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Introduction

+ VBS: among the smallest cross-section processes (~1fb)
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Introduction

XX

+ Important and complementary test of electroweak (EW) sector and EW Symmetry

Breaking

WSWS — W'W." with modified Higgs couplings
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VBS = tool for indirect
search for new physics


https://arxiv.org/pdf/1412.8367.pdf

ATLAS VBS studies :

+ Datasets : 13 TeV 201542016 (36.1 fb-1) or 2015-2018 (139 fb1)

<+ Channels studied:

Channel  Obs (Exp) Sign.

W=7 Phys. Lett. B 793 (2019) 469

VV semilep 2.7(12.5) 0 35 fb-1 Phys. Rev. D 100 (2019) 032007 In back-up
WW= 6.5 (4.6) o 36 fb-1 Phys. Rev. Lett. 123 (2019) 161801
4 55 (4 3) O 139 fb-1 arXiv:2004.10612v1 (sub. Nature
' . Physics)
Z(H)Y 10 (11) o 139 fb-1 ATLAS-CONF-2021-038 In talk
Z(vv)y 52(5.1) 0 139 fb-1 arXiv:2109.00925v1 (sub. EPJC)

+ In this talk will also present a comparison of MC for EWK and QCD VVjj
<« ATL-PHYS-PUB-2020-026




Phenomenology of VBS :

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

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

>

| % = g 'EW non-VBS (including tribosons) QCD-induced
ﬂ ;Z““@i :a }'% «N\"% E “ O(arw*) Usually much larger XS than EWK
R ———— — mo— —* Probing oy O(&SzafEWél)

+ Typical final states topology for EW VVjj
1. Two hadronic jets at large angles (AYj), high energy (m;)
2. Hadronic activity suppressed between the two jets (jet veto)
3. Two bosons produced ~back-to-back centrally (centrality)
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- .
Observation of KW production of 7.7

<+ Both 41 and 212v channels considered
| _adGr o Sherpa 222 (41) or GG2VV (212v)

i g

Sherpa 222

el j Uvvijj
pr > 7 GeV, |n| < 247

Electrons |dy/0q,| <5 and |z; x sinf| < 0.5 mm

Muons pr > 7 GeV, |n| < 2.7 pr > 7 GeV, |n| < 2.5
L |do/0q4,| <3 and |z; x sinf| < 0.5 mm

Jets pr > 30 (40) GeV for |n| < 2.4 (2.4 < |n| < 4.5) pr > 60 (40) GeV for the leading (sub-leading) jet
pr > 20, 20, 10 GeV for the leading, sub-leading and third leptons  py > 30 (20) GeV for the leading (sub-leading) lepton
Two OSSF lepton pairs with smallest |m,+,- —my| + |mpf i) my| One OSSF lepton pair and no third leptons
Z Z selection m,+,~ > 10 GeV for lepton pairs o 80 <m,+,~ < 100 GeV
AR((,0") > 0.2 No b-tagged jets
66 < m,+,- < 116 GeV Er"™-significance > 12

Two most energetic jets with y; xy; <0

Dijet selection m;; > 300 GeV and Ay(jj) > 2 m;; > 400 GeV and Ay(jj) > 2
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Events / 200 GeV

Data / Pred.

Yields

Process ey g v
+ 4] region dominated by QCD ZZjj EW 227 206+ 2.5 12.3£0.7
CD ZZjj 77T +£25 17.2£3.5
events (~80 Q -
( %) QCD ggZZjj 13.1+ 44 3.5x1.1
. Non-resonant-£¢ — 21.4+4.8
< 212v dominated by WW and WZ W7 - 22 84+1.1
backgrounds Others 32+ 21  1.2+0.9
Total 114 +26 78.44+6.2
+ 41 QCD-CR build by reversing either ~_Data 127 82
mjj or AY requirement \
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Signal Region 25¢ QCD Control Region Signal Region =
QCD scaled by 0.96
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2 IE;Z/JQTeV, 139 fb™
2 OCD ZZ]] 15:— I High gentrality Region —:
+ normalisation extracted from QCD-CR, shape validated
in region with centrality>0.5
-
+ CR with 3leptons: simulation over-estimate by 15% data . e —————
Yield. n\; 1 -251 %*/~*-~l;ﬁ*,1ﬁﬁ+w¥% //%////ﬁf[//y‘////?é////%/g//%/ﬁ‘
£ 0.75F 4 =
Q5 B L
+ WWijj, ttbar (non-resonnant 1) (212v): estimated using a eut 0200 400 690 B0 1000120014001600;_?%’;,0]00
CR c 1200 ——————— T
2 ATLAS ¢ Data
£ 1000} Vs=13TeV, 139 fb" wz
. ~ : 1 1 g wijj [INonR
+ Others: very small (~1%), typically from simulation b ol Region B 25(000)
800f [ Others
. . ¢ 7 Stat. Unc.
<+ Uncertainties: _ /
Unc. 41 212v - ;
7 7 400F Scaled by 0.85
Exp. 10 % 5 %
p 200f
Bkg CRstat 15%  15% o, S I
g 1.25}F ]
EW theo 10 % 10 % % 0.7;:"""."""""'"'D‘"“'""“'+““"“":”'”'/'"”’"‘+'/"”"/"_
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Signal extraction
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20} BN ZZ(QCD) mmggZZ

