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Introduction

* Probing new VBS processes at ATLAS
* VBS sensitive to EWSB and probes quartic gauge couplings

 \VBS features:
* Two tagging jets with large rapidity separation, Ay
* Large dijet mass, m;;

——
Example VBS topology of ageing jet (4)

WEWEjj - £Evetvjj

tagging jet (3)



Overview

* In this talk: recent ATLAS VBS

measurements
 Same-Sign WEIWjj
* Opposite-Sign WiW$jj
* Z(£t)Yjj
« 7Zjj
* In backup:
* Z(V)Yjj

VBF, VBS, and Triboson Cross Section Measurements status: February 2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

Same-Sign WEXW%jj

* Largest EW to QCD ratio compared to other VBS interactions
* No gluon-gluon fusion or quark-gluon QCD VVjj interactions from same-sign

WW

ATLAS-CONF-2023-023

 Measure fiducial and differential cross section using 139 fb~1

luminosity

* Previous measurement Phys. Rev. Lett. 123 (2019) 161801
e 6.50 observation with 36.1 fb~! integrated luminosity
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https://doi.org/10.1103/PhysRevLett.123.161801
https://cds.cern.ch/record/2859330

Description

EW
oeq's b

o_f]iic}?V+Im+QCD b

>

Measured cross section
MG_aMC@NLO+HErRwWIG
MG_aMC@NLO+PyYTHIA
SHERPA

PownEiG Box +PyTHIA

2.88 +0.21 (stat.) + 0.19 (syst.)
2.53 + 0.04 (PDF) +0-7> (scale)
2.55 + 0.04 (PDF) ig:ﬁ (scale)
2.44 +0.03 (PDF) +30 (scale)

0.27
2.67

3.35 £ 0.22 (stat.) + 0.20 (syst.)

2.93 +0.05 (PDF) +)-32 (scale)
2.94 +0.05 (PDF) +0-3> (scale)

.27
2.80 +0.03 (PDF) 03 (scale)

Same-Sign WEW T jj Results

EW WEW 2 and inclusive WEW differential cross
section measured with variables: m;;, mr, m;j,

Ngap jets» 5]3

Fiducial and differential measurements agree
with SM
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ATLAS-CONF-2023-039

Opposite-Sign WEW*jj

* Choose WEWTjj — efvuTvjj for enhanced detector sensitivity
compared to same-flavor decays

* Use neural network (NN) to distinguish signal from largest irreducible
backgrounds — top quark production and WEW *jj QCD



https://cds.cern.ch/record/2865482

Opposite-Sign WJ—“W$jj Results
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. a “PF E o}
with ZZOtg%gfb expected from POWHEG % 01 02 03 04 05 06 07 08 09 1 9% 01 02 03 04 05 06 07 08 09 1

BOX 2 NN output NN output
(a) Two jets (b) Three jets
o .
RGSUIts agree Wlth SM ATLAS Preliminary |s =13 TeV, 140 fb!
. ; . ’ :
. 1.00 &% u(top)
I
|
—e— 0.84 %'° u(Strong W'W7jj)
e 2l | uEwWkwwW)

|
1 1 1 I I
0 0.5 1 1.5 2 2.5



2305.19142 (Submitted to PLB)

Z(tt)yjj

* Interesting due to probing the neutral
qguartic coupling

q q

* Larger cross section than ZZ EW process >

e Measure fiducial and differential fiducial ﬁ
Ccross section q

* Improves previous ATLAS measurement at X
36fb~ ! integrated luminosity (, % z
* Phys. Lett. B 803 (2020) 135341 g
* 410 evidence



https://doi.org/10.1016/j.physletb.2020.135341
https://arxiv.org/abs/2305.19142
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* Zyjj EW extracted using 31697 m Gov

maximum-likelihood fit with Zyjj EW SR:m; > 500GeV, Zyjj inclusive SR: m; >

mjj (<04 150GeV,{ < 0.4

* First observation of Z(#¥)yjj

| n AT LAS Data stat. MC stat. Background Reco EW mod. QCD mod. Total
Aoewlogw [%] 9 +1 +1 +4 t; +2 +13
AO—Zy/(TZ)/ [%e] +3 +1 +2 "_"; t6 49 t1121

Predicted Measured
Z~v EW cross section 3.54+0.2fb 3.64+0.51b
Z~ cross section 157159 b 16.8779 b 9




2308.12324 (Submitted to JHEP)

LL]]

Measure differential cross section of ZZjj EW production
e 77 - 44

* ZZjj EW sensitive to WWZZ and WW Z self interaction couplings

ZZjj QCD sensitive to perturbative calculations

Previous ZZjj observation paper:

 Nature Phys. 19 (2023) 237
e Observed 5.70

T B v Ty . T 9 9
l}".\wz W Z Z
' H
'
;HJ.\IVWWZ w z Z
0> > " > - g 9 q .

