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— The ATLAS detector
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The Standard Model

> Quantum field theory
- SU(3)xSU(2)xU(1) invariant
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The Standard Model - Experimental status

Standard Model Production Cross Section Measurements Status: May 2020
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Vector Boson Scattering

> VVjj-EW production
- O(0®) processes forV=W,Z VVI)I-EW h ﬁ_
- Includes Vector Boson Scattering (VBS) VBS ,A
> Important process to constrain (B)SM ,‘
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Experimental considerations

> Many VBS channels

- ~90% of decays include qq pair(s)
— Fully leptonic decays preferred for observation
> Small Branching Ratios ~ 1-9%

-> Small cross-sections - O(1fb)

Process WEW=Ej5 — 0F0F vy | WZ55 — 00 0F v, | ZZjj — 07000~
o(pp — X) [fb] (EW) 3.97 2.34 0.098

o(pp — X) [fb] (QCD) 0.35 4.38 0.1
EW/QCD ~10 ~05 ~1

> First VVjj-EW observation: ssWWjj-EW

CMS Collaboration- PLB 120 (2018) 8, 081801

— Largest cross-section, large fake background
— Only limits on other channels

> Focus on WZjj-EW production PR

5

— Second-to-best cross-section
— Clearer final state ( lllv +jj ) > lower fake rate
- Larger O(a*ag?) WZjj-QCD background - Similar topology as signal
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VBS signature

™) VY
> WZjj-EW has specific signature

>Vector bosons centrally emitted L

> Forward quark-jets

> Large angular separation 2
> High invariant mass |
- Main tool to characterise/reduce  j1 /_

WZjj-QCD contamination .

October 1, 2020 L.Portales (LAPP, USMB)



Theoretical considerations - Modelling

>W2Zjj-EW/WZjj-QCD separation studied in Monte Carlo simulations

> Large n_mmmqmsnm _cmﬁs.mms mm:mqmﬁo_.m 02

. — XAO _ : SN \:.:u\.:\m \ucm NE@ QET

> LO generators still mostly used % |4 ATLAS Simulaton Preliminary E
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Theoretical considerations - Higher order corrections

> Important NLO-EW corrections

WZjj-EW Interference

LO: o’
o
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— Only recently computed
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> Experimental setup
-~ The LHC
— The ATLAS detector
— Particles reconstruction
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CERN accelerator complex and the Large Hadron Collider

> Proton collisions, up-to vs=13 TeV

> High collision frequency ~ 40 MHz

LHC

> Four large-scale experiments
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The ATLAS detector

> Electromagnets
- Solenoid:B=2T
—Toroids:B=4T

> Inner Detector
— Charged particles tracks

Q@H _ -5 o
I =5X10 " p,/GeV®1%
25m 3 NUH
3 > Calorimeters
Tile calorimeters .
- / LAr hadronic end-cap and n m _<_ nm —. m\ < ene ﬂmv\
N N—— W\ forward calorimeters S 109,
..................... - E
...... . N = ©0.7%
Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker E v E ﬁmma\ _
Semiconductor tracker
= - HCal: hadrons energy
“ _m_.m_Mm:«M_n:o: point O:m _ mw AYO @ w AXU
> Coordinates expressed as (n,d) | E  JE[GeV]
snLigmv SR 6 | e _ >Muon Spectrometer
. —Muon tracks

h ) X :._._n center)
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Particle detection and reconstruction

Muon

> Electrons Specironell

— ID track + EMCal clusters

> Muons
— Track in all subdetectors

> Hadrons (Jets) Hadrelil

Calorimeter
The dashed tracks
are invisible to
the detector

- EMCal/HCal clusters
(+ 1D tracks)

> Neutrinos

Electromagnetic

— From missing momentum Calorimeter
. e Solenoid magnet
Bf =2 pr I
i ._.—.Qn_nm:m Tracker

Pixel /SCT detector
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Jet reconstruction & performance

ATLAS simulation 2010
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> WZjj-EW observation A 3

— Analysis design and challenges 10E E

- Signal extraction and WZjj-EW first observation of 1 _ — 2015
yoo e w oct
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VBS selection

Charged W-lepton Neutrino

> Single-lepton triggers (e/pn)

> Leptons & Bosons

- Exactly 3 isolated leptons
— Z boson: 2 SFOS “Z leptons”, |m| - mz|<10 GeV Jeta

- W boson: = 3" lepton: pT > 20 GeV + tightened isolation
- matched to Et™* (neutrino), fixing my, = 80.4 GeV
Charged Z-lepton (+)
Charged Z-lepton (-)

> Jets

— At least two (EMTopo) jets ———{VVVVVVVVVVVV

- p7>40 GeV > JES impact reduction

- In opposite hemispheres (njnj; <0)
> Tagging jets

- mj; > 150 GeV - VBS selection
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VBS selection

B WZjj-EW
> W2Zjj-EW signal | WZ-QCD
= Misid.
- Subdominant m ZZ-QCD <1%
. 5%
.o tZ] 12%

>WZjj-QCD background y

- Largely dominant ZZ-EW 8%

VVV

>“Irreducible” background 2%

- Same final-state particle content as signal

— Or Additional particles not reconstructed
> tZj, ttV, 2Z

9%

62%
> “Reducible” background

— Misidentified leptons .
> tt, Z+jets, Zy VBS selection
— Data-driven estimate used (Matrix Method)
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Strategy overview

> Signal extraction strategy designed to deal with low signal purity

> Necessity to control backgrounds

>W2Zjj-EW and WZjj-QCD separation

> Low statistics in signal-pure regimes
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Strategy overview

> Signal extraction strategy designed to deal with low signal purity

> Necessity to control backgrounds

> High-m, Signal Region (SR) + addititional regions for background control

>W2Zjj-EW and WZjj-QCD separation

-> Multivariate discriminantin SR

> Low statistics in signal-pure regimes

> Combined likelihood fit (SR + CR)

> Analysis optimised with Blinded SR
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VBS selection splitting

> VBS selection split in three regions

- Signal Region »>n

- QCD-CR

> Additional region for ZZ background

- ZZ-CR

> Same as VBS selection, but exactly 4 leptons

> W2Zjj-EW purity in SR still low

— MV discriminant justified further

b-jet

b-jet

2 N, =0, m, <500 GeV

2 N._ >0

b-jet

=0, m,>500 GeV 19%

Np.jet
—>

12%

4%

m WZjj-EW
i ® WZjj-QCD
b-CR (tt + V) = Misid.
Np.jet > 0 m ZZ-QCD
tZ]
SR (WZjj-EW) (v
mj > 500 GeV ZZ-EW
Nbset =0 VWV
|
— M

1% 3%

3%
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Discriminative variables

Vs =13TeV, 36.1 fb"
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§ Irred. background
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Charged W-lepton Neutrino

Jet1

) P
Jet 2

Charged Z-lepton (+)
Charged Z-lepton (-)

> Jet-related variables
m,, pit2, N, An(L,j2) , A$(j1,i2) , n,

> Bosons kinematics

ﬂw._.N- cﬂ<<- :N- —x—<<. 3._.<<N ! _<<<-_mt B <N_

> Global variables
., BR(j1,2) , R "

> Low discrimination power with
single variables

22
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Multivariate discriminant - Definition & Performance

1 A AN A

m - | WZjj-EW Signal Region % WZj-EW H

o o . . . WJ i § Irred. background

> Multivariate discriminant g :
..m 0.8}
- Optimised combination of variables <, 66
— Accounts for both single-variable 0.41
discrimination and correlations 0.2H
0 .