Events /0.125

18 i Others Uncertainty
ATLAS
16} Vs =13 TeV, 139 b

CEEejf
Signal Region

+ Using a multivariate discriminant (MD) with 12 (13) jet-
based and lepton based variables for 41 (212v)

+ Normalisation of QCD ZZjj varied simultaneously in CR

and SR

HEW ,ugé%j Significance Obs. (Exp.)
000ty 1.5 +04 0.95+ 0.22 5.5 (3.9) o
Wvvjj 0.7 +£0.7 — 1.2 (1.8) o
Combined 1.35£0.34 0.96 4 0.22 5.5 (4.3) o

<+ Fiducial XS also extracted

+ exp. dominated by jet unc. for 4] and by bkg unc. for

1vv
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Events / Bin
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MD

Measured fiducial o [fb]

Predicted fiducial o [fb]

2T

1.27 £+ 0.12(stat) £ 0.02(theo) + 0.07(exp) + 0.01(bkg) + 0.03(lumi)

1.14 £ 0.04(stat) 4 0.20(theo)

Wvvjj

1.22 + 0.30(stat) £ 0.04(theo) = 0.06(exp) = 0.16(bkg) + 0.03(lumi)

1.07 £ 0.01(stat) £ 0.12(theo)
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Observation

-
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ST !

MadGraphb EWK

Lepton P > 20, 30(leading) GeV, |n,| < 2.47

N, > 2

Photon E} > 25 GeV, |n,| <237

B0 < 0.07E7
AR(l,v) > 0.4

Jet 20> 50 GeV, |y el < 4.4
|Ay| > 1.0

remove jets if AR(v,j) <04 orif AR(/,j) < 0.3

Event Myp > 40 GeV

Mypp + Mgy > 182 GeV
C(llv) <04
NI =

jets

Events / bin

Data
Prediction

ATLAS-CONF-2021-038

A

WO

MadGraph5 QCD

1000117 7
900 - + ATLAS Preliminary e Data )
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Yields

Sample SR CR
NEW—nyjj 300 £+ 36 Do+ 7
NQCD—quj OR7 £55 1352460
tiny 72+11 09+ 9
Ny 17+ 3 144+ 3
NZ+jets 85+ 30 143 +43
Total 1461 =38 1624 + 40
-E800:""""""""—;—'béta"" =
I S e et = | P
o 900E SR W Zejets =
500F-sks  Post-Fit — 18 3
400§_ Total unc. _;
300 B
200 =
100
5 op—
e 11 ~
% gt N N\
B 09- ) —
0-8=——550 1000 1500 2000 2500 3000
m; [GeV]

+ CR used to validate OCD Zvjj mijj shape,
normalisation from fit

+ Z+jet from DD method (ID, Iso)

+ ttbary validated in epy CR -> k-factor of 1.44
adopted
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S | o] ATLAS Preliminay — Izeren
Results Do = S
g 0t e E
§ 0052 ~————Parton Shower and Underlying Event_;
<+ Observation of signal with 100 (110 expected) OEI =
—0.05EF ‘ =
uew = 0.957513 " -
= 0.95 + 0.08 (stat) = 0.11 (sysb). o] vz s
+ EW Zgjj cross-section: ~0.25 =550~ "4000 1500 2000 2500 3000
ocrw = 4.49 + 0.40 (stat.) + 0.42 (syst.) fb m; [GeV]
oPred =473 +0.01 (stat.) + 0.15 (PDF)*32 (scale) fb.
+ EW+QCD Zgjj cross-section:
ocew+ocp = 20.6 £ 0.6 (stat.)* |5 (syst.) fb,
d 2.
Thweocp = 204+ 0.1 (stat.) £ 0.2 (PDB)*3¢ (scale) fb.

Most precise measurement with 13% precision

+ Theory unc. dominate, followed by jet unc.