Nature Phys. 19 (2023) 237



https://doi.org/10.1038/s41567-022-01757-y
https://arxiv.org/abs/2308.12324
https://doi.org/10.1038/s41567-022-01757-y

ZZjj Results

* Split signal region into:
* VBS enhanced ({ < 0.4)
e VBS suppressed (¢ > 0.4)

B [y4e —=0.5(y;, +¥5,)]
Ayjj

* Madgraph + Pythia8 strong 4¥jj
underestimate cross section in
both signal regions

* Sherpa strong 4£jj in agreement
with larger theoretical
uncertainties
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EFT Measurements

Lgpr = Lgy +Z Od 8

SM measurements can provide hints of BSM

WEW=jj measurement of

fMo/
A4-
Purple line: EFT contribution

with no unitarization applied
Cyan line: EFT contribution
with 700GeV cutoff

Extend SM using effective Lagrangian encoding aQGC

Non-zero aQGCs violates tree-level unity at sufficiently higher energy scales

Events

Data/Expected

New physics can induce anomalous quartic gauge couplings (aQGC)

T T T ] T T T I T T T I T T T I T T T ] T T T I T T T I T ;
ATLAS Preliminary . W*wW* 3
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Non-prompt
I Conversions 7
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— A =4 TeviA* T TeV
%+ Tot. Uncert.
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EFT Measurement Results

Results of SM measurements places limits on EFT
Table below: observed exclusion limits placed on the Wilson coefficients on

dimension-8 operators at 95% confidence limit

W=W=jj Z(vv)Vjj Z2jj

Parameter . . Exp. Obs. Exp. Obs.
favro/AA[TeV—1] [-3.9,3.8] [—4.1,4.1] [—6.2,6.2] [—4.6,4.6]
fv1/AATeV 4] [—6.3,6.6] [—6.8,7.0] [-1.0,1.0] x 10! [—7.7,7.7] -
a2/ A TeV =1 [—2.6,2.6] [—1.9,1.9] ~ 30
Fur/AYTeV—]  [-9.3,8.8] [—9.8,9.5] s
fso2/A*TeV 4] [—5.5,5.7] [—5.9,5.9]
fo1/AYTeV—4  [-22.0,22.5]  [-23.5,23.6] e
fro/A*TeV—  [-0.34,0.34] [-0.36,0.36] [-1.3,1.2] x 107! [-9.4,8.4] x 1072 |[-0.98,0.93] [-1.00,0.97] —— > o
fri/A*TeV—4] [-0.158,0.174] [—0.174,0.186] [-1.2,1.2] [—1.3,1.3] i
fre/A*TeV—4]  [-0.56,0.70] [—0.63,0.74] [—2.5,2.4] [—2.6,2.5]
frs/ATeV 4] [-1.2,1.3] x 107! [-8.8,9.9] x 1072  [-2.5,2.4] [—2.6,2.5] o
fre/ATeV 4] [-3.9,3.9] [—4.1,4.1] ~30
fr7/ATeV—4] [—8.5,8.1] [—8.8,8.4]
frs/ATeV 4] [-8.1,8.0] x 1072 [-5.9,5.9] x 1072 [-2.1,2.1] [—2.2,2.2]
fro/AYTeV 4] [-1.7,1.7) x 107! [-1.3,1.3] x 10! [-4.5,4.5] [—4.7,4.7]
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Conclusions

= n R R B R

Vg, Vi

* Many new VBS measurements
from ATLAS this year!

