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1. Higgs and vector boson

« 2. Vector boson scattering (VBS)

3. Polarization fraction measurement in VBS same-sign WW

e 4. Polarization fraction measurement in VBS ZZ

« 5. Conclusion
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Higgs and longitudinal fraction of
vector boson

« Without Higgs, gauge bosons are massless in
Standard Model (SM) with gauge symmeitry.

« Higgs mechanism put forward 1@ (@
« Breaking gauge symmetry, generating mass of gauge

bosons.

» For Electroweak sector, Electroweak symmetry ‘
breaking 4
« Massive vector bosons (W*, W~, and Z boson)
« Transverse and longitudinal polarization fraction

« Additional massive scalar boson : Higgs boson.
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: Vector boson scattering and
’ Unitarity violation

proton
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1) wW'w" — w'w*

* If there is no Higgs boson 3 10°F T Ty

~ Cross-section of vector boson scaftering (VBS) T - nI<1.5 i
diverges. I ]

W, Wy 4+ W, W, wL W, no Higgs

W W M=1TeV

T INIIIII

| llllllll
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10 - W, W, My=500-GeV .
: : _ W M=120 G |
* If Higgs boson is too heavy (> 1 TeV) e W W M=o Be | -
- Diverge 10° 10° 10°
Eow (GeV)
- Unitarity violation arXiv:1412.8367

« 1LV, -> V.V, scattering is crucial. ,
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Same-sign WW scattering B | et ZEE
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 The process (WW -> WW) has been observed by both 100 ) : »

ATLAS and CMS with luminosity of ~36fb~ S = ariv:1709.05822 | T |
13 TevV. 50 N\ \ 1 P T ATL AS-CONF-2018-030
SN MR i
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« Longitudinal fraction of vector boson only takes ~6% m; (GeV)
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MC production pipe line

VBS Same-sign WW analysis setup

« Charged lepton

* Charged lepton number > 2
Same electrical charge
Pr > 20 GeV
Inl <2.4
L veto (40 <M, <70, or My > 110)
Any < 2.0

« Missing fransverse momentum
¢ PT > 40 Ge\/

e Jet

e Jet number > 2
P> 30 GeV
In| <4.7
M;; > 850 GeV
* Anj;j > 2.5

e Other
« Bjetveto
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Typical kinematic distribution :
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Low level:

lep1pt,
lepletq,
lep1phi,
lep2pt,
lep2etq,
lep2phi,
jetlpt,
jetletq,
jetlphi.,
jet1M
jet2pt,
jet2etq,
Jet2phi,
jet2Mm,
MET,
METphi

Dataset T

High level:
dr_Il_jj,
dphijj,
detaqjj,

leppen_lepl,
Leppen_lep2

input layer
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DNN dense model

Obtain Trained DNN model
- LL and TTTL classifier

Train Dataset ——

Test Dataset ——— Test performance of the model

hidden layer 1 hidden layver 2 hidden layer 3
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New idea: DNN particle-based model TN

Polarization might be highly correlated with .

Lepton 2

‘ jet_2: Inputl.ayer ’ ‘ jet__1: Inputl_ayer ’ | lep__1: Inputl.ayer ’ ‘ lep_2: Inputl.ayer '

dense_5: Dense dense_4: Dense dense__ 1: Dense dense_ 2: Dense .
MET section

— —~ 5 —=
‘ concatenate_2: Concatenate ' ‘ concatenate__1: Concatenate | MET: Inputl_ayer
= s — |

Jet SYSfem dense 6: Dense dense_ 3: Dense dense  7: Dense

= I

From here,

All the variables are dense_8: Dense s‘ame with |
merged here i' dense DNN

| dense_9: Dense |




TMVA overtraining check for classifier: BDT

(1/N) dN/ dx

45 Signal (tdst sample) ‘! signal (trainirlg sample) |

4 9@ Background (test sample) * Background (training sample)

K irnov test: signal ) probability = 0.002 (0.499)
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BDT response

DNN performance
ing. oy 15 601

DNN ROC curve

- DNN (particle-based)

- DNN (dense)