Data stat. MO stat. Background Reco EW mod. QCD mod. Total

Aopw /opw (%] £9 +1 +1 +5 12 3 +13

13



arXiv:2109.00925v1

Observation of EWK Z(vv)y )

+ Studied as main background of BSM search for MET+photon+2 jets

+ Targeting invisible Higgs decay and Higgs decay to a pair dark photon + photon

+ Fiducial volume of EWK Z(vv)Yy jj measurement:

Observable Requirements

Njer with pr > 25 GeV > 2

17(Jj1,2)] <45

pr(1) [GeV] > 60

pr(j2) [GeV] > 50

AR(j, ) > 0.4

|A7]jj| > 3.0 Y
C3 < 0.7

miji [TeV] > 0.5

truth-E7"* [GeV] > 150 y
A¢(truth-ET", j;) > 1.0

pr(y) [GeV] > 15, < 110

In(y)l <237

ES 0/ EY < 0.07

AR(vy, jet-or-0) > 04 C. = ox [ ~ 4 ( M+ ;72)2]

& - > 0.4 A T ol 2
A¢(truth-EZ", y) > 1.8

N¢ with pr > 4 GeV and || < 2.47 0 —1 fOV central phOtOTl

=0 for more forward photon than jets
14



Events / Bin

Ratio

Fit and Results

+ Use mijj to discriminate EWK Z(vv)y jj from QCD
background

+ CRs defined to control main backgrounds: Wvjj
(by changing zero-lepton requirement) and QCD
Z(vv)y (reversing centrality cut)

87777 T 7T T T T T T T

350_ """""" |""L""| """"""
- o

"g - ATL A S st-fit -0- Data \\ lIJn'ce;rt:’:lirlml/ ' l:
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L E SF{'*'ZRev Cen. CRin Binv EW W+y I Strong W+y E
250 W dy/vyy B et -
- ey jetoy .
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100F E
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©
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Photon Centrality
+ Signal observed with5.2c0 (5.1 ¢
expected)
<+ Cross sections:
ﬁd _
O 7 (Syy)yEW = = 1.31 £ 0.20(stat) = 0.20(syst) fb,
MadGraph
fid. = 1.2
27 +0.1 .
Z(—)VV)’)’EW _ 7 0 7 fb

ok ATLAS Post-fit E

- {s=13TeV, 139 b . | - Data
140 EW Z(=vP)y i N 1 230 Uncertai

: ) 1 EWZuy
120 —{ I Strong Z+y
100 ; i §§ : ' i Ew wey

C ] P 1 I Strong W+y
S0 ] : 1M Ty/Vyy
60 | . I y+jet

%% {le—y

40 jet>y
20 E 1 Ml jet—e

- S \.\\\b\
1.4 :
1.2 F SN s L h e : S
AETTT pgas ST o E S Dk B
0.6 -@- Data/Post-fit } >0\ Uncertainty } —— Pre-/Post-fit | TeV

025 05 1.0 155/02505 )0 155/02505 /10155025 05 10 155025 05 10 15 5 [ € ]
Fake-e CR W], CR CR Zpevcen CR - SR-m,
M ZyEw | ﬁ Z¥strong | ﬁ Wy

1.03+0.25 | 1.02+0.41 | 1.01 £0.20
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Comparison of ATLAS and CMS VBS MCs

ATL-PHYS-PUB-2020-026

+ Ability to use VBS to constrain BSM models depends on reliable theoretical
predictions with well understood systematic uncertainties

+ Comparison of several MCs from ATLAS, CMS and VBScan COST (particle level)

Sample
name

(ATLAS)

Generator

erpa SHER 2.

Bug in
colour flow

p-scale

myyw

Shower

Tune

PDF

further settings

dynamic scale, ' INPDF'3. | g

actly six EW
vertices with one
additional parton
at LO accuracy in

QCD

PW+Py8
(ATLAS)

POWHEG v2,
VBS approx.

PYTHIA
8.212

AZNLO

NNPDF3.0-
NLO

NLO

PW+Py8
dipole-
recoil

(ATLAS)

POWHEG v2

PYTHIA
8.235

AZNLO

NNPDF3.0-
NLO

Dipole Recoil [6]

MG5+4+Py8
dipole-
recoil

(CMS)

MG5_AMCNLO
v2.6.2

dynamic scale,

v2.3.3

dynamic scale,

jetl jetl
Pt Pr

using a 2—2
topology from
the clustered
external state

PYTHIA
8.235

PYTHIA

8.212

Al4

NNPDF3.0-
NLO

LO

LO, Dipole Re-
coil [6]

‘-'7‘,","-‘ Bt
EW vertices

PW+Py8
(VBScan)

POWHEG v2

dynamic scale,

jetl jet2
Pt Pr

PYTHIA
8.230

Monash

NNPDF3.0-
NLO

NLO
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Arbitary Units
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- ATLAS+CMS

Comparisons

¢+ EWK samples 102 " Preliminary

mmm QCD PW+Py8 (ATLAS)
= QCD Sherpa (ATLAS)