* Results compatible with standard
model

* Placed limits on EFT EXPERIMENT

Run: 427394
vent: 21060879
2022-07-05 19:04:33 CEST

* New analyses underway to probe
VBS sectors in Run 3

Run 3 2022 Z — uu candidate
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions

Backup



Z(vW)yjj

* Measure Z decaying to two neutrinos

* Larger branching ratio to neutrinos compared to
charged leptons

* EX > 150GeV

* Previously observed in low energy phase space
orthogonal to this measurement

e Eur. Phys. J. C 82, 105 (2022)
15 < EJ < 110GeV
 Observed with 5.20

e Use BDT classifier to separate signal and
background

q

JHEP 06 (2023) 082

q

q

>
>

q

q
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https://doi.org/10.1140/epjc/s10052-021-09878-z
https://doi.org/10.1007/JHEP06(2023)082

Z(vv)yjj Results

2 s | | | 1 | | —
o = ATLAS 4 Data Z(wW)yjj EWK 3
L C Vs=13TeV, 139fb”" [Z(vV)ji QCD " W(iv)yji QCD 7
[ Background only fit  W(iv)yji EWK I W(eV)j, . tj _
. g : o | Sianal region M tivi Wi i
* Measured EW significance 3.20 with - postFi mzi W2
- 72 Uncertainty  ---Pre-Fit Bkgd. J
expected 3.70
10° 3

e Combined measurement with Eur. Phys. J. » :
C 82,105 (2022) to get EW significance of 0 £+ -
6. 3 o \ e | 2

Value Bl
POI Current analysis  Ref. [7] Combination g 075 % _
pzyewk 078 +033  1.03+025 0.960.19 030 05 071 057 036 0%0 083 055
HZyQCD 1.21 £ 0.37 1.02+£041 1.17 £0.27
KWy 1.02 + 0.22 1.01 £ 0.20 1.01 £0.13

EY > 150GeV 15 < E} <110GeV

17


https://doi.org/10.1140/epjc/s10052-021-09878-z
https://doi.org/10.1140/epjc/s10052-021-09878-z

Same-Sign WEWEjj Strategy

Signal Region Selection

) One Signal region and tWO Contr0| regions E)‘(tz;f’il}/'tzv;ssigfnalleptonsvzithpT>27GeVandthesameelectriccharge
(WZ 34 and low m;j) i <27 cching 17 <15 ko
 Largest backgrounds: e epton veto
. |mee — mz| > 15 GeV in the ee-channel
i W +Z/y NZZ% Of SR Yleld E%liSSZ?)OGeV
* One lepton escaping detector Atleasttwojets _
. . Leading and subleading jets satisfying pt > 65 GeV and pt > 35 GeV, respectively
* QCD produced events reweighted with CRs bfet v ot et withpr > 20 Ge¥ and | < 23
* Non-prompt leptons ~12% of SR Yield Ayl > 2
* W + jets and semileptonic tt WZ Control Region: signal region selection but
* Estimated using data-driven methods with:
* Electron charge misidentification ~2.2% of * 3 leptons
« Zand dileptonic tt « my; > 106GeV
» Estimated using data-driven methods Low m;; Control Region: signal region but with

200 < m;; < 500GeV



Same-Sign WEW T jj Systematics

Source Impact [%]
Experimental
Electron calibration 0.4
Muon calibration 0.5
Jet energy scale and resolution 1.8
Ess scale and resolution 0.2
b-tagging inefficiency 0.7
Background, misid. leptons 3.1
Background, charge misrec. 0.8
Pileup modelling 0.2
Luminosity 1.9
Modelling
EW W=W=j j, shower, scale, PDF & a; 0.8
EW W*W=*j j, QCD corrections 3.5
EW W*W=j j, EW corrections 0.8
Int W=W=j j, shower, scale, PDF & «; 0.1
QCD W*W+#j j, shower, scale, PDF & a 2.3
QCD W=W#jj, QCD corrections 0.9
Background, WZ scale, PDF & a; 0.2
Background, WZ reweighting 1.7
Background, other 1.0
Model statistical 1.8
Experimental and modelling 6.7
Data statistical 7.4

Total 10.0




Opposite-Sign WEW ¥ jj Strategy

* One signal region (no b-tagged jets) and
one control region (at least one b-tagged
jet)

* Use two NNs —one for 2 jets SR and one
for 3 jets SR )

* Trained using WEXW*jj EW vs top and
WEwtjj Qcb
 Largest Backgrounds:
* Top quark ~66% of SR Yield

