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Motivation

J Recent interest to establish the presence of quantum correlations,
particularly entanglement, at high energies.

 Processes involving the production and decay of heavy particles such as

Afik, M. n. de Nova (2020), Fabbrichesi, Floreanini, Panizzo (2021), Severi, Boschi, Maltoni, Sioli (2088),
> Top qua,pk production Aguilar-Saavedra, Casas (2028), Dong, Goncalves, Kong, AN (2023), Han, Low, Wu (2023), ATLAS
(2083), CMS (2024), and many more.

> Higgs decays Barr (2021), Ashby-Pickering, Barr, Wierzchucka (2022) , Saavedra, Bernal, Casas, Moreno (2023),
Fabbri, Howarth, Maurin (2024), Saavedra (2024), Sullivan (2084), stc.

» Vector boson production Aoude, Madge, Maltoni, Mantani (2083), Fabbrichesi, Floreanini, Gabrielli, Marzola (2023), Morales
(2029), ete.

1 Reconstruction of the spin density matrix through a quantum tomography
(QT) procedure.

J Want to assess the stability of the two-qutrit interpretation of the spin

dengity matrix under radiative effects.
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Density Matrix and Entanglement

1 The density matrix generalizes the state vector to0 pure and mixed states

Spi=1 » Hermitian
p = Zpi “I]z> <\Ijz‘ , 7 mmmsmsmm) > Unit trace
i p; >0 » Positive semi-definite

1 A system composed of two subsystems A and B is separable if
p = pips®ps, pi=>0

 Non-separable systems are said to be entangled. A measure of entanglement is the
concurrence. For a two-qutrit system

Cp)? = 2max{0, Tr[p?] ~ Tr[(pa)?], Tr[p?] — Tr[(pp)?]} = %,
C(p))? < Zmin{l—Tr[(pA)Q], 1—Tr[(,03)2]} = 625

Mintert, Buchleitner (2007)
J For entangled systems <, > 0 Zhang, et al (2008)
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Quantum Tomography of the ZZ system

U Density matrix parametrized by 80 angular coefficients
1
P=3 (113 ®Is+ Appy Ty @ Is + A7 s @ Tip + Crony Lov, Tht © Tﬁg) .

O Full differential distribution for Z7Z production and decay

1 do 1 - '\/\/\/\A<
- — [1+ ALy BrYM(01,01) + A2 BLY M (02, ¢2) Z ot

o dQ]_dQQ (471')2 7 11~
+Cry My Lov, BLy B, Y1 (01, ¢1)Y] (927902)} : q M+

O Angular coefficients extracted from the differential distribution using orthogonality
of the spherical harmonics

1 do o
/dQ1ngYL (Qi)*d91d92— ALM? By = —v2mn
By = \/27/5
1 B B 2
L[ B0y )y e () dQydQs =2 B oy
o) dnd, Lt Lz (4m)> T

Saavedra, Bernal, Casas, Moreno (2029)
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27 production at LO
( Compare DPA vs full off-shell with |m+,— — mz| < 10 GeV

See also Grossi, Pelliceioli, Vicini (2024)

—— q " q ©
Z/y et e AT
2 " z/v N Z/ .
— 7 G ot NHM
q + 4 utooe

Coefficient | pp —ete utpu™ | pp = Z7* —w ete utpu~
AL, 0.3313(9) 0.3312(3)
A2, 0.3307(9) 0.3325(8)
Chono 0.98(1) 0.99(1)
Cs09.0 0.234(3) 0.246(3)
Co 95 ~0.398(2) ~0.398(2)
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27 production at LO
( Compare DPA vs full off-shell with |m+,— — mz| < 10 GeV

0.0 l |
2—02 —
= i
S04
M I
7 L
= —0.6 [
Sj =
A [
=08 — pp—ete putpu (LO)
I —— pp—= 27" — ete pup (LO)
_1'0’-11111111 llllllllllllllllllllll[llllllll[ll
10 20 30 40 50 60 70 80 90 100

my™ [GeV]
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27 production at LO
( Compare DPA vs full off-shell with |m+,— — mz| < 10 GeV

1.2 19
i — pp—ete puu (LO) L
LoE — pp—= ZZ" s ete ptp (LO) 10k
0.8 0.8
m : m :
% 0.6 W 0.6
0.4
0.2F — pp—efeptu (LO)
i — pp—ZZ* = ete pum (LO)
0 L L . . . 00 = oo o b ey
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
| cos O] | cos O]
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27 production at NLO QCD

[ Different helicity structure.

v A g
IR /Y A Z/ i

[ Large effects on some angular

. . (T 9 (I K ¢ ‘ | &
coefficients. +WM< S . N
g = {] =
q Z|y . q q Z [y
H (a) NLO-QCD (Real) it
Coefficient | LO+PS | NLO QCD | NLO/LO g 2/
Al —0.008(2) | —0.035(3) 4.37
Al 0.3224(9) | 0.301(1) 0.93 g
A} 0.0758(6) | 0.1023(7) 1.35 7 My
A2, 0.001(1) | 0.024(2) 24.0
’ b) NLO-QCD (Virtual
AZ, | 03214(9) | 0.209(1) | 0.93 L
A3 0.0987(6) | 0.1165(7) 1.18
C1.0.1.0 0.94(1) 0.75(1) 0.80
Coo20 | 0.221(2) | 0.198(3) 0.89
Coizo | 0.005(2) | 0.024(2) 4.80
Cogoo | —0.358(2) | —0.332(2) 0.93

See also Grossi, Pelliccioli, Vicini (2024)

(0]
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27 production at NLO QCD

[ Depleted lower bound for concurrence.

