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Introduction
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Motivations (1)

Polarisations of weak bosons at the LHC:

- important probes of SM gauge and scalar sectors . .

[Quantum Diaries]
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[Szleper 1412.8367]
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https://www.quantumdiaries.org/2011/10/10/who-ate-the-higgs/

Motivations (2)

Polarisations of weak bosons at the LHC:

- non trivial to extract from data

Fits of LHC Run-2 data with polarised templates
[ATLAS 1902.05759, 2211.09435, 2310.04350, 2402.16365, 2503.11317, CMS 2009.09429, 2110.11231]
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What do we need (from theory)?

Automation Precise SM
inMC predictions
Quantum Hadronic
entanglement decays
™~ Polarised —
EW bosons
Angular / — Psh.
coefficients / \ matching
Beyond ML
the SM techniques
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What do we need (from theory)?

Automation Precise SM

predictions

Hadronic
decays
Polarised
EW bosons
Angular Ps
coefficients matching
Beyond ML
the SM techniques
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Theory aspects: polarised templates
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Separating polarisations in amplitudes

Natural definition for resonant diagrams (in PA/NWA) [Denner GP 2006.14867]
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Selecting resonant diagrams

Factorised amplitude not possible for all contributions

N
q
7

(1) Non-resonant diagrams regarded as non-resonant background.

(2) Resonant diagrams treated with
DPA: double-pole approximation [Denner et al. 0006307]

NWA: spin-correlated narrow-width approximation [Artoisenet et al. 1212.3460]

(3) Separate polarisations
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Radiative corrections to the production and decay

(N)NLO QCD corr. with leptonic decays [Denner GP 2006.14867, Poncelet Popescu 2102.13583]

q
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NLO EW (QCD) corr. with leptonic (hadronic) decays [Denner GP 2107.06579, Le Baglio
2203.01470, Denner Haitz GP 2211.09040, Denner Haitz GP 2311.16031, 2409.03620, Dao Le 2311.17027]
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State of the art for polarised predictions

Precise predictions (FO)

—

1

l

U AN

W+(€+Vg) W~ (Eliﬁ[l): NNLO QCD + NLO EW [Denner GP 2006.14867, Poncelet
Popescu 2102.13583, Denner Haitz GP 2311.16031, Dao Le 2311.17027, 2409.06396]

WHE(E0,) Z(¢F¢~): NNLO QCD + NLO EW

[Denner GP 2010.07149, Le Baglio 2203.01470, 2208.09232, GP Poncelet 2510.25898]
Z(¢+0=)Z(¢'+¢'~): NNLO QCD + NLO EW

[Denner GP 2107.06579, Carrivale GP et al. 2505.09686]

WE(jj/1) Z(¢+¢'~): NLO QCD [Denner Haitz GP 2211.09040]

WE(E 1) 4j: NNLO QCD [Pellen et al. 2109.14336]

W (€Fug)Z(¢ ') +jj: NLO EW [Denner GP et al. 2510.26462]

W (v ) WH (0 v ) +jj: NLO EW + QCD [Denner Haitz GP 2409.03620]

Generators (+PS/MJM)

N
-

\

1

PHANTOM: LO [Ballestrero Maina GP 1710.09339, 1907.04722, 2007.07133, Maina GP 2105.07972]
MG5.aAMC: LO

[Buarque-Franzosi et al. 1912.01725, Javurkova et al. 2401.17365, Basu Ruiz 2512.10015]

SHERPA: approx. NLO QCD [Hoppe et al. 2310.14803]

PowHEG-Box-RES: exact NLO QCD
[GP Zanderighi 2311.05220, Haisch GP et al. 2507.21768]
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A community effort

pp— Z(N) Z(\)

