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Motivations

Precise measurements of multi-boson processes: Run-3 & High-Lumi LHC

Spin correlations of EW bosons

- non trivial to extract
- interplay between gauge and scalar sectors
- discriminate between SM and BSM

- entanglement & Bell-non-locality markers — QOs with qutrits

,
H—f\/\/vv< ,
Vv
P

Remark: QOs are not only interesting per sé but also enhance sensitivity to new (SM)
physics, e.g. tt threshold enhancement
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Experimental results

* Evaluate quantum-information observables (QO), Run-2 (—3,HL)

entanglement measured in tt [ATLAS 2311.07288, CMS 2406.03976, 2409.11067]

recently QO extracted in two-qutrit (ZZ) systems from Higgs-boson decays

Measurements of Z-boson pair entanglement in decays of Higgs bosons at the ATLAS
experiment

ATLAS Collaboration - Georges Aad (Marseille, CPPM) Show A
Mar 27, 2026

36 pages
e-Print: 2603.26463 [hep-ex]
Report number: CERN-EP-2026-061
Experiments: CERN-LHC-ATLAS

Study of spin correlations in Higgs boson decays to four leptons at CMS

CMS Collaboration
2025

40 pages
Published: 2025

Report number: CMS-PAS-HIG-25-011
Experiments: CERN-LHC-CMS, CERN-LHC-CMS
View in: CERN Document Server
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Theory & phenomenology

Need proper understanding, precise predictions and new ideas to extract polarisations
and spin correlations — crucial input for QO extraction

Rich phenomenology of systems of two qutrits(*), from Higgs-boson decays

* H— WW?*/ZZ* — 4f [Barr 2106.01377, Aguilar-Saavedra et al. 2200.13441, 2209.14033,
Ashby-Pickering et al. 2209.13990, Fabbrichesi et al. 2302.00683, 2304.02403, Fabbri et al. 2307.13783,
Bernal et al. 2307.13496, Barr et al. 2402.07972, Aguilar-Saavedra 2403.13942, 2411.13464, 2505.11870,
Bernal et al. 2405.16525, Grossi GP Vicini 2409.16731, Sullivan 2410.10980, Subba Singh 2411.19171, Del
Gratta et al. 2504.03841, Goncalves et al. 2505.12125, 2506.19951, 2604.16218, De Gratta GP et al.
2509.20456, Aguilar-Saavedra et al. 2512.02104, 2603.11288, De Dey Samui 2512.09121 ]

to di-boson processes at LHC and future colliders:

* pp/€TL~ — VV — Af [ Ashby-Pickering et al. 2209.13990, Fabbrichesi et al. 2302.00683, Morales
2306.17247, Aoude et al. 2307.09675, Barr et al. 2402.07972, Aguilar-Saavedra 2403.13942, 2411.13464,
Grossi GP Vicini 2409.16731, Goncalves et al. 2505.12125, Ding et al. 2504.09832, Ruzi et al. 2506.16077
De Gratta GP et al. 2509.20456, Durupt et al. 2510.17730, GP Re 2601.09540 ]

() important in QC: higher dimensionality (w.r.t. qubits) gives better error-correction,
noise resilience, longer coherence

Giovanni Pelliccioli (UniMiB) - QOCP26 workshop, CERN - 21.04.2026

4/21



General framework
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One boson: angular dependence

’

%

At tree-level, decay of a single resonant boson (6, ¢ are £ angles in V rest frame,
w.r.t. V direction in some Lorentz frame) [Bern et al. 1103.5445, Stirling Vryonidou 1204.6427]:

do do [ 1 2t
m:&[g+zga Yemw)} )

=1 m=—

8 independent coefficients ({a¢,m}) extracted through projections or asymmetries

27
/ dcos 0/ do Yom(0, ¢) = aum = agm(X) (2)

dcos 0d¢dX
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From one boson to one qutrit

Master formula reproduced by contracting spin-density matrix p with decay matrix I':

