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@ Introduction: ssWW Polarization Studies
e Monte Carlo Simulation

e Distributions separating W, W, events

e Truth-level Classification: W; W, vs Wx Wt

e Reco-level Classification: W, W, vs Backgrounds

e Summary
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Introduction: Polarized same-sign WW (ssWW)

@ Measurement of longitudinally
polarized ssWW production is sensitive
to the way electroweak symmetry is
broken

@ At high energies, Higgs boson with

Representative Feynman diagrams

mass <1 TeV preserves the unitarity of W= wrw
51 - e
the tree-level amplitude of e ni<1.5
WL WL — WL WL ) W Wy + W W, - W, W, no Higgs
10 \ i
@ Only purely longitudinal scattering o
breaks unitarity without Higgs boson -,
= W, W, M~=500~G§X =
@ Measurement of W; W, polarization
fraction can probe deviations from SM: JL mnmerz0cer ]
BSM physics (additional Higgs, new B ‘ o
Ecu (GeV

couplings, new resonances)
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https://arxiv.org/pdf/1412.8367.pdf

Same-sigh WW process: Event Selections

Event Signature: 2 forward jets + 2 same-sign leptons + E?-liss

Event Selections Observation with 6.50 using 2015-2016 data
2 same-sign leptons > — T T T T
£ 3 o5 ATLAS WA lecroneak -

pr > 27 GeV S {5 =13 TeV, 36.1 fb! W sreng ]
Veto if > 3 Iepton — Non-prompt i

; 20 ] a//\é conversions A
mge > 20GeV g _— Over pompt E
|mu _ mZ| > 15 GeV LI>J 15 44444 Total uncertainty ;
Njets 2 2 E
pirv? > 65(35) Gev 10 ]
EF™® > 30 GeV 5 4 3
Nbjets = 0 " ]
|Ayji| > 2 ‘ ‘ .

500 1000 1500 2000 2500 3000
mj; > 500 GeV Phys. Rev. Lett. 123, 161801 (2019)  [Ge
@ Differential cross sections currently being extracted usijhg full Run-2
data

@ Analysis in review stage, data unblinded
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https://doi.org/10.1103/PhysRevLett.123.161801

Same-sign WW process: Backgrounds

W= Zjj background (W= Zjj — (Fui* (7 jj)
@ Dominant background, /T (from Z decay) out of detector acceptance
or not identified
@ Estimation — Sherpa 2.2.2 MC with data-driven Mjj shape correction
Non-prompt background
@ Non-prompt/fake lepton: Any object, which is not a prompt lepton,
reconstructed as a lepton in the detector
e Main sources: W+jets and tt events

@ Estimation — data-driven techniques: fake factor method
Charge flip background

@ e charge misidentification because of incorrect track curvature

measurements or wrong e-reconstruction
e Main sources: high pr tracks, et — ety — eTete~

@ Estimation — data-driven method
Photon conversion background (V~jj)

@ e channel contributions through ~ conversions

@ Estimation — Sherpa 2.2.12 Vv MC
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Contents

e Monte Carlo Simulation
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Signal Monte Carlo generation

Electroweak polarized ssWW Monte Carlo (MC)
@ generated using MadGraph v2.9.5 and Pythia v8.245
@ process: pp — Wi WEjj, W+ — (Fv (for XY = LL, LT, TT)
@ Here L=longitudinal (helicity=0) and T=transverse (helicity==+1) polarization of W boson
@ reference frames considered (W boson polarization is frame-dependent):

partonic center of mass (pCoM)
WW center of mass (WW CoM)

Final States Cross-section (fb)
(+4) pCoM | WWCoM
ww 31.06

W, W, 1.98 2.88
Wr W, 10.73 9.37
W+ W+ 18.04 18.45

Sum of pol. xsec || 30.75 | 30.70

@ Polarization fractions —f;;, fi 1, frr— differ from frame-to-frame
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Polarization and its Influence

@ Polarization dictates the angular distribution of decay products
e Used in MC Validation
@ W boson only couples to left-handed particles and right-handed
anti-particles
o (W, h=0) £* escapes 1. W direction
o (Wr i, h=+1)£* escapes | W direction
o (Wr , h=-1) {T escapes anti-parallel to W™ direction

Consider W — eTw,:

€+ -
W+ 7 j
ﬂ . Wt - (V—:
p _

7 .