MC 0s Lo LO NLO NNLO NLO LO NLO MJ code

tool approx. tree loop-ind. QCD QCD EW X PS X PS merging public
MoCANLO DPA v v v X v X X X v
STRIPPER DPA v v v v X X X X X
MuLBos DPA v v v X v X X X X
BBMC DPA v X v X v X X X X
SHERPA NWA v X ) X X 4 V) v v
MG5_AMC BW v v X X X v X v v
PowHEG-Box DPA v X 4 X X v v X v

[Carrivale GP et al. 2505.09686]

Individual groups, public generators, COMETA COST network, LHC EW WG ...
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Selected (recent) results
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Inclusive WZ in the SM (1)

pp — et vep ™ in ATLAS fiducial setup [2211.09435] with MOCANLO+STRIPPER
Improved SM pred., NNLO QCD (ds) +/x NLO EW (Jew) [GP Poncelet 2510.25898]

s, ud w, ud ud

doilo = dowo (1-1—6(1) +30) ol )

+ dogg (1+68%g) + dog, + dogq + dogg

sare ol ST 50 Srars Tel o drm dra 50
LL 31.9% —2.1% 7.7% 0.2% 2.7% 0.5% 0.6% —5.1%
LT 50.5% 108.5% 13.3% 19.5% 10.6% —0.8% 1.4% —4.9%
TL 50.9% 110.9% 13.7% 20.1% 10.7% —0.8% 4.1% —5.0%
TT 29.7% 31.3% 5.7% —0.8% 3.9% —0.1% 1.4% —6.5%
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Inclusive WZ in the SM (2)

Differential results in Ay(£w,Z) [GP Poncelet 2510.25898]
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QCD unc. for K-factors from scale var. (7pSV) vs TNP [Lim Poncelet 2412.14910]
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Inclusive WZ in the SM (3)

Joint fractions f;j = dojj/dounp [GP Poncelet 2510.25898] compared to ATLAS [2211.09435]

QCD-scale unc. on joint fractions: correlated 7pSV vs uncorrelated 7pSV vs TNPs

CD CD +
state g (%] Ao [%] Ao [%] fineas [%]
off-sh. 1.88 1.97 1.99
unpol. 100 100 100
40.17(+0.34) +0.04(+0.18) +0.04(+0.19)
LL 5.711 G oo (£056)  5.60T GO (0.25) 5637 T O 7.24+1.6
+0.30(+1.38) +0.27(40.77) +0.26(+0.81)
LT 15.42 750 N (£2.36) 16467000 0TI (£1.13) 16,6505 0T 11.9+£3.4
+0.29(+1.32) +0.22(+0.71) +0.21(+0.75)
L 14687050 e (£2.26) 1571 TG00 (1.08) 16,0375 L 152433
+0.40(+4.38) +0.45(+1.72) +0.45(+1.84)
TT o e3ss U T (720 els2 ST (3.08) 6107 T IO 66.0 £ 4.0
interf. 0.63 0.63 0.62
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Inclusive

WZ in the SMEFT (1)

First SMEFT study at NLOPS with polarised signals in DPA [Haisch GP et al. 2507.21768]

do/dmys [fb/Gev] SM

e
2| CwiA?=1.0Tev-2(solid)
N Ciw/A? =1.0TeV~? (dashed) L]

e w0 B s
. N o

Automation in POWHEG-BOX-RES [Alioli et al. 1002.2581, Jezo Nason 1509.09071, Chiesa et
al. 2005.12146, GP Zanderighi 2311.05220] linked to RECOLA 2 [Denner Lang Uccirati 1711.07388]

aTGC operators in Warsaw (new UFO) and HISZ basis [Chiesa Denner Lang 1804.01477]
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Inclusive WZ in the SMEFT (2)

ppﬂ&*v;l—l M~ @ NLO QCD, VS =13.6TeV

1.4 i Trace of pf
81GeV <M/~ <101GeV, pr,z>200GeV, pra < 70GeV

DPA implementation in POWHEG-Box

enables sound quantum tomography of L MO.SEFTS e

leptonic final state: study of SMEFT Qu O3 s Lo SHEFTS - L0, SHEFTe
at NLO QCD for concurrence and purity 1.4 b Trace of p7 I

