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Vector boson polarization state

ef(p) = (0,1,1,0) e*(p) = (0,1, — i,0) e/ (p) = ;( |71,0,0.E)
Right-handed Left-handed

A

Transverse (T)

_, Longitudinal (L)

» Polarization: alignment of a particle’s spin with its momentum
* For the massive vector boson, helicity: h = S -

« Transverse (T):h = +1
* Longitudinal (L): h = 0

'§¢|"G¢

2025/11/1



Importance of polarization state

« Existence of Higgs boson is discovered in 2012
« Developing a deeper understanding of the
electroweak symmetry breaking (EWSB) mechanism

Higgs
mechanism

is crucial
« The longitunial polarization state of W* and Z bosons 1

is a direct consequance of the Higgs machanism Goldsto:e equivalence
* Import test of Higgs machanism theorem

"At high energy, longitudinal

. ) ) ) . Massive W vector bosons are analogous to
« Particularly interesting: longitudinal VBS and Z bosons goldstone bosons”
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ATLAS study on pp » WEW1jj

Previous ATLAS analysis
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Signature of pp -» WEIWjj

SM prediction

W=W=jj EW

Other prompt WEW3jj Int
W}"'\< Conversions WEWjj QCD
Non-promp WZ QCD

WZ EW

Full Run 2 data is used. Basically follow the strategy of pp - WEW*jjcross section measurement
Exactly two same charged leptons with p; > 27 GeV

At least two well-seperated jets with Mjj > 500GeV, |AYjj| > 2

Missing transverse momentum EF*SS > 30GeV
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Acess polarization information

W= rest frame

li

- W% polariztaion state determine the decay angle distribution

« But can not access W= rest frame since the two neutrinos
are not reconstructable

WEW™ rest frame

« Simulate full event kinematic of polarization states
prediceted by MC

« Two key points
« Simulation of polarization state
« Distinguish the polarization state W=
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Analysis strategy

2D DNN application

2o e k-fold method
Theqry‘ LL norm.
uncertainties N Signal - TX norm.
corrections |
. /
1 v + Profile Likelihood
Polarised y LX Scan
Samples \
Ll R L L Total yields
control region I'_r!{r norm.
Ba?kgr?und WZ-QCD n{:;rm.
estimation
W2 L Total yields
control region
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Polarized WXW=*jj sample

« Sherpa3 can generate LO (ay, = 6) polarized
WEWw=jj sample
* On-shell and narrow and narrow-width
approximation (NWA) necessary

1 ™ (a" —my)
(a* - ) + Ifymi, Tvmy

» Vector boson width set to zero to ensure gauge
invariance

— divergent at m,, = my,
— avoid by the m;; > 200GeV selection in SR
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q1 1

q3
< mjj > 200 GeV
v W q4

Typical WEW#*jj — EW Feynman diagram with the hadronically
decaying W= in the s-channel-like diagram

q2

d3 41 43 41

qa g2 qa gz

(a) (b) (c)
Typical WEW*jj — W Feynman diagrams without hadronically
decaying W< in the s-channel



High-order QCD correction

q5
el mjj > 200 GeV
vy

« Simulate WWjj + 0,1
« The multijet merging is expected to cover the dominant

higher-order QCD effect M'/ a3
W B el Q
* Problem:

« At higher order QCD, the NWA approximation can V2
lead to divergences if two leading jets do not " Wt ks
originated from the W= =

0.18 4 = Nominal: Shfiui’-’ujj:.+ 0,1;" v## Stat. uncert.
. SOlUtiOn: | —— Nominal: Sh W*W*jj +0, 1 t-ch.

