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Motivation : probe EWSB in Vector Boson Scattering
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Motivation: New Physics effects in diboson inclusive

" Different behaviors of amplitudes with different diboson polarisations

SM BSM

V=W, Z

qr.rqL.r — ViVL(h)

i 1 ~ E?/M? V+=Vy

qL.rGL.r — VVi(h)

L = longitudinal

gL rqLr — Vi Vi

~ m%/V / E2 ~ EQ / ]\/[2 T = transverse

qr.rGL R — ViVz

" Even if BSM small :

~ 1 ~ 1

- Probe new theories via SM - BSM Interference
- interesting limits on New Physics parameters

arXiv:1712.01310

NB: Expect similar W;Z; and W; h cross sections at higher energies
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“Introduction to QFT”,
M.E.Peskin, D. V. Schroeder



time

Single and joint boson polarisation measurements @ LHC

Inclusive VV

pp — W*Z

ATLAS @13 TeV 36 fb1Eur. Phys. J. C 79 (2019) 535 = Single only (Z first obs)

CMS @13TeV 137 fb! JHEP 07 (2022) 032 —> Single only (W first obs)

ATLAS @13 TeV 139 fb-! Phys. Lett. B 843 (2023) 137895 = Single & joint (first obs)

ATLAS @13 TeV 139 fb! arXiv:2402.16365 - Joint @high pZ
Radiation Zero Amplitude

pp — ZZ

ATLAS @13 TeV 140 fb-1 JHEP 12 (2023) 107 - Single & joint(evidence)

Vector Boson Scattering VVjj
pp — W*W3jj
CMS @13TeV 137 fb'! Phys. Lett. B 812 (2020) 13601

In all cases: leptonic final states (e, p) considered

All Run 2 measurements: data statistics is important !

Very active field !
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How polarisation is measured

Choose a reference frame :

the value of the “polarised cross sections” is
frame dependent (‘‘pseudo cross section”)

Devise variables (BDT, DNN combinations
of decay, production angles and variables)
discriminating among final states with bosons

in a given helicity state

Fit these variables to polarised templates

One of the main challenges /
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Phys. Lett. B 843 (2023) 137895

Extract “polarised cross sections’ or polarisation fractions f

For singly-polarised: ox (X=L,R,0),
fLa fRa f()

For joint polarisation: oxy (XY =LL,LT,TL,TT)

foo » for » fros frr fxy = oxy/ o tot
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L = left T

0 or L = longitudinal

(see also backup)



Polarisation templates

® Use Monte Carlo + (complex) reweighting techniques

So far polarised templates from MADGRAPH LO (+PS) (arXiv: 1912.01725)
Alternatives : MoCaNLO JHEP 2021, 97 (2021)

pp-ete utu~ +X @ NLO, v5 =13TeV, fiducial setup, uo =Mz

POWHEG-BOX-RES: NLO QCD+PS o «l 77
(EPJC 84 (2024) 16) 3 j LL HLI LT
SHERPA: nLO QCD + PS (JHEP 04 (2024),001) S "3~ .~
PHANTOM (2-26) : LO+PS (arXiv: 0801.3359) <
2 o
" Fixed-order calculations (MoCaNLO 0 o i
polarised) + POWHEG, SHERPA o
unpolarised for higher order (HO) reweight A gﬂ HTK/E
" Templates: sources of main systematic < T
uncertainties
, % o TT
(also take care of interference among B S —
polarisations, minimize non resonant |5 o octions . wwr
contributions) depend on polarisation cos 6y
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Polarisation measurements of a single boson
in WZ final states
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Phys. Lett. B 843 (2023) 137895

Single boson polarisation measurements in WZ

CMS

JHEP 07 (2022) 032

Events (generated)
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" Polarisation templates obtained by reweighting an unpolarised
POWHEG+Pythia sample by cos(0y) (V=Z,W)

CMS Simulation 137" (13 TeV)

. —|¢— Generateld 1
pp%W‘Z —— Fit, p-value = 0.0613_
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L fp = 0.272 = 0.002

Events (generated)
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In CMS: 0y (V=W, Z) is the angle between the momentum of the decay lepton in the

rest frame of the massive boson V and the momentum of its parent in the laboratory
frame.
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Single boson polarisation measurements in WZ
JHEP 07 (2022) 032