L1 IHIHl

1 IIIIIII

+ Samples with new dipole-recoil scheme have significantly

1-4 i 11 | T T ‘ T T I T T I T T I T T
< The m]] and Anjj distribution are softer for Sherpa (ATLAS) 120

sample 18
P 2 081
© C
T 06
+ QCD samples: 04
02
+ mjj much softer for the QCD PW+Py8 (ATLAS) samples N T I L
2 25 3 35 4 45w.5__ 556
+ An,much more central for the QCD MG5+Py8 (CMS) sample Amj
WEWE eiuivevu WEWE eiuivevu WEWE - e* £ ui'vevLl
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107 & = B - Ertrerarars 12 0 |
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= OUONNNNNNN = = . — -5 -
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3| > EWKMGS (CMS) - == Sherpa (ATLAS) SSNNNS - =7 QCD Sherpa (ATLAS) -
107 & == Sherpa (ATLAS) RN' |\ MG5+Py8 dipole (ATLAS) e [ R QCDMGS+Py8 LO (CMS)
af r\\\‘MGSTPdelpoIT(ATLAS)I M B N A N Y TR T 10&;}{{{{{{Hil{ii{HHIHH}HH\i\\%\\§
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- J : - N 25 . \ x
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Summary

+ Most of the VBS channels now observed by ATLAS using 13 TeV data

+ Precision greatly improved using these data compared to 8 TeV data

+ Results in agreement with SM prediction

<+ Some of the channels start to be sensitive to uncertainties other than statistical ones

+ Main limitations : theory uncertainties (MC modelling) and jet uncertainties

Theory
LHC pp Vs =13 TeV ATLAS Preliminary
ATL-PHYS-PUB-2021-032 mm o Status: July 2021
stat ® syst \s=7,8,13 TeV :
LHC pp Vs =8 TeV
T e Y aMONTE Bheory) -0 [s)tgtta 139
.e adgraph5 + a eory

Z’)’JJ EWK o =11+05=0.4fb (data) stat & syst 20.3

VBFNLO (theory) -
WW 7= 3Mlé’5%a0M3éNigAngt?1§gg t>e<l)Surv. Fact (0.82) (theory) 1 39
yy - o =6.9+2.2+1.4fb (data) —j 20.2

HERWIG++ (theory) .
(WV+ZV )JJ EWK 7= 4I5I‘a1d$r2p6hg_+lgh%CN1€O6j$Whla& (theory) 355
. . o= 2P89tT 0851 (tﬁ 48 4)— 0.29 - 0.28 fb (data) 36.1

+ +oe owhegBox (theory .
W W JJ EWK o =15+0.5+0.2 fb (data) _ 20 3

PowhegBox (theory) .
o= OS.ErS]7 + Oélg 5((1)#3 +)0.07 —0.05 fb (data) — 36 1

. erpa 2.2.2 (theory :
Wzjj EWK 7= UBHILS heoryy T 000 04 P (@) DTS 203

VBFNLO (theory) .
ZZjj EWK 7= e 253 ooy F- 139

L 1 L L I 1 L L L I L L L 1 I L L 1 L I L 1 1 L I 1 L L L l L L I 1 L L

data/theory

ATLAS-CONF-2021-038
JHEP 07 (2017) 107

PLB 816 (2021) 136190
PRD 94 (2016) 032011
PRD 100, 032007 (2019)
PRL 123, 161801 (2019)
PRD 96, 012007 (2017)
PLB 793 92019) 469

PRD 93, 092004 (2016)
arXiv:2004.10612 [hep-ex]
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Additional infos
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VBS WZ
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Phys. Lett. B 793 (2019) 469

Observation of KW WZ(lllv) + 2 21

<+ Selection:

Events

Data / MC

+ 3 leptons (e/p) 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

= | T T T T
70 :_ ATLAS ® Data

- |s=13TeV, 36.1 b C_1W'Z-EW

o W*Z-QCD
60 :_ [ f/lzisid. leptons

- /_"_ tt+V
50 B tZj and VVV

E 7 4% Tot. unc.
40F ..

- WZjj SR
30F

202— 4

10

1.5

+ 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 (MadGraphb5), normalised in CR
tZ, VVV: MC (MadGraph5, Sherpa 2.1)

<

<
<>
<
<
<

/"

Q »-Q\ Q '-Q\
2
N
Q
»Q\ N

| St 5

0.5

!
|

4 6 8
Njets, p.> 25 GeV
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Events / 35

