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Why study polarisation ?

Goldstone equivalence theorem VBSVV -»VV beyon d reach fFor now
“At high energy, longitudinal 0°0 00

vector bosons are analogous => W*Z bosons joint-polarisation state in
to Goldstone bosons inclusive selection as a First step

wi ot
//

Higgs
mechanism

ﬁ < (1+0C5)
Polarisation as a handle to new physics

=» Resurrection of interference term with EFT
in angular variables [arXiv:1708.07823]

W*and Z
bosons are
massive

VO VO = VO VO
Vector Boson
Scattering

Recent polarised theoretical calculations
=> Check predictions at NLO QCD

or NLO QCD+EW
Longitudinal New physics visible 2e.g. WZ: NLO QCD in 2020 [arXiv:2010.07149],
polarisation in polarisation NLO QCD+EW in March 2022 [arXiv:2203.01470]

allowed

measurement ? a


https://arxiv.org/abs/1708.07823
https://arxiv.org/abs/2010.07149
https://arxiv.org/abs/2203.01470

Status of polarisation in diboson systems

Only diboson process accessible for such measurements: e* e = W*W-

Single W boson polarisation measurements:
< L3 [arXiv:0301027], OPAL [arXiv:0312047], DELPHI [arXiv:0801.1235]

Joint-polarisation measurements:

=> L3 [arXiv:0501036]: only correlations between bosons polarisation (decay planes)
=» DELPHI [arXiv:0908.1023]: not sensitive enough to f

=» OPAL [arXiv:0009021]: almost 3o for f_, but tension with Standard Model

0o’

prr = (67+8)%, Measured Expected
_ o Ttotal | 0.781 = 0.090 £ 0.033 | 0.572 £ 0.010
e = (30 +8)%, TT/Ototal

OLL/Ototal | 0-201 + 0.072 + 0.018 | 0.086 & 0.008
o = (3x7)%. oL/ Ototal | 0.018 £ 0.147 £ 0.038 | 0.342 + 0.016

DELPHI results OPAL results

Longitudinal here noted “L”



https://arxiv.org/abs/hep-ex/0301027
https://arxiv.org/abs/hep-ex/0312047
https://arxiv.org/abs/0801.1235
https://arxiv.org/abs/hep-ex/0501036
https://arxiv.org/abs/0908.1023
https://arxiv.org/abs/hep-ex/0009021

Measurements at LHC

Diboson process chosen: pp » W*Z e
=> Best compromise between cross section and signal to background ratio M| /

Single boson polarisation in WZ production /
— ATLAS :in WZ rest frame, L= 36 Fb™ [arXiv:1902.05759] /h\z Z fame

— CMS :in Laboratory frame, L =137 Fb™ [arXiv:2110.11231]

Recent ATLAS polarisation measurement [arXiv:2211.09435]:
— Joint-polarisation fractions in WZ ;

— Improvement on single boson polarisation fractions, L= 139 fb

=>First observation ever of the longitudinal-longitudinal
joint-polarisation state in diboson events



https://arxiv.org/abs/1902.05759
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2211.09435

Polarisation in WZ pair production




WZ inclusive production

Experimental signature: pPp — / g g’ Uy -+ X €=electron

or muon

Variable Total Fiducial inclusive  ATLAS tracker available
Lept?‘; Ul 6 [GeV] — < ?55 2 Reduce background (fake) leptons
pr ot lz, protly [GeV] — > 15, > .