CMS

" W reconstructed using PDG W mass constrain

® Cut-based Signal Region selection

® Three Control Regions for ZZ, top and photon conversions
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CMS
Results : single boson polarisation measurements in WZ

JHEP 07 (2022) 032
f = polarisation fractions f,*f*fr=1 > Only 2 fare independent
-1
Oo.sEMS 13710 (13 TeV) CMS 137 fo” (13 TeV)
04 = 0.30F 3
. 0.28- e
0.3 = 0.265 .
0.24 3
0.2 -
: —— Observed, 68% CL 0.22}- —— Observed, 68% CL
: —— Observed, 95% CL 0.20 __ —— Observed, 95% CL:;
0.1 —— Observed, 99% CL Tk —— Observed, 99% CL }
; o= Best fit 3 0.18 o Best fit 3
: (> Powheg+Pythia ] 3 { Powheg+Pythia 7
0.0 | | | | | ] o=+ - =
0.10 0.15 0.20 0.25 0.30 0.35 0.40 -03 -02 -01 00 01 02 03 04 05 3.6
V- -2
L R

f,V= 0.32+0.08

" Observed significance for longitudinally polarized W bosons of 5.6 ¢ (4.3 0).

First observation of longitudinally polarized W bosons in WZ events

¥ Results consistent between observations and predictions

Comparison with ATLAS results in backup

L. Di Ciaccio - SM@LHC2024 - 9 May 2024 11



Joint polarisation measurements in diboson final states:
WZ and Z.Z

L. Di Ciaccio - SM@LHC2024 - 9 May 2024
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Joint polarisation measurements in WZ @?)
Phys. Lett. B 843 (2023) 137895

" First joint polarisation observations: W,Z, , WyZ, , WZy
The polarisation of each single boson is also measured.

" Joint polarised templates:
Madgraph LO (0-1jet): bias ~ 10-50% from NLO-QCD effects

> 2 techniques to obtain templates @ NLO-QCD:

* Multidimensional reweighting DNN-based [arXiv:1907.08209]
using Madgraph LO (0-1jet) and POWHEG+Pythia unpolarised

* Fixed order calculations (+ PS) reweighting 14 |
| cos 922 | Category 3 , Category 4
® A DNN variable is used to discriminate I
among polarisations, then events 05k--cmoon- LN
are split in 4 categories using the Category 1 & Category 2
lepton decay angles cos0* 0) o ‘
0 0.5 1

13 L. Di Ciaccio - SM@LHC2024 - 9 May 2024 | cos O |



Joint polarisation measurements in WZ éa)

Phys. Lett. B 843 (2023) 137895 EXPERIMENT
Q! I 1 1 I 1 I I T T U l 1 1 1 1 :
. . o 3500— ATLAS e Data //, Tot. unc. W;Z; 3
®  Simultaneous fit of the 4 categories = W'Z SR Post-Fit OWZ, [WeZ, CIW,Z, 3
S 3000 {513 TeV, 139 b Others mMisid. leptons ERf+V 3
S : =
. ) o 0 2500~ Cat 1 5 Wz Wz 3
Systematic uncertainties on f : oot [ 1 CAtE ¢ Cat3, Catd:
* Modelling 5 ' ' ' E
E S miss =
ET 1000 -
500 =
’5025 z_ I I l I l -5 ATLAS . 0 - I T I T 1 I T T I T T I I I T 1 —
" o2} B E Vs =13 TeV, 139 fo' B 1-2E |cos 6l <05  1lcosBlul>05 ! [cos Blw| < 0.5 ' [cos Bw| > 0.5 T:;
045F :'V ~~~~ S o ® Data 0‘: 1 1:_ |cos 82| < 0.5 tlcos 87| <0.5 + ! |cos 672> 0.5 |cose |>05+ =
3 B R NLO QCD ~ s & : 3
o1E Q iy v PowhegsPythia S J’*’*+ii¢# g r“ff‘ irfprsttbff
0-055' I . ' = 16 contour g 0.9F ¢ + i ¢ i I =
x| SORPOTR I e 0 1 2 3 4
2 0.3;- L i —— i — WEZ events 4-category DNN score
0022_ i T W ey ; Data POWHEG+PyTHIA  NLO QCD
0.155- “Q -- @I - WiZ
o 7 ¥ 7 foo  0.067 +£ 0.010 0.0590 £ 0.0009  0.058 + 0.002
I: {{:{:}}:{:,,,,, fOT 0.110 + 0.029 0.1515 4+ 0.0017 0.159 4+ 0.003
] U S fro 0.179 £ 0.023 0.1465 £ 0.0017  0.149 + 0.003
%L g L F Lo - frr 0.644 &£ 0.032 0.6431 £ 0.0021  0.628 £ 0.004
0.65F
o8k Significance on f, at 7.16 (6.2 0)
o B oy o o Significance on f; and f( > So