1. The s-channel diagrams are dropped for the 012 -
polarizatio simulation with higher-order QCD 2 0.10-

2. Full off-shell IZi*vvjj + 0,1 j to correct missing s- ® 008 -
channels 0.05 -

test: 0.021

T T T T T T T
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High-order QCD correction

0.18 - = Nominal: Sh/*v/*vj+0,1j #/# Stat. uncert. 0.18 4 = Nominal: Sh 1w *vjj+0,1j “4%4 Stat. uncert.
— Mominal: Sh WEW=j + 0, 1j t-ch. — Nominal: Sh WEW=jj+0, 1 t-ch,
0.15 - 0.15 o
0.12 0.12 +
2 0.10 ~ £ 0.10 -
5 w(Z) o
0.08 - — 0.08 -
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0.00 0.00
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« The MVA classifier is used to discriminate signal — Full phase-space reweighting using DNN is needed

» Likelihood-ratio can be approximated using binary classifier %~% [https://arxiv.org/abs/1907.08209]
1=

» For our implementation
e DNNg_p: [F1Tvvjj + 0,1 VS WEW*vvjj + 0,1
DNNs_p(x)
1-DNNg_p(x)

c wx) =
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NLO EW correction

1.00

UNP fit: x2/dof=1.62, p=0.011

« Polarized NLO EW correction provided by E —— LL fit: x*/dof=0.96, p = 0.54

[https://arxiv.org/pdf/2409.03620] U TL fit: x?/dof =228, p=18-10"
TT fit: x?/dof=1.10, p=10.31

v/ Stat. uncert.

« The comparision f of the m;;-dependent differential 0001 Wy ™» e e
cross-section of WEW*jj — W at Born level (O(ay = ¢ N
6)) and at NLO-EW(up to O(ay, = 7)) is used to B s
weight events &
« Perform separate fit for each polarization f(m;;) = Gl
mi;
Do + P1l7’l + pyln? Ge]‘i I
0.70

T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000
mj; [GeV]

2025/11/1



Analysis strategy

2D DNN application

2o e k-fold method
Theqry‘ LL norm.
uncertainties N Signal - TX norm.
corrections |
. /
1 v + Profile Likelihood
Polarised y LX Scan
Samples \
| oIt »| Total yields
control region I'_r!{r norm.
Ba?kgr?und WZ-QCD n{:;rm.
estimation
Lol »| Total yields
control region
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Background estimation

« Monte Carlo simulation:

Ww*jj QCD and Interference
W*Z QCD and EW
Other minor prompt contribution

 Data-driven estimation

Non-prompt events: jet/photon misidentified as lepton
Conversion events: lepton charge misidentified

« Two Control Regions are defined and taken into account for
the fit to constrain background

Low Mjj CR: equivalent to SR but with a lower dijet mass

200GeV < Mjj < 500GeV
WZ CR: equivalent to SR but with an extra opposite-sign

charge lepton

SM prediction

WEW=jj EW

Other prompt
Conversions WiW-_l-Jj QCL

Non-promp WZ QCD
WZ EW
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Analysis strategy

2D DNN application

2o e k-fold method
Theqry‘ LL norm.
uncertainties N Signal - TX norm.
corrections |
. /
1 v # Profile Likelihood
Polarised y LX Scan
Samples \
Ll R L L Total yields
control region I'_r!{r norm.
Ba?kgr?und WZ-QCD n{:;rm.
estimation
W2 L Total yields
control region
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Signal discriminant
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Mormalized distribution
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« The polarization of W* determine its decay angle distribution ==> lepton kinematic and MET can
discriminate W2 polarization state
- The initial W* bosons are connected to the quark lines ==> jet kinematic can discriminate W*
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polarization state

Maximize the senstivity through combination in DNN




MVA classifier

polarization

Wi Wijj EW
WiWS jj EW
Other prompt %
Conversion §
Non-prompt Qﬁ*
S
<
wn
O
x~
- .
\J
‘ackgrou nd LX

[M. Stange. ATLAS-D. 2023]

« Three sets of DNNS are trained to extract the polarization components:
« DNN, .usive USed to separate the unpolarized WEW+jj — EW contribution from the remaining background
 DNN,, used to seperate fully longitudinal polarized VI/LiVI/Lijj — EW simulation from the contribution with at
lest one transversely-polarized state WTJ—’Wi jj— EW
 DNN,, used to seperate the polarization state WLJ—’WJ—’jj — EW simulation from the contribution with fully

transversely-polarized state WTiWJ—r jj— EW
« 2D histogram from classifier score
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Analysis strategy

