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Introduction

Standard Model Production Cross Section Measurements

Status: March 2019 [Ldt
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Phenomenology of VBS :

+ Cannot access pure VBS and pure quartic couplings (no independently gauge invariant):

EW non-VBS (including tribosons) § EM% :\‘E:; | }i e E QCD-induced dibosons final state
Ny :

VBS with triple and quartic couplings § ™" cvorsinge exchange ;
. . mz+ -Jet ey,
+ Typical final states topology ’ I T T ——

1. Two hadronic jets at large angles, high energy
2. Hadronic activity suppressed between the two jets
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ATLAS VBS studies ;-
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<+ Datasets

+ ATLAS: 8 TeV (20.3 fb-1) and 13 TeV (2015+2016, 36.1 fb-1)

+ Significance for all channels studied: observed (expected) h:
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+ Semi-leptonic channels less sensitive to EW
cross-section but very powerful for QGC
constraints (high-energy range accessed)

+ Channels studied @ ATLAS allow to probe
all types of quartic couplings (EFT operators)

A N oct
Month in Year

Only 13 TeV results
reported in this talk.
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Phys. Lett. B 793 (2019) 469

Observation of EW WZ(lllv) + 2 5

<+ Selection:

Events

Data / MC

+ 3 leptons (e/u) with p,>15 GeV and Inl <2.5
+ at least one with 25(27) p,threshold in 2015(2016) data

+ Z selection: IM11—MZPDG|<10GeV

= W selection: p,>20GeV + tighter quality cuts, mr(W)>30 GeV
+ Jets: 2 jets with p >40 GeV, |n| <4.5, n of opposite sign,

mj]->150 GeV
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+ Signal and backgrounds:
EW WZjj (Sherpa 2.2.2)
: main background, MC (Sherpa 222) normalised in CR
Misidentified leptons (Z+jets, Zv, (tt), Wt, WW): data-driven
77 QCD+EW: MC (Sherpa 222), normalised in CR
: MC (MadGraphb), normalised in CR
tZ, VVV: MC (MadGraph5, Sherpa 2.1)
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Events / 35

Data / MC

Analysis strategy
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Post-fit distribution

For cross section
measurement WZjj EW

(reverting ZZ veto)




K:W]j cross-section results 7

<+ Result on mu:

pwzjj-gw = 1.77 ig:ig (stat.) fg:}g (exp. syst.) ig:}g (mod. syst.) fg:gg (lumi.) = 1.77 igﬁg

o S I I I e e Main systematics from:
S1oE A e ata, stal Dyst. - 5.30 observed jet (6.6%),
> = R P LT LT ata, stat. only = :

14_‘-.‘ — — Simulation, stat. ® syst. ] (3.20 expected) QCD theory modelling (5.2%)

EW theory modelling (4.8%),

Process Fitted normalisation
WZ35-QCD 0.56 £+ 0.16
tt+V 1.07 £ 0.23
2 7-QCD 1.34 + 0.24

+ Observed WZjj-EW cross-section and comparison with SM LO prediction
from Sherpa and MadGraph

Cross section in fb

UI?ZZ%J’}L—EW 0.57 Toi15 (stat) Toios (exp.syst.) Tyo (mod.syst.) Lgor (lumi)
1d,She

i 1 B 0.321 £0.002 (stat) £0.005 (PDF) F0-02% (scale)
giidMadGraph | 366 10,004 (stat)

vv £/ ] ] 17Vy
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Ratio to Sherpa

Ditterential cross-sections
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% iterative Bayesian unfolding method

+ Sherpa QCD and EW prediction normalised by their
corresponding u

+ Sensible to aQGCs: mr(WZ), Y pt!, Ab(W,Z2)

+ Constraining jets kinematic in MC
Niets82P (pr>25 GeV)

Variables sensitive to aQGC
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Events

Observation of KW WxW4j

ATLAS-CONF-2018-030
9

q

+ Strong production doest not dominate the EW one + same sign leptons in final state
reducing other backgrounds —> golden channel