° ° ° |Om O Om
> Using Boosted Decision Trees BDT score

0.9
0.8
Tree 07

0.6

0.5

Irr. background Rejection (1 - eff)

0.4

> 23% improvement seen in MC 03

0.2

......bmcn«.mbﬁn. N@...ma.w ..........................................

LAUC(L )=6469

— Compared to lepton centrality

: : : : : : N
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Multivariate discriminant - Inputs

T e
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m 30F IWE 2 Im rm 25 l=+.< =
it - g e
° ° ° ° 25 = 20— =
> Mismodelling of BDT inputs can bias w3 F :
sensitivity estimates 15 £ S E
10 = F ]
;
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o ESSPRTAL T B b S VT .
— In CR before unblinding Sh Sl S e Tt P13
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. ° C 90 4 MC stat. unc.
> MV methods use variables correlations O E Vs Signal Fegion =N
u 70 N <AN._<<V vs m_ov “ w;N_thA_uocu”omﬁ
o eV
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-> Decomposed correlation coefficients
for simple data/MC comparison
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Likelihood fit

> Combined likelihood fit

> Using the four regions

- m;; in ZZ-CR and QCD-CR

- —/_Uu.mm.nm _3 —Ulnx
- BDT score in SR

> Pre-unblinding strategy

Only impacts expected results

Q CR-only fit » correct backgrounds
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Events

Events

20

Pre

fit

Vs =13TeV, 36.1 b

QCD Control Region

|l T T T
—o— Data

MC stat. unc.
CJWZj-EW
I WZjj-QCD
I ZZ (QCD+EW)
otV
Others

Lo bova bvaa bis

4

_u_.m-ﬁ

450 500

m; [GeV]

300 350 400

_+_

IIII|IIII|IIII|IIII|II

Vs=13TeV,36.1fb"
ZZ Control Region

T T 1
—e— Data
MC stat. unc.
[ WZj-EW
B WZjj-QCD
I ZZ (QCD+EW)
iV
Others

mo_oo mm.oo
m, [GeV]

1500

Events

Pre-fit
L 1 1 T T T T 1 T 1 —
140 - —e— Data -
u Vs =13TeV,36.1fb" MC stat. unc. ]
120 b Control Region [JWzj-EW -
o B WZjj-QCD .
100 [ Zz (QCD+EW)
o Y .
80 Others 3
60— -
40 -
20 -
ot po—
1.5F ‘ 3
1 * —
0.5F
0OF - . . -
05 0 05 1 15 2 25 3 35 4 45
ZU jets
Pre-fit
L L B L L L L B ]
5 - - —e-Data .
- Vs =13TeV,36.1 1" -
- VBS Signal Region MC stat. unc. 1
u WZjj-EW 7
40 - —
- I wzjji-acb 1
- — ZZ (QCD+EW)
30 , eV .
- — IT _ Others .
20— |+| [ | =
10 \HT R JH
—— g
L T
15F +
ﬁW+! |+|I+|+I =
- |+||+| 7
0.5F ¢ ¢ E
0

1 -0.8 06 0.4 0.2

0 02 04 06 08 1

BDT score

October 1, 2020

L.Portales (LAPP, USMB)



Likelihood fit

Corrected backgrounds Corrected backgrounds
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Sensitivity gains

> Gain in sensitivity assessed for all analysis steps

> Compared to baseline analysis methodology:

— No multivariate discriminant
— Cut & count measurement

Method Baseline | centrality fit | BDT fit | BDT fit + CR corrections
Expected significance [o] 1.6 1.85 2.7 3.2
Gain over baseline + 0% + 15.6 % + 69 % + 100 %

> 69% sensitivity gain from strategy optimisation
> 3.2 o expected after background correction

> Justified unblinding and result publication
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Fit results - Parameters constraints

Post-fit Post-fit > Overall background correction factors
S Atas T e, ] fwpduas T e ]
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Fit results - Cross section measurement

> Background-only hypothesis rejected at 5.3 ¢

> First observation of WZjj-EW production
Physics Letters B 793 (2019), 469-492

.|m.m.m\ — .
v . . . = [ 1s=13Tev, 861 10" — es%al ]
>WZjj-EW cross-section derived from fit result S of MadGraph] - sswcl |
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T el :
j B ~—_| [ H Bestfit 1
id. 0.14 +0.07 0.16 e o -
Qw@ar o = 0.57° 0 (stat. ) 00T (syst. ) fb = 0.57+010 fh| o —— |
B AEE' ]
B < || 2ginterval || » ]

QMMW%M,\ th- — 0.321 +0.002 Amﬁmﬁ.vwmummw %Uﬂvwm”www (scale) fb oo e e T T

TGt = 0-366  0.004 (stat.) fb

> Measurement within 2 o of MC predictions

Q@q.N_._.-mE [fb]
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VBS prospects

>W2Zjj-EW observed with partial Run 2 dataset

> Used 36 fb~' of data
> 140 fb~ ' now available

> New problematics are considered

> Pileup impact on forward jet selection
> ~8% of simulated WZjj-QCD events contain has a pileup jet as tagging jets
> Can contribute to jet multiplicity mismodelling
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> Forward pileup jet tagging

- Base tools & current limitations
— Multivariate tagger development
- Tagging efficiency correction
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Luminosity and Pileup

moo ||? T T T _ T T 1T _ L _ T T T T _ LI _ T 1T _ T T 11T _ T T T
" ATLAS Online, 13 TeV _ Ldt=146.9 fb !
500 WZjj-EW observation

|IIIIT

<p> = 13.4
<p> =251

0T 7. .
2018: <u> = 36.1
Total: <u> = 33.7

> Physics over ~14 orders of magnitude

— Possible thanks to high luminosity:

N2
[ b vﬁ%%ﬁRHowhnE&mL

Axe p~ 000000 ) L

n

Recorded Luminosity [pb “0.1]

lIIlIIIlIIIlIIIIIII'II

UOHEBIQIED 61/2

60

70

N, =~ HOE -> Number of protons in a “bunch”

> Downside: Pileup

25 interactio

— Up-to ~80 simultaneous collision in an event | ___-5cm
— Can impact reconstruction performance
- Yields additional jets from pileup

tons

38intera
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Pileup jets

> HS jet (signal jets)

. . .. . Stochastic PU jet
- Originates from the main interaction vertex

> HS vertex
— Nature depends on the targeted interaction

> Independent of i

>QCD-PU QCD-PU jet

— Well defined hadronic jet
- Originates from a PU vertex

- Linear increase with p

<Jets/events>

> Stochastic PU

- Jet composed of uncorrelated components
— Typically not associable to a single vertex

> Faster than linear
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The Jet-Vertex-Taggers - JVT

(not to scale)

n=25
Inner detector

-y

> Pileup-jet suppression strategy

Beam

— Match jets to the interaction vertices

@ 100F — T T T

- Remove jets originating from PU vertices £ [ATLAS Simulaion Prelminary :

c |- Pythia8 dijets | PUjets i

Ll 1 QL Antik LOW+JES R=0.4 [ HS jets ]

° ° © Fml <24, <p. < e =

> Within tracker acceptance (|n|<2.5) » JVT Q  Foenaie T |
= i > _szQc HS efficiency

. . . . « o £ 1 ' 5

- Highly efficient track-based discriminant 5 m

107 : 3

10° SRS E

3 i RN \ m.f_ ,,,,, _ 1

10 0 0.5 1
JVT
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The Jet-Vertex-Taggers - fJVT

(not to scale)