2D DNN application

2o e k-fold method
Theqry‘ LL norm.
uncertainties N Signal - TX norm.
corrections |
. /
1 v +| Profile Likelihood
Polarised y LX Scan
Samples \
Ll R L L Total yields
control region I'_r!{r norm.
Ba?kgr?und WZ-QCD n{:;rm.
estimation
W2 L Total yields
control region
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Profile likelihood procedure

bins

L(ﬂa a) = l_l -Epoiss(NdaralﬂS(g) + ﬂbb(g))i X Lgauss(g)i-

» To extract the signal component contribution from background, profile likelihood fits are performed
» The systematical uncertainty ebter the fit via Gasssian constrain as nuisance parameter
« Two POI fitting

« Search for W,W? : 3 normalizaion factors for W>Wjj EW, WEW.Ejj EW, background
« Set limit on W, W,*: 3 normalizaion factors for W>W,%jj EW, WW2*jj EW, background
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Result of single boson polarizatoin W,*W =

9 8O ————————— 77—
c ATLAS ® Data WA Ew ]
S 160 5= 13 Tev, 140 fb” B wiwi Ew WG Ew =
. o n L. 1T < ] Tl il =
« Significance of 3.30 for W,~-W=jj (expected 140 W Wi fit Wi Int WWj QCD =
4.0 SR Bwz acp Bwz ew -
' 0-) ] ] ) ] ] ) 120 Post-Fit Mon-prompt Conversions -
» First evidence for longitudinal polarization 100 Other prompt 2/ Tot. Uncert. E
in vector boson scattering gof Me-DNNbinO . Incl.DNNbin1  Incl. DNN bin2 ]
: : : : 60 _f
» Fiducial cross sections are measured, in .
agreement with the Stand Model 40 -
20

« Dominated by statistical uncertainty = Y i B e — ' )
% 0 51 e ////ﬁ/;fﬁ///yf////;f//(%//{%// 75+/ /*"A/ ;V/*%%///W
Q 05} : 3

Signal DNN score + Incl. DNN bin

Predicet oB [fb] Measured oB [fb] Uncertainty

wrw*jj —w 1.18+0.29 0.88+0.30(tot) 10.28(stat)+0.05(mod.sys)+0.08(exp.sys)
WEWTEjj 1.67+0.40 2.49+40.32(tot) +0.30(stat)+0.05(mod.sys)+0.12(exp.sys)
— EW
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Result of single boson polarizatoin W,*W,*

w
—
c
)]
=
Ll

* Sig95% CL upper limit of 0.45 fb (expect 0.70
fb)
* Most stringent limit of fully longitudinal
polarized W,W,%jj — EW

* Fiducial cross sections are measured, in
agreement with the Stand Model

« Dominated by statistical uncertainty

Data / SM

I L T I L] I I L] L T | L] ) T L
® Data

I T ) 1 L) | ) T ) 1
Il Wil Ew

ATLAS

Vs =13 TeV, 140 b’ W WEw EW B W Ew
WiWj fit - R WAWHj QCD
SR Bwz acb B wz Ew
Post-Fit Non-prompt Conversions
Other prompt 77+ Tot. Uncert.
- +Predicted WW:jj EW (10x SM)

Incl. DNN bin 0O Incl. DNN bin 1 Incl. DNN bin 2

;//%j///r‘///*‘//zé/%/;‘///rﬁ////%///?‘//r}%%//zé‘}-’/z‘///*‘/*,%//

0 ] 2 3

Signal DNN score + Incl. DNN bin

Predicet oB [fb] Measured oB [fh]

+0.20(stat)+0.02(mod.sys)+0.06(exp.sys)

wiwtjj  0.29+0.07 0.01+0.21(tot)
— EW
Wiwtjj  2.56+0.64 3.39+40.35(tot)
— EW

+0.30(stat)+0.08(mod.sys)+0.16(exp.sys)




o WFWT - WEW,T is unique opportunity to probe EWSB F
q1
« State-of-the-art polarization prediction
« Multi-jet merging in matrix element
. W:I:
« NLO EW correction
W:I:
» First evidence for longitudinal polairzation in vector boson
scattering
EQ’Q
* Most stringent limit of fully longitudinal polarized

WEWEjj — EW

« Dominated by statistical uncertainty
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Backup
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ODbject selection

Baseline and signal muon definition

Baseline and signal electron definition

Table 4.1: Baseline electron selection.