<+ Selection:

+ 2 leptons with pT>27 GeV, Ermiss> 30 GeV, my> 40 GeV

+ Events with 1 mee-91.21<15 GeV removed for 1 1<1.37 (reduce electron charge
misID)

+ Jets with p, >65, 35 GeV , mji> 200 GeV, |AY |>2
+ Events with >=1 b-tagged jet rejected (reduce ttbar background)

+ Signal region: mj> 500 GeV (4 bins)

* Region 200<m;j<500 GeV used as CR (1 bin)

60 —

T

20

T T T T | T T T T | T T T T | T T
- ATLAS Preliminary —¢— Data
s =13 TeV, 36.1 b

W=W=jj EW

W*W*jj QCD

Non-prompt
I e/y conversions
s Wz
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44<<<. Total uncertainty
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+ Backgrounds:
< : MC (Sherpa 222)
+ Non-prompt (ttbar, W+jets): data-driven
+ e/y conversion :
+ Charge misID: data-driven estimate
+ Wy, Zy: MC (Sherpa 2.1), pre-normalised in CR
+ WZ: MC (Sherpa 222), normalised from CR
2 : MC (Sherpa 222 for VVV and ZZ,

MadGraphb for ttV)




Event yield in channels 10

+ Events categorised in 6 channels (lepton flavour and charge)

% 30 bins combined in likelihood fit to extract EW ssWW cross-section (5 bins of mjj x 6 channels)

+ + WZ control region (1 bin) with 1 WZ free norm. parameter

Events

etet e e et " e i ptut o combined
Wz 1.7 £ 0.6 1.2 + 04 13 + 4 8.1 £+ 2.5 5.0 + 1.6 3.3 £ 1.1 32 £ 9
Non-prompt 4.1 + 24 23 £ 1.8 9 £ 6 6 £+ 4 057+ 0.16 067+ 026 23 +12
e/~ conversions 1.74+ 0.31 1.8 £ 04 6.1 £ 24 3.7 £ 1.0 - - 13.4 £ 3.5
Other prompt 0.17+ 006 0.14+ 0.05 090+ 0.24 060+ 0.25 036+ 0.12 0.19+ 0.07 24 £+ 0.5
WEW%jj strong 0.384+ 0.13 0.16+ 0.06 30 + 1.0 12 4+ 04 1.8 + 06 076+ 026 7.3 + 2.5
Expected background 8.1 + 2.4 56 + 1.9 32 +£ 7 20 + 5 77T+ 1.7 49 + 1.1 78 +15
VViWijj electroweak  3.804+ 0.30 149+ 0.13 16.5 + 1.2 6.5 + 0.5 9.1 + 0.7 3.50+ 0.29 409 £ 2.9
Data " 10 4 44 28 25 11 122
— 7T T T T T T T T T T T T -——r7F—T—T 77T T"7 — IIIII“'_'_'I""IIIIIIIII
I ATLASlPreIiminarIy —— E;e;taiu | 20~ ATLASIPreIiminary e S‘itai.. u - ATLAS Preliminary  —— a0 )
101™ (513 Tev, 36.1 fo” Wewe 6on n | Vs=13TeV, 36.1 fb" W GoD | 20| Vs=13TeV,36.11b" W*W=jj QCD —
- e*e* channel Non-prompt N e'w channel Non-prompt | u'u* channel — glonc;g:/rgfstions
8l \%yz conversions n 15 = 3\/;2 conversions | — WYZ
L Other prompt _ Other prompt 15— Other prompt
Total uncertainty > 44444 Total uncertainty 7 44444 Total uncertainty
6_ —
41
L _
2 —
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Results "

Gfid. [fb]

+0.25 0.13 6.90 observed
pew = 1.45°4 24(stat) 0.14(SY8)
(4.60 expected)
| |
4— ATLAS Preliminary —— Experimental uncertainties ]
- (5=13TeV,86.1 16" == Theorefical uncertainties - IWZ norm. parameter: 0.88,
3 B g > - + Dominant systematic uncertainties:
] + Backgrounds:

B _ +  Non-prompt lepton: 50% uu, 40-90% ee, eut |

5 // / | +  Electron charge misID: 10-20%
/ = . +  Theoretical modelling for ZZ, Vv, triboson,
~ Interference with strong production and NLO EW 7 ttV = 20-30%

— corrections are not included in theoretical predictions -

| | + Object syst:

ﬂ

Sherpa v2.2.2 Powheg+Pythia8 Data - ]ES (2% for signal and 10% for WZ)
Cross section in fb Note: Complete NLO (QCD+EW)
Ui};c‘i/v 9 914—8.151% (stat) + 0.27 (Syst) b corrections to ssWWjj EW

calculated (arXiv:1708.00268)

oNLO=1.69 fb

fzd owheg 0 no-+0.45

sfitSherna | 017053 (qrat s syst) fb
(

stat- Syst) fb -> decrease of 16% compared to
Sherpa 222

WW]] 2.Ud_( 46




VV (WW, Z7, W7, semileplonic

Submitted to PRD
arXiv:1905.07714 ¥

<+ 3 channels : ZV->vv

+ 2 techniques for V->qq:

+ resolved: identify 2 small-radius jets (j)

+ merged: jet substructure large radius jet (J).

(0-lept), WV->1v

(1-lept), ZV ->ll

(2 lept)

Moderately boosted V Boosted V Boosted V, jet merging
Resolved dijets Jet merging Jet substructure analysis

recovers initial information

+ Channel interesting because strong production is small for all channels.

+ Selection: Vlept+Vhad+ 2 tagging jets (small-R)

Selection | 0-lepton | 1-lepton | 2-lepton
0 ‘loose’ leptons 1 ‘tight’ lepton with pr > 27 GeV 2 ‘loose’ leptons with pr > 20 GeV
Leptons
with pr > 7 GeV 0 ‘loose’ leptons with pr > 7 GeV > 1 lepton with pp > 28 GeV
B > 200 GeV > 80 GeV -
- - — 83 < My, < 99 GeV
et —0.0117 x ph* +85.63 < m,,,, < 0.0185 x p4" + 94 GeV

Small-R jets |

pr > 20 GeV if |n| < 2.5, and pr > 30 GeV if 2.5 < |n| < 4.5

Large-R jets

pr > 200 GeV, |n| < 2

Viad — J V boson tagging, min(|m; — my |, |my; — myz|)
Vhad = 77 64 < m;; < 106 GeV, jj pair with min(|m;; — mw |, |m,; — mz|), leading jet with pp > 40 GeV
Tagging-jets J & Vhaa, not b-tagged, AR(J,j) > 1.4

Mg,y * Thagjs < 0, Mot > 400 GeV, pr > 30 GeV

Num. of b-jets

| 0 | -

+ prmiss selection and angular selection (0-lepton) to suppress Multijet background



Events / 100 GeV

Data/Postfit

Postfit/Prefit

Main Backgrounds, control regions

13

+ Shape of kinematic variables taken from MC in almost all cases

+ 0-lepton category:

+ all backgrounds important -> VjjCR from mass window of Vhad

+ 1-lepton category:

+ W+jet (Sherpa 2.1)-> WCR by reverting invariant mass requirement of Vhad

+ ttbar (PowhegBox v2)-> TopCR by reverting b-jet requirement

+ 2-lepton category:

* dominant (Sherpa 2.2.1)-> ZCR by reversing my or mj requirement

FT T T 7 1] | LN L ] > 4 T T T T T T[T 17T T T T T LA L L L L L O
C —o— Data 7] ) 10 E —e— Data E
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10°E \s=13TeV, 35 Sfo” Zsjets - S [ Vs=13TeV,3551b —A _
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1 02 Uncertainty — GC, N Uncertainty ]
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Analysis strategy

+ 21 regions fitted simultaneously

BDT

+ 9 signal region: 0,1,2 lept x (resolved, low purity merged, high purity

merged)

+ high purity (HP): pass 50% boson tagger working point (WP)

