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Standard Model Production Cross Section Measurements

Status: February 2022
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Interactions of the electroweak sector
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HVV/Hff: Higgs-production and decays o T I R .y
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\ EWSB mechanism?

&

Higgs self-interactions: not yet measured

Quartic V-couplings: constraints limited by data
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Longitudinal Vector-Boson-Scattering (VBS)
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Radiative corrections to W+ W- > W+ W- in the electroweak standard model .
A. Denner, T. Hahn hep-ph/9711302 * New thSICS models
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Longitudinal Vector-Boson-Scattering (VBS)

The Higgs boson and the physics of WW scattering before and after Higgs discovery
M. Szleper 1412.8367

Sensitivity to the Higgs mass Modified HVV, VWV, VVVV couplings
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VBS at hadron colliders
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Separate from background processes through VBS topology
- arare process, but observed.
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VBS at hadron colliders
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Polarised VBS at HL-LHC

If we want to study unitarisation/EWSB we need to
extract the longitudinal component

* only 5-10 % of the total rate

- very challenging
(remember: 130fb" » ~5-7 sigma

Expected Significance

< naive improvement by factor 10 necessary for observation)

* Requires CMS/ATLAS combination

and/or new techniques at HL-LHC

- improvement of systematic uncertainties needed!

ATLAS HL-LHC projection

ATL-PHYS-PUB-2018-052

IIIIIIIIIlIIIIIIII||IIII|IIII

ATLAS Simulation Preliminary
(s=14 TeV
pp — WiWjj

———— with all sources of uncertainty
with only statistical uncertainties

Lvv v v b v b b v v v b v v v by
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How to improve on the (theory) systematics?
- Improved signal and background (i.e. transverse part)
- Effective separation of boson polarisation

07.03.2025 NIKHEF
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Polarised boson production

pl RTyRY Can we extract
g 2 | Z €y €x the longitudinal
A component?
D2 A= +/-/L

Measurements of longitudinal polarisation fractions:

Measurement of the Polarization of W Bosons with Large Transverse Momenta in W+Jets Events at the LHC,

CMS 1104.3829

Measurement of the polarisation of W bosons produced with large transverse momentum in pp collisions at \sqrt{s}=7 TeV with the ATLAS experiment,
ATLAS 1203.2165

Measurement of WZ production cross sections and gauge boson polarisation in pp collisions at sqrt(s) = 13 TeV with the ATLAS detector,

ATLAS 1902.05759

Measurement of the inclusive and differential WZ production cross sections, polarization angles, and triple gauge couplings in pp collisions at sqrt(s) =13 TeV,
CMS 2110.11231

Observation of gauge boson joint-polarisation states in WZ production from pp collisions at sqrt(s) =13 TeV with the ATLAS detector

ATLAS 2211.09435

Evidence of pair production of longitudinally polarised vector bosons and study of CP properties in ZZ - 4£ events with the ATLAS detector at sqrt(s) =13 TeV

ATLAS 2310.04350
Studies of the Energy Dependence of Diboson Polarization Fractions and the Radiation-Amplitude-Zero Effect in WZ Production with the ATLAS Detector

ATLAS 2402.16365
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How to measure polarized bosons?

* We can’t measure boson polarization directly.
* Luckily decay products can be used as a “polarimeter”:

W+ decay (w- mirrored around 0)
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How to measure polarized bosons?

Angular decomposition of 2-body W decay:

do do 3

Ao . Ay .
0w — avies | U 2 — (1 - 2 A 2 22 gin? 9
P1 dcosfdgpdX ~— dX 167 {( + cos“ 0) + 5 ( 3cos” 0) + A sin 26 cos ¢ + 5 sin“ 6 cos 2¢

+ Assinf cos ¢ + Ay cos b + A sin® 0 sin 2¢ + Ag sin 20 sin ¢ + A7 sin 0 sin qﬁ}

1 do 3 3 3
- — Zsinffy + o(1 — 2f, 4+ 2(1+ cos)?
p—"z 481n9f0 8( cos0)“ fr, 8( cos0)” fr

After azimuthal integration:

|dea: Suitable projections (or fits) extract fractions of left, right and longitudinal components.

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN 12



Angular coefficients as function of V kinematics

Coefficient A, for W~ (inclusive rapidity)
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Keeping azimuthal dependence & boson kinematics:

—_— L0 - NLO =~ NLO + NLO EW — NNLO
0.2
do 3 detat 5 1
= 1+ cos?0) + Ag=(1 —3cos?0 01
de,W dyw dmg,j dQ 167 de,W dyw dmg,, (( T ) T . 7 ( ) 0o
1 o
+ Aqsin260 cos ¢ + Ao 3 sin® 6 cos 2¢ + Azsinf cos ¢ + Ay cosd on i

+ Ajssin? @sin 2¢ + Agsin 26 sin ¢ + A7 sin 6 sin ¢,> ’ 0.050

dUldONLo -1

—

|

L 0025 L | | |

o] |

S 0.000 1 |

= I'I'I

& —0.025 H-

Z

& —0.050

©

~

5 -0.075

3 —— NNLO + NLO EW (def) ~=—— NNLO + NLO EW (exp)

100 200 300 400 500 600 700 800

pr(W-) [GeV]

Angular coefficients in W+j production at the LHC with high precision
Pellen, Poncelet, Popescu, Vitos, 2204.12394
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Practical considerations

This simple idea suffers from:

* Fiducial phase space requirements
> Interferences do not cancel
- Correspondence between fractions

( fo, fr, fr) and distributions broken.