1 do 3 T 3
= —T r = — Ty (0
o dcosO0dpdX 4w r(pl7) an %pk)\ v (0, 9)

where spin-density matrix for 1 qutrit (T,f, irred. spin-1 tensor repr. with rank /) reads

p=3 [+ AunTh]

and the two-body decay matrix is

1427, cos 6+cos® 6 sin 0(ng+cos 6) eld 1—cos? 0 e2id
] 4 22 ) 4
r— sin (7 +cos 6) e—id 1—cos’ 6 sin 0(ng —cos 0) el®
2v/2 2
1—cos? 0672i¢ sin 6(ny —cos O)e,i¢ 1—2n, cos +cos? 0
4 22 4

Note that agi)mi = Ag)ml_/\/407r, a1,m; = NeAr,m;/ V8T
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Two bosons: angular dependence

Two resonant bosons (61, ¢1, and 63, ¢3) are éi*' and Zg’ angles in each V rest frame,
w.r.t. V direction in some Lorentz frame (typical choice: VV-CM frame):

do da[ 1

— 3
d cos 61 dg d cos 03 dqb3 dXx dX | (47)2 + (3)

2
1
T Z ag,-,, Yem(917¢1)
=1 m=—¢
2

¢
% SN oD (X) Yom(63, 63)

=1 m=—¢
2

2 5 L3
+ Z Z Z Z Yermyezmz (X) Yeymy (01, 61) Yeymy (03, ¢3)

01=143=1my=—¥1 m3=—{3
80 independent coefficients [Rahaman Singh 2109.09345, Aguilar-Saavedra et al. 2209.13441]

(ORENC)

Remark: the two bosons are correlated if v * " 7 Yeymyesms-
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From two bosons to two qutrits

Master formula reproduced by contraction with two decay matrices (I1:3)):

1 d* 9
- % 7 m r@ réHT
o dQ; dQ3 1672 r (e ( © )
9
= Toa2 D sy (01,6101 5 (63, 3)

ALALA3AG

where spin-density matrix for 2 qutrits (T/

» irred. spin-1 tensor repr. with rank /) reads

h,my I3,m3

p= % (o) + A (Th ek) + AP, (k@ Th,) + Chmism (Th © T4,)]

Note that V2,my,2,m3 = C2,m1’27m3/407T, Y1,my,1,m3 = 77/2, C1>m1-,1,m3/87r
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Z-boson quantum tomography at NLO

[Del Gratta Fabbri Grossi Maltoni Pagani GP Vicini 2509.20456)
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From LO to NLO

Application of Peres-Horodecki criterion [Peres 9604005, Horodecki 9703004] at LO:
two EW bosons from a scalar are entangled if and only if v212 1 #Z0or 222 2 #0

No guarantee such conditions hold at NLO [Grossi GP Vicini 2409.16731]

LO quantum tomography (QuTom) not applicable to NLO: p structure changes, LO
QT violates p > 0 [Grossi GP Vicini 2409.16731, Del Gratta et al. 2504.03841, Goncalves et al. 2505.12125]

PNLO =
0.099(4) - . :
0.0042) - 0.131(4) . . .
0.111(4) . —0.183(4) - 0.189(1)
0.131(4) - —0.009(2 . - -
—0.183(4) - 0.591(1) S —0a83(4) -
. . S S0009(2) - 0.131(4)
0.189(1) . —0.183(4) 0.110(3) -

0131(4) - 0.004(2)

NLO-robust quantum tomography [Del Gratta Fabbri Grossi Maltoni Pagani GP Vicini 2509.20456]

alternatively treat EW corr. as background [Aguilar-Saavedra (,Giardino) 2505.11870, 2603.11288]
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Generalities

One qutrit:
O.dec, o.Pl'Od/
unpol|2 __ § Px AP Dx 1D z : _j : AN A
‘A | - (A’\ .AN) (A’\ AA,) & rA’A/p)"A/ - o-dec O-Prod
AN ——— — — AN AN
production decay

Two qutrits (exp. up to NLO):

16n° 1 d%MO [Lo Lo
9 oNOd0,d0, P 12
4 §pNLO rliO r|2_0 + pLO 6r]’§|LO r|2_0 + pLO r%O érg\lLO + O(O{2) ,

Spin-density matrix extracted in two ways:
- by projecting angular distributions onto spherical harmonics Y}, (9, ¢)

- by directly computing py »s and 'y »s in pole/narrow-width approximation —
extension of polarised templates [Ballestrero Maina GP 1710.09339, Denner GP 2006.14867 ... ]
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Decay matrix at NLO (1)