- 0.25 F
< - —LL
02 —TTTL
0.15 |-
01}
0.05 |-
00067 02 03 04 05 06 07 08 109 1 0

Background rejection (1-eff)

l L L L l L L

0 02 04 06 08 1
Signal eff

(C) DNN discriminant



Pl = Ay - o O
2ok —L I 2 %F -1 u : F —LL v&
3 - omb —TTTL 3 —TL -
LD Resulfs
B SOOI ey === =Y - & ________________ B = arXiv:1812.07591
(a) P, ° o '/ ‘(5b) ) S R R ( ocs) T Do;m 3;0" :&?nam'
<] + — . | | ——— — DNN (particle-based)
myi cut | True Fraction| — pr! Agy; DNN 2 f '
FL0% | aror 1280% | ¢ cco i1 | | £
> 850 GeV | 6.66% 6.67%_1'90.% 6.67%_2_76% 6.66 0 ou| |8
> 1000 GeV|  6.68% [6.70% 2200 [6.70% 7520 668% T 200 | | &
. . *16. sl g
U270 1.4870 0370 g—
> 1800 GeV|  6.69% 6.70%_2.96% 6.68% ", 42;{0 6.69%_1.565 X
+3.34% +4.98% +1.79%
> 2000 GeV|  6.66% 6.67%_3.27% 6.66%_4_93% 6.66%_1.71% g
1.2 1.4 1.6 1.8 2
Applied Mjj cut (TeV)

Higher significance achievable! 1
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Polarization Fraction Measurement in
/7 scattering

3C MS Phase-2 Simulation Preliminary (14 TeV)
B °r
8 L e w/ Run 2 syst. uncert., ggZZ 10%
Advantages comparing with VBS Same-sign WW: g25- * W; :2:8 SZS;“::Ie”" 9922 10%
s O " w . uncert.
« No missing fransverse momenta = [ Y
- Parficle-based DNN & 2 |
: i .40 expected
« Easy to modeling background from other i >
process 1-or
Disadvantage : - VBS 7 7 — 4]
« Low cross-section - LoL
- Lower yield for signal MC 0.5l
The process is observed using 139 fb~! of pp collision data PN B B B B B

0
at /s = 13 TeV collected by the ATLAS detector at the LHC. (5.5 o) 1000 2000 3000 4003 _5°°9t [fg?fl’o
_ FTP_19. uminosity
(ATLAS-CONF-2019-033) (CMS-PAS-FTR-18-014) .
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More than 4 leptons

At least two pair of +,- (same
generatfion of leptons)

Pt > 20 GeV
Pz > 10 GeV
Pt > 5GeV

More than 2 jets
PJt & PJ2 > 25 GeV
| n/1| <4.7

| Jet2eta| <4.7
M;; > 400 GeV
|A77jj| >2.4

Z 0~ \

q " Event Selection

« [ boson
« 60 GeV <M; <120 GeV
«  minimum (Mj; — M3} )? + (Mj — M2 )? case
(if more than one scenario of lepton
pair combination)

o (Ofthers
« B-jetf veto



Test Data e \
0.12:— —LL .
L [ ]
. Pilot study :
comparison on LL vs TTTL
>
<€ 0.06—
N ROC curve
0.04—
- 1.0 A
0.02—
B DNN (dense)
OOHHO{1HHO.[2‘“l().3ll“().4”l105“”0.611110.7””0.1811HO.9 1 ’\08‘
DNN discriminant ‘% )
Test Data -
il 5
: —LL g 0.6 -
- —TTTL T
0.08|— =
= ©
L C
- 3 0.4 -
D,o.os_— S
< | e —— DNN (particle-based) s
0.0a aa] — DNN (dense) \\\\
- 0.2 1 =—— BDT AN
- 1 ~
0.02— P’T \\\
i | Ag; N
L — DNN (Pgrhg:le bosed) IIIII 0.0 l l l l .
o0 0.1 02 03 0.4 0.6 0.7 0.9 1 ' 0.0 0.2 0.4 0.6 0.8 1.0

DNN dlscrlmlnant

On LL vs TTTL :
Parficle-base DNN performs the best

(25,000 events for each LL and TTTL)

Signal eff

Next: Binary classification -> Multi-class classification

l

(LL, TTTL)

(LL, TT, TL, 99ZZ, g9Zi)
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Two-step BDT

B

B VBSZZLL
. VBSZZTL

DT

hs

imilar strategy used in ‘CMS-PAS-FTR-18-014' - =

W VBSZZ TT
Il qqZZ

a0l — — — A —

« Two BDT models are frained
« VBS vs QCD (BDTI)

30l R S— S N S—

1.410 (1.230)

 LL vs Bkgs (BDT2) 20

hs 10

\

Stafistical
uncertainty

only

o O mESRT S (additional 10%
140 N SO S . : uncertainty

NI | NN R °-14: | applied both
jooF—- DS, i G 0.12f on SignC” and

:Z BN T L T S S S R bockground )

40—

0

1
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Cut & count on S/V/B maximum

50.08—

0.04—-

0.06]— |-

0.02 :_ .............. , ............... ~ .............. .............. .............. ......

