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1 The Standard Model (SM) of elementary particles w
predicts triple and quartic gauge couplings between
the electroweak bosons due to the non-Abelian i g
structure of the electroweak interaction

W/Z[y

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024

W/ﬂy



M
NN

rl Electroweak Multiboson Interactions

=
=

DANGZAN
LYL1ISH3AI
. eWN-S

: U The Standard Model (SM) of elementary particles wt W w
predicts triple and quartic gauge couplings between ;
the electroweak bosons due to the non-Abelian i g g
structure of the electroweak interaction )
VT wzy wizyy
(J Heavy vector bosons couple with the SM Higgs boson
W+ Z
He == —— gwMy He=---- 9zimz



rl Electroweak Multiboson Interactions

=
=
il

nMm
NN

2¥NIZy
L1YLIS¥3AI

[

W

 The Standard Model (SM) of elementary particles wt W w
predicts triple and quartic gauge couplings between
the electroweak bosons due to the non-Abelian i g g
structure of the electroweak interaction
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wizly  W/Zly

(J Heavy vector bosons couple with the SM Higgs boson

W+ Z
He=—==-= gw mW H-=-=--- gz mZ
W~ Z

J Experimental studies of multiboson interactions are essential tests of the electroweak
gauge theory and the Standard Model Higgs mechanism of the spontaneously broken
electroweak symmetry

¢ Fiducial and differential cross sections, effective field theory interpretations, etc.
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I_I Electroweak Vector Boson Scattering
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] Electroweak VBS processes V, V, - V3V,
have not been studied experimentally before q
the LHC experiments

+* Initial state electroweak bosons radiated from
colliding quarks in pp-collisions

*¢* Low production cross sections (~ fb) even at
the LHC energies / >

o =2 sensitive to possible new physics effects leading \

to anomalous quartic gauge couplings
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] Electroweak VBS processes V, V, - V3V,
have not been studied experimentally before q
the LHC experiments
¢ Initial state electroweak bosons radiated from
colliding quarks in pp-collisions

*¢* Low production cross sections (~ fb) even at
the LHC energies q >

o =2 sensitive to possible new physics effects leading \

to anomalous quartic gauge couplings
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1 Depending on the vector boson actors, V3, V5, V3 and V, of the scattering process, it
can involve all or some of the leading order diagrams presented below

® = Ty XL H
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VVjj Production with V' = W, Z, y at Leading Order

J Pure EW & s-/t-channel production with the Higgs boson propagator
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I'I VVjj Production with IV = W, Z, y at Leading Order

J Pure EW & s-/t-channel production with the Higgs boson propagator
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I'I VVjj Production with V' = W, Z, y at Leading Order

J Pure EW & s-/t-channel production with the Higgs boson propagator
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_______________________________________________________

(1 QCD induced production (0(_% - enhanced production cross sections)

q1 qs q1 f g 'mm,m q1 q1 g9
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I'I VBS and Electroweak Symmetry Breaking Mechanism
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d The SM massive electroweak bosons
obtain their masses and longitudinal
polarisations via the Higgs mechanism
of the spontaneously broken
electroweak symmetry

** Measurements of polarisation
observables in the multiboson

interactions are the direct probes of
this mechanism
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d The SM massive electroweak bosons
obtain their masses and longitudinal
polarisations via the Higgs mechanism

1014
of the spontaneously broken LLLL
Born

electroweak symmetry pb 1012

** Measurements of polarisation
observables in the multiboson
interactions are the direct probes of 108
this mechanism

1010

J Diagrams with Higgs boson are crucial 10t -

to avoid the unitarity violation due to

the rising scattering cross section of 10”
longitudinally polarized W bosons: —
wWw,-Ww,w,

200

I'I VBS and Electroweak Symmetry Breaking Mechanism

A. Denner & T. Hahn, Nucl.Phys.B525:27-50,1998
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|_| Searches for New Physics Effects

(J No non-SM particles & resonances are discovered at the LHC so far
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 If there are any, their masses
are likely beyond the reach of
the LHC energy

 They can still cause
measurable effects on some
physics observables as virtual
particles
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[ No non-SM particles & resonances are discovered at the LHC so far
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courtesy of Thorsten Ohl

o(s) unitarity limit
 If there are any, their masses
are likely beyond the reach of

the LHC energy extrapolation

 They can still cause EI‘:T

measurable effects on some
physics observables as virtual
particles

UV complete

. _—
M?2 s ox E?