* Higher order corrections to decay
(QED or QCD in hadronic decays)
> Decomposition in{4:} does not hold
any more

* Anglesin boson rest frame
> Z rest frame accessible, but W more
difficult to reconstruct

Inclusive setup for pp — Wj — fvj @ 13 TeV Fiducial setup for pp — Wj — fvj @ 13 TeV

1400 NNLO W pol.sum. 500 ——— NNLO W pol.sum.
- —— NNLO W} | —— NNLO Wi
1200 ' NNLO Wi 5 P T | —— NNLO W}
g 1000

15 22 15
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The more general solution is to generate
polarized events!
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Polarized cross sections

ik "
On-shell bosons: <—9W + ) — ZGAMEA

k2
(DPA or NWA) A
D, IM|? = Z ]MA\Q + Y MMy
AFEN
Y Y

> polarised x-sections Interferences

. L da B daL daR dog doing.

Create samples of fixed polarisation: — fL fR fod—X <+fmt_d—X>
dfit fi. fro fot g 277
andfit Jr, Jr, Joto measured — =
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Polarized cross sections

07.03.2025 NIKHEF

da B dO‘L daR dog doint.
T = I+ hop (e ST )

* |Interferences can be handled

* Does not rely on extrapolations to the full phase space
X can be any observable » lab frame observables

« 49 can be systematically improved
dX

Rene Poncelet — IFJ PAN
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Example polarisation measurement in ATLAS

Studies of the Energy Dependence of Diboson Polarization Fractions and

T 180 1ttt rrr e the Radiation-Amplitude-Zero Effect in WZ Production with the ATLAS
@ - ATLAS . \?Vatza Wz -W"%" . Detector, ATLAS 2402.16365
< 160 = - A + | .
g - Vs=13TeV, 140 Prompt | &Non-prompt ]
= - SR 100<p?<200 GeV 4 Tot. Uncert. ]
140 : o
r Post-Fit ]
120 3 Measurement
100; ] 100 < p%Z <200 GeV p% > 200 GeV
- ] foo 0.19 £0-03 (stat) 002 (syst)  0.13 £0:02 (stat) £0-0> (syst)
o E Jorsro 0.18 +0-07 (stat) £0-0° (syst) ~ 0.23 £-}] (stat) £0-0 (syst)
2 = frr 0.63 092 (stat) +003 (syst)  0.64 +0-12 (stat) 09 (syst)
C . foo obs (exp) sig. 5243)o0 1.6 25) o
L Prediction
o 2F = 100 < p%Z <200 GeV  pZ > 200 GeV
© E ]
£ 15F = foo 0.152 +0.006 0.234 + 0.007
RO W SO I S YO ST for 0.120 + 0.002 0.062 + 0.002
o T S . S it S e e e -
05EL L i | 1 | | | | o fro 0.109 + 0.001 0.058 + 0.001
1 08 06 04 02 0 02 04 06 08 1 frr 0.619 + 0.007 0.646 + 0.008

cos ev
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Polarized cross sections

da B dO‘L daR dog doint.
T = I+ hop (e ST )

* |Interferences can be handled

* Does not rely on extrapolations to the full phase space
X can be any observable » lab frame observables

« 49 can be systematically improved

dX T
Higher-order QCD/EW corrections + PS
to minimize uncertainties from missing higher orders (scale uncertainties)
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Why do we need higher-order corrections?

Fiducial setup fgr pp — Wi — fvj @ 13 TeV |mpo rtant

® 08 e Sy Inclusive K-factors are not enough
N 0.6 NLO \&: pol.sum. . . . . .
= 04 o 1) Differential polarization fraction have shapes
2 02 R — - : :
. 2)Higher-order corrections dependent on
ﬁ;” polarization! Just using unpolarized K-factor
32 . .

> t,—_'—D'F would lead to distortion of spectrum.