Reduce virtual photons y* : on-shell Z
mz range [GeV] 66— 116  |mz — m,°¢| < 10 ucevirtuap V
m1W [GeV] _ > 30 Select sizeable missing E . (neutrino)
AR(C,, €3), AR(7, tw) — >0.2,>0.3 Leptons isolation

Irreducible Background (with 3 or more leptons): 18% of selected events
—ZZ:7.5% , ttZ and ttW: 4% , others...
=>Estimated from Monte Carlo generation

Reducible Background (with at least 1 fFake lepton): 5% of selected events
— « Misidentified Leptons » background mainly from Z+vy, t tbar, Z+jets
=> Estimated by a data driven matrix method e



How to measure polarisation

Method : Here for single boson polarisation measurement

— Generate polarisation templates of a discriminating variable

— Extract polarisation fractions through a template Fit
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Challenges of this analysis

— Polarisation definition: Not Lorentz invariant ! Need to define a frame

— Low statistics: Expected yield for WZ leptonic signal events with fullRun 2 : ~ 17 000 events
2 Around 0.2 for f of WorZ: ~3500 events

2 Around 0.2x0.2 =0.04 for f  : ~ 1000 events

— Discriminating variable: should distinguish for both bosons polarisation at once
= 3 x 3 =9 configurations, reduced to 4 by merging Left and Rightin Transverse polarisation

— NLO template: many efforts to obtain polarised templates at highest possible QCD order
2 Unbiased measurement



Definition of polarisation fractions

Polarisation fractions are NOT Lorentz invariant
=2 Need to choose a frame

WZ rest frame for joint-polarisation and single boson polarisation (so-called Modified Helicity frame)
— Allow to meaningfully compare both P
— Longitudinal fractions of both bosons have maximum decorrelation ’ |

I
W rest frame .

Defined from the joint spin density matrix:  we]

\
|
I’
/

\ Y

\\ 7

WZ rest frame “u B i

q A% q

FHatq) (uqﬂq)* B
pﬂwﬂ Az, X Z /IW/IZ C= Z F/E*V‘Vq/{‘zq)
Hq Mg HquGAW Az _/
Joo = P00oo ;
fTT — p++—— + p__+_|_ + p____ + p++++ , \\\ " ' Z rest frame
for = Poo—-+ P00++ 5

fTo = pP——00 + P++00 -




Joint-polarisation templates



Variable for the joint-polarisation

Joint-polarisation fraction measurement: o ' | Classification
, . DNN input
— Analytical variable |cos©, | not W rest frame ! *, (bvanables )
. e . / importance,
discriminant enough , A
[ ] [ . . WZ t f -— ~
— Classification DNN between all 4 joint- A ) 1Yy =Yl ~icost,/
polarisation states: still poorly discriminant p vz
between 0T and TO
. . ° ,/ \\\ (W
— Split DNN score for 00 in 4 categories ;L _— 7 Pr
based on cosB* \ (et frame Ap(1V, v)
g D'Oﬁz_ATLAS Simulation \\\ ;’/
3 oo Eemmmem 1 e Ap(117, 127)
ol TR €050z | Gatogory 3 | Category 4 <
= ot 0T, TT T
NN N | I | 8 A j' _________ . 2z
0o | 4-categories Pr
001 —> Category 1 ' Category 2 P DNN score iz
L N 00 | TO p_t
DNN score g 05 | cos |t @



Need for NLO accurate templates

2.2
2

1:6
1.4
12

Fit result / MC prediction

0.8
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1.8
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B A TL As ®  MadGraph 0,1jet@LO polarised -
— Simulation -
" Fit of MadGraph@NLO i
oy e —

B Z events ///////. MC prediction stat. uncertainty -
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Bias study:
— Perform detector level Fit on various
NLO inclusive pseudo-data MC samples

using a polarisation template set

— Compare to the truth values of the
fractions within the pseudo data

Direct polarised generation (Madgraph 2.7.3)
— LO Matrix element + real corrections (0,1 jets)

=> Bias Found (10% to 50% on fraction value)
using these LO templates

Need for NLO accurate polarisation
templates



Reweighting to theory prediction

In collaboration with theorists A. Denner, G. Pelliccioli :
Theoretical calculations [arXiv:2010.07149] performed