 Searches for those effects are normally performed in model-independent ways using
effective field theory (EFT) frameworks

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024



nm
NN

2¥NIZy
1yLISY3AI
|lwixep-snin

J Low energy effective field theory to parameterize new physics
effects with the help of high dimension (n>4) operators (?i(n)
¢ Linear realization of the SM suv(2), ® U(1), gauge symmetry

eff_£SM+ZZAn 4

Eboli et al., 2020

I'I Searches for New Physics Effects with EFT Parameterisation

courtesy of Thorsten Ohl

unitarity limit

extrapolation

UV complete

T M2 s oc E2

Einc
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I'I Searches for New Physics Effects with EFT Parameterisation

 Low energy effective field theory to parameterize new physics  wueamoseon
effects with the help of high dimension (n>4) operators Oi(n) ——

extrapolation

¢ Linear realization of the SM suv(2), ® U(1), gauge symmetry

eff_£SM+ZZAn 4

Eboli et al., 2020 T

UV complete

M2 s oc E2

Einc
J Some dimension-6 and 8 operators are interesting in multiboson measurements as

they generate anomalous triple and quartic gauge couplings, aTGC and aQGC

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003

M

2¥NIZAN
1yLISYIAINN

-suefjiwixep-snin{

|

Searches for New Physics Effects with EFT Parameterisation

J Low energy effective field theory to parameterize new physics
effects with the help of high dimension (n>4) operators (?i(n)

¢ Linear realization of the SM suv(2), ® U(1), gauge symmetry

eff_£SM+ZZAn 4

Eboli et al., 2020

o(s)

courtesy of Thorsten Ohl

unitarity limit

extrapolation

UV complete

I

Einc

2

(J Some dimension-6 and 8 operators are interesting in multiboson measurements as
they generate anomalous triple and quartic gauge couplings, aTGC and aQGC

(6) (8)
Leff—LSM+Zf O; +Zf

J Lowest order operators that
generate aQGC but not aTGC
are dimension-8 operators
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Degrande etal.,, 2013

WWWW |WWZZ 22727 | WWAZ | WWAA |ZZZA | ZZAA | ZAAA|AAAA
Os,0, Os,1 X X X
On,0, On,1,0Mm,6 ,0Mm,7 X X X X X X X
Owm,2 ,Om,3, Oma ,Owms X X X X X X
Oro ,0r1 Ors X X | X | X X X [ X | X | X
Ors ,Ore ,Or7 X X X X X X X X
Ors ,0r9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

DPG2024
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I'I Production of EFT Samples for VBS Measurements

 EFT “model” for new physics: only dimension-8 operators have non-zero coefficients
4 (for some reason) the new physics has an effect only on the quartic gauge couplings

0 (8)
. f-
W i j

A2 ' FOJ-'_

JNgzZy
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el

-Eeff = LSM +
)

A4

J Amplitude of a VBS final state with EFT contributions: |ASM+ZCiAi| , Where ¢; = i
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I'I Production of EFT Samples for VBS Measurements

J EFT “model” for new physics: only dimension-8 operators have non-zero coefficients
4 (for some reason) the new physics has an effect only on the quartic gauge couplings

0 8)
A f;
A2 0i+2ﬁ0j+m

eW-snin{

eI

O Amplitude of a VBS final state with EFT contributions:  [4su+ ) c:iAil, where c¢; = ’ij)
J Standard Model, interference, quadratic and cross terms of the total squared amplitude

2 %
|ASM +ZciAi| = |ASM|2 +Zci2R€(A§MAi) +Zci2|Ai|2 + Z cicj2Re(AiAj)
] i i 1j,i#]
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 EFT “model” for new physics: only dimension-8 operators have non-zero coefficients
4 (for some reason) the new physics has an effect only on the quartic gauge couplings

0 8)
F f;
. A2 0i+Z—ZJ\4 0j+...
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J Amplitude of a VBS final state with EFT contributions:  |Asm +ZCiAi| , Where ¢; = ’ij)

J Standard Model, interference, quadratic and cross terms of the total squared amplitude

2 %
|ASM +ZciAi| = |ASM|2 +Zci2R€(A§MAi) +Zci2|Ai|2 + Z cicj2Re(AiAj)
] i i 1j,i#]