Data / MC

22

Analysis strategy

"% 140 AITLAS ° 3?3 _
L (s=13Tev,36.1 " CIwzZEwW N
@120F  boR 7y e 3 %
L I Misid. leptons n
100:— / -?Z;\e/and Y —:
80 - .
: ; b-control region: *
60— .
sof E Npjet=>0
20 1 |} To normalise ttbarV + Description of BDT score controlled in QCD-CR
Q sf T .
g of E * to extract {simultaneously
e , . . . .
e e the background and signal normalisations
0 > 4
Nb—jets
:IAI\TII_AISIIII .Datla :C\!45:_IAITLIAISIIIIIIIIIIIIIII_:UJ L S L B A L oy am | I L
50 4 o -1 O E ® Data B +— - ata ] 5 B ATLAS ata _
- ﬁm:;,é;%&) CR :ijgég\g[’ ] Tcg A0 fo=toTey. o1 . V75600 E § 25__ 2171_;4 va, 36.1 b éaﬁ%—g\g{) ] 2 120~ (s=13TeV,36.1 fo" Iélv\avfé-g\g[) ]
s0F m-iiso oo S 35p  WAISR s epons 5 L F ZZCR z : 2 r WZji-QCD CR zZ .
: i 1@ b mivow 3 OF A IR el
301 el ERES ”{%%ﬁ%% E <F s T, unc. E T ol n 7 2 VvV E
r im B + ] 20 0 = - ] N ]
20~ Mt B E % E C N 60 b
C o = 3 % E 10 7. C ]
10:_ 7 10E ' 1' E 7 % 40— ]
- : 5 : 5F = - I -
7 : C ] L . T _
e . F——— P S S NN I ] - 4
°F + 18 2p . ec— . N T .
x ]2 1 g 2 RS - ]
R e T - I Lo 12 | : Q e :
R e R B ] BE
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m. [GeV] ' ) S S S Q| PP s il
i BDT Score 0 500 1000 1500 2000 2500 - v T T .
mjj [GeV] c. . . .y [ B
> P -1 -0.5 0 0.5 1
QCD control region: Search region: 77-CR BDT Score
m;jj<500 GeV, Npje:=0 m;i>500 GeV, Npjet=0 4 loose leptons Post-fit distribution
For cross section (reverting ZZ veto) 79

measurement WZjj EW




K:W]j cross-section results 23

+ Result on mu:
pwzji-gw = 1.77 T9:90 (stat.) *9-13 (exp. syst.) 7915 (mod. syst.) 7903 (lumi.) = 1.77 *3-5

e e A R R I Main systematics from:
2?16?_ é::l;évs,sej fio Data, stat. © syst. = 53(7 Observed jet (66%),

------- Data, 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

oAy | 057 D13 (sat) T5T (expayst) T00 (modayst) “551 (lum
aéﬁzﬂheggv 0.321 £0.002 (stat) £0.005 (PDF) T3-927 (scale)

giidMadGraph | 366 10,004 (stat)

vv £/ ] ] 17Vy
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Ac™ /A §(W,Z) [fo/rad]

Ratio to Sherpa

Ditterential cross-sections

| ATLAS

—_
<
N

% 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

- ATLAS

Vs=13 TeV, 36.1 fo”'

e Data
—— Sherpa (scaled)
WZjj-EW x 1.77
----- WZjj-QCD x 0.56

A 0(W,2) [rad]

1072

AG" /A MY [fb/GeV

Ratio to Sherpa

. Njets, 1myj, Aq)(j1/j2)/ AY(jler)/

- ATLAS

Vs=13TeV, 36.1 fb" -

® Data N
— Sherpa (scaled)

WZjj-EW x 1.77
..... WZjj-QCD x 0.56 -

200 >400
mi¥Z [GeV]

Ac™ [fb]

e [fb]

Ac'® /A N

Ratio to Sherpa

10~

() —_—
o - o
TTT TTTT | TT

o

{s=13TeV,36.1fb" |

® Data
— Sherpa (scaled) |
WZjj-EW x 1.77

Ac"™ /A my [fb/GeV

—_
o
&
III|

..... WZjj-QCD x 0.56

N

Ratio to Sherpa
— a

it
o

- ATLAS js=13TeV,36.1 10" 1 =,
- ® Data a -}gb
—— Sherpa (scaled) <
— WZjj-EW x 1.77 3
e ——4—— -~~~ WZ}j-QCD x 0.56 ]
R — i
------------------ t

"W Zjj — 'V 2]
| |

g =10

24
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VV semileptonic
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Phys. Rev. D 100 (2019) 032007

VV (WW, Z7, W7, semileplonic

<+ 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->lvqq (1-lept), ZV ->11

(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
Lebtons 0 ‘loose’ leptons 1 ‘tight’ lepton with pr > 27 GeV 2 ‘loose’ leptons with pr > 20 GeV
P 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
Mige