— in the analysis fFiducial phase space

— NLO QCD polarised — at parton level,

=> Several distributions including the analysis classification
DNN score

Reweight MGO0,1jet polarised to NLO at parton level
event-by-event with K-factor

MoCANLOZI ™"

parton
MADGRAPH,..; o1

KMG p.s. —

da/d DNNE/*" [fb] NLO QCD
= w

normalized shapes
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e*veu*u~ +X @ NLO QCD, Vs =13TeV: fiducial region

= j:"‘l, —— unpol. (DPA)
= _q:ﬁ:‘ — WZ,
= - — WiZ
= :|=1 FZy
= — Wiz,
g — wizr

= — full

sum of doubly-pol. |

Classification DNN p0o
polarised distribution
at NLO QCD

[private communication from A. Denner; G. Pelliccioli] G


https://arxiv.org/pdf/2010.07149.pdf

DNN reweighting

Possible to reweight a distribution using a DNN [arXiv:1907.08209] lvew — vz A
=>Acts as a multi-dimensionnal reweighting of the input MC sample Pf;’w
EmISS
4 DNN trained on polarised Madgraph samples to discriminate one AQ;(g%f",gV)
joint-polarisation states against the inclusive : event-by-event output plz
used in reweighting ptl?
&2, 7
T
LO Training: AP (€14, €2%)
polarised Vs. mw z
00 X7 cos(0,y, )
L cos(é';z)

NLO P°[l;‘,:i;i“9 cos(fy)
inclusive for 00 Re:weighting DNNs
input variables

w(x)~ DNN(x) / ( 1-DNN(x)) o


https://arxiv.org/pdf/1907.08209.pdf

Choice of NLO accurate template set

2L
1.8F
1.6F
1.4;

ATLAS

Simulation

_  Fit of MadGraph@NLO

W*Z events

'''''''''''''''

'//// MC prediction stat. uncertainty

-------
:::::::
__________________

MadGraph 0,1jet@LO polarised
Theory parton level reweighting

Polarising DNN reweighting

Fit result / MC prediction

0.6

——
HH
il
|||||||||’-T—|

j_h

—Still some bias, but generally reduced ~15% of the
fractions values

=> Used as the alternative method for modelling
uncertainty

Polarising DNN reweighting:

— Found to be the least biased method
of all tried (almost no bias)

=> Baseline



Modelling uncertainties

. . . . Polarising DNN Theory parton
NLO QCD polarisation template set choice uncertainty: reweighting level reweighting
— Theory parton level reweighting = 2™ least biased (over all C ,,,,,,, ,,,,,,,
fractions), from a completely different method £ oo : E
= Shape uncertainty ]
— Two point uncertainty, no privileged template S oo E
=>Constraint term to limit the range of the nuisance parameter : : E
to the two only alternative template sets Y V :
. o 4MGLO
Uncertainty on the DNN reweighting method: A eighte
1 polarise
— Small non-closure used to extract uncertainty
bands

4 polarising

inclusive DNN G




Joint-polarisation measurement



Binned Maximum Likelihood Template Fit
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Joint-polarisation CL regions

ozsf 3 ATLAS
02f N . \s =13 TeV, 139 fb"

msé- "Q ® Data All joint-polarisation states observed

4 NLOQCD

v Powheg+Pythia
: = 1 g contour
ok i e 2 o contour

::::I:::}:::I:::{::::::....,....,....,....,....,.. —Si ifi >
o 03f T T WZevents Significanceonf_andf_ >50

— Significanceonf at 7.10

o2k Q @ Strong correlations between
: ‘A " X 3 . .
LAY T g simultaneously extracted fractions

_ — Confidence Level regions represented for

£ 1  fractions2 by 2
0.7F NOF A 3

E Q {1 — Notension with theory: better than 2o

0.65?— ; __ ‘
ek ; SE agreement

ossk e % i T => 1.4 o global agreement with SM
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Per charge of the W boson

