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Motivation Luca Mantani
Unveil the inner behaviour
of quantum mechanics.

Entanglement is a pure quantum phenomenon.
A measurement at the high energies of the LHC would be a first.

Quantum Information

Weak bosons and top quarks are the ideal candidates:
EW interactions allow for spin reconstruction from decay

W decay: Top decay:
lepton decays along W spin lepton decay correlated with top spin
Ve 1 dI'  1+cos¢
e, I'dcos ¢ 2
7 ” ¢ angle between lepton and spin

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

oy M EID e [ )

V2 V2
In the case of a statistical ensemble (mixed state)
p = Zpkﬂk entangled if p, # p; @ p,
k
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The density matrix Luca Mantani

The fundamental object to study quantum observables is the spin density matrix

1
One particle of spin s: p=-=-I+ Z A\
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=—=1x1+ = E CLi)\Z'@I[—I—E E bj]l@)\j—F >4 >40ij)\i®)\j

d? d “ . . .
1=1 \ ]7 =1 j=

The parameters completely characterise the quantum spin state of the system
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We define the R-matrix

/ Sum over initial state only
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We define the R-matrix

/ Sum over initial state only

Ra1042,,31,32 Z Mazﬂz ay B
colors
a,b spins
Mg = (t(k1, @)t(kz, 8)|T |a(p1)b(p2)) Matrix-element
) d?—1 d®—1 3 d*—1d*—1
=1 j=1 i=1 j=1




Spin 1/2, top pair [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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Spin 1/2, top pair [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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With the density matrix we can build various observables

C(p) = inf szc(lwz)) Entangled if > 0
L i

(C(p))? > 2max (0, Tr [p?] — Tr [p4], Tr [p?] — Tr [p%]) = Cip
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Entanglement from the density matrix Luca Mantani

With the density matrix we can build various observables

= inf szc(lwz)) Entangled if > 0
L _

C(p))? > 2max (0, Tr [p?] — Tr [p4] , Tr [p?] — Tr [pB]) = Cis

(C(p))2 < 2min (1 - Tr[p3],1 - Tr[p3]) = Cop

P(p) = tr[p?] Pure if P=1
(B = max (Tr (o (U 0 VY BU ©V))) > 2
UV




Top pairs Luca Mantani

Top pairs ideal probe: spin correlations preserved after decay

1
I — *
Ralaz,ﬂlﬁz — N, N; Cgs Mazﬁz Malﬂl T =gq,qq

a,b spins _
[arXiv: 2203.05619]
Mop = (t(k1, a)t(kq, B)|T|a(p1)b(p2))

At LO in QCD
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Top pairs ideal probe: spin correlations preserved after decay

1
I — *
Ra1012,51ﬁ2 — N, N; Cgs Mazﬁz Malﬂl T =gq,qq

a,b spins :
[arXiv: 2203.05619]
(t(k1, a)t(ks, B)|T |a(p1)b(p2))

g " We collide protons q ;

At LO in QCD

Mag

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

Full correlation matrix is mixed state, weighted by parton luminosity
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_ (p—zk)
V1—22’
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To expand in this basis, e.qg.
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Definitions Luca Mantani

{k,n,r}: r—(p_Zk) n==kxr,

V1 =22]

To expand in this basis, e.qg. R
B = (1 —4m; /3)
Cnn — tr[C’ij n@n] cos ¢

Operative definition of entanglement:

A=-C,, + |Ckk + Crr\ —1>0 entangled

We can then define the concurrence

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

Max entanglement
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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 02 04 06 08 1

cos cos ¢ [arXiv:2003.02280]
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Direct search (Bumps)

Indirect (scouting tails)

= New physics Is heavy

E E > EuLc

Framework to describe both precision physics and Heavy New Physics.

Np— —— __l

;; Standard Model Effectlve F|eld Theory (SMEFT) i'

e e e
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)
N
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How can we describe the presence of new interactions?

New particles being exchanged in collisions

SM SM

SM SM

Interaction can be described without explicit presence of new states!