[GP Re 2601.09540]

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

15 /é_ Concurrence bounds _7%//
////’/ [ 7
Indication of decoherence effects from 1.0 ‘ :
QCD corrections i ’ A
. %
-0.5 773 NLO, SMEFT6 NLO, SMEFT8

LO, SMEFT6 LO, SMEFT8
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VBS-WZ in the SM

pp — WH(etwe) Z(u127) jj [Denner Haitz Franken Lombardi GP 2510.26462] @ NLO EW with
MoCANLO, in ATLAS fid. setup [ATLAS 2403.15296], Run-3 energy, WZ-CM pol. def.

Larger EW corr. (TT:—20%) than ss-WW

mode oo [fb] dpw [%]  onLoew [fb]
off-sh. 0.2723(1) —18.7 0.2215(2)
unp. 0.26779(1) —18.4 0.21838(4)
LL 0.023045(2) —14.4 0.019697(5)
LT+TL | 0.098391(6) —17.9 0.08076(2)
TT 0.141723(9) —19.6 0.11394(3)
int. 0.00463(2) ~13.9 0.00398(4)

ppoetveptujj, VE=13.6Tev

107

H
2 10-s
£ 10 — NLOwi
3 —— NLOynpor
£107°F — NLOn
3 — NLOn.
1077 NLOir
—— NLO.
10°%.
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£ 0.004
£
g o002
o i i P
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g os
gosp
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2 00
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A first look at tri-boson

pp— WH(etve) W+ (ut v, ) W™ (77 7) @ LO with MUuLBOS in WWW-CM pol. def.

[Le Le Dao 2603.02917]

p— e Dep* vt v @LO | /s =13.6 TeV | dyn scale
u

Onx [ab] fax [%] 7:
Full off-shell | 122.29(2)7545% - 12
Unpol. TPA | 118.38(2)*515% 100 :s
TTT 60.75(1)09% | 513
TTL 43.28(1)F0-35% 36.6 N
TLL 10581(2)71%7% | 89 §‘°" T e——
LLL 15098(4)FL4% | 14 §oi g
Interference 2.176(7)*_';:?2:2 1.8 § |
é 0
Q
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Conclusions & Outlook

Giovanni Pelliccioli (UniMiB) - Standard Model at the LHC 2026, Torino - 07.04.2026 16/18



New public codes

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

Where do we stand?

- fixed-order in the SM v/ [(N)NLO QCD + NLO EW]
- MC-tool comparison & LHC recommendations v

- NLO QCD matching & merging to PS v

- SMEFT studies at NLO QCD v/

What is next?

- beyond NLOPS
- beyond leptonic decays

- beyond MC templates

;‘.DEGLI STU%I g
INA: o
BICOCCA | i
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Backup
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Quantum tomography (1)

DPA calculation allows for sound quantum tomography of four-lepton final states [Del
Gratta GP et al. 2509.20456, GP Re 2601.09540]

\ -

2 !
S o) Vi () + —Z Z o) (X) Vs (22)

=1 m=—1 T =1m=—1

do do
LA
dQ; dQy dX / dX

IS

7T

2 !

Z Z Z Vimt? m! X) Yim (Ql) it mt (92)

L =1 m=—Im/=—//

3\2 3
(7) Z Piiljj! (X)r (Ql)rj/'/(QZ)

4w P
iilj,j'=1

+

— {m, Vimi'm' } to reconstruct spin-density matrix p (entanglement, purity ...)