Directions of momenta and spins in boson rest

f Decay angle of W boson in the W rest frame
rame

(denoted in blue)
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MC Validation of LL, TT polarization modes

In different lepton flavor events, cos 6 between the lighter lepton and its
parent W is fit to eq. (1).

LL, TT MC Validation fitin cos§: & qof BSUaERG s
0|3 0.8;* ----WLWL:.Fit é

3(3 00 swwive | 3

1 do 3 o7 ¥ satoet ey LW |
— = —(1 + cos 9)2fT L % o .‘.,’u é
ocdcosf 8 ’ 06 yinyes® “ ﬁ*ﬁ E
0.5 F ¢ —

+ E(1 — cos §)>f = e XS, E

8 T.,R 045 7 KK sk KK ., 3

3 03 “

. i e

+ Zsin?0f; (1) oz g " -

4 0.1Fs %]

P WO R U I B N .

-1 08 06 04 02 0 02 04 06 08 1

Fit results: cost
>~ fx = 1 obtained in both frames and
= in W, W, MCfit— fy =1, &in WrWr MCfit— (fT,L + fT,R) ~ 1.
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MC Validation of LT polarization mode

MadGraph bug (fixed): [Launchpad Ticket]
@ Mixed polarization mode samples—LT & TL— should be equivalent
@ Bug: when final states include 7 lepton, polarization preference was
given based on syntax
e for LT syntax, Wy — Tv always
e for TL syntax, W, — Tv always

wEwE (AII ssWW) wEw= (AII ssWW)
T 6 T T 1 5 5r T T ——
= C ATLAs Simulation Work In Progre5s B = I ATLAs Simulation Work In ngress H
g8 5 ys-eTe W'-WT{ g8 L p vEETY WLWT 3
£ ] o C |
4 Be L 3
E 3 35 -3
3 — £ |
g E 2 e
2 — £ 3
e g N E
o v ey foy TR R B R
P s e T T E W SE = 1 1 =
13 E — 13 & —
1.2 & — 12 & —
2 1TE RN ) S Al - e
& odE — Y o e =
0.8 E- = 0.8 - =
0.7 E = 0.7 & —
96E., L v e 8B L
-1 -0.5 [ 0.5 1 -1 -0.5 o 0.5 1
cos 6 cos 6

(a) Before fix: polarization preference ex- (b) After fix: no polarization preference

ists
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https://answers.launchpad.net/mg5amcnlo/+question/698671

© Distributions separating W, W, events
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Polarization Discriminating Variables  Normalized, p-CoM

@ Important variables include invariant masses, pr, A¢, AR, etc. of
final state particles
@ Examples of normalized plots (W polarization defined in pCoM

frame):
Fr T T ‘ 5 O T e O B ey e
- ATLAS Simulation Work In Progress g E—ATLAS Simulation Work In Progress ]
1078 - V5= — b [ — LL ]
E E 0.08 — =
107 = 0.06 [~ -
105 - 0.04 — -
L 1 0.02 - 1
1076 = l: = L ]
= ‘}H“‘U‘r”‘JHTT 39 e
1.3 & ﬂ ML W B 1.3 5 E
12 & : 12 = E
o 11E : o 11E E
5 1 } 3 1
< 09E 1 E T 09FE E
08 E 08 E E
07 E 07 & E
08 \ | | | = 9.8 | | \ | \ \
R i il . . . . . e =l L e
0 200 400 600 800 1010 0 05 1 15 2 25 3
m¥W [GeV] Adg-MET

(Complete list of distributions in backup slides)
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e Truth-level Classification: W; W, vs Wx W+
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DNN for classification of W, W, vs Wx W+

SR evts (/100k evts)
Label Class Pol. modes pCoM ‘ WV CoM
Statistics 4 Signal A 10821 11560

0 Background W, W+ 10940 10954
0 Background W+Wr 10726 10857

Weights Signal has 2x weight to account for unbalanced dataset
Input Variables mWW, my, Ay, A, A(;SM_ErTniss, pZTl, pef, Pt P2, p,
£y 2
Pr Pt ) Emiss
Prez T
Preprocessing Standardized normally distributed data
@ Gaussian with zero mean and unit variance
Dataset Split (Training, Testing,Validation) = (60,20,20) in %
Avoiding Overtraining Dropout layers, Early stopping, Model checkpoint