=2 = ———  3)NNLO QCD needed to reach percent-level

= scale-dependence » MHOU

10 20 40 60 30 100

P+

Polarised W+j production at the LHC: a study at NNLO QCD accuracy,
Pellen, Poncelet, Popescu 2109.14336

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN 19



W+jet: mock-data fit

: _ & . .
Fit to mock-data (based on NNLO QCD and 250 fb stats:). Observable: cos(¥, j1)
- extreme case to see effect of scale dependence reduction

Fit to mock data (250 fb™1) for pp — Wj — fvj @ 13 TeV Fit to mock data (250 fb~?!) for pp — Wj — fvj @ 13 TeV
08501 0.8501
NLO.QCD NNLO QCD
0.825 1 0.825 1
0.800 1 0.800 1
, Scale dependence

£, 0775 | £, 0775

0.7501 0.750 1

0.7251 " futfr=1 0.7251 futfr=1

—— 1o band \ —— 1o band
0.7001 20 band 0.7001 20 bang
X Shape fits at different scales X Shape fits at different scales
0.6754 = Prediction from o 0.6751 =¥ Prediction from o,
0.125 0.150 0.175 0.200 0.225 0250 0.275 0.300 0.125 0.150 0.175 0.200 0.225 0.250 0.275 0.300
Jr fr
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Perturbative QCD

Hadronic cross section in collinear factorization:

\

=
b
s

\ Ohiha—X = Z/ / de1dzag n, (1, WE)Dj /hy (T2, 150) G- x (s (WR), WRy 1)
= 0

¥}
O_b_x

Perturbative expansion of partonic cross section:

TP
——— ~(0)

~ (1) ~(2)
Uab—>X = Oub—sXx +0 ab—>X + 0 ab—)X

o SN \

Typical uncertainties from scale variations: 5LO O(~100%), SNLO O(~10%) |6NNLO (~1%)

da_h1h2—)X — 0 )
du

(estimate for corrections from missing higher orders based on renormalisation scale invariance
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Next-to-leading order case

(1) AR AV . aC KLN theorem
Oab = Tab T Tab T Tab sum is finite for sufficiently inclusive observables
* and regularization scheme independent

Each term separately infrared (IR) divergent:

Real corrections: Virtual corrections:
r_ 1 0) | 1) v 1 0)| A
Tab = 55 d®p 41 <Mn—|—1‘Mn—f—1> Fria Tab = 53 d®, 2Re <Mn M, >Fn
Phase space integration over unresolved configurations Integration over loop-momentum

(UV divergences cured by renormalization)
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IR singularities in real radiation

1
cfz{b - d®, 11 <M7(zoj)tl‘M£zo4)—1> n+1 o .
Finite function

/

1
. @g@ N/OdEdHE(l_Cose)f(E,cos(H))
AN

Regularization in Conventional Dimensional Regularization (CDR) d = 4 — 2¢

1 1
dEd6 E 0)) ~ — + ...
%./0 E172¢(1 — cos 9)1—€f( cos(0)) 2+

€

Divergent

Cancellation against similar divergences in

1
AV
— — [ dd, 2R < >Fn
Oab 2§/ e n
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How to extract these poles? Slicing and Subtraction

Central idea: Divergences arise from infrared (IR, soft/collinear) limits > Factorization!

Slicing

Subtraction

07.03.2025 NIKHEF

) 1 1
o8 = 5 d®, 4 <M§10J31)Mﬂl> wh1 + o= d®,,., <M2011’Mffll> .
§ J5(@)>6. § Js(@)<ée.
1 0 1 i
~— 4, ‘ ( ., —/d@nMaan 5.
35 ey, A0t (MEDME ) P 5 (5P + O(5.)
... + &Y, = finite
Most popular
8= L [ (a9 © M d®,,.1 SF L [ 4%, SF
Tab = o7 ( nt1 <Mn+1’Mn+1> 1 — APt n>+% d®y 11 SFy, NLO QCD schemes:
CS [hep-ph/9605323],
2% / b, 1 SF, — zis / 4%, AP, ST, FKS [hep-ph/9512328]
Phase space factorization > Basis of modern
- momentum mappings event simulation
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Partonic cross section beyond NLO

ab

07.03.2025 NIKHEF

A(2) _ AVV
= Oab + Uab + Uab + Uab + Oab

~C1

. 1 0 0
Gay = % /d‘I’n+2 <M51422‘M5le> n+2

Real-Real
Real-Virtual GRY 215 Ay 11 2Re (ML MU ) Foy
Virtual-Virtual A 215 a®, (2Re ( @)+ (MPIMDYF,

652 = (double convolution) F,, 651 = (single convolution) F,, 4,

Oab
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Partonic cross section beyond NLO

~(2) _ ~VV
O-CL

07.03.2025 NIKHEF

_ ~ RV ~RR ~C2 ~C1
= Oab + Oab + Oab + Oab + Oab

Technically substantially more complicated!
Main bottlenecks:

* Real - real » overlapping singularities
Many possible limits » good organization principle needed

* Real - virtual » stable matrix elements

* Virtual - virtual » complicated case-by-case analytic treatment

Rene Poncelet — IFJ PAN
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Slicing and Subtraction

Slicing NNLO QCD schemes
* Conceptually simple qT-slicing [Catani'07],
* Recycling of lower computations N-jettiness slicing [Gaunt"15/Boughezal“15]

* Non-local cancellations/power-corrections
- computationally expensive

Subtraction Antenna [Gehrmann'05-'08],

Colorful [DelDuca'05-"15],

* Conceptually more difficult . ! .
P Y Sector-improved residue subtraction [Czakon'10-14'19]