Identification: LooselLH

Kinematic Acceptance: pr > 4.5 GeV

Geometrical Acceptance: || < 2.47
Longitudinal Impact parameter requirement: |z X sin#| < (0.5 mm
. . . : L
Transverse Impact parameter requirement: |a—'-‘;ﬂ| <35

Isolation Requirement: none

Table 4.2: Signal electron selection.

Identification: TightLH

Kinematic Acceptance: pp > 27 GeV

Geometrical Acceptance: || < 2.47, excluding 1.37 < || < 1.52

Impact parameter requirements: as for preselection

I[solation Requirement: Gradient

Author==

Pass ECIDS

» lepton in SR must pass the signal object selection

Table 4.3: Baseline muon selection.

Identification: Loose

Kinematic Acceptance: pr > 3 GeV

Geometrical Acceptance: || < 2.7
Longitudinal Impact parameter requirement: |zp X sinf| < 1.5 mm
Transverse Impact parameter requirement: |j—3—| < 15
0

Isolation Requirement: none

Table 4 4: Signal muon selection.

Identification: Medium

Kinematic Acceptance: pt > 27 GeV

Geometrical Acceptance: || < 2.5

Longitudinal Impact parameter requirement: |zp X sinf| < 0.5 mm

Transverse Impact parameter requirement: j—:— <3
0

Isolation Requirement: FixedCutPflowTight

« Baseline objects are used to overlap removal and fake background yield estimation
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SR Cutflow

Cut name WZEW WZ QCD Ch. Flip Fakes Oither promipt V+y 7 ==WW CD == WW INT Wr Wr Wr We WeWe

Channel Sclection (| 4934 .42 + 29 21504921+ 13880 36601TE4E00+ 19131 —466E3T6H2T+ 1135 5383001324 + 53349 Z2693T481.05 £ 75581 17593127 £ 11998 127369+ 1.14 15814 034 | %195 059 47262+ 048 14713 £0.13

GRL Selection [| 4934 42 £294 21504921+ 13880 36601TE4E00+ 19131 —S66ERTHIT+ 1135 53E301324 + 53349 TH93T4E] .05+ 73581 175931.27 £ 11998 127369+ 1.14 15814 +034 | w4195 +059 47262+ 048 14713 20.13

Jet Cleaning (| 4934 42 £ 294 215304921+ |38 80 36533805300+ 19113 —A66E3M45208+ 1135 538301324+ 53349 2603748105 £ 75581 175393127 £ 11998 126036+ 1.14 15764 £0.33 | 41952059 47262+ 048 14713 20,13

Trgger Sclection || 4555.12 £ 283 17736848+ 12723 ZHB4ZTOR00 £ 14860 —SIAES3TEEE £ 1041 4636T0094+ 49713 195561497 48 = TO5T4 156147 38 £ 118,29 JOE7.34+ 1.05 13454 03] | 85473 2056 427 80+ 046 13366 £0.12

Trigger Matching || 423308 £ 270 16433695+ 11727 213747311 00+ 14620 —3EX03IE45342+ 10K 430541337 £ 474206 IB6ITOET] 06 £ 67950 146665 52 + 104 31 104085+ 1.02  12E56 +0.30 | B2200+0.55 4109+ 044 12832 +0.12

Lepton (Ant)ID || 315628 £ 2.3 [12MT7E5T+ 10469 144945 1800+ 12039 5597190438 + 38121 255774233+ 37024 140135492 96 + 39872 110070.43 + 93 52 T42.49+ 10 86 B931 2026 | 62312+ 048 3 46+ (038 Q440 =010