Two-body decay matrix at LO:

dec
g
unpol|2 _ Px AP D+ 4D — 2N _ (o) (
lA | 7>\Z>\’ (AA AA/) ("4)\ AA/) B r>\a>\' T gdec T >\>\’ +5r
s \_\,_/\—,_/
production  decay, o

>\ A’
1427, cos f+cos’ 6 sin O(np+cos 6) ei® 1—cos? 0 &2
4 242 4

o) — sin 6(ng+cos 9) 1—cos? 6 sin 6(ny—cos 0) _ig

- 5. 5 e

2v2 2 2v/2 )
1—cos? 6 e—2i¢ sin 6(ny —cos 6) e—id 1—2n, cos f+cos” 6

4 2V2 4

6, ¢ defined from dressed leptons at NLO
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Decay matrix at NLO (2)

Huge EW corr. to £ = 1 coeff.: where do they come from?

Not from non-factorisable corr.: DPA vs off-shell in ZZ incl. production @ LHC (G,
scheme, MoCaNLO) for v1,0,1,0 = (3m¢2/167) (fo— + fyq — fq — f1_)

DPA off-shell
LO —0.001776(5) —0.001708(2)
NLO EW  —0.000412(6) —0.000411(9)

Spin-analysing power 1, small for Z — £7£~ (v): —40% 1-loop corr. (“LEP physics")

Lo _ 17453\,

=_— - W _ —02131... — qNOFW — 0.1405(1
e 1 — 4s2 4 8s8, e (1)

Confirmed by independent study [Goncalves et al. 2505.12125]

Further NLO EW effects from off-shell-ness of one £7¢~ pair
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Decay matrix at NLO (3)

More NLO effects beyond corrections to 7,?

0.10L 2% 1" @ NLOEW Z-1*1" @ NLOEW
dashed: L0, solid: NLOEW (R=0.01) 0.0101 dashed: L0, solid: NLOEW (R=0.01)
=
[ = 0.005
= g —LH oL A_r
= = -~
3 wr, O =
8 S == T
3 c
=2 5 -0.005
S
— Re(l-1,0)
-o.010 — Re(l141)
o1l o 12
b=} S
~ 1
1.0
= Zo0.8
2 2
0.6
0.9 =
0.4
-0.75 -0.56 -0.25 0.60 0.25 0.50 0.75 3 -2 -1 L] 1 2 3
cos6," [

Largest effect NLO correction to 1y value, small EW effects at endpoints of I'g g.

Mild dependence on dressing resolution R if cuts on M, ,_:

npto | R=1 R=01  R=0.01
M,4,— > 81 GeV | 01391(9) 0.1375(10)  0.1355(9)
no M, ,_ cut 0.1402(4)  0.1403(4)  0.1403(4)
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Decay matrix at NLO (4)

Interplay between V boost (prod.) and dressing resolution R affects n,

pp -V (e*ve) Z-(u*p)+X @ NLOEW, DPA, V5=13TeV
20.91 g1GeV < M,-,- <101GeV.

17.5 0.0 = g 2136
Mo %) _ "6 1410

= 15.0]

e m= 0.1376(4)
s m= 0.1361(5)
o = 0.1338(6)
S 100

s

5 s

do/ dcosb). (fb)

2.

-Of 81GeV<M, -, <101GeV

5 0% = g 2136

pp->Vy(e*ve/e'e) Z(u*p~)+X @ NLOEW, DPA, vS=13Tev

)
M- d4e0) = 61410

= 0.1361(5)
M= 0.1314(8)

5

o o.

12 1.2
o 11 o1l
S S
~ U g
=0 =09
[+ 5]
g 0.8 g8
S S
=07 =07

0.6 0.6

.75 0.5 -0.25  0.60 0.5 _ 0.50 _ 6.75 .75 -0.50  -6.25  0.60 0.5 6.50 _ 0.75
cost, . cos,.