New framework * Effective Field Theory
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Dim-6 operators Luca Mantani

59 operators flavour universal 2499 operators flavour general
X3 S06 a’nd S041)2 ¢2S03
Qc | fABCGHGErGSH | Q, ()3 Qey (¢T0) (lperep)

g | FABOGAGEGSH | Quo | (Plo)O(ele) | Que (' 0) (Gpur?)
Qw | eEWIWIPW | Qup | (6'D*0)" (01Dup) | Qup | (#19)( @)
Qn | VKWW Iow K

X2902 ¢2X<,0 ¢2902D

Qo | ¢l9GAG™ | Qv | (o™e)r W), | QY | (p1iD,9) M)
Qe | ¢'004e™ | Qp | (Goe)eBu | QY | (61D )T v",)
Quw | eloWLW™ | Qua | (Go"T*u)5Gh, | Que | (¢liDup)@n*e,)
Qv | PeWLW™ | Quw | (Go™u)r'GWL, | QG | (p D, 9)@"a)
Qs |  ¢'0BuB” | Qus | @o"u)FBu | Q9 | (¢iD} 9) @ e)
Q5 o' p By, B™ Que | (G0 T4d)0CL | Qe | (¢4D, o) (@ u,)
Quws | oo WLB™ | Quy | (@0™d)r oW | Qua | (¢1iD,¢)(dn"d,)
Qs | ¢'TeWLB™ | Qs | (%0"d)¢Bu | Quua | i@ Dup)(@*d,)
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Dim-6 operators Luca Mantani

59 operators flavour universal 2499 operators flavour general
X3 906 and S041)2 ¢2§03
Qa | fAPCGGRrGSH || Q, (ph)? Qe (¢T0) (lperep)
Q= | FABCGAYGBrGOH || Q. (0T (0T0) Qo (010 (Gt D)
(LL)(LL) (RR)(RR) (LL)(RR)
Qu Loyl ) (Lsy*1e) Qee (Epvuer) (Es7er) Que (Lpyulr) (€™ e:)

W | @) @e) | Quu | @pva)@tu) | Quo | Gyl (s )

51?:1) (Qp%ﬂ' @) (@7 q) | Qad (_p’Yudr)(_ﬂ“ dy) Qud (l_p’Yulr)(CZs’Y“ dy)
Quw | Gl)@a) | Qu | @ue)@yw) | Qe | (Gre) (@ e)
QY | Gy l)(@7 7 q) || Qea (&pvuer) (dsy*dy) . (@p70r) (Tsy ue)

QW | @) dard) | QR | @ T ) @y T4u,)
QW) | @ THu) (@ T4dy) | Q4 | (G vuer) (doydy)

QY | (@1.T4a,)(dsy*TAd,)
QowB ll® W,,{VBW Qaw | (go"d,)T'p WI Qi (‘PTiBu ) (dyy“d,)
Qs | #ToWLB™ | Quz | (§0"d)¢Bu | Quua | 4@ Dyup)@n"d,)

13



The framework: SMEFT Luca Mantani

EZESM"‘ZZ' %O?-in %O?-F---

* Modified interactions among SM particles
“ Higher dimensional operators preserve SM symmetries.
* Mappable to a large class of BSM models.

“* Truncate at dim 6: leading corrections
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O+ ...

Scale of NP

L=Lsy~+ )., %O? T Z@

* Modified interactions among SM particles

“ Higher dimensional operators preserve SM symmetries.

* Mappable to a large class of BSM models.

“* Truncate at dim 6: leading corrections

EFT to-do list

“ Define target operators: e.g. top-philic EFT [arXiv:1802.07237]
* Find optimal observables to probe them
< Compute with precision theoretical predictions (both SM and EFT)

+» Make accurate measurements
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* Modified interactions among SM particles

O+ ...

Scale of NP

“ Higher dimensional operators preserve SM symmetries.

* Mappable to a large class of BSM models.

“* Truncate at dim 6: leading corrections

EFT to-do list

o Deflne target operators e. g top ph|||c EFT [arXiv:1802.07237]
f o F|nd optlmal observables to probe them
X Compute W|th preC|S|on theoretlcal predlctlons (both SM and EFT)

+» Make accurate measurements
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Physics parameter fits Luca Mantani

Typically fits of physics parameters and PDFs do not talk
Quantum

fluctuation 0(C,0) = [1(C,0) ® f2(C,0) ® 6(C) Zg((ii\\//::zzsgg:ggfgg
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Typically fits of physics parameters and PDFs do not talk
Quantum

fluctuation 0—(07 6’) = f; (C’7 6)) R fQ(C, 9) Q) 5_(0) arXiv: 2307.10370

arXiv:2303.06159

e Fix physics parameters C

o(C,0) = f1(C,0) ® f2(C,0) ® 6(C)

We extract the PDFs from data,
we have implicit dependence 6* = 6*(C)
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Physics parameter fits