Apply Fake Factor (| 3156.28 £2.34 1247857+ 10469 4M 1800+ 12039 -E5251848 £ 922 255774233+ 37024 140135492 96 + FO8T2 11007043 £93.52  T42.49+0.86 8931 £026 | 623,12 2048 304 .46+ 0.38 .40 £ 0,10

lepton pr = 27 GeV,

I.ril,,l = 215, 1958.089 + 1.86 TOIM0.05 £ THTE  WERETTGIN0+ 9737 505955465 £ 63596 150613644 + 28672 930573 32 + 51067. 691736 £47.31) 41396+ 0.65 5228+ 020 | 37TE17T 038 184.71+ 030 59.10 = 008
el < 137 in e

clectron author || 195809 + 186 TOITN.05 £ TH.TE  WEETIOIN0 £ 973 T 505955465 £ 63596 150613644 + 28672 93057 38 .32 + 51067, G736 £47. 20 41396+065 S5Z2ZEL£020 [ 3TEIT 2038 18471+ 0.30 59.10 £ 008

MIl=20 GeV 194597 + 1.8B6 GORSE B4 £+ ThohG WS 00 £ 9THLE  -S058254.89 £ 63586 149039377+ 28525 930538B05.74 + 51067, GOBDDA3 £47.19  411.75+065 5190 +020 [ 37547 £ 037 183 .46+ 0.30 58.60 + 008

Omnly two Leptons 57E.15 + 1.01 24000 54 + 58 K8 U2EZIN 1200+ 9634 4 493526393 £ 63047 136515830+ ITI6E 9147191941 + 50779, 4557499 £ 44 .36 393E1 064 4971 2020 [ 36302 2037 177.53+x0.29 56,88 + 008

Truth- cut 55244 £ 0.9%9 Z4ET].92 £ 5887 U2EIIN 1200+ 96344 —4UZREZS06 £ 63009 136256500+ ITIAS 9144795436 + SOTT4. IWIEM £37.35 392972064 49602020 [ 362232037 17724+ 0.29 56,81 £ 008

55 Leptons 9254 £ 041 475780 £ 17.18 479944 + 297 S6TLED = 62TE 1028 9% + 352 1237.33 = 7027 23206+ 1.4 39294+0.64 4959020 | 36221 £0.37 17723+ 029 56,80 + 008

. Al least 2 jets &6, 17 £ 0.35 112388 + 4 24 914.66 + 208 215207+ 3023 B6H5.16 +£ 309 16911 £7.19 3321039 ZITL90+£0.53 43422017 | 26693 £0.32 12653+ 0.25 37.62 £ 007

with pT=65 35106V

Mjj = 200GV 51.54 £0.31 61245+ 2 E5 52081 £ 162 108100+ 2 1.61 43166 £2.19 101,15 £5.21 1821 0.6 19546+ 0.45 3953016 | 23493 £ 030 111.24+ 023 338 + 0.06

£-Veto 50011 £ 0.30 593.71 £ 280 ZE4.62 £ 1 45 103296 + 20,81 42062 £ 2.16 T4.04 £ 365 17 68+ 0,26 19238+ 044  3E62 016 | 22995 2029 J10E.45+ 0.23 33,31 2006

MET > 30 Gev 42.03 £ 028 494 89 + 253 32IT+ 133 B46.53 + 1885 37369 +202 M.32+3.14 1234 +10.21 169754042 3455+015 | 20489028 9565+ 0.22 ZE.28 + 0.06

b-jet vetn (B3] .29 £ (.H) T T+ 233 3743 054 25982+ 11.10 3086 £059 41.73 £ 2 89 955+0.19 140,12+ 0.38 2963 £0.14 | 18070 £0.26 a0+ 020 25.36 = 0.05

DYjj= 2 15.86 £0.17 213.73 £ 1 B8 21.21 £ 042 144.55 +£ .30 1289042 63211 583x0.16 4838 +x0.22 974 0,09 | 16224 £0.25  75.95+0.19 23,50 £ 0.05

Mij = 300 GeV 12.23 £ 015 B275+1.12 10,10+ 031 56.31 £539 560028 10.55 + 1.24 240008 24.05+0.16 T57T+008 | 4L £0.23 6692+ 018 .56 + 005