* *
! Zfl’ zfz’ Al:\)jl_eé’ A,‘-\)jZ_fK

Prasham Jain (University of Freiburg) Study of pol. fractions in sSWW scattering September 30, 2022 10/17



DNN Model Details

input: | [(None, 16)]
InputLayer -
output: | [(None, 16)]

Model:
@ 5 hidden layers: random normal init., ReLU activation

@ 1 dropout layer (40%) to reduce overtraining

@ 1 sigmoid output layer with random uniform activation

D
erse (None, 256)

Compilation:

@ Adam Optimizer with learning rate = 0.001

@ Loss = binary crossentropy

@ Metrics = Accuracy
Model Fit:
@ Batch Size = 1000

@ Epochs — stops if val. loss doesn’t improve for 5
epochs
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Classification Performance

. . 51250 gLASV\Ilork In Plrogress—— pCoM: AUC=0.8036 | 1
Trained DNN shows good signal g e T o]
. . . . 2 1.00F |
discrimination =
Lo . 3075 -
@ Tested on statistically different goso
% 0.50 BN b
sample of SR evts (/100k evts) “
0.25 B
0.00 ; ; s

0.0 0.2 0.4 0.6 0.8 1.0

QiAnal Fffirianmy

T T T T
ATLAS Work In Progress . Sig/LL

V5=13 TeV, wwCoM e Bkg/LTTT
3+ -

T T T T
ATLAS Work In Progress . Sig/LL
Vs=13 TeV, pCoM s Bkg/LTTT

Events (Normalized)
Events (Normalized)

0.6 0.8 1.0 . 0.6 0.8
DNN Classifier Output DNN Classifier Output
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Extracting W, W, polarization fraction

x2 fit for W, W, polarization fraction (Signal Region):

. . . 2
((CLL ’ NiL + N)l(T) - édata)

2
X (e) = - . : )
,-ezbi;ls (AN} )? + (AN )? + (AN{)data)z
§ v wasonibegee T g1 INSMMC, ¢y = 1.
" ook CIw,w, ;
: # PseudoData E CLL . Z NLL
Bof 4 fu= (3)
E 1 cir - N + > Nxr
60[- 3
a0f ,f
b o fu o= 0.062130% (pCoM)
i . i = 01007592 (WwWCoM)

001 02 03 04 05 06 07 08 09 1
DNN Prediction Score
Note: Pseudodata= ) _ all polarization modes

*QOther backgrounds, systematics, etc. are yet to be included.
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e Reco-level Classification: W, W, vs Backgrounds
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Classification: W, W, vs Wx Wr-+Other Bkgs

Dataset DNN trained with reco-level information
No. of events
pCoM | WWCoM

Signal 19673 21643
0 Background | 131343 | 132210

Signal LL pol. (WfE WLi)
Background TL, TT pol., W W QCD, WZ QCD, WZ EWS, charge Flip
Weights class_weight(sig) = n(Bkg)/n(Sig) for unbalanced dataset

Label Class

Statistics

Misc. Features Input variables, preprocessing, dataset split, overtraining
checks, etc. are unchanged
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Classification Performance

S 1.25F )\TLAS Work In Plrogress—— pCoM: AUC=0.8138 1
Trained DNN shows good signal g e T |
@ 100 ]
. . . . o
discrimination ? ~
Sost ]
@ Tested on the entire dataset of 2
8 050 9
o ~.
SR evts and backgrounds
0.25 . N
0.00F ; ! BRI
0.0 0.2 0.4 0.6 0.8 1.0
Qinnal Fffirianmy
. . . -
= 3.0F ATLAS Work In Progressg e E smaco] = ATLAS Work In Progressg Sy E‘ wzew
_g V5=13 TeV, pCoM I wzacd =3 chFlip _g 2.5 Vs=13 TeV, wwCoM I wzacd =3 chFlip ]
T a5t E 5
s S 20 ]
220f 1 2
2 2 1
g 1.5F 1 o 15
w w
1.0F E 1.0 ]
05F ] 05 ]
090 02 0.4 06 08 1.0 00 02 0.4 06 0.8 10
DNN Classifier Output DNN Classifier Output
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Extracting W, W, polarization fraction

x2 fit for W, W, polarization fraction (Signal Region):

, 2
((CLL NLL+NBkgs)— édata)