2 / ’ 2 " » 2 / I 2
o] =143 30 (af) 450 3 (wal) e S0 S0 S (W)
=1 m=— =1m/=—]| L =1m=—Im/=—|
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ZZ (1): a community effort

Coordination within COMETA network [Carrivale GP et al. 2505.09686]

pp — ee~uT ™ in ATLAS fiducial setup [ATLAS 2310.04350]

Involved all MC tools available on the market and all experts in the field:

MC oS LO LO NLO NNLO NLO LO NLO MJ code

tool approx. tree loop-ind. QCD QCD EW X PS X PS merging public
MoCANLO DPA v v v X v X X X V)
STRIPPER DPA v v v v X X X X X
MuLBos DPA v v v X 4 X X X X
BBMC DPA v X v X 4 X X X X
SHERPA NWA v X (V) X X v (V) v v
MG5.AMC BW v v X X X 4 X v v
PowHec-Box DPA v X v X X v v X v
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https://cometa.web.cern.ch/

ZZ (2): notation

Our best predictions:

NLO NNLO NLO
NNLOEY, , — ob2 (1+6085” + 6580 ) + 6w ) + k2

NLOPS.g — NLOQCDXPSQCD’QED+(hadr.+MP|)
LO-MIMpsy — (nLOSE, + nLOGZ, + LO@)) +PSqcp qep-+(hadr.+MPI)

Pol. fraction = cross-sect. ratio, e.g. fiL = oLL/0unp

Comparison with pre/post-fit results by ATLAS [ATLAS 2310.04350]
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ZZ (3): joint polarisation fractions

our predictions LL [%] LT [%] TL [%] TT [%]

LOgg 5.857 0% 1186140 11.897%%  60.277¢%
LOgg 5.3974% 2.1274% 2.1074%  00.4874%,
NLOEw 5807000 11.0770% 1200709 68.987G%
NLOqcp 587700 12747000 1260700 673570
NNLOqcp 6.0770% 1311740 13.0474%  66.207%7)
NNLOEY, 6.1270% 13201000  13.2170.%8  65.751C2)

l NNLOGD e 6.057%% 1215701 12.077%LL 68.2970% ‘
NLOPSqcp 5.8870%  12.761%% 1271700 67.301G%%
nLOPSqcp 6.0270%  13.041%0  12.9770%  e6.611G%

l NLOPS}.4 586709 1274T0% 12697000 67387012 ‘
nLOPS}5 508700 12097002 12.067002  66.7070%2
LO-MIMqcp 5.7970%  12.017%% 128479 66.8174%,
LO-MJMj.aq 5017000 128470 12797012 67147 %
nLO-MJMjaq 6.147%12 13357040 13.237% % 65.8533?‘
ATLAS measurement
pre-fit 6.1+ 0.4 22.9+0.9 69.9 + 3.9
post-fit 71417 228+ 1.1 69.0 + 2.7
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ZZ (4): comparison with ATLAS

Best predictions [Carrivale GP et al. 2505.00686] vs ATLAS modelling [ATLAS 2310.04350]:

pp-e*e u*u~, Vs=13TeV: ratios to NLOPS, excl. loop-ind pp—e*e u*u~,Vs=13TeV: ratios to LO, loop-ind.only
2.5
1 —— DPAo Bl
. 2.0 — ATLASS™  —— NWAuops
—— NWALo —— BlWiops
L
El d1s
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2.0
=
+1.5
5
1.
o5 “k_‘—‘\-—\_.——}
23
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12 2.6

T
o
H

E 00 260 250 1

150 2 3
Meepe [Gev) 18yes ul

(qq) agreement, small QCD unc. (gg) NLO QCD urgent
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General features of VBS

W* W+ W+, w+ WL W+
Z/y
Z/y
w woowe wow w-
wt W+ WE Wt
ANNANNAN
h |
L h
I
I
ANNRAN -
w w- W w

- Sensitive to gauge-Higgs unitarity cancellations

- Large loop EW corr. from EW Sudakov logs
[Denner Pozzorini 0010201, Biedermann et al. 1611.02951]

- Sensitive to anomalous TGC, QGC and hVV couplings
[Ethier et al. 2101.03180, Bellan et al. 2108.03199, ...]

- Overlap with Higgs-strahlung and triple-boson
[Denner et al. 2406.12301, Denner Haitz GP 2409.03620, ...]
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