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Motivation

e Electroweak-boson self-interactions
are rare processes that serve as:

* an excellent probe to the Standard
Model predictions

e a portal to Physics Beyond the
standard model, through the
Effective Field Theorles

* In this talk, covering ATLAS Run-ll
measurements W|th integrated
luminosity 139 fb? of:

« EW Z(lIl/vv)yjj
WW+>=1jet
 Dim-6 EFT interpretations

e Dim-6 EFT combination of various
measurements

WWW

Standard Model Production Cross Section Measurements

Status: July 2021
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Vector Boson Scattermg Topology

. Unltary process in the SM very preolsely predloted q\\z ——

+

* Key process to probe the mechanism of electroweak symmetry breaking

* Provides access to quartic gauge couplings that could be modified by
New Physics



VBS sighature at LHC

. Dlstlnot event topology
* Two energetic jets with large di-jet mass (mjy) and high rapidity separation
* Diboson system, centrally produced with respect to the two forward jets

ENDCAP  BARREL ENDCAP

A ,04 Rapidity gap >
P ' O

Mo Low QCD activity>
No color flow between
tagging jets




Electroweak Z(%II)yjj productlon

q q q q

* 1st Observation of EW ZyJJ Process S
In lepton channels at ATLAS

* Electroweak production of the Zyjj

final state contains both VBS and z z
non-VBS process q ” ] !

L Inltlal and flnal StateS Of the ZYJJ (a) Z(”)YJJ EWK . ‘;; .
EWK and QCD production same - -
interference between EWK and QCD §

e ZZ(>11)yij probes TGGs and QGCs, ﬁj g T,
but with a larger expected cross- ¢ R T ﬁ AT AT
section than the Z/Zj; E _ \


http://cdsweb.cern.ch/record/2779171/files/ATLAS-CONF-2021-038.pdf

Selection

Lepton
Ne >2

pL > 20,30(leading) GeV, |n¢| < 2.47

Photon
20

Efo"e < 0.

AR(¢,y) >

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

07EY
0.4

Jet T > 50 GeV, yjer] < 4.4
|Ay| > 1.0
mj; > 150 GeV

remove jets if AR(y, j) < 0.4 or if AR(¢, j) < 0.3

Mmee > 40 GeV
mee + Meey > 182 GeV

Event

Cut to reject FSR NngP -

Jets

0

* Main source of background
is the QCD-originated Zyjj
» Shape estimated from MC
and normalization factor
]getermined from the final
It
* Cuts on the centrality Z(Ilvg]
of the Ily %Iystem defines the
Signal and QCD Control
Region
« SR:7<0.4 QCD CR: (>0.4

» /+jets: Data driven method

* ttbary: MC estimate
applying scale factor:
derived from comparing the
MC prediction with the data
using euy events

Data

Events / bin

Z(—2l)yjj: Selection and Background

Background Estimation

Prediction
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Events / bin

Data / Pred.

Z(%II)yjj Results

. Strategy fit of the mjj in the

Signal and QCD regions

ATLAS Prehmmary
Vs=13 TeV, 139 fb"’

SR
Post-Fit

500 1000 1500 2000 2500 3000
m; [GeV]

Results

* Measured signal strength with observed
significance 100
* MEWK=0.95+-0.08(stat.)+-0.11(syst.)

* EWK cross section predicted from
Madgraph5+PYTHIA

* Ogy(pred) =4.73 + 0.01 (stat.) +
0.15(PDF)+0.23-0.22(scale) fb

* Fiducial cross-section in the signal phase
space measured with 13% overall
uncertainty

. ‘OEW(obs.) = 4.49 + 0.40 (stat.) + 0.42(syst.) fb



http://cdsweb.cern.ch/record/2779171/files/ATLAS-CONF-2021-038.pdf

Electroweak Z(—2vv)yjj production

e 1st Observation of EW Zyjj process in neutrino Z(w)yjj EWK

channels at ATLAS with 5.20 significance ‘
« All events containing leptons are vetoed e V
* Analysis sets limits on the invisible Higgs e
decay ’ v