WZ: 0-134R:0.01 — 0.138r—1

VZ: 0.13177 — 0.136wz
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Largest EW effects in 4¢ LHC production
Spin correlation 1010 (transverse, only diagonal entries fa = paapp):

3n
71010——7(f77+f++—f +—fr2)

Pert. expansion: O(«) corrections to both ' and p

(1e)? NLO (77LO) 5TINLO 5C1NL? 2
Mimim = o Cmim' — Ymim = P Clmlm/ 1+2 k0 + Cng ": + O(a)
mlm
large small
Results for pp — 4¢ at LHCQ@13TeV:
i . NLO
direct calc (DPA) : Y1010 = 0.000407(3)
QuTom (DPA) : ANLS = 0.000404(6)
QuTom (full) : NS = 0.000411(9)

Negligible off-shell effects in QuTom
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How to extract C coefficients?

Experimentally we measure (...) the 4's, but p entries depend on C's (v's include '
effects): undo decay effects by extrapolation.

For pp — 4¢ at LHC, Ci iy = 8T Vimim’ /175 extraction:

LO

871—71010 — 0.976

(n5°)?
NLO

80w o0

(n5°)?

8 NLO

Wyflfow = 0.518 [Goncalveset al. 2505.12125]

(ng")?

87I"YNLO
1010 = 0.977 [Del Gratta GP et al. 2509.20456]

("7|[O)2 + 277'50 . 577?&0

NLO EW effects important in extraction, to be included properly for a well defined p
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Heavy-scalar decay to 4/

Academic scenario with My > 2Mgz and M, ,— > 10GeV: w1910 = —3n,%f—_ /87

full: H—ete ptu™, NWA: H—Z(—ete )Z(—putu™)
~1010 (x10%) QuTom (full) direct calc. (NWA)
My LO NLO LO NLO
183 GeV —1.5506(9)  —0.44(1) —1.790(1)  —0.596(6)
200 GeV —1.3085(5)  —0.417(9) | —1.364(1)  —0.469(5)
225 GeV —0.8601(7)  —0.294(7) | —0.8776(7)  —0.315(3)
250 GeV —0.559(1)  —0.200(3) | —0.5643(4)  —0.208(2)
Small NLO corrections to f—_, increasingly large off-shell effects for My — 2 Mz

Direct calc. not possible for My =125 GeV: cumbersome spin interpretation
Is our prescription,
8T Yimim = (71550)2 Clotm + 277'470 ’ 5772“'0 C1Lm01m/ + O(az)»

1mlm’

the correct one? Nature is all-order . ..

— apply NLO EW corr. to both Z bosons multiplicatively (approx. NNLO EW)
For H — 4¢ and My = 250GeV, 715, - 10% reads:

LO: —0.559, NLO: —0.199,  aNNLO: —0.257
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NLO QCD and SMEFT in LHC production

[GP Re 2601.09540]
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Quantum tomography and SMEFT

DPA implementation in POWHEG-BOX-RES [Haisch GP et al. 2507.21768] enables sound
QuTom [Del Gratta GP et al. 2509.20456, Grossi GP Vicini 2409.16731]

NLO QCD, Qw (and Q) dim-6 SMEFT op.: concurrence and purity [GP Re 2601.09540]

X7 X X

Z [(ADAN) + ¢ (ADAD + A8 AN)]

2
— Tr[p(VG) ]canbe >1

[ + 260 (A8ALL )]

ZZ‘A +eA%)

x a=1

Similar conclusions for qubits [Lo Chiatto 2408.04553, Altakach et al. 2601.09558]
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NLO QCD and SMEFT

Quadratic EFT terms crucial for
semi-positive p especially in boosted setup
(pr.z > 200 GeV, prwz < 70 GeV)

Indication of decoherence effects from

QCD corrections

pp-e*veu*u~@ NLO QCD, V5 =13.6TeV
B Trace of pg

1, 81GeV<M;:,- <101GeV, pr,z>200GeV, pr,a <70GeV
1

o.2] — NLO,SMEFT6  —— NLO, SMEFT8
| ---- L0, SMEFT6  ---- L0, SMEFT8
1.4 1 Trace of p? I

0.5 773 NLO, SHEFT6 NLO, SMEFTS
L0, SHEFT6 L0, SMEFT8
~6.75 —0.50 —0.25 0.00 0.25 0.50 0.75
Cw [Tev]™?
Giovanni Pelliccioli (UniMiB) - QOCP26 workshop, CERN - 21.04.2026 19/21