—0.0117 x pi* 4+ 85.63 < m,,,, < 0.0185 x ph" + 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

ntag,jl ) ntag,jg < 0, m@g > 400 GGV, pT > 30 GeV

JJ

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

27

+ 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
- ATLAS . an” (Ms=01 .05) ] o] - ATLAS mm EWVVjj (1 =1.05) 3
3| 1 R / ljj x N - -1 — EWVVji x 30 T
10°E \s=13TeV, 35 Sfo” Zsjets - S [ Vs=13TeV,3551b —A _
E 0-lep., Merged high-purity SR I W+jets . T 103k 1-lep., Merged high-purity SR m Top Quarks -
C I Top Quarks . =~ E Z+jets 3
- Diboson . 2 C Diboson J
1 02 Uncertainty — GC, N Uncertainty ]
= >
1 W0 E
10 MadGraphb = .
= 10F E
15 B g
- 15
N E Ll |
1 5ECTTTT T A I T T T — £ 15T A L LTI T T . ]
- = 3 - -
15‘;, ,,.,,,.,4//,//;44444444441444444444444% % 1_3777&77#77&77 /// i s,
- - © - -
05 o 1. N — a 0.5F— pr [rross [y . T ; Hﬁ
T .5 L L L 5 L5 L O LS e 15T LT LT LI LLL] LT R
- . © g ]
| - 9\: 1:— """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ]
0_5' oo e e e ] 08_ 0.5 ppdropp b b e e g S R— o R —
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m; [GeV]

Mmyy; [GeV]

Events /0.5

Data/Postfit

Postfit/Prefit

120

100
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1.5

2-lep., Merged high-purity SR

o
——

T T T I T T T T T I T T T T I T T T I T T T T
—e— Data

ATLAS = EWVVjj (1 = 1.05)

Vs=13TeV, 35.5 fb™ — EWVVjj <30

Z+jets

Diboson
I Top Quarks
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

10°E

10°E

1.5

0.5="~

10°

1035

10%k

10°E

T T T T I T T
—e— Data

. ATLAS mm EWVVjj (u = 1.05) —|
= _ -1 — EWVVjj x 30

=t (s=13TeV, 3551 Zsjets

 O-lep., Resolved SR Bl W+jets

B I Top Quarks

L Diboson
7721 Uncertainty

o o0 000 o ¢ o o
° @ =

" IIIII| 1 IIIIIII| L 11111l

: T T T T T T T T T I T
r —e— Data -
L ATLAS B EWVVjj (u=1.05) -
E (s=13TeV,355fb"
= 1-lep., Resolved SR

— EWVVjj x 30 —
Bl W+jets 3
Mis-id. lepton
- I Top Quarks
| Z+jets
Diboson
Uncertainty

;%

1 [ I 1 PR I NN
E T T I T T T I T T T I T I T T Dlatla I 3
_ —— _
r ATLAS m EWVVjj (u=1.05)
- 1 — EWVVjj x 30
= Vs=13TeV, 35.5fb Zejets
E 2-lep., Resolved SR Diboson

I Top Quarks
Bl W+jets
E Uncertainty =




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%)

29

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.)
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Observation of KW WxW4j

Phys. Rev. Lett. 123 (2019) 161801

q /!
+ Strong production doest not dominate the EW one + same sign leptons in final state /
reducing other backgrounds —> golden channel ¢
E//
<+ Selection: Vi
+ 2 leptons with pT>27 GeV, Ermiss> 30 GeV, my> 40 GeV q ¢"
+ Events with I mee-91.21<15 GeV removed for |n|<1.37 (reduce electron charge
mlle) q q//
+ Jets with p, >65, 35 GeV , mji> 200 GeV, |AY |>2 4
+ Events with >=1 b-tagged jet rejected (reduce ttbar background) ¢
+ Signal region: mj> 500 GeV (4 bins) ﬁ,,,
+ Region 200<m;ji<500 GeV used as CR (1 bin) q q"
‘% L ATLAS @ —e—Daa 4 o= Backgrounds:
> . 1 W*W-jj electroweak i
L B \s=13TeV, 36.1 fb WAWj strong B <% . MC (Sherpa 222)
60 Non—prompt_
] T conversions ] + Non-prompt (ttbar, W+jets): data-driven
w0k e Totalincenainy - + e[y conversion :
+ Charge misID: data-driven estimate
E 47[4% Z Z + Wy, Zy: MC (Sherpa 2.1), pre-normalised in CR
2015 _+_ ] +« WZ: MC (Sherpa 222), normalised from CR

500 1000

1500 2000 2500

2 : MC (Sherpa 222 for VVV and ZZ,

3000

m; [GeV]