> Qutside tracker acceptance (|n|>2.5) » fJVT

— Match forward jets to vertices with
topological information

n=25

Beam
- —U._._.ﬁ ..... U._..&B.wm ..... .—".u<|_|s am.xq.u/\._-sv
Large fJVT - PU

" L\ﬂ
E b “ ® o — T 17T _ LI L L T T _ L T T T _ L T T3
m ‘. R \\\ w 0.3 H| |H
. | s » K% L /5=13TeV, mci6a+d+e —HSjets
ertex 1 Vertex NA Vertex 3 Vertex 4 Vertex 5 Vertex 6 w 0.25 B Z(—puwee) + jets, Powheg+Pythia8 N
[ Anti-k; R=0.4, EMTopo+JES PU i .
- — ets ]
max(fJVT)) nmu 0.2f~ P20GeV.n>25 _ -
Small VT - H5 £ < “Tight” operating point | 1
~ P 0.15 : - 77% HS efficiency =
w - A ) - ) - 66% PU rejection ]
2 y - i " = od (integrated over p.) =
o 5% ‘ C ]
SRR L ]
Vertex 1 Vertex NA Vertex 3 Vertex 4 Vertex 5 Vertex 6 0.05¢ N ]
’ - |
o Tet 0 : ///////////%/////////é?/d/é??;f.%; H

ss_ 1 : —pro.p 0 02 04 06 08 1 12 14 16 18 2
miss __ track t T, T
—Pr.i IM:A M pr* M %ﬁv ﬁ:\.ﬂ_mﬂj

tracks €PV, jets€PV, Pr - Pr ._"L <|_|
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Improving the fJVT

> fJVT not adapted for stochastic PU e

— cells
M AR A.NQH GNEmmmﬁvﬁ%:&mw M A N v ma:mﬁmw

~M Q _ cells outer

. . w=
— Other jet properties can help ME ~ 2. Eoi

\nw/o.i T \a.a/ u_m AR RN R RE RN RARRR AR RARRY ]
m 012~ —— HSjets _ m o.oom\ — HSjets E
. ] 0.08\ . =
> Jet shape and structure = —aoorups | =% — acoeues m
S5 o1 —— Stochastic PU jets \H > o.oww — Stochastic PU jets E
n4 2EE S .08 1 8006¢ =
= 1 SoosF ]

(D) L 1 © r

mo.om- ] qlnmo.iw

Dense & “Narrow” & | 1 Poog

> QCD 8 I | gooz

£ 0% | 2 oot
L o L 5 N Y= bbb b b b b
0 0.05 0.1 0.15 0.2 0.25 0.3 0 010203040506 070809 1
Sparse & “Wide” w 15O,y

¢mﬁ°n=mmﬁmn Am_____________,;__7,,,,7,,,,7,,,,7,,,,k,,_____m
— HSjets
i 107 —— QCD-PU jets E
0 0.2 0.4 0.6 o —— Stochastic PU jets

-

<
r
I

> Jet timing

—_

<
w

T

— Already used with fJVT, [t|<10 ns cut

2 2
_ M mnm: QO: ¢ t= M HQ:&Q mnEme

Q ster 2 0 5 10 15 20 25 30 35 40 45 50
! M Mnm: M mzcmﬂmw __“_ _Hsm“_

1
T

Entries (scaled to unit area)

—_
<
o
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MultiVariate fJVT

> Multivariate combination of 8 variables

- Using Boosted Decision Trees (BDT)
— Selected for optimal PU discrimination

fIVT, |t|, w, ISOg,m

> Aim PU-j ressi . i
Im at global PU-jet suppression > Provides most of the separation

- No QCD/stochastic PU distinction in training
______ AEEEEEEEEESEES P(EM).,m, Esum (Sum over all clusters, AR<0.6)

wl 0.12~ ]
(h) - ) . V/N lead . .
B g4 =13TeV, mct6atdre —HSjets 1 NANRIPPYD) O.J (Leading cluster properties)
...Ia s Z(—pp/ee) + jets, Powheg+Pythia8 . .ﬂ .—.. .
- Anti-k; R=0.4, EMTopo+JES : T -

E ool o e s — PUjets ] -> Performance fine-tuning
nnu B \ i
oy 0.8 -
Q@ - ]
= 0.04 —
- i i
L | ’

0.02[— u

._

MVIJVT
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The MVfJVT - Performance

> Performance validated in Z+jets MC

> Z+jets selection

eff)

——

......... e T |y o 950

- Single-lepton trigger L 09

- Two isolated Same-flavor, opposite-sign m 08 S Yy, .| efficiency
leptons (e/p) S B v N XX | gain
~ |my - m4|<10 GeV, p7*>30 GeV s —
2 06 /x/ ..................................................................... |H
- Z_.mﬁmvo . Z(<>ee/pp)+ets ) =

AP S P RREE . .............. . .......... . .............. N\
R : : :

Powheg+Pythia, mc16(a+d+e) i~

— HS-CR: A (j,Z)>2.8 05 NV \
80¢p. <40 GeV. 2.5<I<Bi2. p>50.. N N LN\

0.4

— L — L — L — T T T T T 1 T T 1 0 Onw siossesessdocseseresseseadenterioionsenidiostossessnreodaescsestesesradiersorestanioiehescrorsesestochsiessestosseiodosarcronseseosiNgosesed
w 0.45 = : :
B 04E 5 1a7ev. moteasdee — _HSjets 0.2 -AUGEDT)= 815t A HTQZE B0
'© oa5f Z(wmwee) + jets, Powheg+Pythiad - = AUC(10VT+[1)=70.43 : : : m m g

. Anti-k; R=0.4, EMT JES . U PO PO SUUURPOULURN: APOPPURPPORPRN: L L O Gereererenienes I Nereenenns —
m 03 u”v_m%omﬁ 3_vm_mono+ — PU jets c.._m kT ETons A=
m ’ OI——__—____—_________m__—_—_——_—_——_—__—_—__—_—___/_4

o

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Hard-scatter Efficiency

-

<= 0.25
0.2
0.15
0.1
0.05

Entries

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

0 0.5 1 1.5 2 2.5 3
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The MVfJVT - Pileup Modelling

> Jet shape and structure often poorly modelled

— Can lead to different performance in data
{s=13TeV, 139 fb"

Z(—pplee) + jets, Powheg+Pythia8
Anti-k; R=0.4, EMTopo+JES

30<p_ <40 GeV, 2.5<[n|<3.2

Entries

> Modelling check

—— Powheg+Pythia8
——— Minbias MC
—e— Data

—e— Zerobias data

— Zerobias data for PU estimate

> Randomly triggered events
> Scaled to match HS-CR event yield

— Compared to Minbias MC
> Pythia8, dijet events with p{*'<20 GeV

IIII|IIII|IIII|IIII|IIIIIIIIIL

- Non-negligible data/MC discrepancies

1

0 0% 04 02 0 02 04 06 08
> Especially in PU-rich tail MVIJVT

October 1, 2020 L.Portales (LAPP, USMB)



Forward taggers efficiency correction

> Data/MC discrepancy translates to the tagging efficiency

> This efficiency must be measured in data and corrected in MC

— Efficiency measured in HS-CR

- Enhanced HS purity
— Define MVTJVT operating points to get same PU rejection as fJVT
— Derive scale-factors to correct the MC

T oasf- E
D 045 (5-13TeV, mot6asdse —HSjets -
nla 0 wmn Z(—puwee) + jets, Powheg+Pythia8
*99FE"  Anti-k; R=0.4, EMTopo+JES - ; - pass pass
E oaf poaveuies PU jets| HS-CR NP NPE
(n\ o.mmml Mwmm — 2 ] 2
N ook PU
Q -
= 0.15F
c E
Ww o1
0.05[F