%

-08 06 -04 -0.2

1 I 11 | 11 | 1 -
0 0.2 0.4 0.6 0.8

BDTG discriminant



DNN: Two-step DNN

Z1lepton1 Z1 lepton 2 Z2 lepton1 72 lepton 2

it_1: Inputl input_2: Inputl. t_3: Inputl.
putl: TapuLayer output: | (None, 4) Pt Tapuilayes output: | (Nooe, 4) otk ToputLayer outpet: | (Nose, 4
X

v v
« Inspired by two-step BDT D = = R = B T“:: =
( ‘ CMS_PAS_FTR_ ] 8_0 .| 4’ ) Particle-based Jet sys tem :::i:.\'ou(::::;-e.mu{ e ::: lmm'.r::::..\;:g,xml
DNN h . I xwut:!‘ill(.\'mmNl.(.\'ou.;:(.\lm.zu)l] Zi SyStem

« Two DNN models are trained e

« Particle-based DNN

v

 Shallow dense-NN

. 1.420 (1.310)

Shallow
dense-
DNN
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Data pre-processing effect

« Two-step DNN
1. Standardization (STD): shifting
2. Yeo-Johnson power transformation & Standardization (YJ&STD): make gaussian-like

(Input into two-step DNN)

ijl Original distribution  —— qul transformed distribution —  Effect on DNN output

j ROC curve

oS 0.3_ v < : ; =) 0.24r 1.0

. —— sSignal: STD

- Signal : YJ & STD

0.25

o
o

0.18: ~ Bkg:STD

0.2_‘ e . 0_165 W - Background : YJ & STD

- b 0.4 R o
0.15_ . _ ............... .............. .............. .............. .............. 012: ? :

Background rejection (1-eff)
o o
> o

0.08F
0.06F

o
N

0.04F
0.02F

0,08

. : i S
0 100 200 300 400 500 600 700 800 900 1000 - -
jet1pt pre-processed unit

0.0

Signal eff

« STD DNN: 1.430 (1.330)
« YJ&STD DNN: 1.470 (1.380 ) 17



Jet1l Jet 2

input: | (None, 4) [ input:

DNN: DNN-PCA

' Z1lepton1 Z1 lepton 2

(None, 4)

input_S: InputLayer

output: | (None, 4)

Z2 lepton1 72 |epton 2

. ' '
(] PO r I( : e_ Ose D N N inpet: | (Nooe, 4) : | (None, ) - | (Nose,4) inpat: | (Nooe, 4) - | (Noae, 4) imput: | (Noae, 4)
dense_S: Dense = dense_6: Dense - imput_L: InputLayer - input_2: Inputl.ayer e input_3: InputLayer - input_4: InputLayer e
outpat: | (Nooe, 10) output: | (None, 10) output: | (None, 4) output: | (Noae, 4) outpat: | (Nose, 4) output: | (Nooe, 4)
I

.[ I
input: | ((Noae, 10), (None, 10)] inpet: | (Nooe,4) input: | (None,4) input: | (Nooe,d) input: | (None,4)
pet || dense_l: Dense = dense_2: Dense = dense_3: Dense = dense_4: Dense =

output: | (Noae, 10) output: | (None, 10) output: | (None, 10) output: | (None, 10)

Jet System \ ; I

_3: Concatenate

Particle_based e 7 e | | (Noee, 20) | ’ - Conctente |- ](‘Nam.lo)i.\kme.lﬂ)]l ’ 2 Concute | 2P| (e, 10), (o, 10)
I output: | (None,20) | oup MNone,20) | output: (Noac, 20)
D Z1 System
NN X) AL - Z2 System
4 Coocnenae |22 (CNne, 20). None, 20, Noee,20) |
- Jnul’p«l (Nane, 60)

