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M. DEL GRATTA, F. FABBRI, P. LAMBA, F. MALTONI, D.PAGANI — BASED ON 2504.03841



https://arxiv.org/abs/2504.03841

Growing field of study where observables and principles inspired by QI are
applied to HEP

Example: measurement of entanglement between the spin of the top-
quarks created at colliders

First pheno proposal 2020

First experimental results 2024 (ATLAS, CMS)
QUANTUM

Many more possibilities:

I N FO RMATI O N Observables (Discord, Steering, Magic, Bell’s inequality violation)

PRI NCIPLES ::inal sta.tes (FZI -1, H -» tt,H - VV?)
MEET HEP roperties (Flavour)

Interpretation:
Search for new physics (or new particles)
Understand decoherence through fundamental interactions
Study the effect of decay and detector interaction on entanglement

Status of the art and plans from the field summarised in:
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https://inspirehep.net/literature/2906652
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pFORH - ZZ*

The spin of the bosons originated by the Higgs decay are interpreted as qutrit representations.

It is possible to describe the quantum state with a spin density matrix for a pair of qutrits

1
a . b . ' '
P = 9 [13 @ 13 + AL,M(TL,M @13) + Ap (13 @ TL ar) + CLo Mo, Ly My (L0 M, @ TL&,ME.)]
o )
= T are polarization operators
= |n principle 80 independent A and C coefficients o F M F
= The Higgs is a scalar = significantly constraints the Z polarization pLo(B) = ciar a2 cior
= The spin density matrix is highly simplified ) - )
= There are relations between the C coefficients that make only 2 of them independent 2 V7 2z
\ - /
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QUANTUM OBSERVABLES FOR H —» ZZ*

An entanglement condition can be determined starting from p:
Generic qutrit:

Lower bound on the entanglement

(C(p))z > (— 2+ Z A e |* — 2 Z |AY e + Z |CLQ,M¢.,L1.,M1.|2)‘
L,M L,M

L(.IijjMu:Mb

Higgs case:
Directly apply the PH criterion to the very simple matrix
C222-2>0o0rCy17-1>0
Bell's inequality violation

Set of inequality that could determine if nature follows QM or
“classical” physics

The CGLMP Bell’s inequality can be represented as an operator
BIV=Tr(0Op)

The two Z from the Higgs decay are highly entangled across the whole
phase space

BIV should be violated in almost all the phase space
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QUANTUM TOMOGRAPHY:

= The spin of the Z bosons can not be directly measured at colliders

= The weak decays create a connection between the final state particle
1078

direction and the parent particle spin — RelY} ;Y3 4]
- Re[Y;,zY;,—zl

= Angular measurements in the parent Z frame can be used to
extract all the coefficients C

-
N
w0

= Used to evaluate the terms of the spin density matrix

= Essential the reconstruction of the whole final state

= Relation between angular distributions and C coefficients:

'y per bin [GeV]

—
o
|

—

o

1 do . Bi . |
fgd—ﬂ deYL,M(Qj)dﬂade = 4_ffAi’M with §=a,b,

Be Bb
fid—”y’* (Y7 ap () dQdy = —22 ooy oy
0 dgdQy,” FeMe 77T Lo, My R T TR T (g2 e M B M
10—11_
b —UI.15 —UI.10 —UI.U5 O.bO 0.I05 O.I].D 0.15
= B;"” includes the spin analysing power Ryv
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POTENTIAL OF THE HIGGS FINAL STATE

Eur. Phys. J. C 80 (2020) 942

= The Higgs final state is the one of the few foreseen in the

> - E

SM v 22F ATLAS é Data ]

Q 20fH-ZZ" >4 W Higgs (125 GeV)

= where the spin of the decay product are expected to be highly — 18f & =13 TeV, i .z .

E :— 5<m, <130 Ge XX, VWV —:

correlated across all the phase state = - v -

§ 16— - Z+jets, tt —

=  Where the decay product spin can be measured - 140 T Uncerainty -

) = .

" The absence of neutrinos in the ZZ to four charged @ 12 E
: : = =

leptons final state makes the reconstruction of the whole o 10 ]
final state and Z rest-frame easier, compared to other final w8 E
states (e.g. H2WW) 6 E

4 =

= This process is rare but definitely well measured at LHC 5 3
= There is potentially a large interest for experimental 0 :

12-20 20-24 24-28 28-32 32-40 40-55 55-65

measurements in this final state
m,, [GeV]
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015

= The 4 leptons final state can be realised from many different diagrams compared to the
simple LO picture.