* Single and pair production

« WEWjj Strong Production ~24% of SR
Yield

Signal Region Selection

Category Requirements

Leptons

pT > 27 GeV

[7| < 2.47 excluding 1.37 < |n| < 1.52 (electrons)

[7] < 2.5 (muons)

Identification: TightLH (electrons), Tight (muons)
Isolation: Gradient (electrons), Tight_FixedRad (muons)
|do/aa,| < 5 (electrons), |dy/04,| < 3 (muons)

|zosin @] < 0.5 mm

b-jets pr > 20GeV and || < 2.5 (DL1r b-tagging with 85% efficiency)
Jets pr > 25GeV and || < 4.5
Events One electron and one muon with opposite electric charges

No additional lepton with pt > 10 GeV, Loose isolation,
TightLH/MediumLH (electrons) and Loose (muons) identification
{>05

Mey > 80GeV

ET™ > 15GeV

Two or three jets

No b-jet

{ = centrality = min { [min(nt’ls Me,) — min(7;,, sz)] ) [max(njl’ nj,) — max(ne,, 7752)]}



Opposite-Sign W+W+]] NN Variables

* 2 Jets:
* Leading jet pr
Sub-leading jet pr

© My N
° ( Efrniss significance is computed as 0_'{’: (nlu_:zlz } where o7, is the total variance in the direction longitudinal to E{‘niss, and pr1
miss - . is the correlation coefficient of the léngitudli“r{al (L) and transverse (T) measurements.

* Er°° significance

. Anu,two leading jets o

. Aquj, two leading jets Third jet centrality = |y;, — > 201 T

* my;, from two leading leptons and jets Yiv = Vi
* 3 Jets:

* Includes all above from 2 jet categories

° 3rd JEt pT

 Centrality of 3" jet



Opposite-Sign W+W+]] Systematics

V- gy

Sources =

Monte Carlo statistical uncertainty 7.7
Top quark theoretical uncertainties 6.3
Signal theoretical uncertainties 5.8
Jet experimental uncertainties 4.9
Strong W¥W~jj theoretical uncertainties 1.3
Luminosity 0.8
Mis-identified lepton uncertainty 0.5
b-tagging 0.4
Lepton experimental uncertainties 0.1
Others 0.3
Data statistical uncertainty 12.3
Top quark normalisation uncertainty 4.9
Strong WFW ™ j normalisation uncertainty 2.2
Total uncertainty 18.5

22



Zy(£L)jj Strategy

* One SR ({(Zy) < 0.4) and one CR ({(Zy) > 0.4)

* Estimate Zyjj EW ~48% of SR Yield

* Largest Backgrounds:
* Zyjj QCD ~44% of SR Yield

e /+jets, jet misidentified as photon

* tty

* checked using data with different lepton flavor

{(Zy) =

Yzy — (yjl +yj2)/2

Particle level selection:

Lepton pﬁ} > 20, 30(leading) GeV, |n¢| < 2.5
Ne > 2

Photon EY >25GeV, |n,| <237
Eone20 < 0.07E
AR(£,7) > 0.4

Jet Pl >50GeV, |y;| <4.4
|Ay| > 1.0
mj; > 150 GeV orm;; > 500 GeV
Remove jets if AR(y, j) < 0.4orif AR(¢,j) <0.3

Event mee > 40 GeV
Mee +Meey > 182 GeV
l(Zy) <04
NP =0

jets

Yir =Y



Zy(£)jj Distributions

Events

Data / Pred.

I -
C —e— Data ]
goof- ATLAS L EW-zyj 3
F (s=13TeV, 1401b S QCD-Z1j ]
r Z+jets 1
500~ signal Region -ty -]
C ) wz ]
[ Post-Fit Total unc ]
4001 =
---------------------- POSIIIIIIIIIIIIIIIIIS. -
0 ]
15
1.25¢ E
| 320 SR @ ecseaain @ E
0.75F 3

0§00 1000 1500 2000 2500 3000 3500 4000 4500 5000

m, [GeV]

Events

Data / Pred.