X (cre) (4)
Iezbl;ls (ANiL - (AN]ISkgs) + (A pdata)
§ e g 1 InSMMC, q = L.
car-y Nt
fuL = by (5)

cr -y, Neg + > Nxr

fii = 0.05679:9%% (pCoM)
fi = 0.089750s (WWCoM)

o b b b b b b b

01702 03 04 05 06 07 08 08 1
DNN Prediction Score
Note: Pseudodata= ) _ all backgrounds

*Systematics and some other backgrounds yet to be included.
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Electroweak polarized ssWWjj production:
@ MC Samples successfully generated and validated
Classification of W, W, polarization modes:

@ Deep Neural Networks constructed to classify

o W, W, vs Wx W+ at truth-level
o W, W, vs Bkgs at reco-level

e W, W, polarization fraction:

Frame \ Fraction \ Truth-level Result \ Reco-level Result

pCoM L 0-062t8:8% 0-0561_8:812
WW CoM fiL 0.100f8;8§2 0.089t8;8‘5‘§
@ Outlook:

e Include remaining backgrounds and systematics
e Optimize the classification algorithm further

Thank you for your attention! J
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MC generation: MadGraph

MadGraph commands for MC generation:

generate p p > w+{X} w+{Y} j j QED=4 QCD=0, w+ > 1+

add process
add process
add process
add process
add process
add process
add process

T oottt o
heBleRiseliie Bl o B ol o]

>

>
>
>
>
>
>

w+{X}
w+{X}
w+{X}
w-{X}
w-{X}
w-{X}
w-{X}

w+{Y}
w+{¥}
w+{Y}
w-{Y}
w-{Y}
w-{Y}
w-{Y}

h)

[ S P S PO P P S P

QED=4

| QED=4

QED=4
QED=4
QED=4
QED=4
QED=4

QCD=0, w+ >
QCD=0, w+ >
QCD=0, w+ >
QCD=0, w- >
QCD=0, w- >
QCD=0, w- >
QCD=0, w- >

vl @1

1+ vl, wt > tat+ vl @1
tat+ vl, wt > 1+ vl @2
ta+ vl @1
1- vl~ @1

1- vl~,w— > ta— vl ~ @1
ta- vl~,w— > [ —vl~ Q2
ta- vl~ @1

= using explicit 7 decays
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MC Cross-sections: Locally generated samples

Total events = 100,000 each

Final States Cross-section (fb)
(+4f) BW cutoff pCoM | WWCoM
Lvly 1000 35.17
ww 15 31.01 £ 0.16
W, W, 15 1.97 £ 0.01 2.89 +0.02
W+ W, 15 10.78 £ 0.06 | 9.41 £+ 0.05
WrWr 15 18.06 +0.10 | 18.49 £ 0.10

Sum of pol. xsec || 30.8040.12 | 30.79 £ 0.11

September 30, 2022
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MC: cos @ Validation

cos 6 validation fit:

@ Polar angle 8 = angle between the flight direction of one of the Ws
(rest frame in which sample is generated) and the lepton £ it decays
into (W's rest frame)

@ Opposite flavor leptons, W decaying to lightest ¢ selected

o W,/ boosted from lab frame into the rest frame in which sample is
generated

@ /further boosted to its W's rest frame

[fb]

[fb]
(=}
©

0.0F ATLAS Work'in Progreds jE -9E"ATLAS Work In Progreds E|
o *?E" Vs=13TeV, pCoM - W W, :MC 3 < 0.8F (s = 13 TeV, wwCoM - W, W :MC 3
2 0.8Ex === W W, :Fit | E 2 U fﬂﬁﬂ 0 a A 3
g8 o B, LRy ¥ W, W :MC E| S &R 06%74 66 Soy.0 | WWemC |3
© 7E Fkx 202000 M ga, | wiwpr | 3 - 0.7 oy o 6% | WiwFit 3
e o otes B E o e
E *. » -, 3 0.6 Wk 8 3
0.6 e Y *;@K’E E ~pe® g
E &, o E| E , =
05E K™ So X 08¢ & Hex El
E ot K X**"{% 3 0.4F * s -
045 o e . By El
03 4 PR 03 ¢ =
SE 6 3 E ¢ El
0.25 s oz ¢
0.1Es h= 0.15%
0 J Il Il Il Il Il Il Il Il L] 0! Il Il Il Il Il Il Il Il
-1 08 06 04 02 0 02 04 06 08 1 -1 -08 06 04 02 0 02 04 06 08 1
cos8 cos®
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Polarization Discriminating Variables  Normalized, p-CoM