W+Z&W-2 W+2Z w-2
foo 0.067 £ 0.010 foo 0.072 + 0.016 foo 0.063 £ 0.016
for 0.110 £ 0.029 for 0.119 £+ 0.034 for 0.11 =+ 0.04
fro 0.179 £+ 0.023 fro 0.153 £+ 0.033 fro 0.21 =+ 0.04
frr 0.644 + 0.032 frr 0.66 £ 0.04 frr 0.62 =+ 0.05

Measurement performed as well separating by the W charge
— Significance on f at 6.90 in W+Z

— Significance on f at 4.10in W-Z

No major difference visible in the charge break down
(baring 1o differenceinf.)



Uncertainty breakdown

ATLAS
{s=13TeV, 139 fb"

(afo0)/foo
01 02

Pol. templates, DNN reweighting method
Pol. templates, NLO QCD modellin
ttV background

Jet energy scale, NP |

Misid. leptons, NP |
Misid. leptons, NP Il
WZjj-EW background
tZ background

Jfoo for Jfro frr
e energy scale and id. efficiency  0.00019 0.0009  0.0012  0.0020
energy scale and id. efficiency 0.0004  0.0004  0.0004  0.0008
Er™ and jets 0.0017  0.0021  0.0020  0.0023]
Pile-up 0.00031 0.00026 0.0007  0.0010
Misidentified lepton background 0.0012 0.0026  0.0013  0.0016
ZZ background 0.0004 0.00027 0.0005 0.0004
Other backgrounds 0.0016  0.0026  0.0021 0.0025
Parton Distribution Function 0.00017 0.0029  0.00014 0.0028
|1(340D scale 0.00010 0.014 0.0014  0.012
odelling 0.005 0.007 0.005 0.008
[Total systematic uncertainty 0.005 0.017 0.006 0.016 |
Luminosity 0.00015 0.00026 0.0004  0.00004
IStatistical uncertainty 0.007 0.016 0.019 0.019 |
Total 0.010 0.029 0.023 0.032

Muon isolation efficiency
Jet energy scale, NPII

Jet energy scale, NP Il
Jet energy resolution, NP |
ZZ background, PDFs
Misid. leptons, NP 11l

Jet energy scale, NP |V
Pile-up

Jet energy scale, NP V

ZZ background, PDFs o, value
Jet energy scale, NP VI
Jet energy resolution, NP Il

Statistical uncertainties at the same level as systematic

uncertainties, mainly

— Higher order QCD shape effects on polarisation templates
— Background estimation

——&— Nuis. Param. Pull
[ ] Prefitimpacton £,
B Fostfit Impact on
1

2 -1 0 1 2
(B - 6,)/A0

Ranking for fuo



Joint-polarisation CL regions

-2log(Likelihood Ratio)
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Polarisations in W*Z

------ Asimov, Stat.@ Syst.

Data, Stat.® Syst.
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C

Test of independence of fractions of
W and Z by reparametrising :

for = 1, = foo.

fro = f = foo,
frr =1+ foo = f)"

Joo
1 1

R. =
_ foz
— Ifindependent, R =1

— Theory predictsR_~ 1.3

— Measurement gives R_ =1.54£0.35

Evidence for correlation between
the bosons polarisations

(22,



Single boson template ﬁt

Template fit on data at detector
level as for joint-polarisation

— Discriminating variables cos@*
and cos©*,

— Polarisation templates from
analytical reweighting

=>Correct agreement of the fitted
templates with data

No tension with theory

F, mesured with 5 sigma in charge
break-down

T
e Data
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Level
Level |
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e Data

v Powheg+Pythia
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W boson

| Z boson

(23



Consistency with joint-polarisation

Consistency check:

—F W and f Zmeasured using

reparametrisation in
joint-polarisation Fit

fOT = fOW B fOOa
fro = f§ = foo,
frr=1+foo— £ = ff

=> Agreement within 1o with
the single boson
polarisation fit

0.4

0.3

0.2

0.1

0

_I LI | | L | LI UL | [ L ] LI l | IR B [ | I_
. ATLAS e Data o
i : Single Boson Fit 5
| — 1 _|
g \E+_ 13TeV, 139" | 16 aco :
- W*Zevents v Powheg+Pythia :
- 1 ¢ contour -
e 2 ¢ contour ~
N g A _

Consistency check of

the joint-polarisation

fit
and the two

single boson
polarisation fits

0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

fo

(24



CONCLUSION

N
(4]

Need for JOINT-polarisation fraction 5 Tt | e | e —
< No independence of single boson polarisation fractions £ | " ~ 77 o o ==
S 150 ' q e P e T
Need to evaluate all fractions simultaneously $ 1 G
=> Strong correlations between fractions S T @ & | Q
i Fi e e it r S N T BRI i
Classification DNN .
prT Rt
Need templates accurate to the highest possible . ]
orderin QCD s T
: . -2 T SR B SR
=> Leading uncertainty, bias of up to 50% on Fractions o} ! * E
values "B &
o . . ATLAS (Afoo) /o
= Importance of the modelling uncertainty design (s=13TeV. 139" 02 01 0 01 02 _

—— T T T[T T T T[T T T

Pol. templates, DNN reweighting method

PO l a ri S i n g D N N re We i g h ti n g Pol. templates, NLO QCD modelling

— #V backgro nd s : '
Jet energy scale, NP | e
Misid. leptons, NP |




Thank you |
for your attention!




Validation of factorisation assumption

Applying polarising DNN weight to a NLO inclusive sample turnsitina NLO
polarised sample if the distribution p(x) can be factorised:

p}&h[io(x) X pro(x) X faw(x) X gro»nro(x)

= LO - NLO
volarised DNN polarised
pro(x) X faw () gro—nro(T)
A
PHP NLO 4 polarising 0
inclusive DNN
pro(z) X gro-nro(x) fun () PHPdnn

Two ways to obtain NLO polarised sample: Comparable results, assumption validated @



ATLAS and CMS differences

Modified Helicity frame

ATLAS CMS
Total p.s. (MC generation) 66 < Mz < 116 [GeV | 60 < Mz < 120 [GeV |

IMeasurement frame Modified Helicity Helicity I !
pY reconstruction DNN-based Analytical (P§, = Mg,)
Event yield 21936 10729 Different
event selection -
W Z signal/Backgrounds ~ 4 ~ b5 Hf({fltyframe
Measured value p.s. Fiducial Total .
. _ ,ri'l' rest frame
v W
ATLAS fiducial phase space - \
Variable Fiducial inclusive i Laboratory .
Lepton |7| <25 ] Frame
pr of {7, pr of by [GeV > 15, > 20 /
my range [GeV] Imz — mEPS| < 10 St iz

v
V Z rest frame
'

mY [GeV] > 30 P e
AR, 65), AR(E7,6w) > 02,> 0.3 S @




ATLAS and CMS comparison

CMS published results on Full Run 2 data for single boson polarisation fractions
— Not the same frame: central values not comparable
— Uncertainties somewhat smaller for W fractions in ATLAS, similar sensitivity for Z fractions

— Again, no tension with theory

o g
06 CMS _Preliminary 137.210” (13 TeV CMS  Preliminary 137.21" (13 TeV)

%_O b I I | | I I | g N—O a T T T T T ———l‘__‘__hl T T T T T T
o Daia E 032}~ 7 T~ ¢ Daa E
05 o Y Powheg+Pythia _ 03 __ P B N X Powheg+Pythia 3
P FSe — 68% Confidence Level 3 3 y \\ — 68% Confidence Level }

SR \ ------ - 95% Confidence Level /o m e 95% Confidence Level
i 1 028 /o P ~ I
04 // \ -] 3 / )4 \\ E
{ A