Conclusion
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New public tools

VV_poL (diboson-specific, NLO QCD, SM & SMEFT) publicly available in
PowHrc-Box-Res git repo and Warsaw-basis aTGC model SM_ATGC_WARSAW
now available on public REcorA 2 webpage

[Haisch Linder GP Re Zanderighi 2507.21768]

MoCANLO (general-purpose, NLO EW + QCD, SM) now public on gitlab
[Denner Lombardi Lopez Pellen GP 2602.19842]

MoCa
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https://gitlab.com/POWHEG-BOX/RES/User-Processes/VV_pol
https://recola.gitlab.io/modelfiles/smatgc_warsaw.html
https://mocanlo.gitlab.io/

Conclusions

Rich phenomenology from decay angles in two-qutrit systems at LHC
Several aspects discussed for pp — 4¢ and H — 4¢ quantum tomography (QuTom):

strong impact from off-shell and radiative effects

EW corrections sizeably change 7,

proposed QuTom strategy robust under radiative corrections

while standard QuTom relies on LO, direct calc. is perturbatively improvable
large QCD effects on prod-level p for pp — 4¢

care to be taken with p definition for SMEFT

Giovanni Pelliccioli (UniMiB) - QOCP26 workshop, CERN - 21.04.2026 21/21



Backup
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QCD + EW corrections in 4¢ LHC production

Computed NLO QCD+EW for |Mg, — Mz| <10GeV.

Lo NLO QCD NLO EW
1)
o) 0.03009(11) 0.02794(13)  0.02960(11)  Jarge QCD effects on all
o) 0.03006(7) 0.02796(6)  0.02964(7) coefficients
72.0.2,0 0.00188(2) 0.00168(2) 0.00187(2) _ QCD radiation changes
o) ~0.00001(9)  —0.00097(10)  —0.00004(9) longitudinal components
o) 0.00012(13)  —0.00086(15)  0.00018(14) - large EW effect on 71,0,1,0:
10,10 —0.00173(3)  —0.00148(3)  —0.00043(3) change in left-right balance
W, - higher orders needed:
af) ,/V3  —0.00067(7)  —0.00093(9)  —0.00091(7) NNLO + gg missing.
of) /3 —0.00073(4)  —0.01003(4)  —0.00996(4)

Level of correlation between two (longitudinal) bosons, Rc [ATLAS 2211.09435]:

. fLL 1 - 4v57 ol — 4vBT al) + 807 12,020
e = -
F D 1 - avEr ol — avET o) + 80 ol of)

7z wz
={ 1.89(3) 2.39(3) LO
1.73(2)  1.31(2) NLO QCD+EW
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References for polarised templates

polarised-template approach [Ballestrero Maina GP 1710.09339, 1907.04722, 2007.07133,
Buarque-Franzosi et al. 1912.01725, Denner GP 2006.14867, 2010.07149, 2107.06579, Poncelet Popescu
2102.13583, Maina GP 2105.07972, Pellen et al. 2109.14336, Le Baglio 2203.01470, 2208.09232 Denner GP et al.
2211.09040, 2311.16031, 2409.03620, 2510.26462 Hoppe et al. 2310.14803 GP Zanderighi 2311.05220, Dao Le
2311.17027, 2409.06396, Javurkova et al. 2401.17365, Carrivale GP et al. 2505.09686, Haisch GP et al.
2507.21768, GP Poncelet 2510.25898, Le et al. 2603.02917]
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Off-shell effects in 4¢ LHC production

z

7 ¢ g W, =
€ z e v
;o e« z u
q q _ q W
e W e

DPA vs full off-shell in ete=utp~ @ NLO EW4QCD

- oy
full off-shell  DPA 5 full off-shell  DPA 5
Lo 21.483(8) 21.209(7)  —1.28%  0.02077(2)  0.02982(3)  +0.16%
NLO QCD  28.63(1) 28.22(1) —1.43%  0.02807(5)  0.02806(5)  —0.04%
NLO EW 19.15(1) 18.94(1) —1.10%  0.02032(5)  0.02944(5)  +0.41%
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EW corrections in H — 4/

LO, NLO EW real:

NLO EW virt.:

et ¢
z s z v
H e
z w W
s W
&
e * e
z ¢ i 5
H H zZ € € e
HH ™ + o + o
z M € H = p
S Ty Ty Ty

H — 44(): one Z boson necessarily off-shell.