ww 0 {4 i
mT ! ngl A(Zsl A‘z)fz: p7}: AI?jz—EZ! p : E¥ISS

T T R R 01 P
ATLAS Simulation Work In Progress 1078 1S Simulation Work In Progress 3 02 Al Simulation Work In Progress ATLAS Simulation Work In Progress
0o —u —u VE= 13Ty —Lu VE=1aTev —
008 -
104 0.06
105 0.04
o0z 1
0
| T T T T | T TR I IR N
M= 14 H 13 T T T T T T T T T T T
13 13 13
o 1HE o 1 o 1
N gt g —n
& 09F 1] € 09 i € 09
08 08 08
07 E 07 07
53 | | | | b o | | | Il i | | | | | | | | | |
o 2 w0 a0 a0 1 o ™ a0 &0 w0 o o o5 1 15 2 25 3 05 1 15 2 25 3
mp" ce] m(GeV] a4y e
e o A T ARARARAR T
S Simulation Work In Progress 0,07 - ATLAS Simalgtion Work In Progress E TLAS Simulation Work In Progress ATLAS Simuation Work In Progress.
— Ji= —u — L /5= —u
ol e T L2l =
E| 109k —1 ] ™
—
<L |
1 ERIn ]
108 105k 4
E| 0%
oL |
[ S B t 9 t 7 Bl et B L i
14 ! v 14 14 il T T n T T T T
i i i i
PR ERrRs PRI o 11 =3
s 1 g 1 § 1EH @ 1
¢ 09F] E Y10 € 09 c 09F
08 E 08 08 08
b ERN i ] i
a8 | | | | o8 I I L 08 | | [li o8 |
o W w0 w0 W w0 o 2 0 5 B 10 o W w0 W M o E [ B I
o (GeV] AR o 1GeV] IS (GeV]
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Polarization Discriminating Variables  Normalized, p-CoM

. . "
2z, PT T 2, ARy, Pé#r pr(7#32), Ad’zeng'iss

VAR AL AR RS T T T AR AL A RS
TLAS Simulation Work I Progress y [ATLAS Simulation Work In Progress ATLAS Simation Work In Progress
L 10 —u 3 o [y
0t
105
0%
|
14 14 o=
14 15
12 12
g1 g1 2
€ 09 € o9 &
08 08
07 07
5 [ A I B | 13 1 1 | |
0 02 04 06 08 1 12 14 0 200 400 600 800 1010
%, #1ce]
hYLASS‘m Jlat Wo‘k\n Pre las‘s T
bl i —u —u
- 5 4
008 — o o —uo 3
006 - E
004 - - =
o[ E| 002 B
| | | [P I P S|
SE T T f T . 14 T T | U T T SEH T T T T T
e E 13 e
o HHE E RS ° o 1HE
N s 4 ] s
& obE & 04 é £ 08
08 08 08
8 ] it it
o8 | I | o | | | | o T P T
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Ay o [6eV] oo Suewer
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Polarization Discriminating Variables  Normalized, ww-CoM
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Polarization Discriminating Variables  Normalized, ww-CoM

z p 2z AR, g, p% pr(82), A i
' ' ' ! —Ler ’ — fEmiss
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Polarization Discriminating Variables Definitions

i — \/(Z E+ (3 ps)? ©)

ne, —0.5- (77]1 —+ 77]2)
Anj

*

z = @)
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DNN Discriminant (truth-level) p-CoM, WW-CoM
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w C I w,w, 1 w L I wieW, .
100F # PseudoData | | 80r # PseudoData | |
80; E so- .
60— - £ ]
£ 1 401~ 7
40— — L 1
20f- . 2o E
0 E I I I L I I L I = oL I I I I I I I 1 J
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
DNN Prediction Score DNN Prediction Score
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= 25F 3 S 3f ]
E £
S 20f ] ]
j2] w
2 L0 -
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] 15 1
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1.0F
0.5
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DNN Classifier Output DNN Classifier Output
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Chi-squared fit (truth-level)
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DNN Discriminant (reco-level) p-CoM, WW-CoM
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Chi-squared fit (reco-level)
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