Luca Mantani

Quantum
fluctuation o (C” 6’)

PDFs extraction

e Fix physics parameters C

o(C,0) = f1(C,0) ® f2(C,0) &

We extract the PDFs from data,

5(C)

we have implicit dependence 8% = 0*(C)

r NNPDF4.0 NNLO Q= 3.2 GeV

_____

0.8 4

0.6 4

15

Typically fits of physics parameters and PDFs do not talk

_ fl (07 9) R fQ(C, 9) R 5_(0) arXi.v: 2307.10370

arXiv:2303.06159

Physics parameters

e Fix PDFs parameters C 0
f

0(C,0) = f1(C,0) ® f2(C.0) @ 6(C)

We extract the physics parameters from datg,
we have implicit dependence C* = C*(C, 0)

0.05

2
0.04 ‘ 95%CL individual; ¢; LTSV ’

0.03

0.01

= | gy I | H | H ! || g H i H

-0.02

-0.03

-0.04
-0.05




R-matrix in SMEFT Luca Mantani

Ralaz,ﬁlﬂz Z Mazﬁz a1f1
colors
a,b spins
Mo — M 1 ./\/l(d6> B RSM __ REFT
af = Map T 35 ap P = tr(RSM) + tr(REFT)
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R-matrix in SMEFT Luca Mantani

Ralaz,ﬁlﬂz Z Mazﬂz a1
colors
a,b spins
Map = MY 4 (@9
af — af A2 a8
At O(1/A?)
g2 1 ' g2um (98222 + 7 2m3 9g282m?2 22
Agg(l) 2 s g t(ﬁ )CtG_ 5 IB t - QCQOG—I_ g/B t cel,
A1 g | 124/2 4m; — (1 — B2)m; 8
Gos.(1) 1 _—7g§vmtc . B2m? . 9gﬁﬁ2m§z2c
A2 1- 8222 12v2 ¢ 4mZ—(1-pB%)m2 *° 8 =
599, _ g° 1 " g2lumy (9522:2 + 7) ( 2 (z4 22— 1) + 1) c
= 6222 | 12v/2 (8222 — 1) o
[ B*mi L _ 9985 mi2
W -(-Pm T 8 e



Luca Mantani

New sensitivity

The density matrix opens the window to new sensitivities

ete” = WHTW~—
()\1)\2|a ﬂ) SM EFT A—2: CWWW

+—00 —2\/§Gpm2Z sin 0 -
+ - -4 2\/§Gpm%v sin 6 -
+—+— —\/%EGFm%V sin® 6 csc?(6/2) -
+ —++ - 3. 2Y4/G rmw sin 0 (4m¥, 2?2 — m%)
+ — 0+ - —3-23/4/Grm3, (£1 + cos ) =
+ — =40 - —3-23/4/Grm3, (F1 + cos ) =

— 400 2v2G (Mm% — m¥%,)sin 6 -

— 4+ ++ - 6 - 2/4\/Grmwy (m% — m%,)sin 6
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Luca Mantani

New sensitivity

The density matrix opens the window to new sensitivities

ete” = WHTW~—
()\1)\2|a ﬂ) SM EFT A2 CWWW

+—00 —2\/§Gpm2Z sin 0 > -
+ - -4 2\/§Gpm%v sin 6 > -
+—+- —\/%EGFm%V sin® 6 csc?(6/2) > -
+ —++ - > 3. 214 /G rmy sin 0 (4mZ, 2% — m%)
+ — 0+ - > —3.234/Grmd, (14 cosh) x
+ — =40 - > —3.234/Grm¥, (F1 4 cosh) x

— 400 2v2G (Mm% — m¥%,)sin 6 > -

— 4+ £+ - » 6 - 2Y/4/Grmy (m% — m2,) sin @

Cross section

~

A(Ow) ~ 0

17



Non-diagonal elements Luca Mantani

(AalaB) SM BFT AT cwww

+—00 —2v/2Grm% sin 6 -

+ - —+ 2\/§Gpm%,v sin 6 -

4 — 4 —\/iiGpm%V sin® 6 csc?(6/2) -

44t - 3. 2Y4/Grmwy sin @ (4m¥,2® — m%)
L0+ i —3.23/4/Grm3, (£1 + cos ) =
+—=£0 - —3-23/4/Grm3, (F1 + cos ) =