0 05 1 15 2 25 3

Important PU contamination in HS-CR
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Efficiency scale factors

> Data/MC discrepancy translates to the tagging efficiency
> Improved efficiency with MVfJVT:

- Improved efficiency also in data & 16 E
S 1 4f 5=13Tev 1391 metardie @ K«&«%_,D\_moﬁm E
- Improved data/MC agreement S TF AR Bimepones o 1VT - Data ]
= 1.2 mi>25 25<u<50 ~ VT -MC -
. e Ll - Tight wp ]
> Comparable uncertainties 5 T gt o -
. T ost == : E
- Model-dependence included for MVfJVT 3 s S ~15% improvement E
T S in data at low p_ .
fJVT, Tight operating point, 25<u<50 L 04 -
pr bin [GeV] [20,30] | [30,40] | [40,50] | [50,60] | [60,70] | [70,120] 0.9F =
Relative unc. [%] 4.5 2.3 1.5 0.9 1.0 0.8 - J
Statistical [%) 0.5 0.5 0.5 0.7 0.9 0.7 O | _ _ _ _ | | | =
PU estimate [%] 0.2 0.0 0.0 0.0 0.0 0.0 ®) ._.wL ; - Iwu.
|n|-dependence [%)] 1.9 0.8 0.1 0.2 0.0 0.1 S 1.2 =
Year dependence [%] 4.1 2.2 1.3 0.5 0.5 0.3 o 1 ”__ E
MVfJVT, Tight operating point, 25<pu<50 nDa 0.9 3
pr bin [GeV] [20,30] | [30,40] | [40,50] | [50,60] | [60,70] | [70,120] mm E
Relative unc. [%)] 6.4 2.7 1.4 1.1 1.2 0.9 ' _ . . ; _ _ _ . :
Statistical [%] 0.5 0.5 0.6 0.7 0.9 0.7 20 30 40 50 €0 70 30 90 100 mm,_o“\mo
PU estimate [%)] 02 | 00 | 00 | 00 | 00 0.0 P, 1€ ]
|n|-dependence [%)] 2.5 1.0 0.3 0.6 0.3 0.2
Year dependence [%] 5.4 2.3 1.2 0.6 0.7 0.3
Modelling [%] 2.4 1.0 0.2 0.1 0.2 0.5
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> Studies on pileup mitigation have been presented

— A new multivariate PU tagger for forward jets was developed

- The tagger yields up-to 25% higher performance than the fJVT
— Scale factors derived using the full Run 2 dataset

- MVfJVT and scale factors available for the ATLAS collaboration

> First observation of WZjj-EW production

Physics Letters B 793 (2019), 469-492
- Using the 36 fb~" partial dataset gathered in 2015-2016
- Based on MV discriminant used as template in an optimised combined likelihood fit
— Similar analysis design now found in several VBS-related analyses:

- WZjj-EW observation by CMS (137 fb~' of data)
> ZZjj-EW observation by ATLAS (139 fb~' of data)

> Parallel work and responsibilities

- PU-jet tagging effort co-contact:

> Analysis support and student supervision
- Teaching at the IUT d’Annecy

> 110 h lab work and tutoring (IUT Annecy)
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Ongoing work and prospects

>The WZjj-EW study keeps going with full Run 2 data

- Impact of forward PU jet tagging
8% of selected WZjj-QCD events have at least one forward PU jet
3% purity gain from forward PU tagging in simulation
- Investigation of q/g tagging
Truth studies show huge potential ( 55% of WZjj-QCD events have a gluon jet)
No improvement from available ( low-n ) tools
> Potentially improved by MVfJVT-like development

- Sensitivity studies for differential measurements

m, [GeV] [500,1300] [1300,2000] [2000,°0]
(50)/0 (WZjj-EW) 0.32 0.33 0.30
WZjj-EW significance (exp.) 350 3.70 4.6 0
(50)/0 (WZjj-QCD) 0.075 0.18 0.30
W2Zjj-QCD significance (exp.) >50 >50 490

> Run 3 & HL-LHC will highly improve the sensitivity

- Up-to 3000 fb~' of data: Potential access to V|V, scattering
> <p>~ 200 : Hardware (ITk, HGTD) and software development required
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Experiment
& Pileup




Jet reconstruction

EMTopo: “historical” approach PFlow: (Particle Flow) full Run 2 baseline

Q wczn_._.ouon_cmﬁmqm?o:):Qm:co:::m
calorimeter cells (|Ecey|>20n0ise)

g Build Topoclusters from neighbouring

calorimeter cells ( |Eqo|>200i
([Eceu>20noise) Build Pflow Objects (PFO) from

|dentify most energetic cluster, combine topoclusters and ID tracks:
° neighbouring clusters using Anti-ky (R=0.4): Charged PFO Neutral PFO
AR. Cluster matched to track | No track
min (k;°;, »mwv qu <k’ - keep track as PFO - keep cluster as PFO
e Build jet from PFO using Anti-ky (R=0.4)
ATLAS simulation 2010 04
s | Pythia 6.425 ™ 17 By - E [MeV] wT £ ATLAS Anti-k, R = 0.4 ]
SR T R 10° 0358 (s = 13 TeV, 44 1o 0.2 <yl < 0.7
8 00 5 —— EM+JES inssitu E
10° c 0.25 EM+JES total uncertainty = 3
= 1y ——— PFlow+JES in situ =
0 o o.mm I PFlow+JES total uncertainty 3
10° © 0.15F 3
3 . Driven by ]
-0.05 N M_rM o;wl Driven by Calorimeter resolution |m
10 2 0.05F D resolution =
.._“.....ﬁ .,3.‘_..:.“... & OH_ e . R s ;
-0.05 0 0.05 20 30 102 2x10° 10° 2x10°
|tan 6] - cos ¢ jet

P [GeV]
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The Jet-Vertex-Tagger

[\S]

B 2 LI
o [ ATLAS Simulation Preliminary o | ATLAS Simulation Preliminary
H Pythia8 dijets 1 O._ H Pythia8 dijets
| Anti-k, LOW-+JES R=0.4 | Anti-k, LCW+JES R=0.4
1 mulﬂ_mA_MM 20 < p; < 50 GeV - = ._O.m 1 mll_MrA_MM 20 <p; <50 GeV - 1
L L I |
> Within tracker acceptance (|n|<2.5) > JVT | w00 |
I 10 I
— Combine two track-based variables: o 00 o
[ 10° i
. 107 .
M Nu:dn»» Nva\ v corrdVF corrdVF
0
m —_— S._Omm_,__,__ T HER) B e e e e e et Rt e T
pT — jet ..m £ ATLAS Simulation Preliminary 3 M - ATLAS Simulation Preliminary
Nw T L 10 lewﬂwﬂm_.w_,\,\iﬂ_mm R=04 [ NM mm |H 2 I M%”_.Mm_.m_,\,\aﬂmm R=0.4 i M_Mﬂ%
w Fml<24,20 <p <30GeV E _.n_m Fl<2.4 = Ryr
N [ 0< Ny, <30 ] 20 <p, <50 GeV = VT
© i 1 -1k JVF =05
track,, g 1F = s F ¥ JVF=0.25
pr ™ (PV,) s | m
k - ]
— 10'F E
corrJVF =5 : m
gn» ﬁ T - 1 =
Py (PV o)+ ——5— 1025 3 :
NA BQQQG i ]
-3 ! sl B s ] L Vs ik sk B
10 D eiEREo eI o el Eels
JVT Efficiency
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The forward Jet-Vertex-Tagger