450F T RRRRNRRRRN SRR AR RS
C ATLAS - Data ]
E R alll 3
400 (s=13TeV,14010" g QCD-zyj :
350: Z_+jets ]
- Control Region L WZ ]
300F Post-Fit Total unc. —;
2505;+ =
200 =
150 =
100 =
50 =
O " " -l " L .
1.5
1.25F E
| T 77274 77747 -4
0.75F $ ? E

OSrbO 1000 1500 2000 2500 3000 3500 4000 4500 5000

m; [GeV]

Events

Data / Pred.

N o
[ ATLAS Data ]
1000 * i -
T Vs=13Tev, 140" [ Zii ]
L Z_+]ets ]
goo|- Extended SR - "vs}z ]
[ Post-Fit Total unc. ]
60014 g
200/~ -
PO e DN B s . SO m
15
1.25 E
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Z(vv)yjj Strategy

Table 2: Fiducial region definition.

* Largest Backgrounds:

« Z(vv)yjj QCD ~36% of SR Yield =

Selections Cut value

> 120 GeV

E%' > 150 GeV
N, =1

° W ('fV)]/]] QC D ~ 2 5 % Of S R Y| e I d Number of isolated photons
. . Photon isolation
¢ W(fV)]/]] QCD ~7% Of SR Y|€|d Number of jets
_ .. . Overlap removal
* ttyjj ~6% of SR Yield Lepton veto
|AG(y, 5|
| AG G, )]
A y-centrality | Ad ( 2, ﬁ III‘nlSS)l
mjj

21 lepton y-centrality

E"0 < 0.022pt +2.45 GeV, p$2°/pr < 0.05
Niets > 2 with pt > 50 GeV

AR(y,jet) > 0.3

N.=0,N,=0
> 04
> 0.3
> 0.3

> 300 GeV

< 0.6

iy Zy QCD

/

0 leptons

Zy QCD CR1: Zy QCD Yield
mismodeling check

m(jj) [GeV] 300 m(jj) [GeV]

Figure 2: Definition of the regions used in the analysis.

Y¥)-0.5[y(j)+y(j2)]
YU -y(j2)
where y = 0.5 x In[(E + p,)/(E — p,)] is the rapidity of the objects (p, is the z-component of the momentum of a particle).

6 Photon centrality relative to the two jets with the highest p values in the event is defined as y-centrality = |
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Z(vv)yjj Systematics

Source of uncertainty Ao [o [%]
Experimental

Jets -3.2/+3.4
Electrons and photons -0.3/+1.7
Muons -0.4/+0.5
Expiss -1.8/+2.2
Pile-up modelling -1.7/43.2
Trigger efficiency -0.9/+2.1
Luminosity -1.2/+2.6
Theory

Z(vv)yjj EWK/QCD interference —0.6/+2.6
Z(vv)yjj EWK process -6 /+12

Z(vv)yJjj QCD process —15 /+16

Other processes -5.3/+7.7
Other sources

Data-driven backgrounds -0.9/+1.2
Pile-up background -1.2/+2.6
Z(vv)yjj QCD m;; modelling —-4.4/+4.4
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Z(vv)yjj BDT Variables

m;j

Ay (j1,J2)
E7miss
pr-balance
nG2)

n)
pr(U1)

pr-balance (reduced)
Njets
sin(|A@ (1, j2)/21)
Ay(1,v)

— H 4 - jl - ]
|Pp"+Pr +Pr +P7

.2|

12 The pr-balance =

13 The pr-balance (reduced) =

miss Y J1 J2
ET +E,l.+pT +Pr

- - J "-l
|PTy+pTl +pT2|

y . . J1 n
Ep+py +py
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L/]] Strategy

* Select two £* £~ pairs with smallest |m,, — m,
* Leptons must satisfy m,, > 130GeV

 Largest backgrounds:

* Prompt backgrounds
* WWZ, WZ, and ttZ
* Modeled with MC
* Nonprompt backgrounds
* WZjjand tt
e Use data driven estimates



Z/jj Systematics

Source Uncertainty (%)
VBS-enhanced region | VBS-suppressed region

Luminosity 0.8-2.1 0.8-2.0
Leptons 0.8-1.6 1.0-1.5

Jets 2.7-18 34-13
Pile-up 0.0-2.5 0.0-0.7
Backgrounds 0.9-9.0 1.2-7.0
Theory modelling 0.6-7.5 1.2-8.8
Unfolding method 0.9-12 1.2-12

Total systematic 6-22 5-17
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