— +00 2v2Gr(m% — m¥%,)sin 6 -

— 4+ ++ - 6 - 2/4/Grmy (m% — m%,)sin 0

My ML, M M
M-|-— >_k|__|_ M_|__ g
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Non-diagonal elements Luca Mantani

(/\1)\2|OA 5) SM EFT A—2: CWWW

+ —00 —2\/§Gpm2Z sin 0 -

+ ——4 2\/§Gpm%,v sin 6 -

+—+— —\%Gpm%y sin® 6 csc?(6/2) -

+—++ i w - 21/4 /G pmyy sin 0 (4m?, 22 — m%)
+ — 0+ ] \ —3.23/4/Grm3, (£1 + cos ) =
+—=£0 - —3-23/4/Grm3, (F1 + cos ) =

— +00 2v2Gr(m% — m¥%,)sin 6 -

—+++ - 6 - 21/4\/Grmwy (m% — m%,)sin 6

x

Mo M,
M, _M

p= T

_I_*

18



Luca Mantani

Non-diagonal elements

(/\1)\2|O¢ 5) SM EFT A—2: CWWW
+—00 —2v/2Grm% sin 6
+ ——4 2\/_Gpm%,v sin 6
+—+- L 5»GF rm?, sin® 0 csct(6/2)

+— £+ y“? 21/4\/GFmW sin 0 (4m3,z* — m%)
\\\\\\\\‘ —3-23/4/Grmiy, (+1 + cos 0) z

+— 0 i
+ — 40 - —3-23/4/Grm3, (F1 + cos ) =
— +00 2v2Gr(m% — m¥%,)sin 6

— 4+ ++ - 6 - 21/4/Grmw (m% — m%,)sin 6

a1 (Ow) ~ b1 (Ow) ~ éw 2°/4 = cos*(0/2)(cos @ + 3) csc b,
Resurrected sensitivity: energy growth!
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SMEFT entanglement Luca Mantani

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

SM inear
— 99 1
0.8 | | 0.8
0.6 i 0.6 |
n | - x|
04} 0.4
0.2 ‘ 0.2
0 0
! I qq 1
' - 0.8
0.8 ] | |
' - 0.6 | 1F -
) 0.6 F | N Il I
=] ' 0.4 F 1 F .
04 ! I I
0.2 F 1 F 1
02 | L 11 i
0 1 | 1 | 1 | 1 | 1 1 | 1 | 1 | 1 | 1
0 b 0 02040608 10 020400608 1
0 02 04 06 08 1

cos(0) cos 6 cos 6




SMEFT relative effects Luca Mantani

A= — nn+|0kk+0fr’r‘_1>0
A=A - Ay A computed up to O(1/A?)

Ay =A—-A1 —Ap A computed up to O(1/A%)

20



SMEFT relative effects Luca Mantani

A= — nn+|0kk+0’rr‘_1>0
A=A - Ay A computed up to O(1/A?)
Ay =A—- A1 — Ay A computed up to O(1/A%)

A1/Ag [%)] Dg/ A %]

-40 =20 0 20 40 -2 -1 0 1 2
L




Averaged concurrence Luca Mantani

R=(47r)—1/dQR(§,k), s 0=-C,+[2C.|-1>0
Cp] = max(§/2,0)
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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
— ¢i/A\? =0.7/TeV?
— ¢;/A\* = —0.7/TeV?

0 02 04 06 08 10 02 04 06 08 1
p p
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Quantum state: threshold Luca Mantani

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

72 _
Pgg = Wmf(S\/ﬁmt cg + v ctc;)2 Only quadratic effects!

gg-induced

22



Quantum state: threshold Luca Mantani
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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 8my vy/2 8),u 1),u (1),u 8),u (8),u
paa = 5 — 45 + S (D2 O, ool + 2oy "e))
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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!
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Conclusions Luca Mantani

“* Possibility to exploit quantum observables as entanglement proposed.

“* Measurement of top pair entanglement is the 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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Quantum tomography Luca Mantani

How do we reconstruct the spin density matrix at colliders?
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How do we reconstruct the spin density matrix at colliders?

Quantum tomography Measure angular distributions of the decay products

For example, for the density matrix of a W boson [arXiv: 2209.13990]

er* = vV2(5cos § + 1) sin 6 cos ¢ <I>5Pi = 5sin? @ sin 2¢
oL+ = V2(5 cos @ + 1) sin fsin ¢ L = V2(£1 — 5cos ) sin 0 cos ¢
<I>3Pi = Z(+4 cosf + 15 cos 20 + 5) &LF = v/2(£1 — 5cos ) sin fsin ¢

<I>f;i = 5sin” 0 cos 2¢ @gi = ﬁ (£12cos @ — 15cos 260 — 5)
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Quantum tomography Luca Mantani

How do we reconstruct the spin density matrix at colliders?