* Local subtraction - efficient

* Better numerical stability Projection [Cacciari‘15],
* Choices: Nested collinear [Caola17],
* Momentum mapping Geometric [Herzog"18],
* Subtraction terms Unsubtraction [Aguilera-Verdugo'19],

* Numerics vs. analytic
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Example: W-boson pair production

Double resonant (DR) Double resonant (DR) Single resonant (SR)

* Removal of single resonant backgrounds:
Double-pole-approximation (DPA) [1710.09339] or
Narrow Width Approximation (NWA)

* Ll entersat NNLO - large corrections

Y

=

N2
%

production amplitude

NNLO QCD study of polarised W+W- production at the LHC,
Poncelet, Popescu 2102.13583
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Doubly polarised cross sections

07.03.2025 NIKHEF

NLO NNLO KnNLO LI NNLO+LI

off-shell 220.060p) T35 225.4(4)T0%% 1024 13.8(2)T23% 239.1(4)T1 5%
unpol. (nwa) 221.85(8)T15%  227.3(6)T05%  1.025  13.68(3)7%5%  241.0(6) 110
unpol. (dpa)  214.55(7)T35%  219.4(4)T55% 1.023  13.28(3)72%:5%  232.7(4) 14
Wi (dpa)  57.48(3)T)3%  59.3(2)T0 7% 1032 2478(6)t%33%  61.8(2)+L 0%
Wi (dpa) 63.69(5) 5 % 65.4(3)T0 5% 1.026  2.488(6)T200%  67.9(3)T0 %k
Wi (dpa)  152.58(9)F17T%  155.7(6)T07%  1.020  11.19(2)T%E5%  166.9(6) 15
Wy (dpa)  156.41(7)FL7% 159.7(6)T03%  1.021  11.19(2)+233%  170.9(6) 7%
wiwy (dpa) C0.064(9)720%  0.88(3)T12%  (1.090) 069527 B 10.57(3)72%%
WiWyr (dpa)  48.34(3)T2 %% 49.4(2)T0%  1.021  1.790(5)*355%  51.2(2)0 8%
WAWL (dpa)  54.11(5)10%%  55.5(4)T0%¢  1.025  1L774(5)*5 5% 57.2(4)T0 7%
WAWy; (dpa) 106.26(4)715%  108.3(3)T0%¢  1.019  9.58(2)1 0 117.9(3) 17 4%

Small LL contribution, with large corrections

Rene Poncelet — IFJ PAN
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Polarised di-boson production

LHC 13 TeV. fiducial cuts NNPDF31_as 0118  7-scale scheme (py = Myy)

e NLO off-shell —— NLO W/ W, (dpa)
X = NLO unpol. (dpa) = NLO W/W, (dpa)
10° m Summed W* W~ pol. —— NLO W;W; (dpa)
= —— NLO WjW; (dpa)
. . . . Tl 10
* Longitudinal contribution :
largest around < 0]
. o)
production threshold. =
10744
* At high energy W B
effectively massless 310
. 3
<> transverse pOlal’Ised 205
2
;'::“ 0.0 1
151
E 1.0
0.5
0 100 200 300 400 500 600 700
1"[(#4,,7
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LHC 13 TeV, fiducial cuts

NNPDF31_as 0118  7-scale scheme (pty = My)

I

—

= NNLO off-shell = NNLO W/W (dpa)

=== NNLO unpol. (dpa) — NNLO H'Lﬂ('T* (dpa)

= Summed W*, W~ pol. —— NNLO W;W; (dpa)
(

1

—— NNLO Wj Wy (dpa)
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Loop induced gg » WW contributions

With top-quark loops ingg LI Without top-quark loops in gg LI

Loop-induced (LI)

Rati R
to NLO Unpolarised W~ Longitudinal W~ Transverse W~ to NLO Unpolarised W~ Longitudinal W~ Transverse W~
3.0

e
= 2.5

=
& 20

S 1.5

o

=

g 1,0-E=='j
0.5 :

3.09

e e ——

1.5+

o e

0 100 200 300 0 100 200 300 0 100 200 300 0.5
pr(et)

0 100 200 300 0 100 200 300 0 100 200 300
pr(e*)

|— LO === NLO === NNLO == NNLO+LI]

[— LO = NLO — NNLO === NNLO+LI (no top~quark)]
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Impact of polarisation frame (ZZ production)

Polarisation frame: di-boson center of mass
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ZZ production degeneracies

>
& o — LHC 13 TeV PDF: NNPDF31 Scale: My
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Breaking degeneracies with multi-differential observables

LHC 13 TeV PDF: NNPDF31 Scale My

NTNTT

DDA $3 PFO
m—— DPA UU PF0
mmm= DPA TT PFO
s DPA TL PF0
DPA LT PFO
DPA LL PFO |

do/dm/d6* [pb/GeV]

o
00

ratio to UU

M4l bin edges: 05 : | :
[180,200,250,350,500,1000] m(ete ptp~) x 6%, [GeV]
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Beyond fixed-order: Polarised NLO+PS