Largest

0.25(—

0.2

0.15

0.1

PCA1
C LL PCAT
~ TL PCA1 —
C TT PCAT
C 49ZZ PCA1
C ggZZ PCA1
: ﬁ%::l: L
C " ; -Lj:l:‘.%
-0.4 0.2 0 0.2 0.4 0.6

0.12

0.1

0.08

0.06

0.04

0.02

variance
possibly

PCA2

—— LL PCA2

= TL PCA2
= TT PCA2
— (qZZ PCA2
e ggZZ PCA2

r
i

-0.4

-0.2 0 0.2 0.4 0.6

PCA2

Merged Layer

input: | (None, 60)

Principal
—— Component
Analysis

N

Principle component

PC1 | PC2

PC3 |PC4| PC5

Explained variance ratio

64.8%(18.1%

13.0%(4.2% | < 0.1%

« DNN-PC1:1.550 (1.460 )



PC1 vs PC2

LLhist TLhist
Pe F Pe F
g 08 045 © 06
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LL TL
PC1 vs PC2 vs PC3

PCA1 vs PCA2vs PCA3 : LL

PCA1 vs PCA2 vs PCA3 : TL

0.5

0.4

0.3

0.2

0.1

PCA2

TThist

\‘

DNN:

DNN-PCA multi-dimensional fittfing

qqZZhist
ggZZhist

PCA2
=)
o

0.4

0.2

PCA1vs PCA2vs PCA3: TT

PCA2
o

PRI |
02 0.4

“peat

-0.4 -0.2 0 0.2 0.4 0.6

ooV Q9’7
DNN-PC12: 1.65¢ (1.570)

PCA1 vs PCA2 vs PCA3 : qqZZ PCA1 vs PCA2 vs PCA3 : ggZZ

DNN-PC123: 1.740 (1.660)
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Signal significance (o)
>

-
(*y

1.4
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x

Expected significance on diverse

models (VBS 77)

Signal Significance comparison

- v

- W StatsUne.

- V¥ Stats + Sys Unc. v A

_ \ 4 A

- v

- A

- A

I
BDT YJ&STD-DNN DNN-PC1 DNN-PC12 DNN-PC123

arXiv:1908.05196
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Longitudinally polarized vector boson scattering (V. V, -> V.V, ) is crucial for
testing Higgs unitarization.

Within VBS same-sign WW channel, which is one of the most promising VBS
channel, we need full HL-LHC data and advanced analysis tfechnique for
observing V.V, -> V. V.

Deep Neural Network (DNN) can be used to improve sensitivity.

« Particle-based DNN is an architecture that improves discrimination over dense
models.

* Preliminary studies show greater improvement with ZZ than with WW
» Hybrid of Parficle-based DNN is even more promising.

Parficle-based DNN model might be able 1o be applied on other analysis.

21
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Thank you!



Back-up



input: | (None, 4) input: | (None, 3) input: | (None, 3)
input_5: InputLayer nput_1: InputLayer input_2: InputLayer
put: | (None, 4) output: | (None, output: [ (None, 3) output: | (None,
input: | (None,4) input: | (None,4) input: | (None, 3) input: | (None, 3) Z e p p e n |e p .|
dense_7: Dense dense_9: Dense dense_1: Dense dense_3: Dense
output: | (None, 20) output: | (None, 20) output: | (None, 20) output: | (None, 20) Z e p p e n | e p 2

\ '

input: | (None, 2) input: | (None, 20) input: | (None, 20) input: | (None, 20) input: | (None, 20, input: | (None, 2)
input_6: InputLayer dike_8: Dense dense_10: Dense dense_2: Dense dense_4: Dense i input_3: InputLayer
(None, 2) output: | (None, 20) output: | (None, 20) output: | (None, 20) output: | (None, 20 (None, 2) |
input: | [(None, 20), (None, 20), (None, 2)] input: | [(None, 20), (None, 20), (None, 2)] input: | (None, 2)
" concatenate_2: Concatenate concatenate_1: Concatenate input_7: InputLayer
D p IJJ output: (None, 42) output: (None, 42) output: | (None, 2)
DEtaj; N, ' /
input: | (None, 42) input: | (None, 42) input: (None, 2)
dense_11: Dense dense_5: Dense dense_13: Dense
output: | (None, 50) output: | (None, 50) output: | (None, 10)
input: | (None, 50) input: | (None, 50) input: | (None, input: | (None, 1)
dense_12: Dense dense_6: Dense dense_14: Dense input_8: InputLayer ™ D
one,