J Monte-Carlo samples are generated using only individual terms at a time

1 Only one ¢; or one pair of ¢; and ¢; (for generation of cross term samples) are set to
nonzero values at a time

4 Respective sample can be scaled by appropriate c;, Ciz, or C;C;
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 pp-collision data-taking
% 2015-2018: /s = 13 TeV
o L > Lo Lygy =2.1Lg
% 2022-2025: /s = 13.6 TeV,
o L=2Lj
% 2029-2040: +/s = 14 TeV (?)
o L =5Ly—7.5Lg

Tile calorimeters

" ) LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

] ATLAS reference frame ty
4 Rapidity: B
y=1/2In[(E+ p.)/(E — p;)]

4 Pseudo-rapidity:

N = —Intan(60/2)

o Where, 0 is the polar angle of the experiment

. CMS
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I'I Discriminator Variables in VBS Measurements

J VBS event topology .
¢ Two jets with leading transverse momenta
in the forward regions
o Large rapidity gap Ay;; (Lorentz invariant!)
o Large invariant mass m;;

** Vector bosons in a central region T — >~ N\
** No additional jet activity in the gap region
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Forward jet
(-ve rapidity)

Forward jet

o Ngapjets
/ l (+ve rapidity)

2
d Invariant mass of leading jets: m;; = \/(pjl + pjz)

YJ1+3’]2

d Lepton-photon centrality: &, = ‘ylﬂ, /18y;;l
4 Can be also defined for other objects or comblnatlons of objects
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|_| Same Sighn WXW=jj Measurement arXiv:2312.00420

Vs =13TeV, 139 fb~!

O WEW2jj has the largest ratio of the electroweak to QCD production cross sections
among all vector boson scattering (VBS) sensitive I'Vjj final states

*** As the QCD leading order diagrams with initial gluons are forbidden

DdNgzy
1YLISH3IAI
suerjiwixep-snin

q1 q3 o as q1 q3 q1 \ qs3 q1 g g9 ‘mnnm q1
V; Vs -

1% y f_'l Vi Vs jil \ 4 y Jil E \ f,l ‘f_l {1

V fa ; 2 ' H fa g E f2 Vi fa2 A Iz
1 ] -y

v, Ts Va3 Va /s v, Ts 3 w Ts Vi fs Ts

Vs fa Ja \A fa = fa fa fa

a2 44 / r“«(‘“"
q2 qs qz q4 qz2 q4 g q2 g q2
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Same Sign WiWw arXiv:2312.00420
Vs =13TeV, 139 fb~!

O WEW2jj has the largest ratio of the electroweak to QCD production cross sections
among all vector boson scattering (VBS) sensitive VVjj final states

¢ As the QCD leading order diagrams with initial gluons are forbidden

q1 qs3 q1 qs3 q1

W-=jj Measurement

2 a ~—_ s BN i
Vi V3 -
Vi h Vil Vi h Vi h 3 v h h h
F2 f2 . f2 = J2 f2 A f2
Vs f ' H L Vi
A I3 Vs \2 3 Va Ts = Va Is | I3 Ts
Vs fa Ja \A fa = fa fa fa
q2 q4 / {“«‘“«'
q2 g4 qz q4 qz2 q4 g q2 g q2

D Data S| nal and baCk rOund Process ee e e o Combined
V4
pre-fit event yields in the WEWEj EW 276 £ 09 682 +£16 613 +£15 778 +£1.7 235  £5
. . WEW*ji QCD 1.6 + 0.5 73 +22 64 +£19 88 +£25 24 &7
S|gna| Reg|on WEWEj4 Int 093+ 020 22 +05 20 +04 25 05 7.6 +£16
) : ) W*Zji QCD 84 + 1.0 268 +£30 267 +£30 209 £22 8  +9
+ 2sub re_glon_s fF)r el,ECtron W*Zji EW 1.714+ 0.14 49 +04 41 +04 42 +04 149 +1.2
muon pairs distinguished by  Non-prompt 89 + 26 15 +4 102 £32 21 £7 56 +12
o Vi 1.3 + 0.8 51 +£22 46 +£2.6 — 11 +£5
the leading-pr lepton flavour Charge misid. 3.8 + 20 50 +1.3 12 +04 _ 10 +4
Other prompt 1.024+ 029 25 406 1.8 +£05 17 +£22 71 428
U EW signal purity of 52% vs. Total expected 55 =+ 4 137  +7 118 +6 137  +£8 448  +20
5 4% Of QCD background Data 52 149 127 147 475
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|_| Same Sign W=W=jj Measurement