* Main background: QCD Z(— vv)y + jetsand W }
(— fv)y + jets events in which the lepton from
the W decay is lost mostly because it falls
outside of the pT or n acceptance



https://arxiv.org/abs/2109.00925

Z(=2>v)yijj: Results

* Backgrounds are constrained

in the fit in the signal region Fzyow | Bzyuw | Pwy
and the respective control 1.03+£0.25 | 1.02+0.41 | 1.01+0.20
regions
g c 8Wp[r——mmmmr————7— 7T 7T T T 7T T T T T T T T T T T T
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e Measured fiducial Cross-
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Stat + O F2 SySt fb 06 -O-Data/Post ﬁt \Un(;ertalnty y = Pre-[Post-fit
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https://arxiv.org/abs/2109.00925
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W+W- + 2 1 Jets Inclusive Measurement

 Measurement of WW pair production with a jet
Inclusive phase space
e First time at LHC, differential measurements
performed in jet-inclusive phase space

* The measurement serves as a test of
theoretical predictions:
* Perturbative QCD
* Higher order EWK corrections

e Sensitive to TGCs

L


https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

W+W- +

2 1 Jets: Selection and Background

~ Selection ||

* ed channel
only

* b-jet veto to
reduced large
top
background

* Mg, > 85 MeV
to suppress
Drell-Yan
background as
well as
H—WW
resonance

 Main source of
background is the top
contribution
e ttbar is estimated with
data-driven method,
considering two control

regions with exactly 1 b-
tag and exactly 2 b-tags

* Drell-Yan contribution is
estimated using the MC

* Fake leptons: data-
driven method

. Sm%(e top and diboson
ground estimated

using MC
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

JHEPO6(2021)003

W+W- + 2 1 Jets: Fiducial Cross section

¢ Ofid=258 +

4 (

stat.

)

+ 25

(syst.)

fb with overall uncertainty 10%

* NLO predictions with Sherpa, Madgraph and Powheg generators are
consistent with theory prediction

104

10°

Events / GeV

10?

- ATLAS
is =13 TeV, 139 fb”
e*n’, 21 jet (30 GeV,|n|<4.5), b-veto
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Data
258 * 4 (stat) = 25 (syst) fb
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MATRIX 2.0 nNNLO ® NLO EW
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Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*
277 + 3 (PDF) + 44 (scale) b

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*

Data/SM

263 + 3 (PDF) + 16 (scale) fb
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254 + 3 (PDF) + 21 (scale) fb
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

W+W- +

» Differential
Cross sections
obtained
using iterative
Bayesian
unfolding
approach

e Various
differential
distributions

e Good
agreement
among the
MC
predictions
and data

do/dm,, [fb/GeV]
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

EFT Dim-6 operator in W+W- +

 EFT:SM expansion to higher order

terms

C; Cj
L:LSM-FZEOi—FZA—‘ZOj—FOk

v J
* Experimental Approach to EFTs—>

associate the operators to couplings
between bosons and fermions

* Triple gauge couplings can be
parametrized in terms of Dim-6
operators

* Fina| state sensitive to Dim-6 operator
Qw—> constraint on Cw

* Mg, used as a discriminant in an
enhanced phase space with

pTIead.jet > 200 GeV

> 1 Jets

T T I T
ATLAS
Vs =13 TeV, 139 fb™
pp —> E* VIV |

T | "] T

T T l T T
—— 68% CL

95% CL

—— Linear

—— Linear + Quadratic

p=' > 30 GeV |
pr' > 200 GeV o
l 1 | | | 1 1 | 1
—4 -2 0 2
c,/A? [TeV?]

Jet pr Linear only 68% CIobs. 95% CIobs. 68% Clexp. 95% CI exp.
> 30GeV yes [-1.64,2.86] [-3.85,497] [-2.30,2.27] [-4.53,4.41]
> 30GeV no [-0.20,0.20] [-0.33,0.33] [-0.28,0.27] [-0.39,0.38]
> 200 GeV yes [-0.29, 1.84] [-1.37,2.81] [-1.12,1.09] [-2.24,2.10]
> 200 GeV no [-0.43,0.46] [-0.60,0.58] [-0.38,0.33] [-0.53,0.48]
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

EFT Dim-6 combination: WW, WZ, 41, and Zj)

- ATLAS Preliminary Vs =13 TeV, 36-139 o ~*- Lin, individual

 Combined EFT interpretation of Fasiey i
differential measurements of the -

following leptonic final states:

Parameter Value
i
st ) (e
-
|

|IIIIIIIII

Diff. input
Final state Dataset distributions 08

WW 36 fb-1 pTlead. lepton 1

— 68% CL
— 95% CL

(3) \[0] (1] i[2] \[0] \[0]
Cw Chgq Cvs Cyi Cys Coq Cluq

IIIII]IIII

* Including only linear terms 10

* Including both linear and quadratic 15
terms 20

31 (4] (3] (6] (7] (1] (2 3l

W7 36 fb_l mTWZ c'Z,}:O.an:v)VE +0.38(::)HD+0.130::+0.31():$)—0.11(11(::|”+0.12c:; c'%:mz-o.:t:c)f;’+o.aizij’-o.11(c;;- 0.21(c3:-0.13cqe
Cyq = 0.73c,, —0.28c,, — 0.48c,,, +0.38¢, "+ 0.13c,, Cl4q=0.11Cqq " +0.22¢4 " +0.95¢,, —0.2¢qq
4|ept0ns 139 fb-j_ mz2 i = 0,370,y +0.17¢,, — 0.31c!, — 0.53c{y +0.250,, +0.59c, ~ 0.21cl;,
20 ]
Zjj 139 fb-1 AQjj = ATLAS Preliminary s=13TeV, 36-139fo" - Lin, individual —68% CL 3
15 = Lin, profiled —95%CL
F A=1TeV . - =
10— —— Lin+quad, indiv —
g 55_ —¥— Lin+quad, prof _E
* Linear combinations of the Dim-6 g W 2 4 Lot Gl
EFT coefficients are constrained P W H T
© E -
o F =

C vt Cvs Cys Cs C vt Coq2t Ca2q2  Coga
{3 ) (3) L] Lyl U] 3) 1)
cyg = —0.19c, - 0.14c, '+ O.BGCHQ +0.41c,, - 0.17c,, i = — 0.28c,5 +0.71¢,, - 0.31c, '~ 0.21¢,/ - 0.5¢,,, — 0.14c;
Ch =~ 0.350,15 + 0.490,,p + 026}, + 0.35¢ty + 0.51c,,, +0.38c, + .18ty Ct = 0.56c0, +0.44c, + 0,61, — 0.1, +0.34C,,

{5 (Y] (3) (] (1) {2 (1) 3)
¢y = 0.25¢,, +0.33c, - 0.22c + 0.18c,,, - 0.35¢, " - OABch +0.71c,, - 0.16¢,, Coq2 = 0.68c,, +()A150‘q +0.33¢,, - 0.51c,, +0.13c,, — 0.37¢,,

ol = - 0.220y + 0.52cty - 0.39c,,, +0.44c) - 0.22¢{;) + 0.52c,,, Co =~ 0.27¢t)) + 0.79¢,, - 0390, +0.260,, — 0.226,4 ~ 0.16,,


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-022/
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Triboson Production

* First evidence for WWW and VBF, VBS, and Triboson Cross Section Measurements satus: Juy 2021 [t

WWZ at ATLAS in 2019 o o
o o o o L o o B o o

a | vy S 202 SRINEIE,,
. Zyy—tlyy =S ge roaz-0ob ) | ATI AS Preliminary 20.3 PRD 93, 112002 (2016)
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o =0.848 +0.098 + ? .081 pb (data) 139 ATLAS-CONF-2021-039

WWW, (tot.) - 2'15‘1355+"?§%y’160.b (e

20.3 EPJC 77 (2017) 141
20.3 EPJC 77 (2017) 141
20.3 EPJC 77 (2017) 141
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MadgraphS +aMCNLO ((heory;

* First observation of VVV at CMS WWWortry | tis i b

MadgraphS +aMCNLO ((heory)

.
N 2 O 2 O WW?Z, (tot.) 7 =0852014 015 0.13pb (date) Th
o =4+0.5+0.4 pb (data) eory

Hjj VBF LHC-HXSWE (ineory) 139 ATLAS-CONF-2020-027
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— H(->yy)jj VBF 7= R & froog @ 20.3 ATLAS-CONF-2015-060
* N LHCpp §e=8/Tel S — 45  ATLAS-CONF-2015-060
Wijj EWK M) > 1 Tev) | 7~ Foliag et NBo (theory) B Data 20.2 EPJC 77 (2017) 474

stat 20.2 EPJC 77 (2017) 474
4.7 EPJC 77 (2017) 474
139 EPJC 81 (2021) 163
20.3 JHEP 04, 031 (2014)
139  ATLAS-CONF-2021-038
20.3 JHEP 07 (2017) 107
139 PLB 816 (2021) 136190
20.2 PRD 94 (2016) 032011

e ATLAS achieved observation - M) > 500 Gev || AR
results with 8.20 in stand alone  zjewx G, Lo VesTT
WWW channel with full Run Il i EWE a1
139 fb-1 data experiment! B