: .' . ; 026 | o =
5 * “| \ = e A \\ | 1
o ] ] 0uf | ‘. | + / I =

o2k | %" / ) E o2 | \ // /’ =
2 i - ] 3 [EEAY . 2 ]
Y SN - Ovserved, 8% CL | - /o

3§ f ARG - - Observed, 95%CL 7 02 A\ S/ / - Observed, 68% CL 3

0.4F - - Obsarved, 99% CL ] E ) /- Obsened, 95%CL 3

' + BestFit ] 018 N - Obsenved, 99 CL

. 0 PowhegtPythia 3 v LT + BestFi ]

) SO B DU DU DR DU R SO 016k L L L, O PP

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 -0.3 -0.2 -0.1 0 0.1 0.2 03 0.4
W W .

Pl fr-f

CMS results for W (left) and Z (right)
Previously presented CL regions in transparency



https://inspirehep.net/literature/1853514

Previous ATLAS measurement

Compared to 36 fb single boson polarisation
measurement: [arXiv:1902.05759]

— Central value not comparable for change of
definition of cos@*

— Uncertainties roughly divided by 2

=> Lower improvement for f,¥ who is not
statistically dominated

~ /2 stat. uncertainties

36 fb'results
fo fL-fR
WrinW*rZ | 0.26+ 0.08 —0.02 + 0.04
W-inW-Z | 0.32+ 0.09 —0.05 = 0.05
WEin W:Z | 0.26+ 0.06 —0.024 + 0.033
ZinWtz 0.27+ 0.05 —0.32 + 0.21
ZinW-Z 0.21+ 0.06 046 + 025
ZinWtz 0.24+ 0.04 —0.39 + 0.16
1 ~ x4 data,
139 fb ' results
fo fL-fR
WinWtZ 023 +£ 0.05 0.071 £ 0.023
WinW Z|0.19 =+ 0.05 0.026 + 0.027
Win Wz | 022 =+ 0.04 0.059 + 0.016
ZinWwtz 0223 £ 0.025 |-0.20 =+ 0.10
ZinW™Z | 0240 + 0.029 | 0.10 =+ 0.13
ZinW*Z [ 0231 £ 0.0019 |-0.10 + 0.08



https://arxiv.org/abs/1902.05759

Unfolded distributions

Cross section of inclusive WZ production in the fiducial phase space with leptonic
decay:

=» Obtained from N, parameter of the fit, at the Born level

fid. = SRt +1.5
TWizt vet — 64.6 + 2.1fb VS NNLO QCD SM prediction -64.0_1_3 fb
With MATRIX [arXiv:1703.09065]

>Perfect agreement, similar precision
lterative bayesian unfolding of polarisation sensitive variables:
= cosB* , cosO*,, |cosb, |
Compared to Born level predictions from
— NLO inclusive MC sample: Powheg+Pythia and MadGraph5_aMC@NLO+Pythia

— Sum of LO polarised MC MGO,1jet samples
=> All rescaled to integral NNLO QCD cross section prediction @


mailto:MadGraph5_aMC@NLO
https://arxiv.org/abs/1703.09065
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— Good agreement of data with NLO MC

— MGO,1jet at LO fails with |cosV| because it has strong NLO dependence
(Denner&Pelliccioli theoretical calculations)
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Unfolding the DNN

E ATLA.IS Preliminary
Classification DNN to be made public 5 1| Loy 19
—Classification DNN trained at detector levelon = LS i
Madgraph polarised samples é oL, ]
— Uses low level variables, not p ' related, to e; :2 fm . petegPythia x1.18
be independent from the method chosen forits < ™| - MadGraph NLO x0.93
reconstruction 20F 7 e e -
=> Used by theorist Denner&Pelliccioli to W'z~ ¢vee
compute particle level predictions e e e
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Unfolded differential cross section CE
> Particle level DNN score feeds the same DNN 9
with particle level variables <
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