=  We evaluated the impact on the extracted spin density matrix and quantum observables of

HIGHER ORDER NLO EW corrections
CO RRECTI O NS =  The same approach is used at LO and NLO EW:

= Process investigated: H - ete u*tu~
= Z defined combining the same flavour leptons

=  Angles measured with respect to the negative lepton

(b) Diagrams with no Z
(a) Real photon radiated bosons (¢) Diagrams with loops
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IMPACT ON THE SPIN
DENSITY MATRIX

COEFFICIENTS LO NLO NLO /LO
The non-zero coefficients are A3, —0.592(1) —0.509(2) 0.860(2)
evaluated at LO and NLO EW A2, —0.591(1) —0.565(2) 0.956(2)
The i is | ith

€ Impact Is large with a very Cora —0.937(2) | —0.943(4) | 1.006(3)
strong dependence on the
coefficients —Ci11,-1 —0.94(1) —0.16(2) 0.17(2)
Impact of the order of 90% on A%,?O/\/i +1 0.5817(7) 0.640(1) 1.101(2)
the Cy 5 1 5 coefficients
i C222,-2 0.581(3) 0.568(4) 0.977(6)
Asymmetry of the A, ; and o 0.50(1 0.03(2 0.06(4
A, ( coefficients _LO0L0 -59(1) 03(2) 06(4)
Relations between the C'2,0,2,0 1.418(3) 1.400(5) 0.987(3)
coefficients valid at LO are Croro+2 1.41(1) 1.97(2) 1.39(1)

broken
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STRUCTURE OF THE SPIN DENSITY MATRIX

The simple structure of the spin density matrix was driven by the relation between the coefficients
= Completely different at NLO

= Can we trust the NLO EW corrections!?

"  Why are they so large?

()
- 0.195(2) - —0.313(3) - 0.194(1) - -
pLO = . —0.3i3(3) : 0.6i2(1) : —0.3i3(3) y

0.194(1) - —0.313(3) - 0.195(3) - -

NSRSy
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PNLO =

 0-099(4)

0.00-4(2)

0.131(4)

0.111(4)
—0.183(4)
0.189(1)

The quantum observables based on the matrix simple structure are still valid?

0.131(4)

~0.009(2)

—0.183(4)
0.591(1)
—0.183(4)

—0.009(2)

0.131(4)

0.189(1)

—0.183(4)

0.110(3)

0.131(4)

0.004(2)
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DEPENDENCE ON THE RECOMBINATION RADIUS

NLO NLO /LO NLO NLO/LO
(AR =0.01) (AR =0.01) (AR =1) (AR=1)
Al —0.432 0.731(4) —0.578 0.977(2)
A3, —0.548 0.927(3) —0.579 0.979(2)
Ca12.1 ~0.956 1.020(6) ~0.933 0.996(3)
—Cr11,1 —0.15 0.15(2) —0.17 0.18(2)
Aso/V2+1 0.694 1.193(3) 0.591 1.016(1)
C229 2 0.554 0.954(7) 0.572 0.985(5)
—Cl10,1,0 0.05 0.09(5) 0.03 0.05(3)
C202,0 1.393 0.982(5) 1.418 1.000(3)
Chro1,0+2 1.95 1.38(2) 1.97 1.39(1)

F. FABBRI - EPS- HEP 2025

= At NLO EW the radiated photons are recombined
in a cone of radius R with the closest lepton

" The effect of NLO correction may depend on R,

especially if the large effect is mainly due to real
emissions

= There is a clear reduction of the impact of the

NLO EW corrections with the increase of R on all
coefficients, except for Cy , 1 4

09/07/2025 10



UNDERSTANDING THE PROBLEM: SPIN ANALYSING POWER

= The C; 1, are the only coefficients where the spin
analysing power («) plays a role.

= « is not evaluated at NLO EW, but the LO value is used
= Evaluating ap; o is complicated for an on-shell Z

= |tis ill defined for an off-shell Z
= Can this have such a large effect?

= Yes,a small variation of « leads to large variations in the
coefficients

= The effect is amplified by the fact that « is very small for Z
going to charged leptons

= The effect should be reduced in different final states

"  We also checked the situation in H > WW™* , where « is
identically |,and and the NLO EW corrections are
reasonable

F. FABBRI - EPS- HEP 2025

o — 1 [%] AN ey UUCC ddss
AL, ~14.0 ~5.2 ~1.1
A3 —4.4 ~1.0 <1

C19.-1 <1 <1 <1
Cia1,-1 —83.0 -17.8 | —3.1
C292 -2 2.3 ~1.3 <1
C1.0.1.0 —94.0 ~149 | 2.2
C2,0,20 —-1.3 <1 <1

09/07/2025




(PARTIAL) SOLUTION FOR ENTANGLEMENT MEASUREMENTS

® The main conclusion is that it is not (C(p)? > Crp > CEZ!
ossible to correctly calculate the C 2 ‘ ‘ ‘
P> vy L1 = cmax [ (—2 -2 AP P Y Chamnanl).
coefficients at NLO EWV with the existing Y, Y, La>1 Lot Mo M

tomography approach ‘ ‘
( - 2 + Z |A%,M|2 - 2 Z |AE£.,M|2 _|_ Z |CLa:MuaLbrMb|2) *
LM LM