0 0.02 0.04 0.06 0.08 01 0.06 0.1 0.15 0.2 0.25 01 0.15 02 025 0.3

f f L3 L3 L3 L3 [ [
foo o 0 => First joint polarisation observations
L. Di Ciaccio - SM@LHC2024 - 9 May 2024 14



WZ polarisation in specific phase spaces: results @f ‘ja
arXiv:2402.16365 EXPERTMENT

" Polarisation in 00-enriched region: cut on pyZ - f, increases

=> Investigate pZ dependence of the polarisation
® Discriminating variable : BDT (00 against 0T+T0, TT or 00 against all)
" Polarised templates: MadGraph LO 0,1 j polarised + reweight

Results of a 3-parameter fit. In 100 <p? <200 GeV fy,. 5.2 6 (4.3 0)

Measurement Prediction
100 < pZ <200 GeV pZ > 200 GeV 100 < pZ <200 GeV  pZ > 200 GeV
foo 0.19 £0:03 (stat) £0-92 (syst)  0.13 £0-0° (stat) £0-02 (syst) || foo 0.152 + 0.006 0.234 + 0.007
for+to 0.18 +0:97 (stat) 09 (syst)  0.23 +017 (stat) 0% (syst) || for 0.120 + 0.002 0.062 + 0.002
frr 0.63 :tmgj (syst) 0.64 +017 (stat) £0-0° (syst) || fro 0.109 + 0.001 0.058 + 0.001
foo obs (exp) sig. 52 4.3) 1.6 (25) o Jrr 0.619 + 0.007 0.646 + 0.008

S bR

—

¥ Results consistent with SM within uncertainties

" As expected, f is higher than in the inclusive phase space :
@ 100 < pyZ <200 GeV: £, =0.19 (wrt 0.067)

" Uncertainties: ~22 % on fyy, @ 100 <p;Z <200 GeV
* Statistically dominated

* Systematics mainly from QCD higher order effects
L. Di Ciaccio - SM@LHC2024 - 9 May 2024 15



Radiation Zero Amplitude Effect (RAZ) observation
arXiv:2402.16365

EXPERIMENT

" @ LO strong gauge cancellations make a dip in the TT cross-section
(WZ and Wy ) in AY ;=2 cut on p;V% (approach LO phase space)

Backgrounds and 0T, TO & 00

contributions subtracted
unfolded and normalised

[ el ne sl o o4 2w 20 Lo il &7 =]
o2 0.7 ATLAS -e-Data @8 Stat. Uncert. —
<= — Vs=13TeV, 140 fb" [ Tot. Uncert. -« MG+Pythia =
< = ’ -]
<= 0.6— RAZ Region p**< 70 GeV —
o = | z
05F- | | P2 <70 GeV =
04 e =
— | | 5
03F | I — =
L =
0.2— N51desl =
0.1 : | —
OE L I. PRAN ] .I I A ST IR LR P T [ e S T R | .. A Tty (] S T S T | :
. I T I T T T T
g 14 I i
y 1.2 | =
E 1F A E
o 08 3
0.6 1 . | s : ; y =
0 1 2 3 4 5 6
71 IAY wryl R
WZ
Ncentral

Depth = 1 - 2 =% Necentral / N[sides

Depth of the unfolded IAY w7l deep

120
- ATLAS

Depth AY(WZ)]

o
o
T T

%

A

| [
e Data —+ MG+Pythia %% Tot

[ Vs =13TeV, 140 fo'
C TT polarization state

v

. Uncert.