Non-fact. virtual and real-photon corrections can lead to higher-rank contributions:
tricky interpretation of LO-like angular structure

My, > 10GeV LO  NLO EW (H-rest) Sew
o) —0.04792(4) —0.04215(6)  —12.0%
o) —0.04792(4) —0.04224(6)  —11.9%
Y1.0.1.0 0.00117(1) 0.00011(2) —91%
Y2,0,2,0 0.01097(1) 0.01019(2) —7.1%
Y11 ~0.00185(2) ~0.00047(2) —75%
Y212 -1 —0.00776(1) —0.00715(2)  —7.9%
Y222 2 0.00493(2) 0.00481(2)  —2.4%
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Relations amongst coefficients in H — 4/

M+ o~ > 10GeV: NLO EW breaks tree structure of the (CP-even) SM amplitude

v ol = af}
vV Y2m2,—m = Y2,—m2,m for m=1,2
vV o Y,1,1,-1 = Y1,-1,1,1
vV 207 (122,22 +72,020) = 1
X 40my2,22,—2 = v66;a§%471
X 5n2y212,-1 = Y1,1,1,-1
X 2 (1—20mv2,02,0) = 4771,0,1,0
Giovanni Pelliccioli (UniMiB) — QOCP26 workshop, CERN 21.04.2026
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More on off-shell effects H — 4¢

Dependence of coefficients on My+,— (2,0 in fig.)
Setup: Me+e_,M”+N_ > 10GeV.

o o
SM Higgs-boson decay: H-e*e~u* u~(y), aflh coefficient SM Higgs-boson decay: H-ete u*u~(y), affy coefficient
My=125GeV, M, >106eV (1=e, ) My =125Gev, My (> 106eV (1=e, 1)

9.00] dotted Lines: average coefficiants .00} dotted Lines: average coefficients
-0.02 0.0
- g | I - =
a4 e Sy % o me—
ol
0.08 -0.08
010 —w “0.10 —w
—— NLO EW (4f CM frame) —— NLO EW (4f CM frame)
—— NLO EW (Higgs rest frame) ~—— NLO EW (Higgs rest frame)
o 20 30 a0 70 80 90 100 -0 20 30 a0 70 80 90 100

EG o0
Me:e [GeV] Me:e- [GeV]

Strong dependence of coefficients on off-shell-ness already at LO. 4¢-CM definition
better behaved at NLO EW.

ag% = a(Za()) relation broken at NLO EW if unequal cuts applied on M.

Spin-correlations change value with tighter My, cuts but preserve symmetric
charachter ( V2,42,2,—2 = 72’_2,2,_;_2).
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Entanglement witnesses for 2 qutrits (1)

Generic mixed states of two subsys. A & B,

p=Y_ pipislai) @ |bj)(a| @ (bil — p"8 = > pupjj |ai)(ak| @ |b;) (b
ik ik

Peres-Horodecki (PH) criterion [Peres 9604005, Horodecki 9703004]:

pTB has a negative eigenvalue = system entangled

For 2 qubits, 1 qubit & 1 qutrit: sufficient and necessary condition.

For 3 qutrits: sufficient condition.
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Entanglement witnesses for 2 qutrits (2)

Concurrence for pure states (p = |W)(W|) with 2 sub-sys, d; = dp [Bennett et al. 9604024]:

Clol = /20 =Tr(p7)),  Troae) = Tro@) W)W, j=ab

For mixed states (p = 3, pi|vi) (¥il):

Mixed 2-qutrit states require optimisation to obtain bounds on C:
2 max (1 — Tr(pg)7 1-— Tr(pg)) > C > max (07 Tr(pz) — Tr(pg)7 Tr(p2) — Tr(p%)) =C.B

CLg > 0 = system entangled
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Bell non-locality for 2-qutrit systems

Quantum state close to maximal entanglement: Bell non-locality can be probed

CGLMP inequality [Collins et al. 0106024] most suitable for two qutrits: maximal deviation
from locality for 2 bosons produced at rest from scalar dec. [Barr et al. 2204.11063]
Violated if [Acin et al. 0111143] (for some Ogely)

I3 = (Ogen) = Tr(p Ogen) > 2

For a scalar decaying into two spin-1 [Barr et al. 2204.11063, Fabbrichesi et al. 2302.00683,
Aguilar-Saavedra et al. 2209.13441, Grossi GP Vicini 2409.16731]

4f 8V3 43 207
+ — -5 <1 - ) — 407 <3 Y2,1,2,—1 + —— 72,2,2,—2 -

I3
9 3

1
2
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Issues

In principle, coefficients extracted from data via projections (¢1,3 < 2) of do/dQ;1dQs.