Polarised-boson pairs at the LHC with NLOPS accuracy
Pelliccioli, Zanderighi 2311.05220

* NLO QCD + PS in POWHEG-BOX-RES framework

* Study of PS (Pythia8) + hadronisation effects on fractions and differential distributions
WW/WZ/[ZZ

> 1-5% effect on distributions, but generally small impact on fractions (~1% effects)

state o[fb] LHE ratio [/unp., %] LHE  o[fb] PS+hadr ratio [/unp., %| PS+hadr
Inclusive setup

full off-shell ~ 98.36(3)48% 101.20 95.27(3)T43% 101.28
unpolarised ~ 97.20(3)*55% 100 giovE 100

LL 4.499(2)F25% 463 22 4.359(2)125% 1650

LT IS 1353128 12°730(5) 11 0 5

1Y T Tasaytl 1309 34E) T ok 13.09° -

T 66.88(2)+4-0% 68.81+9-47 BaTA(2) 4 1% 68:8210%
interference —0.058 —0.06 —0.069 —0.06

07.03.2025 NIKHEF
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Status of polarization precision calculations

(Collection of papers in the backup)

---
pp - ZZ

pp > W/Z

pp > Z+j

pol. VBS

X*: should be public soon
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Conclusion & Outlook

Summary:

* Increasing interest in studying polarized bosons
> triggered by exciting prospects for future precise measurements
- Tests of the SM with links to the EWSB through the longitudinal component

* Higher order corrections are crucial to measure/model polarization fractions accurately.

- Efforts to provide fixed order predictions at (N)NLO QCD and NLO EW
Diboson and single boson final states: WW, WZ, ZZ, W+jet

Outlook:
* More realistic simulations require parton shower effects - usable input for experiment

* Measurements are going to much more precise in the future
- predictions need to keep up!

Thank you!

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN
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Comprehensive Multiboson Experiment-Theory Action

WGT1 - Theoretical framework, precision calculations and simulation
WG?2 - Technological innovation in data analysis

WG3 - Experimental Measurements

WG4 - Management and Event Organization

* WGS5 - Inclusiveness and Outreach

Further information:
https://www.cost.eu/actions/CA22130/ and https://cometa.web.cern.ch/

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN

38


https://www.cost.eu/actions/CA22130/
https://cometa.web.cern.ch/

Polarised nLO+PS: SHERPA

Polarised cross sections for vector boson production with SHERPA
Hoppe, Schonherr, Siegert 2310.14803

* New bookkeeping of boson polarizations in SHERPA for LO MEs

* Approximate NLO corrections: nLO+PS
- Reals+matching are treated exact
> loop matrix elements unpolarised

* Comparison with multi-jet merged calculations

W'Z N ] Fraction [%] K-factor omnoms. [fb]  Fraction [%] K-factor
. . . full  35.27(1) 1.81 33.80(4)
Comparlson Wlth llterature unpol  34.63(1) 100 1.81 33.457(26) 100 1.79
‘°n LO+ PS d p p I’OXi matiO n i N fa i r Laboratory frame
agreement with full NLO LU  8160(2) 23.563(9)  1.93 7.962(5) 23.796(25) 1.1
. . . T-U  26.394(9) 76.217(34)  1.78 95.432(21)  76.01(9) 1.75
-2 good for pola rization fractions int  0.066(10) (diff) 0.191(29) 2.00 0.064(7) 0.191(22) 2.40(40)
UL 9.550(4) 27.577(14)  1.73 9.275(16) 27.72(5) 1.72
UT  25.052(8) 72.342(31)  1.83 24.156(18)  72.20(8) 1.81
it 0.028(10) (diff) 0.081(29)  -0.49 0.026(7) 0.079(22)  -0.471(34)
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Backup
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Polarized VV @ (N)NLO QCD / NLO EW

Fiducial polarization observables in hadronic WZ production: A next-to-leading order QCD+EW study,
Baglio, Le Duc 1810.11034

Anomalous triple gauge boson couplings in ZZ production at the LHC and the role of Z boson polarizations,
Rahama, Singh 1810.11657

Polarization observables in WZ production at the 13 TeV LHC: Inclusive case,

Baglio, Le Duc 1910.13746

Unravelling the anomalous gauge boson couplings in ZW+- production at the LHC and the role of spin-1 polarizations,
Rahama, Singh 1911.03111

Polarized electroweak bosons in W+W- production at the LHC including NLO QCD effects,

Denner, Pelliccioli 2006.14867

NLO QCD predictions for doubly-polarized WZ production at the LHC,

Denner, Pelliccioli 2010.07149

NNLO QCD study of polarised W+W- production at the LHC,

Poncelet, Popescu 2102.13583

NLO EW and QCD corrections to polarized ZZ production in the four-charged-lepton channel at the LHC,
Denner, Pelliccioli 2107.06579