Quantum tomography Measure angular distributions of the decay products

For example, for the density matrix of a W boson [arXiv: 2209.13990]

®P* = v/2(5cos§ & 1) sin f cos ¢ &L+ = 5sin® fsin 2¢
oL+ = V2(5 cos @ + 1) sin fsin ¢ L = V2(£1 — 5cos ) sin 0 cos ¢
<I>Pi T(+4 cosf + 15 cos 20 + 5) &LF = v/2(£1 — 5cos ) sin fsin ¢

&)+ = 5sin” f cos 2¢ OF = 4\1/—( +12cosf — 15cos 260 — 5)
1 P+ Expectation value
G5 = / dQ2; p(f P) ®; of the Wigner P functions

( ) //dQHl dQu,p (65 05 s p) @ (1) B (1)
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Quantum tomography: top pair [Luca Mantani

In the case of top pair things are simpler [arXiv: 2003.02280]

1 do _14B'-§-B -4 -4, -C-4
odQ dQ_ (47)2
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Direction of decay
. . Av produced lepton
1 do 14B"-44-B" -4 -q;-C-q4-
o dQ+dQ_ - (47‘(‘)2
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Quantum tomography: top pair [Luca Mantani

In the case of top pair things are simpler [arXiv: 2003.02280]

Direction of decay
v' produced lepton

1 do  14+4Bf-q,-B--§_ -6, -C-4_

o d, A0 N

Spin density matrix
coefficients
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Quantum tomography: top pair [Luca Mantani

In the case of top pair things are simpler [arXiv: 2003.02280]

Direction of decay
Av' produced lepton

1 do  1+4B".-q;—-B”-q--q+-C-q-

o d, A0 \@g\\

Interestingly, at threshold, a specific angular distributions
Is directly proportional to the entanglement

Spin density matrix
coefficients

1 _do _ 1(1 — D cos ) D = tr[C] Clp] = max(~1—-3D,0)/2

odcosyp 2 3

Angle between leptons
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Quantum tomography: top pair Luca Mantani

In the case of top pair things are simpler [arXiv: 2003.02280]

Direction of decay
,\v' produced lepton

1 do  1+4B".-q;—-B”-q--q+-C-q-

o d, A0 \e@\\

Interestingly, at threshold, a specific angular distributions
Is directly proportional to the entanglement

Spin density matrix
coefficients

1 do _ 1(1 — D cos ) D = tr[C] Clp] = max(~1—-3D,0)/2

odcosyp 2 3

Angle between leptons

However not trivial!
Despite high degree of entanglement in certain phase space,
when integrating we wash out the effects: design of optimal signal region needed.

20



Quantum state: high pT Luca Mantani

Puv+ = <\I’+ |n P |\I’+>n Probability triplet state

P 0.90 |
o) e b -
- —-- linear
IR quadratic (.85
Y e
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SMEFT effects Luca Mantani

L=Lsy+D,; 707 +>, 500 + ...
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SMEFT effects Luca Mantani

L=Lsm+3 507 +3 7200 + .

Oc = gs fABC Gf’NGf,VGS’P 4-Fermion operators
*\ v 8,1) 1(8,3) ~(8) ~(8) H(B) () ~H(®)
0 = (QOT(p N %) Gy Gﬁ,, Oéq )’ Oé?q )7 Owgu O aOQu’ OQd’ th

O = 9s(Qo™ T4 t)pG4, + h.c.
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SMEFT effects Luca Mantani

L=Lsy+D,; 707 +>, 500+ ...

Oq = gs fABC Gf’NGE’VGS’P 4-Fermion operators
2\ 8,1) 1(83) ~(8) (8 ~(8) ~H(8) ~(8)
Och — (‘PTQO - ?) G,:i Gﬁy Oé}q )7 Oé}q )7 Ogu 7Otd 70Qu7 OQd’ th

O = 9s(Qo™ T4 t)pG4, + h.c.

What are the effects of NP on the entanglement regions?