MadGraphb for ttV) -



([ ([
Fvent yjeld in channels 32
+ 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
etet e e e+,u+ e ,u+,u+ o combined
Wz 1.9 &+ 0.6 1.3 =+ 04 14 £ 4 8.9 £+ 2.7 5.5 &+ 1.61 3.6 £ 1.1 35 =£10
Non-prompt 40 £ 23 23+ 17 9 + 5 R 055D 067+ 025 23 +10
e/~ conversions 1.744+ 0.29 1.8 =+ 04 6.1 £ 1.6 3.7 £ 0.8 — — 134 + 2.5
Other prompt 0.17+ 0.05 0.14+ 0.04 0.90+ 0.19 0.60+ 0.14 0.36 = 0.10 0.194+ 0.05 24 + 0.5
Winij strong 0.38+ 0.13 0.16 £ 0.05 3.0 £ 1.0 1.2 £ 04 1.8 & 0.6 0.76 £ 0.25 73 + 2.4
Expected background 8.2 + 24 57 + 1.8 33 <+ 7 21 £ 5 8.2 + 1.7 5.3 + 1.1 81 +14
WiWijj electroweak 3.8 + 0.6 149+ 0.22 165 £ 2.4 6.5 =+ 1.0 91 £ 14 3.0 = 0.5 41 =+ 6
Data " 10 4 41;// 28 25 % 11 122
s [ amas 0 e om 1 10 amas 0 e oam 4 [ ATLAS = —+Dm ]
o 25[ ys=13TeV, 361 " ol electroweak ] L \s=13TeV, 36.1 fb" WA - 4:_ \s =13 TeV, 36.1 fb ol Slectroneak E
= _ |e*e* channel Non-prompt ] 8_— en channel Non-prompt _ - [u*u* channel Non-prompt =
— - B e/y conversions ] N I ©/y conversions N I e/y conversions n
£ 27 — Wz - - — WZ 1 _— WZ ]
GC, / Other prompt _ Other prompt. i 3+ Other prompti _
Lﬁ e % 44444 Total uncertainty _: 67 44444 Total uncertainty - ; 44442 Total uncertainty -
52 | o7 i :
1 1 4B 1 ! g
0.5! l — 2 4 15 =
' l : b : ; . . .
500 1000 1500 ~ 2000 ~ 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m; [GeV] m; [GeV] m, [GeV]



Gfid. [fb]

: 0.33
Sherpa: 2.01+0-33

Results

33

_ +0.26 +0.28

pEw = 1.44755) (stat.) “ 57 (syst.)
i ATLAS Total experimental uncertainties _
L \s=13TeV,36.1fb' &&&& Experimental stat. uncertainties -
41— Total theoretical uncertainties |
n % Theoretical scale uncertainties |

3 . -®
Z -
2 —
= 7= i
- Interference with strong production and NLO EW -
_ corrections are not included in theoretical predictions _

I I

Sherpa v2.2.2 Powheg+Pythia8 Data

+0.24

fid. _ +0.51
G - 2. 89 _0.22

"0 2g (stat.)

4.40 (6.5 0) expected Sherpa (PowhegBox)

6.50 observed

oo

<

<

—

Dominant systematic uncertainties:

AP DA OB A OSSP

WZ norm. parameter: 0.86

— ]

Backgrounds:
+  Non-prompt lepton: 50% uu, 40-90% ee, eu
+  Electron charge misID: 10-20%

+  Theoretical modelling for ZZ, Vv, triboson,
ttV = 20-30%

Object syst:
+ JES (2% for signal and 10% for WZ)

—)

0.14

(exp. syst.) T 1¢

. 2 (R+0.45
fb ~ MadGraph: 3.087;,°

e S

+0.08

"0 06 (lumi.) fb.

(mod. syst.)
fb,
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Anomalous quartic gauge couplings »

+ New physics could modify couplings between bosons, and allow neutral couplings
2727y, ZZvyvy, Zyvyy (forbidden in SM) -> aQGCs

+ Presence of aQGC enhance EW XS at high-energy tails

+ use variable that carry the energy of the system: transverse momentum or
mass

+ ATLAS and CMS interpretation strategy: as much model-independent as possible

+ Common choice: effective field theory (EFT) with higher order dimensions
operators

+ Dim8 is lowest-dimension operators inducing only QGC without TGC vertices

+ VBS not competitive with dibosons/VBF for dimé6 constraints.

+ Two approaches

+ C,P conserving dim8 EFT operators that maintains Su(2)_L x U(1)_Y gauge
symmetry of the type fi/lamda4 (ATLAS Zg, CMS Zg, Wg, ssWW, ZZ)

+ a4 as: coefficients of the two linearly independent dim4 operators contributing
~ toaQGCs (ATLAS WZ, ssWW, WV semilept.)