Breaking down the entire spectrum of spin correlations of a pair of particles involving fermions and gauge bosons,
Rahama, Singh 2109.09345

Doubly-polarized WZ hadronic cross sections at NLO QCD+EW accuracy,

Duc Ninh Le, Baglio 2203.01470

Doubly-polarized WZ hadronic production at NLO QCD+EW: Calculation method and further results

Duc Ninh Le, Baglio, Dao 2208.09232

NLO QCD corrections to polarised di-boson production in semi-leptonic final states

Denner, Haitz, Pelliccioli 2211.09040

Polarised cross sections for vector boson production with SHERPA

Hoppe, Schonherr, Siegert 2310.14803

Polarised-boson pairs at the LHC with NLOPS accuracy

Pelliccioli, Zanderighi 2311.05220

NLO EW corrections to polarised W+W- production and decay at the LHC

Denner, Haitz, Pelliccioli 2311.16031

NLO electroweak corrections to doubly-polarized W+W- production at the LHC

Thi Nhung Dao, Duc Ninh 2311.17027

Polarized ZZ pairs in gluon fusion and vector boson fusion at the LHC

Javurkova, Ruiz, Coelho, Sandesara 2401.17365

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN

41



Other polarized cross section calculations
* Polarised VBS (so far LO):

W boson polarization in vector boson scattering at the LHC,

Ballestrero, Maina, Pelliccioli 1710.09339

Polarized vector boson scattering in the fully leptonic WZ and ZZ channels at the LHC,
Ballestrero, Maina, Pelliccioli 1907.04722

Automated predictions from polarized matrix elements

Buarque Franzosi, Mattelaer, Ruiz, Shil 1912.01725

Different polarization definitions in same-sign WW scattering at the LHC,
Ballestrero,Maina, Pelliccioli 2007.07133

* Single boson production
Left-Handed W Bosons at the LHC,
Z.Bern et. al. 1103.5445
Electroweak gauge boson polarisation at the LHC,
Stirling, Vryonidou 1204.6427
What Does the CMS Measurement of W-polarization Tell Us about the Underlying Theory of the Coupling of W-Bosons to Matter?,
Belyaev, Ross 1303.3297
Polarised W+j production at the LHC: a study at NNLO QCD accuracy,
Pellen, Poncelet, Popescu 2109.14336

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN
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EWSB

Th is the EWSB in the SM: " ey
e reason is the EWSB in the S £EW:_Z(WW)2_Z( uu)2+(DM¢)2_V(¢T¢)
* Higgs potential and minimum:
; 0 ) u?  v?
V(g'e) = —u*(6'9)* + A(l9)"  ¢=U(m") ( vii ) VEV: dle=55=7
V2
* Goldstone bosons can be absorbed via gauge transformation (unitary gauge).
This gives rise to massive gauge bosons:
b=U"' ("), W.=UT'"W,U—- —U"'9,U
gw
2 2V o 3 2 1 Mw
Dol 5 = 205 W W™ + (gwW,, — giwB,)?] == My = ~vgw , My =
8 2 cos Oy

* Restores renormalizability and unitarity
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Polarised W+j production

07.03.2025 NIKHEF
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Polarised W+jet cross sections

m Why looking at polarised W+jet with leptonic decays?
* The EW partis simple:

* no non-resonant backgrounds

* neutrino momentum approx. accessible (missing ET)
* Large cross section > precise measurements

Goals:

* Use W+j data to extract the longitudinal polarisation fraction (done before by exp.)
- understand impact of NNLO QCD corrections (reduced scale dependence)

* Study inclusive (in terms of W decay products) and fiducial phase spaces
-> How does the sensitivity to longitudinal Ws depend on this?
Which observables have small interference/off-shell effects?

* Are there any differences between W+ and W-?
From PDFs and the fact that we cut on the charged lepton?

07.03.2025 NIKHEF Rene Poncelet — IFJ PAN
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Setup: LHC @ 13 TeV

Polarised W+j production at the LHC: a study at NNLO QCD accuracy,
Pellen, Poncelet, Popescu 2109.14336

Inclusive phase space:
* At least onejet with [y(j)| < 2.4and pr(J) = 30 GeV

; ; . Measurement of the differential cross sections for the associated production of
Fiducial phase Space. a W boson and jets in proton-proton collisions at \sqrt{s}=13 TeV, CMS 1707.05979

* Lepton cuts: pp(¢) > 25 GeV, [7(£)] <2.5and AR(Y,j) > 0.4
* Transverse mass of the W: Mp (W) = \/m%/v +p,_2F(W) > 50 GeV

Technical aspects:

1
* NNPDF31and dynamical scale choice: pr = pr = 3 <mT(W) + Z}kr(j))

* Implementation in STRIPPER framework (NNLO QCD subtractions) [1408.2500]
* Narrow-Width-Approximation and OSP/Pole-Approximation
* Matrix elements from: AvH[1503.08612], OpenLoops2 [1907.13071](cross checks with

Recola [1605.01090]) and VVamp [1503.04812]
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Example: lepton transverse momentum