® These can not be extracted from data La>1,Ly>1,Ma, M,

= |t is anyway also possible to define a
lower bound on the entanglement
without these coefficients

no cuts m(Z2) > 30 GeV 85 < m(Z1) <95 GeV

= it will be further away from the LO CrB 0.94 1.18 0.97
concurrence making it harder to measure LO Cffgl 0.47 0.50 0.49
entanglement

= Very stable under NLO EW corrections NLO Cr3! 0.49 0.55 0.48

F. FABBRI - EPS- HEP 2025 09/07/2025 12



B 4], |B] < 0.01, 0.24% no cuts m(Z2) > 30 GeV 85 < m(Z1) < 95 GeV
mEEm |4, |B| > 0.01, 99.76%
Ty, LO
: Ol04Vs) | 9600 £0.003 | 2794 £ 0.004 2.639 £ 0.003
5 0'04) 2.63 2.79 2.65
0(04:Cr>1) 2.63 2.79 2.65
) T3, NLO
0(94:Cr>1) 2.60 2.72 2.64
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75

13

= The BIV is evaluated thanks to an operator representing the CGLMP inequality

=  The operator representation is not unique, it can be rotated with unitary transformations

SO LUTI O N FO R = The value of the Bell’s inequality is the maximum that can be obtained, considering all possible

BIV unitary rotations
= Itis possible to find a rotation that makes the result independent on the (; , ; , coefficients?

M EASU RE M E NTS = Yes, but this restricts the phase space of the unitary matrices

= There is no impact on the result > still obtaining large BIV values

F. FABBRI - EPS- HEP 2025 09/07/2025 13



QUANTUM OBSERVABLES FOR NEW PHYSICS CONSTRAINTS

= Can the quantum observables be used as

a new set of variables to constrain new |
physics? Lx,vv = [Cqbf‘*?SM [EQHZZZPZ;L + QHWWW:W_'U]
= We tested using an effective approach 1 .
. g . PP 4 [C‘ﬁRH’WgH’Y’YAWApU + 3¢>"5A779A’Y'TAWAHV]
= Higgs characterisation model .
"  We looked at the coefficients modifying the 5 [%““HZ'YQHZ’YZWAW T Scp"‘AZ’ngZwZuvAw]
H - 21¢ 614~ vertex 11 ~
. . — ZK [Cti,!iHZsz,Z”V + ng,fiAZZz”yZ”v]
= Compare the size of new physics effect 11 -
. et + +
to NLO corrections 2A [%’"‘HWWWWW +spraww Wy, W ]
= jt is essential to account for NLO effects 1 y y o
when setting limits? A (5l ZvOuA™ + Koz Z00uZ" + (KHow W, OuW ™ +h-c-)]] Xo

= Avoiding the C; , 1 , coefficients

F. FABBRI - EPS- HEP 2025 09/07/2025 14
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MODIFICATION TO THE HZZVERTEX

= Large effects on the coefficients C; , ; , and A%JO compared to small
NLO effects

= Smaller impact on the quantum observables

= Linear dependence for the kHZZ coefficients, while enabling a
pseudoscalar component (kAZZ):

= Lead to a quadratic dependence in the real part of the (5, ;
coefficients

= Linear dependence in the imaginary components

= ldentically 0 in the SM, even including NLO corrections

7/9/2025 15



=  WWe investigated also other couplings that introduce H — Zy and H — yy
diagrams in the H — £*£~£* £~ process.

= The reconstruction of the observables is done in the same way as LO and
NLO, exploiting the 4 final state leptons.

= Given that the reconstructed (; , ; , coefficients are extremely sensitive to
the spin analysing power choice, they become extremely sensitive to these
couplings, mixing up processes.

= The interpretation of C; , 1 , in terms of the spin density matrix is not possible

ANALYSI NG BUT it is still a well defined observable.

POWER PROBLEM

=
(o)}

N

o

POTENTIAL

=
=

-
N
s
=
w
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o
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o))

o
o
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o [
JI; o

Real part of coefficients / LO value
(]
o
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KHW
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= The application of quantum information concepts to fundamental
particles created at colliders is a constantly growing field

= The H —» VV™ final state is a very promising final state for these
studies, especially the 4-charged leptons final state.

= The twoV spins are highly correlated
= The system is fully reconstructable

= The NLO EW corrections to the elements used to estimate the spin
density matrix are very large and un-even

CONCLUS'ONS = Can also reach ~90% on some coefficients

= The main reason for this large effects seems to derive from the
Paper currently on inability to correctly estimate the spin analysing power at NLO

. . + —_
And submitted to JHEP EWV and the very small value of this quantity for Z — £7¢£

"  We have introduced new observables that allow to quantify
entanglement and Bell’s non-locality without the need to reconstruct
the coefficients unstable under NLO EWV corrections

= The spin density matrix coefficients also show sensitivity to the
presence of new physics, parametrised using EFT, but the inclusion of
NLO EW corrections seems mandatory for a correct interpretation.

09/07/2025 F. FABBRI - EPS- HEP 2025 17
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