Is NP affecting the quantum state?
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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
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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

We can then define the concurrence

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

Max entanglement

29



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
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2 zm u
Ci™ =5 Az(gl _}32) [Mgz—u — 8722 + (2+ 67 — (2= B2)(1 - 2%)) )" + 4By ]

~ 4 u
T

2 [1— 22
qu (1) gj\?t 1_;2 [\/—g — (2 — Bz +4zc(8)’ +2BC(8)’u],

m? 1
§91\t21_’82 (,B(Z +1)C( ), -|—2Z (8)’ )7

tag, () _ g2 |17 (B + 263"
B; 4939A2 e Bzcyi, A ) -
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Differential measurements

Luca Mantani

Stolen slide

[arXiv:2210.09330]

The structure of spin correlations in phase space makes a
differential measurement ~ 10x more effective than an
inclusive one.

Difference from SM

0.1
0.0
-0.1

0.1
0.0
-0.1

0.1

0.0 =

-0.1

O(l. 1)
Qq
cos8=0.33 0.33 =cos6=0.67 0.67 = cosf
mi <420 mg <420 ‘ mg <420
H H — — Br+ BI‘
Con
cosf = 0.33 0.33 scos60=0.67 0.67 = cosf Crr
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N 7—-—‘ —_—  —— Crk + Ckr
A* /3
AT [ 3
cosOsO.33/ 0.33scos60=0.67 0.67 = cosf
600 = my; 600=mg | 600 =mg
-

(1,1)
Coq

-1.5 00 15 -15 0.0 15 -1.5 0.0 1.5
[A=1TeV]

Quantum observables
and spin correlations
in general will yield
remarkable
improvements to BSM
searches and SMEFT
global fits.




Diboson Luca Mantani

larXiv: 2307.10370] Diboson production is also a promising candidate:
broad sensitivity to SMEFT operators
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larXiv: 2307.10370] Diboson production is also a promising candidate:
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Density matrix more complex:
spin components not sufficient for complete characterisation
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larXiv: 2307.10370] Diboson production is also a promising candidate:
broad sensitivity to SMEFT operators

Density matrix more complex:
spin components not sufficient for complete characterisation

p= —I[®]I+ ZazA QT+ - Zb I® A +ZZ%>\ R \j

=1 j7=1

We studied both lepton and hadron collider

w+ W+ w+
v/Z h
W~ W~— W=
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Diboson Luca Mantani

larXiv: 2307.10370] Diboson production is also a promising candidate:
broad sensitivity to SMEFT operators

Density matrix more complex:
spin components not sufficient for complete characterisation

p= —I[®]I+ ZazA QT+ - Zb I® A +ZZ%>\ R \j

=1 j7=1

We studied both lepton and hadron collider

W W W
Not very /Z ji > h
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- >“W‘< :Ii
Y Z Z y w w




WW production Luca Mantani

ete” - WTW~™

—-08—-04 0 04 08 —-08-04 0 04 028
cos @ cos 0
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EFT effects Luca Mantani
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EFT effects Luca Mantani
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Complementary
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Luca Mantani

EFT effects
cgl) [TeV—2| cowp [TeV2 cw [TeV—2
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0.05

Complementary
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Interference resurrection
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Proton collider Luca Mantani

pp — WTW~—

(B)max
1.5 20 25 3.0

Milder signs due to the
initial state mixing

= > L%(3)(R%(3,0) + R'(3,0 + 7))

q
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Proton collider Luca Mantani

Milder signs due to the
initial state mixing

R(3,0) =) L%(5)(RY(3,0) + R%Y9(5,0 + m))

q
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0.8 ¢$)=0.05TeV=? ¢ =0.03TeV 2
0.6

0.4
0.2

------- M 0.0
0.1,
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cos 6 cos 6
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Luca Mantani

ATLAS detection
@) ATLAS CONF Note y
ATLAS ATLAS-CONF-2023-069 <7

EXPERIMENT
28th September 2023

Observation of quantum entanglement in top-quark

pair production using p p collisions of Vs = 13 TeV
with the ATLAS detector

entanglement detection is expected to be significant. The entanglement observable is measured
in a fiducial phase-space with stable particles. The entanglement witness is measured to be
D = —0.547 £ 0.002 (stat.) £ 0.021 (syst.) for 340 < m,;7 < 380 GeV. The large spread in
predlctlons from several mainstream event generators indicates that modelhng this T proprty is

Ilenglg “The prelctlonsepenmplclar'on theprton- shoer‘ algortm used. The

observed result 1s more than five standard deviations from a scenario without entanglement and
hence constitutes the first observation of entanglement in a pair of quarks, and the observation
of entanglement at the highest energy to date.
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