Perturbative corrections Charge differences Off-shell/Interference effects
Fiducial setup for pp — Wj — fvj @ 13 TeV Fiducial setup for pp = Wj — fvj @ 13 TeV Fiducial setup for pp — Wj — €y @ 13 TeV
~—— NNLO W™ pol.sum. M
! ,_ = 10'4
—— NNLO W~ pol.sum. o
= £
s 101 O 0l =
= o 10 =,
g = X
< == = ~——— NNLO W™ pol.sum.
% § iy —— NNLO W~ off-shell
& - = |— NNLowg,,
g 104 S 104
—— NNLO W pol.sum. % S 11
—— NNLO Wi 100 v: =2
—— NNLO W; 16 LO — NLO —— NNLO A b;;
= g N == T I O I A
o 0.81 —|_‘_\~._’_,_,_.———'——“‘"_ = 14 Z,
Yoed T o
= o
o &)
3\ A _,—l—'__‘_‘—\—-_._‘_‘_‘_ 1.0 Z Vb%
g 0.2 y - V E ]
ol21 1-1 LO =—— NLO —— NNLO § 2 == = ——
3
@2 | (=]
& | o £ 11
143 sy £329
5 «< L0 =By
=2 S =
1 E Lo
0 2 40 60 S0 100 0 %0 10 60 20 00 2 —|_=|—|_I
Pres Prye 30 40 50 60 70 80 90 100
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Extraction of polarisation fractions

|dentified 4 observables (ranges) with

> Small interference effects (<2%)
> Small off-shell effects (<2%)

- Shape differences betweenLand T

« 25GeV < pr(f) <70 GeV
« cos(#;)>—0.75

e |y(j)| <2

07.03.2025 NIKHEF

Fiducial setup for pp — Wj — fvj @ 13 TeV

600 1

do/dy |

300 1

{  CMS'17 data
—— NNLO WT off-shell

—— NNLO W# pol.sum.

—_
()

Ratio to CMS’17 data

Rene Poncelet — IFJ PAN
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W+jet : fit to CMS data

Fit to actual data, here |¥(j1)]
- dominated by experimental uncertainties (no correlations available)

15 Fit to CMS data for pp - Wj — fvj @ 13 TeV

8 Fit to CMS data for pp - Wj — fvj @ 13 TeV

— lo band
0.5 20 band
X Shape fits at different scales X Shape fits at different scales
== Prediction from of§ =+~ Prediction from o%;
%0 0.1 0.2 0.3 0.4 0.5 06 00 0.1 0.2 0.3 0.4 0.5 0.6
Jr fr
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W+jet: mock-data fit

Fit to mock-data (based on NNLO QCD and 250 fb™" stats): cos(?, j1)
- extreme case to see effect of scale dependence reduction
Fit to mock data (250 fb™1) for pp — Wj — fvj @ 13 TeV Fit to mock data (250 fb~?!) for pp — Wj — fvj @ 13 TeV
0.850 1 0.8501
NLO.QCD NNLO QCD
0.825 1 0.825 1
0.800 1 0.800 1
, Scale dependence
£, 0775 N £, 0775
0.7501 0.750 1
0.7251 " futfr=1 0.7254 futfr=1
—— 1o band A\ —— 1o band
0.7001 20 band 0.7001 20 bang
X Shape fits at different scales X Shape fits at different scales
0.675 - == Prediction from of 0.675 == Prediction from of%;
0.125 0.150 0.175 0.200 0.225 0250 0.275 0.300 0.125 0.150 0.175 0.200 0.225 0.250 0.275 0.300
Jr fr
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Polarised W+W-
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NNLO QCD polarized WW production

NNLO QCD study of polarised W+W- production at the LHC,
Poncelet, Popescu 2102.13583
Technical aspects:

* Implementation of NNLO QCD in c++ sector-improved residue subtraction framework
[1408.2500,1907.12911]

* Massive b-quarks > get rid of top production (pp — bbW W~ enters at NNLO)
* NNPDF31and a fixed renormalisation scale: tr = pr = mw

Measurement of fiducial and differential W+W- production cross-
sections at sqrt(s) =13 TeV with the ATLAS detector
ATLAS 1905.04242

* Leptons:  pp(¢) > 27 GeV ly(f)] < 2.5 m(ef) > 55 GeV

* Missing transverse momentum:  pr niss = pr(ve + 7,) > 20 GeV

* Jet-veto:  pr(4) >35GeV  |y(4)| < 4.5
07.03.2025 NIKHEF Rene Poncelet - IFJ PAN
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Doubly polarised cross sections