0.6
"' Depth>0->RAZ
0.2 —
f «——— More LO |

B 12 ' '

S B

8 0.8 |

20

40

Cut on ppV% (GeV)

70
max(pTWZ) [GeV]

¥ Results consistent with SM
L. Di Ciaccio - SM@LHC2024 - 9 May 2024
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Polarisation measurements in Z.Z @ \a)

JHEP 12 (2023) 107

In ZZ rest frame

" Joint polarisation & singly : Z; Z: , ZrZx (X = L+T) ?

" Polarised templates + reweight:

* Madgraph LO (0,1j) polarised for qq=>ZZ

& EW-Z77

* Unpolarised Sherpa NLO/fixed order LO

polarised for gg=> ZZ

> Three steps reweighting:
* 1D fixed order polarised(+PS) reweight
NLO QCDxEW along cos0,
* 1D Interference term reweight
qq — ZZ by (unpolarised — X polarised)
* 2D reweighting for residual high order
along cos0%,;, and AQ; ,

® Boosted Decision Tree:
cos 0,,cos 03, cos0*,, , A(1)11 12 s A(1)13 14

14 T zgA plane

3.7 0%
2 ./,/ Zl
/” /'/
./.
/

__Templates qq>Z7Z: NLO effects

p

“Z, rest frame

i

ATLAS Simulation ——2.Z ---.2.Z (w/o NLO correction)
s =13 TeV

qq — ZZ — 4l
polarisation states
shape-only

—2Z,Z, ---Z.Z (w/o NLO correction)

II|III|IIIIIII|

|III|II

—2Z,Z, ---Z Z (W/o NLO correction)

1I|]II|[II| :II|III|III|III|
I|IIIIIII|III|IIIIIII|III|III

e

T 08 -06 -04 02 0 0.2 0.4 0.6 0.8
BDT Score
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Events / 0.1

Data / Pred.

£

Results: polarisation measurements in ZZ TLA

EXPERIMENT

® TFit using 2 free parameters: fractions of Z;Z, and Z.Zx (X=T,L)
G%ESZ'L = 2.45+0.56(stat.) +0.21(syst.) fb
" Evidence for Z; Z; with 4.30 (3.80 exp.)
® Main uncertainties from statistics, interferences and modelling
Contribution Relative uncertainty [ %]
=70 1| L S B A B T B I B Total 24
ATLAS ¢ Data — -
sool {S =13 TeV, 140 fb" mzz ) Data statlstlcal. uncertam.ty < 23 )
pp — ?Z — 4] Wzz Total systematic uncertainty
a0 Post-Fit 21y MC statistical uncertainty 1.7
i nter Theoretical systematic uncertainties
B Non-prompt _ . .
Sithiare qq — ZZ interference modelling
: /// Uncertainty 1 NLO reweighting observable choice for gg — ZZ
[ PDF, «; and parton shower for gGg — ZZ s
¢ ZLZL ] NLO reweighting non-closure 1.0
QCD scale for gqg — ZZ 0.2
NLO EW corrections for gg — ZZ 0.2
g¢ — ZZ modelling 1.4
O+ v v ! P — ! e == Experimental systematic uncertainties
1.4f ? 4 ' j i Luminosit 0.8
1r‘i‘//‘y‘/;//-i‘///-/‘//{ﬁ*//+//+/-f+’/ ///%//;/%*//F// b5% /f%’% NEELnSOSI o O. 6
0.9} E :
0.8 . ‘ ' . . s s . L . T/ Electrons 0.4
1 08 -06 04 -02 0 02 04 06 08 Non-prompt background 0.3
BDT Score Pile-up reweighting 0.3
Triboson and 77Z normalisations V.l
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Polarisation measurements in Vector Boson Scattering process
WEW =jj

L. Di Ciaccio - SM@LHC2024 - 9 May 2024
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Polarisation measurements with W= W=jj

Phys. Lett. B 812 (2020) 136018

CMS

ssWW signal vs background

Events / bin

Data/SM

First polarisation studies in Vector Boson Scattering process (VBS)
Joint and single boson polarisation is measured

Challenging:

* low cross section
* separation Signal vs Background (Nonprompt, WZ) & between polarisations
Three BDTs are trained, 2 fits:

Inclusive BDT

137 o™ (13 TeV)

200

SONNAININ .