+ low purity (LP): pass 80% boson tagger WP requirement but fail 50%

+ 12 control regions: ZCR, WCR, TopCR, VjjCR for the 3 lepton channels

+ Distribution used in the global likelihood:
+ BDT in signal regions

+ mij or unique bin histograms for CRs

+ BDT trained in each channel and region separately

+ Main systematics:

Category

Systematic

Size

distribution in
the 3 channels

Jets

small-R jet pT
small-R jet resolution
large-R jet pT
large-R jet resolution

6-2% (low-high pT)
10-20% (low-high pT)
2-5% (low-high pT)
20-15% (low-high pT)

Backgrounds norm

VVjj QCD
single-top
Z+jets
W-jets

30%

20%

22(42)% in merged (resolved)
8(14)% in merged (resolved)

EW VVjj modelling

PDF, PS, QCD scale

3-5%, 1-5%, 1-3%

Interference shape and norm

5-10%

Discriminant modelling

5-30%

Events /0.1

Events / 0.1 Data/Postfit

Events /0.1 Data/Postfit

Data/Postfit
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| Z+jets
Diboson
Uncertainty
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Results

pew = 1.

05 + 0.20(stat)

2.70 observed
(2.50 expected)

+0.37

—0.34(SYS

+ Cross section prediction from

MadGraph5_aMC@NLO 2.4.3 at LO

<+ Cross-section measurements:

Good compatibility

) (prob. that there are compatible = 36%)

15

between different channels

R
| ATLAS
— Tot.

2-lepton — - —=

1-lepton —==0==4

O-lepton — _

Combination —

— Stat.

| T T T | T T T | T T T |
{s=13 TeV, 35.5 fb™ Observed
Tot. ( Stat. Syst.)

+O.65) ]

0.83
1.977 - 0.59

To77 (=050

+0.47

0.53 |
0.33* " 045)

Tomg (%025

+1.05

1.33 _
2.47 " 093)

T (=080

+ 0.37

0.42 _
1.05] “0.34)

o040 (=020

0o 2 4 6 8 10

Fiducial phase space

fid,SM

Predicted opyyy

[fb)

fid,obs

Measured opy vy

Best fit u=o/oc
SM

)

Merged 11.4+0.7 (theo.) 12.7 + 3.8 (stat.) 735 (syst.)
Resolved 31.6 + 1.8 (theo.) 26.5 + 8.2 (stat.) 7157 (syst.)
Inclusive 43.0 + 2.4 (theo.) 45.1 + 8.6 (stat.) 7173 (syst.)




Conclusions 16

+ VBS processes = last corner of Standard Model to be explored

+ Cross-section ~1-10fb, measurements dominated by stat. error (except for VV semilept, huge
systematic uncertainties)

+ Dominant uncertainties generally from theory modelling -> needs for more precise predictions
+ Differential cross-section in EW VV enriched region provided for the first time

+ Start including EW NLO corrections -> tends to reduce predicted cross-section

Data/Theory cross-section ratio of selected V'V EW processes
(8 TeV and 13 TeV)

Zyjj EWK | EEETe—— mm O

stat
W:th!:jj EWK o stat & syst

W2Zjj EWK

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
data/theory

Excess in all channels (w/o NLO EW corrections)
Analysis of full Run2 data will bring a lot of new interesting results !
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Systematic uncertainties 18

