartite system, with Hilbert space # = # |  # »

If state separable |\If> = |\If>1 X ‘\If>2 » No entanglement

Operative definition of entanglement: Peres-Horodecki criterion

A=-C,, + |Ckk + Crr\ —1>0 entangled

We can then define the concurrence

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

Max entanglement



SM picture Luca Mantani
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SM picture Luca Mantani

No entanglement

Max entanglement

0 02 04 06 08 10 | 0.2 | 0.4 | 0.6 | 0.8 | 1
cos 6 cos 6 [arXiv:2003.02280]
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SM picture Luca Mantani

No entanglement

Max entanglement

e Threshold: f* =0
Pag (0,2) = [U7) (07 |,

e High energy: f* = 1,cos6 =0
Pag (1,0) = [UF) (U],

1

0 02 04 06 08 10 | 0.2 | 0.4 | 0.6 | 0.8 | 1
cos § cos § [arXiv:2003.02280]
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L=Lsm+3 507 +3 7207 + .

Oa = gszBCGf’“Gf’VGS’p

,02

OgoG — (SOT - ?) GiuGﬁu

Ova = gs(Qo* T4 t)gBGﬁ,, + h.c.
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L=Ls+>, 500+, 2200 +

Oc = gs fABC Gf’ﬂGB’VGC’P 4-Fermion operators
v? y 8,1) <8 3) (8 ~(B8) (B ~(B) (8
O = (¢t¢ _ ?) awGh O 0&D 0% 0B 0% 08 of

Oz = 9s(Qo** T4 t)pG4, + h.c.
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L=Ls+>, 500+, 2200 +

Oc = gs fABC Gf’NGB’VGC’P 4-Fermion operators
2
Opi: = (w . ?> auas 08D 08D 0 0 o) of) o
Oz = 9s(Qo** T4 t)pG4, + h.c.
A1/Ag %] Ay/ Do [%)]
—-40 =20 0 20 40 -2 -1 0 1 2
1
0.8 |
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Quantum state: threshold Luca Mantani

PEET(0, 2) = pgg|TH) (T | + (1 — pgg) [T )p (T |
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gg-induced
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PEET(0, 2) = pgg|TH) (T | + (1 — pgg) [T )p (T |

gg-induced
_ 2 2(3\/5 + )>  Only quadratic effects!
Dgg = 7A4mt m¢Ccq + U C@ y -
a1 (0,2) = Pag[T1), (1, + (L —pgg) N4)p, (W
pq(j ) pqq P P pqq P P
qqg-induced (8),u 4
1 Cy/'A 8mi vv/2 8),u 1),u (1),u 8),u (8),u
paa = 5 — 45 + S (D2 O, ool + 2oy "e))



Quantum state: threshold Luca Mantani

PEET(0, 2) = pgg|TH) (T | + (1 — pgg) [T )p (T |

gg-induced -

Pag = Wmf(:a\@mt cg +vecg)®  Only quadratic effects!

aq - (0,2) = pgg [T1), (111, + (L =pgq) W), (L
aqq-induced (8),u
1 coal 8mi vV2 8),u D,u (1),u 8),u (8),u
pua = &~ B OV g 2l
Pgg [7000] Pyg | 70]
0 1 2 3 4 5) 46 48 50 52 54

~Im
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Conclusions Luca Mantani

“* Possibility to exploit quantum observables as entanglement proposed.

“* Measurement of top pair entanglement would be highest energy evidence ever.

“ In the SM, top pairs are maximally entangled at threshold and very high energy.

* SMEFT effects induce presence of different quantum states, decreasing
entanglement at threshold and modifying the overall pattern.

“* Quantum observables probe complementary directions to the cross-section in

EFT param space.
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gg coefficients Luca Mantani

LO coefficients - gg channel
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qq coefficients Luca Mantani

LO coefficients - gq channel

4937“? 2 U 2 2\ 22\ .(8),u (8),u
9A2(1 . ,82) [ﬂgs —t(l _ :8 )ctG + (2 _ (1 —Z )/B ) CVV + 2z/BcAA .
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Averaged concurrence Luca Mantani

R:(47r)_1/dQR(§,k), i 6= —C, + |20, —1> 0
Cp] = max(§/2,0)

— SM
-=- linear
""" quadratic

— ¢;/A? = 0.7/TeV?
I | I | — CZ//\2 - —07/T6V2

0 | 0i2 | 0f4 | Oj6 | 0f8 | 1 0 02 04 06 08 1
A3 B
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High pT Luca Mantani

(triplet prob.)  pe- = (¥ [np ¥ )n

- 090 |~
02 | — SM o
- === linear :
e quadratic (.85 b~
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Helicity basis Luca Mantani

— zk
{k,n,r}:r—(p 2k) n==kxr,

1 =22

To expand in this basis, e.g.

Cnn — tr[C’ij n@n]
% = (1 —4m; /3)

Phase-space parametrized by:
cos 6
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SMEFT entanglement Luca Mantani

O = gs(Qo* T )G}, + h.c.
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