°
H I g h _| e V e | output: | (None, 50) output: | (None, 50) (None,
. input: | [(None, 50), (None, 50), (None, 10), (None, 1)] "
Particle-based DNN Dr L
(S S W W ) input: | (None, 111)
dense_15: Dense
output: [ (None, 200)

input: | (None, 200)
output: [ (None, 200)

dense_16: Dense

\ 4
input: | (None, 200)

output: | (None, 200)

dense_17: Dense

\ 4
input: | (None, 200)

dense_18: Dense
output: | (None, 200)

input: | (None, 200)

dense_19: Dense
output: (None, 2)

24



TMVA overtraining check for classifier: BDT

ISkglnlall (Itéslt Islallrl*:)llel)I o ¢ Signal (trainngI sl.aln{pllé)I =

=
o

1000 trees of 5 maximum depth,
'Adaptive Boost' used for boosting
(Gradient optimizer tested as well)

L1

Background (test sample) * Background (training sample)

~ Kolmogorov-Smirnov test: signal (background) probability = 0.002 (0.499)

(1/N) dN / dx
w
(&)} =

3 =0
- 1R
- 19
25 — e
= )
— 1
2 — g
- 19
— - o
— 1
1 —a
— 12
0.5 =3

05 -04 03 -0.2 -0.1 0 01 02 03 04
BDT response



Background rejection(1-eff)

—— DNN(particle-based) \
u —— DNN( dense ) SSWW ROC

AUC
DNN Gradual :  0./8€
DNN Sequential : 0.762

BDT . 0.776
Leplpt: 0.666
Dphijj : 0.591

Signal eff

26



Background rejection (1-eff)

s DNN (particle-based)

arxiv: 1812.07591

, ! : —— DNN (dense)
Tr—— — BDT
O 8 — A0
0.6 .
04— —
021 —
0 B | 1 .| 1 7]
0 02 04 0.6 08 1
Test Data
0.1 _— - LL
i —TTTL
0.08—
.0.06_—
D. -
< T
0.04—
0.02_—
O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

DNN discriminant

VBS Same-sign WW study

- Particle-based

DN

lVBS ZZ DNN training

Loss value comparison

N

1.2 . ' '
- - train loss
L --- testloss |
1.0} |
L 0.9} |
S
>
A I
S o8t |
|
I
0.7} |
) ,_ Best point :
< N\
el Epoch 105
L0 v/ \,\'l I 1 |
S S ‘!/‘ Save this model
0.5 ' e T — '
0 50 100 150 200
Epoch



0.2

0.15

0.1

0.05

LL-score

—— VBSZZ LL test |

- VBSZZ TL test
= \/BSZZ TT test
— (0ZZ test

e §QZZ test

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Only ‘Standardization’ applied

Data pre-processing effect comparison

LL-score

—— VBSZZ LL test : : :

. VBSZZ TLtest e S
—— VBSZZ TT test E : :
— qqZZtest ... S S e
e ggZZ test : : :

T T T i .-

0.2

...................................................................................................................................................

0.15

T T R T -

0.05 o — == e

0.1 0.2 0.3 0.4

‘Yeo-Johnson' & ‘Standardization’ applied



DNN scores: Two-step DNN

LL-score TL-score TT-score

— —— VBSZZ LL test E — VBSZZ LL test 0.45 = —— VBSZZLL test
0.45 - VBSZZTL test 04F — VBSZZTL test = - VBSZZTL test

= —— VBSZZ TT test E —— VBSZZ TT test 0.4F SRR S —— VBSZZTTHES! oo
0.4 : B = qgZZtest = .iiiidee = — qqZZ test e — (qZZ test

E —— ggZZ test 0.35 i S S S S e ggZZtest e 035 e T D ——ggZZtest i i
0_35: .................................. E— : _&

E O S S S S Y JOUUON OOUTOOOOOS SRRSO UNSPTOOOOTO URTSTOTOSOR SPOOTOSIONS SOOI SSOOTOR ST SO
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4.1. PC distribution
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Explained variance ratio 64.8% 18.1% 13.0% 4.2% <0.1%