> Qutside tracker acceptance (|n[>2.5) > fJVT

e Match central jets to PU vertices ° Compute missing momentum for
S <25 each PU vertex
) M EHEQQA@A\.V
¢ ﬁﬂvwm Q®< i k ! ~ ::.mmlH track jet
mNEJH oL —Pr, IM:A M Pr +. M %ﬁv
¢ ..NM\NJAO.HH Nu% \ tracks€ PV, jetsE PV,
- %M — %M >0.2 _ Compensates for
7 Eva& A Evm:zsm k=2.5 | cutral hadrons
miss jet
jet miss e W\S”E ° \,\M\H”SQXA\NM\HHV
— pr" pr™ : max(fJVT) - opr.pr
Large fJVT - PU r-rr TouE
K%} 6 = 13 Tov, motdasdec [\ JHard scatier
3 o TR , B oE
° 8"
Vertex 1 Vertex NA Vertex 3 Vertex 4 Vertex 5 Vertex 6 .W 0,06
w
max(fJVT,) sx.
Small fVT - HS voz
I\ € .;
N Mmm m
5 V mwo 02 04 06 OB 1 T2 14 1B T8 2
° O » | VT
Vertex 1 Vertex 2 Vertex 3 Vertex 4 Vertex 5 Vertex 6
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MV method choice

c ) c ] o MIﬂlﬂvl LI L L ” | L " | L ” LI " | L L " LI “ LI _m
> MV discriminants built with same - T b VS N N S — =
Set of inputs AJRP R W N RN N M~ SN S S E
3 2
& oF s e N\ =
> DNN vs BDT (with different =S T T TS I T T T\ E
. o .
boosting methods) E e N E
> Similar level of hyperparameter o.mml ............... .................... wo:@a%agomc$c0uoas ....... ................. .................... .......... E
Tuning = O\ 3
0.2} BT (@ddBOOSY) (AUC = 0:790) s EE .

O

DNN (AUC = 0.798)

: : : : : : ~

> Similar performance =

0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
Hard-scatter Efficiency
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MV{JVT binned training

. . A '
> PU jet properties depends on p_, |n| and p g { "
. > 1
- More PU at low p_, high S '
[<B)
> Lower detector resolution at high |n| v "
> Mitigated improvement from structure variables ard seater e
>
50 W
\mrm Am__________.m \%/ ERAARRARN RAES LAY LALN EALN LALY LERN RARS L)
Qv o C — HS jets ] © o;ll —— HS jets 7
S 107'E —— QCD-PU jets . = - —— QCD-PU jets :
- = 3 > . .
@) C Stochastic PU jets ] o 0.08[ — Stochastic PU jets  —
-+~ | 1 , - — .
8 102 1 E 3 H
< S ] ‘© 0.06[ -
£ -w.|" o ’ L) L
- 8 0.04f b
= SEEN T T ] = - L
Skt 10T 8 ) . H
e 002 . -
S | (I | ] [ ' i
- (I | . 3 i . ]
1078 bt b s bl b b i e o______:_____J_____:______:__:______
20 30 40 50 60 70 80 90 100110120 2628 3 32343638 4 4244
bq_mmé |
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MultiVariate fJVT - 3.2<|n|<4.5

cl16a+d+e - Im ._m._”w ] .
+Pythia8 ]

—PUjets

Entries (normalised)

Entries (normalised)

MVIJVT MVIJVT
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(MV)fJVT calibration

LA I DAL BLELELELE DLELALELE DLELELELE DL B R BN AN DL DL DAL DL DAL BN DL DL BN AL I UL DL DL I DL DL R I
mVV. 1.6 a7L4S Internal VT -Data W 1.6 aTL4S Internal MVVT - Daa mvv. 1.6 a7L4S Internal MVVT - Daa
- e mci6a+d+e ata . F +d+ . - me16a+d+ ata ]
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o IF —p—rn—o—m=n o 1 o T o——n—0 0 = o I o —
= Een— 1 = E == = - 3
T 0.8 4 8 088= - S 0.8 mmmmmmﬂmﬂ —
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[ - - (3 - - © =x— -
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L F Loosewp i W E  Tightwp 3 w - Tighter WP 3
s S e Eah * 18 . 4 & E
g oo == 4 ® o8 —o——= 4 © osf 8 =
M= 4 & oe, 4 £ oef e E
= - ] pust H““” . w - —— T
< o B Jo,I = - 2 3
8 04f 1 8 04 1 £ o4, o .
0.2 - 0.2 3 0.2 —o— 3
O.Hl L 1 L L L L 1 1 L |H oul 1 L L L L 1 L L Il |H OI|.I L L L L L L L L 1 IH
O 1.3 : ’ ’ : : : ! g QO 1.3 : : _ : : : : L Q 1.3 s : ' : : : g
S 12k S i T = 12 S
g . . R S . ] 8 e s :
S og | 8 o.mm { S o9
87 | = 8% | 28
20 30 40 50 60 70 80 90 100 110 12(C 20 30 40 50 60 70 80 90 100110 Amo 20 30 40 50 60 70 80 90 100110120
P, [GeV] P, p. [GeV] P, [GeV]
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Forward taggers uncertainties

.o/|o. au____________________________________:________:_m
> °F G-nTevieemimeesde om0 4 > UNncertainties propagated to the SF
£ 8 NAI.vtt\mmv +jets L PU estimate -
] - Anti-k; R=0.4, EMTopo+JES —— ndependence -
m 7 H| 3_ > 2.5, 25 <p< 50 === Year dependence |H
o = Tight WP, fJJVT =
C 6 — . . .
o s E - Statistical uncertainty
8 3 > Data and MC
r&r. E E - Pileup estimate

N = .. .

E _|_ ....... E > 10% variation of PU yield

o A et g N WO > Covers fJVT bias + PU modelling

20 30 40 50 60 70 80 90 100 110 120

p, [GeV] - n-dependence
I A A A A R AN > Envelop of SF variations w.r.t. n
> 9F  (5-13TeV,139f" met6asdre - Smisica
£ 8 - Z(—pwee) +jets PU estimate 3 -
T E VRN SNTONES et Envelop of SF variations bet
5 7E  MeAn A o edliarire > Envelop of SF variations between years
5 6 E (~ “internal” u-dependence)
[} = -
= s 3 _
: : (MVFIVT)
S Gf E > Sherpa vs Powheg+Pythia Z+jet modelling
CIR S 3
: 1 >Overall similar between the two taggers

20 30 40 50 60 70 80 90 100 110 120

p, [GeV]
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Forward taggers efficiency correction

> Data/MC discrepancy impacts the tagging efficiency

T 045F =
. . . (] = . 7
— Define MVfJVT operating points to get same PU D 04f fonTevmotsasse  ——HSjets ]
. .. T 0355 Anir: A, EMTopOnIES | .
rejection as fJVT m osl Po2OGHV. p2S — PU jets| HS-CR
- Derive scale-factors in (pT,p) bins = oz "
o %% !
2%n&|2ﬁmmm mmmE ..M. 015 PU-CR 1
Crs = N—N = , SE= Nmo - o.“.mw "
0 0.5 1 1.5 2 25 3
. AO(j,Z
>Two PU subtraction methods compared = ;2 )
m A.Am Vs=13TeV, 36.1 fb', mci6a ° Nwwcw.-_,o\_ww .
o . H|NA¢,tEmmv+_.m~m_ Powheg+Pythia8 A ZD SUD. - |H
} (CRsub.) 5 oot 0 QRBINE S
> Exact same event selection as HS g T L e o =
- . S o8- == =
> Impacted by event statistics and HS modelling 9 b= E
T Y ]
(Ap>28) _ TT—2.8 [ (A¢p<12) (Ap<1.2) £ 04F E
qu - 12 AZ Ime v 0.2F =
OHI ___________..___.____,____,.___,.,._,...___.wH
- Zerobias substraction (zb sub.) Q 2
> Model independent and large PU statistics m I S —— .
> Slight bias as no HS vertex removed | B (T e s
p, [GeV]
- Good overall agreement 55
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Forward taggers for Pflow jets