. Post-fit uncertainties on the cross-section
Source Uncertainty [%]
+ Conservative normalisation uncertainties applied WZ2jj—EW theory mOdeHir.lg 1.8
. W Z457—QCD theory modelling 5.2
on non-dominant background W Zjj—EW and W Zjj—QCD interference 1.9
+ 40% for reducible (misid. leptons) background 75 - 6.6
<+ 20% for VVV Pile-up 2.2
& 15% for tZj Electrons 1.4
Muons 0.4
TR b-tagging 0.1
+ Theory uncertainties: MC statistios 1.9
1511 .
+ QCD scale: vary renormalisation and Misid. lepton background 0.9
factorization scale by 0.5 and 2 Other backgrounds 0.8
<« 20% to 30% effect in QCD, 5% for EW Luminosity 2.1
+ PDF and as: standard PDF4LHC description: Total Systematics 10.7
+ Small effect (1-2%)
+ Signal modelling (including parton shower) <+ Treatment of the interference
+ shape difference on the BDT templates + Interference impact included as shape
between Sherpa and MadGraph uncertainty on signal
# Up to 14% effect + Estimated at LO w/ MadGraph5_aMC@NLO 2.2
+ Modelling u.ncertalnty for QCD + Size of interference: +10% of EW WZjj
+ shape difference on the BDT templates + 10-5% uncertainty (low-high BDT values)

<+ 5-20% effect



MUltivari ate an alysis Full set of variables 1

Ay(lw,Z) mj; nw
¢ AR(j1,Z) i
+ BDT discriminant used in signal region to extract XS K An(jl1, j2) P
th'ls P;V Hl;yz
+ BDT build from 15 discriminative variables Ad(j1, j2) )1 Pr
*
=min(An_,An,)
1. 1ys-vewl c=min(An (Y p).
. ey A =min(n}’ i, m)-min (n,;,m,.) Riort= i =
.+ Ciep A, =max(n;;,m;2)—max(n;",ni;,miz) 2, P
3. RpThar
1. : : N bamtas' T e oma -
4. the multiplicity of jets with pr>25GeV 2 120F & s rov. a1 e -
%) N 3 W*Z-QCD .
5. ACI)]] qC) 100 :— Wzj-QCD CR -Eﬂ%d leptons _:
Lﬁ B -tZJ} and VVV ]
80 “4 Tot. unc. |
+ Trained on simulation events, to separate WZjj-EW i ]
from backgrounds 60 3 Post-fit distribution -
40 -
+ Description of BDT score distribution for 20 £ E
background and of all BDT input variables [ ] ]
e —+ | -
controlled in QCD-CR czj 3 B E
+ good agreement observed with data. §
1 s
28 :
L B e e

BDT Score



Events / 0.33

Data / MC

Events

Data/ MC

Multwarlate analvsm
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KW W25 Cross-section extraction

+ Fiducial phase-space:

< :pr>15 GeV, In1<2.5, Imll-mPDG | <10 GeV, AR(11(Z), 12(Z))>0.2
3 : pr>20 GeV,, Inl<2.5, mr(W)>30 GeV
+ AR(I(W), 1(Z2))>0.3
« >=2 jets anti-kt with pr>40 GeV, I1|<4.5 ;r‘ Z/
u
+ AR(j,1)>0.3 > d
 MjixN;<0 v, W§ t ;W
% mjj>500 GeV > > \
+ no b-quark in initial state for signal (remove tZj) b

+ Observed WZjj-EW cross-section and comparison with SM LO prediction
from Sherpa and MadGraph (no interference, no EW correction)

Cross section in fb

owgy—pw | 057 113 (stat) Zo5) (exp.syst.) Typi (mod.syst.) 155 (tumi)
Ol S 0.321 £0.002 (stat) +0.005 (PDF) T3-927 (scale)
o g mw | 0.366 £0.004 (stat)
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Inclusive WZ) cross section

AR RERRE /A

| | [ Y |
+ Integrated WZjj cross section in °ee | 0.71£0.18 N—% ATLAS
same fiducial phase space & 13TV 361 b
+ obtained from number of HES | 0.87£0.19 W-Zj
observed events in SR
: ) _ % UM | 073+ 0.17 ®Data
+ Using C-factor = 0.52 for WZjj Z 4444s Shera

+ Good compatibility between MHM | 0.79 £ 0.16
different channels
combined | 0.78 + 0.12
III|III|III|III l/l/

0O 02 04 06 08 1 1.