07.03.2025 NIKHEF

NLO NNLO KNNLO LI NNLO+LI

off-shell 220.060p) T35 225.4(4)T05% 1024 13.8(2)T23% 239.1(4)T1 5%
unpol. (nwa) 221.85(8)T15%  227.3(6)T05%  1.025  13.68(3)7%5%  241.0(6) 110
unpol. (dpa)  214.55(7)T35%  219.4(4)T55% 1.023  13.28(3)72%:5%  232.7(4) 14
Wi (dpa)  STASG)TEYE 932107 1082 24T8(6)7N3 61824
Wi (dpa)  63.69(5)755;  65.4(3)To5g 1026 2488(6)T5%  67.9(3)70%;
Wi (dpa)  15258(9)737%  155.7(6)%ggn 1020 1L19(2)FRFE 166.9(6)1 5%
Wy (dpa)  156.41(7)*27%  159.7(6) 1057 1.021  11.19(2)7%:5%  170.9(6) 178
W W, (dpa) ( 9.064@j§;8‘;g 9.88(3)713%  (1.090) 0.695(2)T%3%  10.57(3)T29%
Wi Wy (dpa) 48.34(3)11%  49.4(2)109%% 1.021  1.790(5)725:5%  51.2(2) 105
WiWy (dpa) 54.11(5)%1%  55.5(4)155% 1.025  1.774(5)T%:5%  57.2(4) 107
W Wz (dpa) 106.26(4)T1g8  108.3(3)%g8s 1019 9.58(2)7150  117.9(3)7 6%

Small LL contribution, with large corrections

Rene Poncelet — IFJ PAN

53



Polarised di-boson production

e NNLO off-shell
w NNLO unpol. (dpa)

s Summed W, W™ pol.

== NNLO W!W (dpa)
w—— NNLO W} W, (dpa)
—— NNLO W;W; (dpa)
—— NNLO W; Wy (dpa)

—

o

atio to off-shell

R
\
P

ONLO

NN L()/

= 1054

= 1.10-4,—,—@/—’—

IM@

0.0 0.5 1.0

07.03.2025 NIKHEF

O

Rene Poncelet — IFJ PAN

@O0 PO

Credit: Andrei Popescu

Features:

Polarisation interference
Non-resonant background
"Monte-Carlo true” polarisation distributions

W/ W contribution is small,
W, W dominates

Distinct and large Kyy..o for W) W~

small K-factor for other setups

N

Summary:

NNLO effects are 2-3% of o, for all setups
except W,/ W, where itis 9%.

Scale uncertainty is reduced by a factor of 3
w.r.t NLO.
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Polarised di-boson production

LHC 13 TeV. fiducial cuts NNPDF31_as 0118  7-scale scheme (py = Myy)

e NLO off-shell —— NLO W/ W, (dpa)
X = NLO unpol. (dpa) = NLO W/W, (dpa)
10° m Summed W* W~ pol. —— NLO W;W; (dpa)
= —— NLO WjW; (dpa)
. . . . Tl 10
* Longitudinal contribution :
largest around < 0]
. o)
production threshold. =
10744
* At high energy W B
effectively massless 310
. 3
<> transverse pOlal’Ised 205
2
;'::“ 0.0 1
151
E 1.0
0.5
0 100 200 300 400 500 600 700
1"[(#4,,7
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LHC 13 TeV, fiducial cuts

NNPDF31_as 0118  7-scale scheme (pty = My)

I

—

= NNLO off-shell = NNLO W/W (dpa)

=== NNLO unpol. (dpa) — NNLO H'Lﬂ('T* (dpa)

= Summed W*, W~ pol. —— NNLO W;W; (dpa)
(

1

—— NNLO Wj Wy (dpa)

::_\_‘_‘_‘—

1.0

R
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e M
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1 - ! —— p—
L L —
0 100 200 300 400 500 600 700 800

M+ -

55



NWA vs. DPA

LHC 13 TeV, fiducial cuts

NNPDF31 as 0118

T-scale scheme (jto = Myy)

e NLO off-shell
e NLO unpol. (dpa)

45.0

s NLO unpol. (nwa)

[
-
=
=]

=
3

Ratio to off-shell

-
-
X

NLO
S

K
2

1.005

1.000

Normalised

0.995

Ratio to off-shell

0.0 05 10 15
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Ratio to off-shell
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da/d Pri

LHC 13 TeV. fiducial ecuts  NNPDF31 as 0118

T-scale scheme (uo = Mw)

]()"1
104

109 1

e NLO off-shell
e NLO unpol. (dpa)

s NLO unpol. (nwa)

0.9

Ratio to off-ghell

0.8 1

°

0.8 4

Kyio

50 100 150 200 250 350

pri= (leading)

300
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400

Normalised

Ratio to off-shell

_LHC 13 TeV, fiducial cuts NNPDF31.as 0118 T-scale scheme (g = Mw )

NLO unpol. (nwa)

= NLO off-shell
= NLO unpol. (dpa)

S 1.2
=
X 1.1
1.0
©
=
7 100
S
S 098
8
.2 0.961
dt:
<
= 0.04
0.0 05 1.0 1.5 2.0 25 3.0
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Interference and off-shell effects

Large off-shell effect from single-resonant contributions

LHC 13 TeV, fiducial cuts  NNPDF31 as 0118  7-scale scheme (pq = My)
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