B Other bkg. ¢ Data

—W W N\ Bkg. unc. 7
—W W, - w;wi .
—W,W, g _
[ Nonprompt |
i tvx 7

0.5 1
BDT score

LL vs the rest
for W; W, & W Wy
137 b (13 TeV)
£ Fems | mOtherbkg. + Data :
o 104 —W W, \'Bkg.unc. |
*2 E W W W, W, — W W, ww* E
e F —w,w,  mwz ;
w10® & 7z _
8 [WINonprompt =
Basssaassaas @\ -th ]

AN\ NN\
. \\Q\\\

\\\\\\0.\\\\

0.5

1

BDT score
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Events / bin

Data/SM

TT vs the rest
for W LWX & WTWT
137 b (13 TeV)

- CMS ' [ Other bkg. ¢ Data
104 —W W, A\ Bkg. unc.

E W, wW,w W, — W W, ww

i — W, W mwz
103 E R ¥ ZZ

"I Nonprompt
\\\\\\\\\\\ [_SNNENNEENNNNNY -tvx

0 0.5
BDT score
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VBS Results: Polarisation measurements with W* W=jj
Phys. Lett. B 812 (2020) 136018

CMS

-2AInL

6F Expected bkg. only stat+syst i

4} 95% cL

CMS 137 b (13 TeV)
| -+ Expected bkg. only stat N

| -+ Expected signal+bkg.
| = Observed

Diboson c.o.m. frame

Significance for LX production at 2.30 (3.10 expected)

Process o B (fb) Theoretical prediction (fb)
WiEwE 0.327 9% 0.44 + 0.05
WiEW3 31061 12 313 £ 035
WiEW5x 120702 1.63 + 0.18
WrWi 2002 1.94 + 021

Parton-parton c.o.m. frame

Significance for LX production at 2.6c (2.90 expected)

(eser & ]
\d‘“ S I
00 0.5 1 1.5
Gy w, [fb]

® Statistical uncertainty dominant

Process o B (fb) Theoretical prediction (fb)
WiEWE 0:2410:20 0.28 + 0.03
WEWE 32500 3324 037
WiEW3 140705 171 £ 0.19
WIW;s 2:034 02 1.89 £ 0.21

® Significant improvements expected from Run 3 and HL-LHC before
systematics start to become a significant issue

L. Di Ciaccio - SM@LHC2024 - 9 May 2024 21



Conclusion and Outlook

¥ Polarisation measurements in diboson is a very interesting & active field

4 Probe the EWSB at high vs and New Physics
4 Important for EFT interpretation (no results yet)

® VVinclusive : with Run 2 first observations and evidence in (single
and joint) = Need statistics (Run 3 and HL-LHC)

v Main limiting factor: modelling
of the polarization templates
= theorists — experimentalists

studies important

" VBS diboson process :

4 severely limited by data statistics
4 important study at HL-LHC,

complementary to HH

HL-LHC 14 Tev
I I l I 1 1

cms

Ul
Q

| Wi W2

expected significance [c]
N

.
.
.
.
.
.
.
.
.
.
.
.
o
.
.
.
.
.
.
.
.
.
o
o

-

Ow, w

0

- Phase:2 Projection. . — — — -

" CMS-PAS-FTR-21-001
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.
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*

- WW rest-frame

===+ pp rest-frame

2000
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Backup
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Standard Model Production Cross Section Measurements Status: October 2023

| e |
.Q inelastic . .
O 101 Eq ATLAS Preliminary
bl g Theory
pr> €'
o) . - Vs =5,13,13.6 TeV
10° E LH( s
- "0 o =
= pr >75 GeV -
10° F LHC pp Vs = 13 TeV -
: BBl Data 32140107 2
10* E o LHC pp Vs =5 TeV .
F v \ v Data 0.03-0.3fb i
3
10 :E 0220 oo EY>125 GeV 3:
C v o t-chan al
- " -
102 3 A - | 3
- pr >100 GeV we - -
L n=1 / 3
10' £ ° E
E nj=2 E
- u —
1 E E|
C n=3 3
F , o .
1 B o H>5 (\ﬂn s .
1071 F o e Ll E
- nj=4 — Yy a
= - H-y) ‘;‘)’(‘8’; m n 3
10_2 E n=5 H— a4 — E|
- o - e o = el o ;
1073 ey i o
C a
PP Jets Dijets W P 4 tt Y t WW H WZ 7Y ZZ ttW ttZ ttH tty WWV Zjj titt Zyy Wyy Wzy Zyjj 7Y ZZjj WZjj
EWK ewk —ww WWij ewk  Ewk
tot. tot. tot. tot. tot. tot. tot. tot. EWK
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Spin Density Matrix: @ daw Mev hgh's