Facts:

1. analytic structure of do/dQ21dQ23 assumes 2 on-shell spin-1 bosons, and
two-body decays,

2. £33 < 2 description breaks with selection cuts/v-reco,

Questions:
1. stability under higher orders?
2. model dependence?

3. spin interpretation of entanglement & Bell markers always possible?

Assessment of higher-order effects only recently [Grossi GP Vicini 2409.16731, Del Gratta et al
2504.03841, Goncalves et al. 2505.12125, Del Gratta GP et al. 2509.20456)
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Amplitude structure

Tree-level structure for single resonant boson (in pole/narrow-width approximation):

Aunpol P —g" D
M k2 — ML+ iMyTy
_ 7) Z)\/ EI;\/EXI,/
M2 - MY+ iMyTy T
v SR e, P = S A
— = ’
R M+ iMyTy T e T

At the cross section level:

el 2 = STANR ST AR Ay
A

AN
N—— N———
incoherent sum interference terms

Polarisation vectors are defined in a specific Lorenzt frame.

Decay-product angular distributions reflect polarisation state of the decayed V boson
[Bern et al. 1103.5445, Stirling et al. 1204.6427, Belyaev et al. 1303.3297].
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Concurrence and NLO corrections

Concurrence lower bound for h — 44

2 a
(C(p))? > §max [(—2—22 ALl + 3 AL +
LM L.M

(—2+Z\AZ.M\Z—ZZMZM\Z‘* Z
LM LM

Lo.Ly, Mg M,

> ‘CL,.A[\[u.Lu.[\h,V)

La.Lb,Ma My

‘CL(,.[\[u.Lu.[\[bV)} s

Modification to avoid £ = 1 coefficients [Del Gratta et al. 2504.03841]:

C>Cp> Cf;l (excludes £ = 1 coeff.)

Cfgl more stable against NLO EW corrections:

no cuts m(Zz) > 30 GeV 85 < m(Z1) < 95 GeV
LO Crp 0.94 1.18 0.97
LO Ci3t 0.47 0.59 0.49
NLO cf3! 0.49 0.55 0.48
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NLO effects on CGLMP-inequality violation

Inclusive setup (M;+,— > 10GeV) [Grossi GP Vicini 2409.16731]:

LO) NLO EW,40) NLO EW,H)

{9 = 2671(2), I = 2682(4), I§ = 2.571(4).

T3 robust under EW corrections (not guaranteed a priori), confirmed by intependent
calculation [Del Gratta et al. 2504.03841]

LO spin-density matrix seems sufficient at LHC [Aguilar-Saavedra et al. 2209.13441]

Importance of reference-frame choice for the spin quantisation
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Dressing-radius dependence in h — 4/

Recombination of FSR photons with leptons plays a role [Del Gratta et al. 2504.03841]

NLO NLO/LO NLO NLO/LO

(AR=001) | (AR=001) | (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)
Coa,-1 —0.956 1.020(6) —0.933 0.996(3)
~Cra-1 ~0.15 0.15(2) 017 0.18(2)
ALy /V2+1 0.694 1.193(3) 0.591 1.016(1)
Cap—2 0.554 0.954(7) 0.572 0.985(5)
—C10.1,0 0.05 0.09(5) 0.03 0.05(3)
Ch0,20 1.393 0.982(5) 1.418 1.000(3)
Cio10+2 1.95 1.38(2) 1.97 1.39(1)

No effect on C; , 1, from FSR treatment
Large effects mostly on Aé,o: small R leads to large NLO EW corr., large R restores
LO-like symmetry (AA = AS%) — A{%2) _, o)