-

14 16 1.8 2
fid. theory
GWiij / Gwizj'j

N

Cross section in fb

O"J/Cédzg 1.68 £0.16 (stat) +£0.12 (exp.syst.) £0.13 (mod.syst.) £0.044 (lumi)
oty | 2,15 £0.01 (stat) £0.05 (PDF) 104} (scale)
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B&Ck I'()UﬂdS =
T T T T | T T T T | T | T T T T T T T T
g £ - ATLAS Preliminary —+— Data :
o 1 W*W=jj EW
Lﬁ 50 \s=13TeV, 36.1 fb W*W*jj QCD H
* MC Sherpa 222) [ ] gllznég;?/rggions
s Wz _

+ Interference EW /QCD computed with MadGraph -> +6% Other prompt

40 44<<<. Total uncertainty
+ Non-prompt: ttbar, W+jets %% £
B 4

+ Data-driven estimated using scale factors in region 1 % Z
lepton+1bjet 20

+ Validated in regions enriched in non-prompt leptons from
ttbar (2 ss leptons + 1 b-jet +>=2jets) and W+jet (2ss

leptons +0 b-jet and <= 2 jets) 500 1000 1500 2000 2500 3000
m, [GeV]

+ e/y conversion : charge misreconstruction (only for ee events) + vy
+ Charge misreco:
+ Probability measured in MC Zee, 0.1% (central) -> few % (eta>2)
+ Data-driven estimate, method validated in region | mllSS-91.2 <15 GeV

+ Wy from MC (Sherpa 2.1) but normalised in control region : =20S signal muons + 1 signal electron
+ Etmiss<30 GeV, trilepton mass close to mZ mass

+« WZ: from MC (Sherpa 222) but normalised from control region:

+ =3 leptons, 2 passing signal lepton selection

< : from MC
+ VVV, ZZ: Sherpa 222

~ + ttV: MadGraph5_aMC@NLO
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20 I e/y conversions 10 e I e/y conversions
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15 % 44444 Total uncertainty _ 44554 Total uncertainty
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MVA analysis

BDT distribution
in the 3 channels
Resolved jets

+ BDT trained in each channel and region separately
+ LP and HP merged due to low stat

Resolved analysis
+ Variables used in the BDT:
Variable | O-lepton  1-lepton  2-lepton
. ta
Variable O-lepton  1-lepton  2-lepton m;® v - v
tag Ante - . v
M v - v o)
A tag o o \/ Dt o v v -
M54 tag,j,
tag?jQ pT \/ \/ \/
my - \/ - - pj’fl v _ _
D=y v = v P2 v v v
E’II‘niss v _ _ wjl v v v
AGET™.T) | - - v / / /
Ny — \/ ngl{acks o v v
2 - v v
n j,track v B o nttr; cks
w eIt v v v
Cy - v v i
w872 v v v
mvv N - v tag.j
Vv track; v v
P o o v tag,jo B v v
tracks
mVij B ‘/ B nj track v o v
VVijj ’
pT B N \/ TVj extr v - -
wtag,jl Ve - - E’rrniss v B -
w'?eI2 v _ _ Ny - v
ARl v) — v -
Merged analysis s Ly
myvjj - v -
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Fiducial phase space

Predicted o Measured o

fid,ob
EW VY i [fb]

EW VVjj
0-lepton 4.1+ 0.3 (theo.) 10.1+ 3.3 (stat.) T35 (syst.)
Merged  l-lepton  6.1+0.5 2.0+ 1.5 (stat.) 1373 (syst.)
2lepton  1.2+0.1 2.4+0.6 (stat.) 705 (syst.)
O-lepton  9.2+0.6 22.8 +7.4 T35 (syst.)
Resolved 1-lepton  16.44 1.0 (theo. 5.5+4.1 (stat.) ToT (syst.)
2-lepton  6.0+£0.4 11.8+3.0 (stat.) 138 (syst.)
O-lepton  13.3+ 0.8 (theo. 32.9+10.7 (stat.) 11573 (syst.)
Inclusive 1-lepton  22.5+ 1.5 (theo. 7.545.6 (stat.) 1o (syst.)
2-lepton 7.24+0.4 14.2 + 3.6 (stat.) S (syst.)