35



B..B"’Bg,B** {

[ ] ([ ] 36
Anomalous quartic gauge couplings
+ Dim8 operators: 3 types: | P q>' [y
+ pure Higgs field (fS) pure longitudinal(cannot sewf Cso = [( u®) Dy ] 8 ._( ) :
induce couplings with photons) Ls1 = [(D#(I))T D"d)] x |(D,®) D'®
+ pure Field-strength tensor (fT) pure transverse, - -
+ Mixed Higgs-field-strength (fM), mixed
longitudinal-transverse / SESUES..... S
e B 1 Lro = Tr W, W | X Tr |WagWe? E le of
|« [(Da®) DO®|E ] S ' XEMpie O
i WWW " :(D'Bcp) 7 (I): | Lra = Tr [ Wa W) x T W W conversion to
3 U 3 t £ | - .- i 4
'» »C]VI,I Wqu X -(D.S‘@) DMQ- , ' LT,2 T‘I’ Waqu'B % '1‘1. W Wua X a4,a5 framework:
] v 1Y) i‘,‘ :A . .... - “1
| Loz = 1B B x [(Dﬁq’) b ‘D] | Lrs = Tr (W, W*W"| x B, fso) 16
' ' v ! - : : = Ay X —,
| Lus = [BuB”] x |(Ds®)' D 9] | o = T [Wo W] x B, A4 4(s) X
- IRY, Py B ,/ , S - |
| Laa = |(Du®) W5 DFe| x B | Lrs = Te [W W x BosB* for the WWZZ
| Lus = [(D,®)'W,,D*0| x B 5 s v
§ ~M5 :( p ) W, _ X { Lre Tr |W,, W*?| x B,sB vertex
(D @)TW WBVDI‘(I)] : Tr -WQ#W”'B- « By, B"®
) v -Q',B L
B, B" BogB Only neytral

couplings



ATLAS/CMS MC comparison details

Selection requirement

Selection value

dressed leptons with dressing cone of AR = 0.1 and minimum pr > 20 GeV

e el 2.5
Charge of leading electron and muon Ce X ¢, >0
minimum AR between any of the leptons AR > 0.3

Jets, anti-k; with R = 0.4, excluding leptons and neutrinos pr >30 GeV, |n| <4.5
Minimum jet distance to lepton, otherwise jet is removed AR > 0.3
Minimum number of jets with above criteria 2

distance in pseudo-rapidity of the jets Ani; > 2.5
p%lss > 40 GeV

Signal region: invariant mass of jet system

m,; > 500 GeV

Control region: invariant mass of jet system

200 GeV < m.;; < 500 GeV

Sample name Fiducial cross section [fb]

wiwt - e+,u+ U,V

Fiducial cross section [fb]
WEWE - eiuiuel/

[ p
Sherpa (ATLAS) 0.968 £ 0.005 1.136 £ 0.005
PW+Py8 (ATLAS) 1.320 = 0.009 1.768 = 0.009
PWPy8 dipole-recoil (ATLAS) 1.322 £ 0.009 1.769 £0.009
MG5+Py8 dipole-recoil (ATLAS) 1.313 £ 0.028 1.734 £ 0.028
MG54Py8 (CMS) 1.281 + 0.018 1.707 + 0.021

PW+Py8 (VBScan) 1.364 £ 0.0004

n/a
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/vy VBS

SR - m;; [TeV
Process Fake-e R~ Wey CR - Wi CR - Zpovcon R | 5505 0500 | 1.0]-1.5 > 1.5
Strong Zvy + jets 8+ 8 0+1 3+2 50+ 12 20+ 6 54 +12 13+5 5+2
EW Zvy +jets 0.6+0.2 03+0.2 0.4+0.2 T+2 4+1 30+7 25+5 36+7
Strong Wy +jets | 439 47 +9 133 +21 24 +6 2+6 35+ 10 9+3 3+ 1
EW Wy +jets 19+ 6 31+7 59 +13 1.4+0.5 2+1 6+1 4 +1 5+1
jet— vy 1+1 2+2 3+2 2+2 1+1 2+2 1 +1 04+0.3
jet— e 34 + 17 5+£3 — — - - — —
e —y - 2.7+0.4 29+04 13+1 6+1 11 +1 26+04 1.4+0.3
y +jet - - - 0.7 + 0.5 07+05 04+03 01+0.1  0.1+0.1
tty/Vyy 3+ 1 9+2 13+2 3+1 2+1 4 +1 0.4+0.2 0.1+0.1
Fitted Yields 108 + 10 96 + 8 213+ 14 102+ 9 58+6 143 +12 54 +£5 52+6
Data 108 95 216 100 52 153 50 52
Data/Fit 1.00+0.14 0.99+0.12 1.01+0.09 098+0.13 | 090+0.15 1.07+0.11 0.93+0.16 0.99+0.18
Source lo- Uncertainty on pz,.,, 1o Uncertainty on B,y 1o Uncertainty on B(H — yvyq)
Jet scale and resolution 0.076 0.045 0.0011
Vy + jets theory 0.067 0.044 0.0018
pile-up 0.040 0.021 0.0004
Photon 0.035 0.031 0.0011
e — v, jet— e,y Bkg. 0.035 0.034 0.0028
Lepton 0.027 0.003 0.0008
E%“SS 0.023 0.018 0.0003
Signal theory shape 0.020 — -
Signal theory acceptance 0.12 = -
Data stats. 0.16 0.11 0.0056
— Wy +jets/Zy + jets Norm. 0.073 0.013 0.0004
MC stats. 0.063 0.046 0.0026
Total 0.25 0.15 0.0073