=6.9+22+1.4fb(data)
HERWIG++ (theory)

. (WV+2ZV)jj EWK - 45;;,2,,%;1:&0&061%%.3 (noon) 5 P D Ee)
o =2.89 + 0.51-0.48 + 0.29 - 0.28 fb (data) 36.1 PRL 123, 161801 (2019)
NS E: PowhegBox (theory) : ’
W=w il EWK 0 =15:+0.5 +0.2 fb (data)

. |
PowhegBox (theory) |- — 20.3 PRD 96, 012007 (2017)
WZjj EWK e e s—C—
"~ VBFNLG (theory) ‘ I 20.3 PRD 93, 092004 (2016)
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https://www.sciencedirect.com/science/article/pii/S0370269319306355?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.151802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/ATLAS-CONF-2021-039.pdf

WWW: Final states

e 2 final states:
e WxtW+tW+ 2212v2j:

. SignaEJre: e+ et jj + ETmiss e+ y+ jj + ETmiss p+ ptjj + ETmiss
c WtW+W+ - 3I3v:

* Slgnature: et et u+ jj + ETmiss pt pt e+jj + ETmiss Ve

* Principle: avoiding opposite sign, same flavor pairs of leptons (OSSF) and SM processes
that produce oppositely charged leptons pairs

WWW-> uvevev
candidate

2 -
—— "
~ A
-

WWW = uvpvjj
candidate

ATLAS ..
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WWW: Selectlons and background estimation

Selectlons — Background Estlmatlon
rompt .
T eons | ||+ Main background source is WZ >
No SFOS el constrained using data from dedicated
AT P IcE control regions(WZ+0,1,>2jets) to normalize
mee < 80GeV OR 100 GeV < mee (ee only) Charge the MC
> 2jets., mj].'< _1§o GeV, |Anjj| < 1.5 flip
e e « Non-prompt leptons
] * VVy events where the photon is misidentified
2thlepton vt as an electron
Leading lepton pT > 27 GeV . . - .
Sur o epton charge = 1 Jven » Prompt electron mis-identification (charge-
b-jet veto prompt .
leptons flip) Data-driven
decays estimates
21




WWW: Results

* Fit strategy: simultaneous binned
log-likelihood fit of BDT

dlstrlbutlons In aII Slgnal reglons % 500_ - I Y ‘ L ] o |Dltl I | IDIIWIWIW[(I [1] 6I6l)_'— Lo 40_ | S | I T 1 7T l L l T 1 71 I L I L l L I ]
1 1 1 Q)] . ATLAS Prelimi ¢ Data u=1.66) o _ ]
and mlll distribution In WZ O [ e GWZ  ENonprompt ] T | ATLAS Preliminary Data  COWWW(u=1.66)
trol ' Z  [sRa @y conv. @Ehargetip — 7 o 351 {5 =13 TeV, 139 fb" E;’chonv g’c“;ﬁg;ggmgt ]
contro reg|0ns @ 400 Ppost-Fit Profitbkgd. 0 4 @  [SR3 mOther ~ Uncertainty ]
& I ] D 30F Post-Fit --- Pre-Fit Bkgd. E

> n
T 5 E

3001 £k

* Observed signal strength with :
8.20 observed significance : 200}

u=1.66+ 0.28

100f

 Observed cross-section:
850 + 100 (stat.) + 80 (syst.) fb

T T LI
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/ATLAS-CONF-2021-039.pdf

Summary

* LHC Run2 provides a large amount of pp collision data at a higher
center-of-mass energy, giving rise to the observation sensitivity of
the gauge boson self-couplings

* New ATLAS measurements of VBS and diboson and triboson using
the Full Run2 data set with integrated luminosity 139 fb-1 are
presented:

* Z(ly VBS, Z(vv)y VBS observations with 100 and 5.20 respectively
« WW+>=1jet differential cross sections and EFT interpretations
« WWW observed for the first time with 8.2 o