hep-ph/9403248

w,u, = =1/2 initial state helicities
Aw,z helicity of W or Z

(Raha) p(Hak)x = ’F(uqua) ?
Prwryrzd, = = Z Bys F 2 |Fiis

/ /
Awhz MqUgAw Az
Mqllg

I = Helicity amplitudes

Helicity or polarisation fractions fxx ( X=T,0)

foo = L0000 ;

fTT = Py4—— + P——4+ TP e e F P++++ 5
for = Poo—— + LO++ »

fro = p——00 + P++00 -

For a single boson : OA)A’ Sum over the helicities of one boson
fx ,X=L,R,0 the diagonal elements of the g, ;- matrix

L. Di Ciaccio - SM@LHC2024 - 9 May 2024
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Expected Significance

projection studies for polarisation measurements in

Yellow Report (https://e-publishing.cern.ch/index.php/CYRM/article/view/950)

the HL-LHC in the

6 -
- L] 1 T T
- ATLAS Simulation Preliminary 2 | cMS
5 (O]
- \s=14 TeV =
- F\AE
- pp > WiWj S
4 =
- o -
- o 4
3 wn
N ©
O < @
e e 5
2 e ')
- <
n o 2 /
Ung ———— with all sources of uncertainty 3
- with only statistical uncertainties ;"
0 B | - l 1 L 11 l 11 1 1 I 11 | 1 l 1 [ To O | I 1 | i | 1 I 1 | - I 1 1 1 l 11 1 b ‘ .Q
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@L \3) Single boson Polarization measurements in WZ
EXPERTMENT  Phys, Lett. B 843 (2023) 137895 JHEP 07 (2022) 032
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@ CMS
] Single boson Polarization measurements in WZ

XPERIMENT

In ATLAS:

0%*y (V=W . X) is angle between the momentum of the decay lepton in the rest
frame of the massive boson and the momentum of its parent in the WZ rest
Frame (modified helicity frame)

In CMS:
Oy (V=W X)) is angle between the momentum of the decay lepton in the rest

frame of the massive boson and the momentum of its parent in the laboratory
frame.
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Joint polarisation measurements in WZ @L a)
Phys. Lett. B 843 (2023) 137895

= eight variables are used as inputs to the DNN for the statistical analysis:

4 the transverse momenta of the three leptons and of the neutrino, ,
1 the absolute difference between the rapidities of the Z boson and the lepton

from the W decay
2 the azimuthal angle difference between the two leptons of each W and Z-boson decay,

1 the transverse momentum of the W Z system

Are the polarization correlated between the two bosons?

foo SM > 1.3

R. = ———
£ W rZ
Jo' Jo

Measurement: Rc=1.54 £0.35
(Obs. Significance 1.60 wrt Rc = 1 hypothesis )
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Unique for WZ (and Wvy): Approximate Amplitude Zero

hep-ph/9403248
I I 1 1 I I I 1 1 L) 1 I I 1 1 L)
by dia—W %

va = 2 TeV

1o@

®  The SM amplitude for qq - — W*Z @
Born-level exhibits an approximate zero

@ cos 0 = (g + 8 /(81 — 812 )
@ high energy

T= .|.’ - :

1 I TTTITI
1 L 111111

g.(i=1,2) LH couplings
of the Z-boson to fermions
0 is the scattering angle

of the W-boson w.r.t. quark

L
q___l_,-

fd-"’-ﬁ? m.ﬂ'?-__fha
g . ™ T3
o WL
WTZT '.." .|I T ll:

" This results from an exact zero in the
dominant helicity amplitudes M(x, +) | |
and strong gauge cancellations in the oo Wl

. . . 2 IU—‘!_- II 11 1 | 1 1 1 Ill;'l | l. i- | | 11 1 |-.|
remaining amplitudes (s >>M?y) | ~1.0  —0.5 0.0 0.5 1.0

g
® For non-SM WWZ couplings these cancellations no longer occur

- Sensitivity to NP
BUT the NLO spoil the effect: hope to profit a bit from it with appropriate cuts
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