L2F pp — efeptp —— LO + PS L2 pp — efeputpu~
Lol —— NLO QCD Lok
0.8 0.8
m [ m [
5 0.6 % 0.6
0.4 0.4
0.2 0.2F —— LO+PS
5 - —— NLO QCD
00 — 1 | | 1 Il " ] " " ] N N S | 00 L 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
| cos O] | cos O]
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27 production at NLO QCD
O Effects partially suppressed by jet-binning.

L2 pp — eferptp —— LO = PS L2 pp — efeputu~
L ittt tetoetetee ettt teleetetee et b e A A A A A At Attt
Lok —— NLO QCD Lok
i --=-= LO + PS (n; = 0) i
0.8F -=== NLO QCD (n; =0) 0.8F
. ‘: ........ LO—{—PS(nJ'Zl) g .: LO + PS
W06 e NLO QCD (nj > 1) ¥ 0.6 —— NLO QCD
o mmmm oo . [ -=== LO + PS (n; = 0)
0.4 NN E— 0.4F
N 3 i ---- NLO QCD (n; = 0)
02__ IELT L L LT L 02__ """" LO+PS (nJZ:l)
C - NLO QCD (n; > 1)
OO B cberedecadesedicaipenayaaly | — " PR — OO L 1 1 1 | L 1 | | 1 1 1 | 1 1 1 | 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
| cos O] | cos O]
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27 production at NLO EW

[ Directly affect the 7 decay to leptons.

O QT displays some sensitivity to the
value of the weak mixing angle
through the spin analyzing power

1 — 4sin? Oy,

1 —4sin2 QW —|—881I149W.

e =

8/R0/25
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27 production at NLO EW
| o L

[ Directly affect the 7 decay to leptons.

O QT displays some sensitivity to the
value of the weak mixing angle
through the spin analyzing power

1 — 4sin? Oy,

1 —4sin2 QW —|—881I149W.

e =

[ Better accuracy using the effective
mixing angle

q

LO NLO | NLO/LO

sin® fyy | 0.222897 | 0.232289 1.04

Ne 0.214303 | 0.140981 0.66

Smallest Eigenvalue

e

(b) NLO-EW

3 7 / / Z/PY 6_
q 14 M
G ’ Zly et

v e
Y

_ 7/~ 14
LN,
U u+

(factorizable)

I

(c) NLO-EW (non-factorizable)

Ky

0.02
Lpp — e et
0.0 e
—0.02F
—0.04F
—0.06F
—0.08F
_0.10:_ — LO+PS
L — NLO QCD
—0.12- —— NLO EW (sin*6%?)
_0.14F —— NLO EW (sin*6%)
I T A SO S A SR SR R P TR
0.0 0.2 0.4 0.6 0.8 1.0

‘ COS QCM‘
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H— 77" at LO .

e
O Highly constrained density matrix due to symmetries of the decay. Z +
O Full density matrix parametrized by only two independent e (-
coefficients. Z
+
, v
O Systems is entangled throughout full phase space.
Saavedra, Bernal, Casas, Moreno (2023) = _ _
Fabbrichesi, Floreanini, Gabrielli, Marzola (2023) 1'—J: h — e'e l"+ﬂ' (LO)
(00 0 0 0 0 0 0 0\ -
00 0 0 0 0 0 00 -
003C02-20 3Ch19-1 03Cy20-200 n
00 0 0 0 0 0 00 B
po=1003Cs12-10 33202 2)03C212-100 !
00 0 0 0 0 0 00
003Cs29-20 3Ch12-1 03Cy29-200 . %
00 0 0 0 0 0 00 0.25 o
\00 0 0 0 0 0 00 tus
000lIllIlIllIlIIIIIIII'IllIIvIlllllllllllllI
S0 05 10 15 20 25 30 35 40

my, |GeV]
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O Different structure of the density matrix
at NLO EW.,

U Large corrections to some entries.

O New non-zero entries.

See also Del Grata, Fabbri, Lamba, Maltoni, Pagani (2025)

00 0 0 0 0 0 00
00 00 _0_0 0 00
oo 0.192(1) 00
00 T 0T 0 0 00
o 00 0.611(1) 00 o=
00>~—6—"0 0 0 =00
00 0.192(1) u@) 00
00 0 08— 0 ——"00

o0 0 0 O 0 0 00

g

O O O O O o o
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H—ZZ" at NLO EW

O Large negative eigenvalues even when
imposing one resonant Z.

0.0
Lh — efe ptp (NLO EW)
Fmy, = 125 GeV
_0.2_|mZ1 —mzl <5 GeV
) L
= L
g L
g —04r
90 I
Lﬂ -
) L
£ 0.6
- L
E -
@) L
_0-8__ <0.1
I <03
_10 |||||||| ||||||||||||||||||||||||||||||

O Effects can be mitigated if requiring
two resonant Zs. Though not possible
for SM Higgs.

8/R0/25

z "
(@ LO (b) NLO-EW (Real) (c) NLO-EW (single-resonant)

(d) NLO-EW (factorizable)

0.0
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S < =
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(e) NLO-EW (non-factorizable)

L h — eTe ptu (NLO EW)
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|mz, —mgz| <5 GeV

T —— AR({,v)<0.1
[ — AR({,7) <03

I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
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Summary

O Studied the angular coefficients for Z7 production via pp collisions or Higgs decay
incorporating off-shell effects, higher-order QCD and EW corrections.

[ Use the basic properties of the density matrix to investigate the stability of the QT
procedure when NLO corrections are considered.

O For for Z7Z production via pp collisions NLO QCD effects partially mitigated by jet
binning. Better accuracy of QT at NLO EW using the effective weak mixing angle.

 Large NLO EW corrections to angular coefficients and density matrix for Higgs
decay to Z7Z. Such effects could challenge the interpretation of the ZZ system as & two-
qutrit.
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