Milder dependence on R if 4¢-CM frame chosen [Grossi GP Vicini 2409.16731]
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Other decay channels and dressing-radius dependence

Remark: Higgs-rest-frame helicity basis (our HR), qutrits identified according to
off-shell-ness rather than flavour

Yo 1 | et | wice | ddss |
Ady —-14.0 -5.2 -11
A3, —4.4 -1.0 <1

Cr12,-1 <1 <1 <1
Cri1,-1 —83.0 —17.8 -3.1
Co9, 2 -2.3 -1.3 <1
C101.0 —94.0 —14.9 —2.2
2020 —-1.3 <1 <1

NLO EW corrections at the few-% level for all coefficients (1, = 1 for W's) in
h — WW?* — eTvep™ Uy [Del Gratta et al. 2504.03841]
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Selection-cut effects

Angular expansion (¢ < 2 spherical harmonics) valid fully differentially,

do
dcosf* dp* dX

Still valid after integration over independent variables X, if no cuts are applied on
decay products,

do dX — do .
inc dcos@* do* dX d cos 0* dop*

Fiducial cuts on decay products introduce angular modulation fet which is not a
combination of ¢ < 2 spherical harmonics,

do dX — do
cut dcosO*dp*dX dcosf* dp*

fut (67, ¢™) .

Therefore

/ dcos@*/ d(b ng(e* ¢ )Wﬁ:ut(e ¢ )#quta£m~
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Expansion up to ¢ < 2: ZZ production

pp—ete~uTpu~ + X: polar decay angle of first Z boson (defined in ZZ CM frame)

pp-e*eu* i~ + X @ NLO QCD, VS = 13TeV, |M;+,- — Mz| < 10GeV

--=- pr,e > 0 GeV
07 —— expansion (£ <2)

e

1/o- do/dcosé,

0.3

-0.75  -050  -0.25  0.00 025 050 075
cos6,

fully inclusive
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Expansion up to ¢ < 2: ZZ production

pp—ete~uTpu~ + X: polar decay angle of first Z boson (defined in ZZ CM frame)

pp-e*eu* i~ + X @ NLO QCD, VS = 13TeV, |M;+,- — Mz| < 10GeV

pr,et > 20 GeV

07 expansion (£ <2) |
006 q
@
2
<]
o
o
B 05 q
°
)
~ 04 i

0.3 1

075 050  -0.25 0.00 0.25 0.50 0.75
cos6,
cut setup
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Fiducial-cut effects in h — 4/

Applying standard QT not applicable if

cuts applied [Grossi GP Vicini 2409.16731] P 25 GeV 25 GeV 200 GeV
lepton cuts no cuts Eq. 412 Eq. 4.12

Loose (p1 > 7(5) GeV, |y| < 2.5(2.7 abl) —0.04511(7)  —0.07312(8) —0.05518(8)
2.0 J

lepton cuts [ATLAS 1902.05759]: milder al’) ~0.04515(7)  —0.06498(8)  —0.05336(8)

disruption if boosted Higgs

71,010 0.00011(2)  0.00025(2)  0.00016(2)

Y2020 0.01082(2)  0.01220(2)  0.01134(2)

Extrapolation to full phase-space needed - —0.00047(2)  —0.00058(3)  —0.00056(3)

. o111 —0.00047(2)  —0.00068(3) —0.00055(3)

Geomet_nc acceptance depen.ds on Ya12.-1 —0.00779(2)  —0.00845(3) —0.00724(2)

underlying SM/BSM dynamics: Y121 —0.00783(2)  —0.00592(2) —0.00788(2)
model depedence

Y2222 0.00488(2)  0.00549(3)  0.00523(3)

Yo 222 0.00489(2)  0.00577(3)  0.00504(3)

ML techniques can play a key role
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Polar-angle correlations

(i) L3 (A _ )
1,0 2 ;”'(er 7"7)7
0 1-3¢0)
o =
2,0 457
o+ fhy -y -
71,0,1,0 3mmn3 ,
167
1— 3f|(_1) - f(3) 1ofLL
Y2,0,2,0 T an.
1 1
5,2t ()
1,0,2,0 5 771 167 )
3 3
5 s(h ) - (- #)
72,0,1,0 5 173 167 .
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