> 16 N
> PFlow jets are now the baseline 2 14 DODUSEITEILY Pomhey oo
m A.NWI ﬂﬁm.mmww.m_mﬂfmo m vwswmmo. m_,\_m.ﬁ_oi Im
- fJVT needed to be adapted L . :
. : § 0.8E0—= E
> Track-to-cluster matching suppresses central PU jets & (¢, E
T A -
Need to be reconstructed and calibrated prior to fJVT £ o4F -
. 0.2 —
computation £
- PU vertices pt™ optimised =
T S o9
0.8 ; . _ _ _ ; ; P
- - 20 30 40 50 60 70 80 90 100110120
-pro=( 2 b+ 2 prT+ 2 pr) P, [GeV]
jets, p¥'>20GeV tracks , pi*<20GeV tracks, R};<0.1
w/ 0.45F :
> Performed calibration for the first time D O i O
S ow| wum_w%w,mﬂ_wﬁogamm —PUjets| HS-CR
- Using PU-CR method: 2 oz ,
N o02F :
N(B0>28)_ n—2.8 AZAgA.EIZ@eAH.NJ .m o1st |PU-CR| 1
PU 1.2 s 0o :
— Higher efficiency than EMTopo i SSer —
— SF and uncertainties comparable to EMTopo jets A(j,2)
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Pileup Modelling

>PU modelling
> Similar behaviour between fJVT and MVfJVT

>HS modelling
> fJVT decently modelled
> MVfJVT shows more discrepancy

%Sm..______...___._._ T _ T _ g 3000 1T Tt
= fs=13TeV, 139 fb" ) 3 .m - {s=13TeV, 139 b’ —
T 10° Z(—pp/ee) + jets, Powheg+Pythia8 —— Powheg+Pythia8 c [~ Z(—upp/ee) + jets, Powheg+Pythia8 7
LU Anti-k, R=0.4, EMTopo+JES Minbias MC § W —  Anti-k, R=0.4, EMTopo+JES —
30<p, <40 GeV, 2.5<|n|<3.2 —— MInbias = [ 30<p, <40 GeV, 25<n/<3.2 .
10* —e— Data = ~ ]
: —s— Zerobias data = — —— Powheg+Pythia8 =
10° — - —— Minbias MC a
- — —e— Data —
10° wl.. = ~ —e— Zerobias data ]
10 J = -
1= = -
‘:-_mn‘ | l | | [ | | | | M. Coa® O remeerere
Qs =
M = .:..:._m
< 1
< E Y.C.Cnm
O05F H .
0 02 04 06 08 1 12 1.4 16 18 ) -1 08 06 -04 -02 0 02 04 06 08 1
fJVT MVIJVT

October 1, 2020 L.Portales (LAPP, USMB)



MVfJVT - Quark/Gluon dependence

wl H._._<.<__.__ T T T T T T E
A4 - s = 13 TeV, mc16a+d+e — HS - quark E
nlma ONMH' Mﬁwtz\mmv _l.wﬁ Powheg+Pythia8 IW.M_CWO:M E
- Anti-k; R=0.4, EMTopo+JES . -
rOI ONII 30<p_<40 GeV, 25¢h|<3.2,1>50 — _u__mc_u s
C C ]
Mpaw =
g g
LU W M
.05 ; > Using jet shape leads to g/g dependence
O . : :
S 088 - gluon jets broader than quark jets
Mmmr
o 0.2
7 00270470608 1 12 14 18 s > Better separation for quarks than gluons
\:mue/o.._mu|:._...___._A.___.._:__.:_._._:__..AIH
2L o;mnl Vs = 13 TeV, mc16a+d+e — HS - quarks =
] C  Z(—up/ee) + jets, Powheg+Pythia8 — — -glu 3 .
£ o14p BB T T > Impact in data need to be probed
o1 =
8 ok E ~ Could be done through performance comparison
c " F ] . . .
L 0.06- g in samples with well measured q/g fractions
0.04F =
0.02F -
= S -
2 0.8
O 0.6F
S 04f
M omm

1-08-06-04-02 0 02 04 06 08 1
MVJVT
J 58
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WZjj-EW analysis




VV Branching ratios

® 9999 M qqqq
u n_n__.< [ | qqw 1% 20,
qqwv qqll ° 4%

Hqqll
H lvw
Hlllv

N llw
N vww
m Ul

49% 14%

49%

Y4

M qqqq 9%
N qqlv
B lvlv

49%
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Event selection - Leptons

Electron object selection
Selection Baseline selection | Z selection | W selection
pr > 5 GeV
Electron object quality
[netuster| < 2,47, |n| < 2.5
Loose identification
|do/o(do)| <5
|Azpsinf| < 0.5 mm

Loose isolation

ANANA NN N NN

e-to-p and e-to-e overlap removal

e-to-jets overlap removal
pr > 15 GeV
Exclude 1.37 < |peluster| < 1.52
Medium identification

SSNNSNSNNSNANSNANANN

Gradient isolation
pr > 20 GeV
Tight identification
Unambiguous author

ANANANA Y N N N N N NN

Muon object selection
Selection Baseline selection | Z selection | W selection
pr > 5 GeV
In| < 2.7
Loose quality
|do/a(do)| <3 (for [n] < 2.5 only)
|Azpsind| < 0.5 mm (for |n| < 2.5 only)
Loose isolation

AN NS

p-jet Overlap Removal
pr > 15 GeV
In| < 2.5
Medium quality
pr > 20 GeV
Tight quality
Tight isolation

AN N NA N N NN NN

SNNNSNNNNNSNANANYN
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MC generators

Nominal
Process Generator (PDF) Order (ay) Mod. Unc.
W Zjj-EW SHERPA2.2.2 (NNPDF3.0nnlo) LO
MADGRAPHH+PYTHIAS (NNPDF3.0nlo) LO
W Z37-QCD SHERPA2.2.1 (NNPDF'3.0nnlo) (0,1)]JNLO + (2,3)jLO Powheg+Pythias
SHERPA2.2.2 (NNPDF3.0nnlo) (0,1)iNLO + (2,3)jLO (01)iNLO+(2,3)LO
SHERPA2.1 (NNPDF3.0nnlo) (0,1)JNLO + (2,3)jLO
MADGRAPH5+PYTHIAS (NNPDF3.0nlo) (0,1,2);LO
tZj MADGRAPHS5+PYTHIA8 (NNPDF3.0nlo) LO
Z7jj-QCD SHERPA2.2.2 (NNPDF3.0nnlo) (0,1)iNLO + (2,3)jLO
Z73j-EW SHERPA2.2.2 (NNPDF3.0nnlo) LO
tt+V MADGRAPH5+PYTHIA8 (NNPDF3.0nlo) NLO
VvV SHERPA2.2.1 (CT10) LO
Z+jets POWHEG+PYTHIAS (NNPDF3.0nnlo) NLO
tt POWHEG+PYTHIA8 (NNPDF3.0nlo) NLO
Zy SHERPA2.2.2 (NNPDF3.0nnlo) NLO
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Theory uncertainties uncertainties

— T L e e e e e e e B B
—— QCD Scale —— QCD Scale

2} [}
w 40 —— NNPDF MC sets Im % E — NNPDF MC sets
_._V._ — a variations 3 rﬂ 5 - — 0, variations -] . o
» w : 1> Theory uncertainties

- QCD scale: variation envelope of g, U

— NNPDF3.0: MC replicas standard deviation
-0a,=0.118+0.001

2 2 —— = : L.
N 1> Modelling uncertainties
= 05 0 05 E 093 05 0 05 1
BDT Score BDT Score _ ENhhlms
E —EEn 4 0§ f =, - Sherpa 2.2.2 vs Madgraph
—— - Matched generator-level cross-section
- WZjj-QCD:
: - Sherpa 2.2.2 vs Madgraph
£ | £k 3 - Compared to PS-only uncertainty
2 1B e 2 . .
S 0 S osk > Pythia8 vs Herwig7, ME from Powheg
4 05 0 05 1 |._. = |o_m — h_u — .o._m. - ..4
BDT Score BDT Score
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WZjj-EW observation: Systematic uncertainties

> Additional uncertainties from particle reconstruction and calibration

— Main impact from JES uncertainties

> Pruning and smoothing procedure applied

— Take variation envelope if +1 and -1 variations go in the same direction

— Remove all uncertainties with negligible impact on the final result

10

A(06)/0G [Y%]
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Fit results - Negative Log. Likelihood

R o F Tt
» L(p,0) D6 ATLAS
NLL(A(, j1,0,0)) = —In L »0O 16~ . Data, stat. ® syst.
L(f1,0) < o fs=18Tev,36.1107 .. Data, stat. only
— — Simulation, stat. @ syst.
hAtu%v H.Mu ?mmaw.‘m%@vv_m:m_§+m.§ 12
10

AN — Globally maximising value(s)

A — Maximising value(s) with fixed
Values of other parameters

N O

IIIII
lIIIIIlI“llllllllI\IIIlllllllllll

Significance:

1 1 1 1 _/_ 1 1 1 _ 1 1 1 1 _ 1 1 1 1 ]
Z=+2NLL(M(u=0)) % 0.5 4 15 2 2.5 335
_ Nisia' _ Cwzjmw
KW Zjj-EW = signal — _fid.,MC
Ny W Zjj-EW
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WZjj-EW observation: Phase space

> Lepton matching to W and Z bosons

> Resonant shape algorithm:

1 1

P = X

m2,, — (mPDG)2 4 iTPDGy,PDG m2, — (mFDG)2 4 iT'FDGy,PDG
Variable Phase-space requirement
Lepton || <25
%me |GeV] > 15
ﬁwm% |GeV] > 20
imz — mbPY| [GeV] < 10
m¥ |GeV] > 30
AR(l,,0}) > 0.2
D%QNUNS\V > 0.3
two leading jets [GeV] > 40
Inj| two leading jets < 4.5
Jet multiplicity > 2
151 - 151 <0
AR(j,0) > 0.3
Zolncmz,w =0
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W2Zjj-EW observation: Signal cross-section

Variable Phase-space requirement
Lepton |n| <25
pZ |GeV] > 15

oo . . . 2w
> WZjj-EW cross-section derived from fit result p o) G i
. z — gz
Zmpmbm_ Qm&;gmmm. 3%\ [GeV]| > 30
LW Zjj-EW = mwma = Nwﬁ%i AR((5,03) > 0.2
Nyre OW Zji-EW AR(lz, tw) > 0.3
. . . L. two leading jets [GeV]| > 40
> Extracted in fiducial phase-space close to SR definition |y two leading jets <45
. . . Jet Itiplicit > 2
> Using predicted cross-section from Sherpa 2.2.2 T 0
mj; [GeV] > 500
AR(j,¢ > 0.3
QMM%% = 0.321 4 0.002 (stat.) 70002 (PDF) 9957 (scale) fb zméw 0
fid. |O@ﬂ+o.upﬁﬁﬂv+c.o.~A ﬁv;|omﬂ+op@; _______________ﬁ AN RN IR R
Owzjj—Ew — Y-21_0.135tat. ) g6 (SySt- — V9l 014 I AN/
ATLAS
[s=13TeV, 36.1 b

uee

3

W*Zjj

> WZjj-(EW+QCD) cross-section also derived as well ™" wm s S

HUL 1079 £0.16

. 2&3@ - ZUWW 2% |||||||||||||
> Different approach: aivz;; = X AH - v | \ \
h g Q 17 Zm combined | 0.78 £0.12 \

S\th MM __ﬁvm A_ h\______________

___
12 14 16 18 2
theory

WZjj

fid.
QEHN_._. / 6
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Pre-fit

SR QCD-CR b-CR Z27-CR
Data 161 213 141 52
Total MC 200 +41 290 61 159.4 +13.5 452 = 7.5
WZjj-EW (signal) 249 =+ 14 845+ 037 136 + 0.10 021+ 0.12
WZjj—QCD 144  +41 231 +60 244 + 1.7 143+ 0.22
Misid. leptons 98 + 39 177 + 7.1 29.8 +11.9 047+ 0.21
Z27Z-QCD 8.10 + 0.84 1498 + 0.92 1.96 + 0.08 35.0 = 5.0
tZ 65 + 1.2 6.6 = 1.1 36.2 + 5.7 0.18+ 0.04
tt+V 421 + 042 9.11 £ 029 654 =+ 2.7 2.8 + 0.44
Z7Z-EW 1.80 + 045 0.53 + 0.14 0.12 £ 0.09 4.1 = 14
VvV 0.59 + 0.15 0.93 + 0.23 0.13 + 0.03 1.05+ 0.30
Post-fit
SR QCD-CR b-CR 27-CR
Data 161 213 141 52
Total predicted 167+ 11 204 £ 12 146+ 11 51.34+ 7.0
WZjj-EW (signal) 44 + 11 8.52 £0.41 1.38+0.10 0.211+£0.004
WZ3535-QCD 91 + 10 144 £ 14 13.9+£3.8 0.94+0.14
Misid. leptons 78+32 14.0+£57 23596 0.41+£0.18
24 7-QCD 11.1£2.8 183+ 1.1 2.354+0.06 40.8+ 7.2
tZ 4+ 6.2+ 1.1 6.3 £1.1 34.0&£53 0.174+0.04
tt+V 4.7+1.0 11.14£0.37 71 £ 15 3.47 £ 0.54
4 7Z-EW 1.804+0.45 0.44 +£0.10 0.104+0.03 4.2 + 1.2
VvV 0.59+0.15 0.93 £0.23 0.13£0.03  1.06 4 0.30
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WZjj-EW observation: fit cross-checks

Cross-check 1

Cross-check 2

Cross-check 3

Main result

W Z37-QCD correction 1 0.68 1 0.68
MW Zj5-QCD 0.59 4+ 0.16 Z\> Z\> 0.8240.23
QCD scale pull |o] 0.34 £ 0.95 | -0.27 £ 0.42 -1.6 £ 0.38 | 0.00 £ 0.99
QCD modelling pull [o] | 0.22 4+ 0.81 0.13 &£ 0.71 0.0 £0.73 0.21 £ 0.79
UW Zjj-EW 1.74 £ 0.43 1.75 £ 0.48 1.69 £ 0.40 | 1.77 £ 0.46
Significance (exp.) |o] 2.7 3.2 2.7 3.2
Significance (meas.) |o] 5.3 5.3 5.2 5.3

No “background-only” fit

October 1, 2020
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WZjj-EW observation: fit cross-checks

.M_ = Tovs B A_H ModelConfig
. . — - y ModelConfigB_only
> Fit strategy assumes asymptotic ¢ 4 test statistic data
regime < Asymptotic #---- x*2x1)

> Cross-checked using toy experiments
> 1 M toys for Null hypothesis
> 500k toys for tested hypothesis
> Allow to validate > 3 o sensitivity
(& p-value ~10~%)
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Events

Data/MC

Events

Data/MC

W2Zjj-EW observation: Strategy comparison with CMS

IIII I||||||||||
b

Mod.
Vs =13TeV,36.1 1"

1 I

selection

aAbscAm

—o-Data

MC stat. error
[CIWZj-EW
I WZjjiQCD
Y

tZ

VW
B Misid.
I ZZ (QCD+EW)

An > 5
L}

> Analysis results compared with CMS

& L i >Reproduced event selection & fit strategy
o 4 7 " N
T o o © w ° o ° w o o
EEEEEEEEEEE : :
R - > Higher sensitivity mainly due to BDT use
m; [TeV]
90 T T L B S S B . T ™
g i Obs. selection X o Data =
80  fs=13TeV, 36.110" ' Leror
o e A=
= 1 1 Il WZzji-QCcb =
' AAD::Am ' .”W< —
! ! VWV = . .
m m MV w3 m;; x An(j1,52) BDT score
" " e 3 Mod. Obs. Mod. Obs.
_ ! " A iwzew (SHERPA) 1214053 | 1.12+053 | 1.72+ 046 | 1.72 + 0.42
- M pw zji-Ew (MADGRAPH) | 1.06 £0.46 | 0.98 +0.46 | 1.51 +0.40 | 1.51 £0.37
= | Significance (exp.) [o] 2.23 2.12 3.16 3.36
1.5F L | 4| Significance (meas.) [o] 2.60 2.30 5.24 5.58
0f e
OH N N I N N N I \ N N =
> 5 3 N 53 3 N 5 3 3 N
ST ST T T m/[Tev]
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Effective Field Theory interpretations

i Flo)
L=L g+, - 7P+ = 7

1
Dimension 6 operators:

> Mostly concerns aTGCs, could also impact VBS
> Better constrained by other processes (e.g. inclusive VV)

Dimension 8 operators:
> “Pure” aQGCs terms found there
> Would highly benefit from VBS constraints

R " _ T [ DE®T DY
Laro = Tr W W] x [(Ds®) D] 7y = T W] < T (17 Lso = [(Du®)' D] x [(D ) D"
Lara = Tr[Wu W) x [(Ds2) D"®] £y = T [Wa, W] x Tr [W,s17] Lsi = |(D,@) D'®| x [(D,®)' D"
Lyo = ﬁ B, mj % T Dm&ﬁ bui Lry = Tr S\pn:\ H % x Tr E\m:&\:i Final state | ZZjj Zvii | Wzjj | WAWEj | W]
T V8 r 1 , Parameters
Lys = |BuDB' % x |(Dg®) Qﬁ Lrs = Tr :\E:\i X BasB*? = 7 7
By
hf,; = A v E\Ut@g x B hnﬁa = Tr S\Q:E\t& X thmmwpt fm,0fm,1.fm6:fm,7 A v v e /
B i B 3 P .2 fm .f a.f
Lus = [(Du®) Wy, D"®| x B Lrr = Tr[Wa,W"| x By, B" sl b ERZE] 4
- fro.fra.f
p \ Tofrafre e e
Lig = [(Du®) Wa i D"a) Lrs = BuB"BoB™
’ i 4 : fr5.fre.fr7 4 E7d V4 i
hf,ﬂ = A v Bu \_\Qt@t@_ hﬂb = mtht mmtth frafro v v
Observed AS\HS\J Expected AS\HS\J Observed (WZ) Expected (WZ) Observed Expected
(Tev™™) (Tev™™) (Tev™* (Tev™™) (Tev™) (Tev™)
fro/A* [-15, 2.3] [-21,27] [-1.6, 1.9] [-2.0, 2.2] [-11, 1.6] [-16, 2.0]
?\>M [-0.81, 1.2] [-0.98, 14] [-1.3, 1.5] [-1.6, 1.8] [-0.69, 0.97] [-0.94, 1.3] O_/\_m m/>\
fr/A [-21, 44] [-2.7,5.3] [-2.7, 3.4] [-4.4, 5.5] [-16, 31] [-2.3, 3.8] . .
fuo/A* [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15] />\<<._._+<<N._._
fan/A? [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20] . .
fus/A* [-27, 32] [-37. 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30] OOBU_SQH_OD
Far/A? [-22, 24] [-27. 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
Fso/A? [-35. 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
for/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]
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Polarised VBS

O_sm ai_o-;aqms
L ----Expected bkg. only stat B

_______ Expected bkg. only stat+syst
Expected signal+bkg. !

> Recent result from CMS on W W scattering | — observec

4| 95% CL

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

-2AInL
»

- Evidence-level sensitivity to single-boson |
Longitudinal polarisation 2

| 68% CL

> LL scattering ~ 1 standard deviation T A

L B L L R
1600~ ATLAS Simulation Preliminary

> HL-LHC predictions indicates potential for B
pp -» W~ >=¢3_._.v:oo e
double-longitudinal polarisation evidence .

EEEE8 WHWHj (EW) LL s
[ W*WHj (EW) LT+TT
[ W*Wj (QCD)
I WZz+2Z

[] Charge Mis-ID
=3

]

—

B

1000

800

- CMS + ATLAS combination required 600
> Some time left to optimise the analyses -

Jets faking electrons
Tribosons
Other non-prompt

IIIIIIIIIIIIIIIIIIIIII
I|III|III|IIII

200

|

o
o
[¢)]
-
-
)]
\S]

2.5

w

A oGl
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Some studies regarding HE-LHC

— Potential future of HL-LHC, with a CoM energy increased to 27 TeV

- These studies assume 15 ab~' of data, and a pileup of 800

— Prospect studies shows that this would highly benefit to VBS-related studies:

aQGC limits (ssWW,WZ2)

Polarisation (WV(-qq))

October 1, 2020
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H_y% H@/\« M\N J_”,®< Muc.v ._Orl Is =27 .ﬁm_\ — VBSW W, —>lvqq ~4
%) + ==F Y 4 + =330 © Bi L - vBSW, W, S weqwHhBDT et 7
S\Nbb 7 w—w JJ S\N_w.w 7 w—w JJ m. L .,..<wm<<”<<”¢_se_<n£<<ﬁ .......... ]
oo /A® [-8.8] [-6,6] [-1.5,1.5] [-1.5,1.5] B e e ]
fs, /A | [-18,18] [-16,16] [-3,3] [-2.5,2.5] o St E
fr, /A" | 1:0.76,076] | [-0.6,0.6] | [-0.04,0.04] | [-0.027,0.027] B L Al
fr, /A" | [-0.50,0.50] | [-0.4,04] | [-0.03,0.03] | [-0.016,0.016] dem o ]
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Luminosity [fb]
Polarisation (ZZ2)
significance precision (%)
w/ syst. uncert. 7 w/o syst. uncert. | w/ syst. uncert. _ w/0 syst. uncert.)
HL-LHC l.40 l.4o0 75% 75%
HE-LHC 5.20 5.70 20% 19%