 Fiducial cross section = MC fiducial cross section X fitted singal normalisation

[ The signal and the main QCD W Zjj background normalisations obtained from the
simultaneous profile-likelihood fit to the m;; distributions in the signal region, the low-
m;j control region and the integrated (single bin) QCD WZjj control region
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Same Sign W=W=jj Measurement
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J Fiducial cross section = MC fiducial cross section X fitted singal normalisation

[ The signal and the main QCD W Zjj background normalisations obtained from the
simultaneous profile-likelihood fit to the m;; distributions in the signal region, the low-
m;j control region and the integrated (single bin) QCD WZjj control region

Description o’ [fb] opy TTRED [fp]

Measured cross section — 2.92 £ 0.22 (stat.) £ 0.19 (syst.) 3.38 + 0.22 (stat.) + 0.19 (syst.)
MG5_AMC-+HERWIGT ~ 2.53 +0.04 (PDF) "0 Ts (scale)  2.92 +0.05 (PDF) T057 (scale)
MG5_AMC+PYTHIA8  2.53 4 0.04 (PDF) 032 (scale)  2.90 + 0.05 (PDF) 533 (scale)
SHERPA 2.48 + 0.04 (PDF) 7559 (scale)  2.92 4 0.03 (PDF) 099 (scale)
SHERPA ® NLO EW 2.10 + 0.03 (PDF) 033 (scale)  2.54 +0.03 (PDF) 029 (scale)

POWHEG BOX+PYTHIA

2.64

J Good agreement found for the fiducial cross sections with the SM predictions within
the measurement uncertainties

4 Total uncertainty: 9.8% (data statistical: 7.4%, instrumental and theoretical: 6.4%)
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|_| Same Sign W=W=jj Measurement

[ Differential cross sections obtained using the profile-likelihood unfolding method
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> E||||||||||||||||||||||||||||||||||||||||||||||— ;‘ :|||||||||||| |||||||||||||I|IIII|IIII|IIIIIIII:
8 40F ® Data B WEWEj EW (bin 1) lIWSWE EW (bin 2) = £ 0.2 ATLAS e Data | E
o = EWEWE EW (bin 3) I WAWEji EW (bin 4) llW!WHj EW (bin 5) 7 S 0.18F (s =13 TeV, 139 f! ® MG5_aMC+Herwig7 =
gy 35 E_ B WEWE EW (bin 6) [l WEWE Int W*W:jj QCD _E 5 0 16:_ EW WEW o MG5_aMC+P¥th|a8 E
*g 30 Mwz Qcb Pwz Ew Non-prompt - = T F I z zﬁ\;vthQ;Zy:TaB :
g 25;_ Conversions Other prompt 7/ Tot. Uncert. _; E‘°O-1 45_ y Sherga 2:2:11 & NLO EW _E
= - ATLAS ] 2 0.12 Total Uncertainty E
20 = = -8 0_1%% 7 Systematic Uncertainty -
- Vs=13TeV, 139 fb™ 3 ‘% " .
15 o E 0.08f {{f// =
10 E 0.06 =
- C ’W ]
— 0.04+ [ RY A =
0 11 | | I - | | 1111 | 1111 | 1111 1111 | | : | I | : I 111 : | I I - 0 . 0 2 f_ ’ W/%//%WM/M/%/@E
- | PrrT | rrrt | Prrt | Prrt | PrrT | Prrt PrrT | rrrT | R :I | 111 L 111 L 111 L1 11 111 | | 111 | | 111 |:

2 1.2_ __ 0 T T | T TTT | T TTT | T TTT | T T TT1 | T TTT | T TTT | T TTT | T TTT | T TTT
%) -l /L ; g | | | | | | | RARAE
s 1 )ﬁ % Z s F :
8 O 8:_ _: E., ;///- > ML ”A'//’)"?‘Av # 4 7 ///4
' C | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 8 E * I:] * ‘ 'j <> A * * ¢ <> A * E
50 100 150 200 250 300 350 400 450 500 < 0.5 | E

50 100 150 200 250 300 350 400 450 500

My, [GeV] GeV]
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|_| Same Sign W=W=jj Measurement

[ Simulated and reconstructed EFT [Asml® + ) ci2Re(AgyA) + ) cllAIP + D cic2Re(AiAY)

samples are fitted to the detector-level i i S
my; distributions in the SR and CRs to
obtain limits on a corresponding c; (or
¢; and ¢; in case of two-dimensional
limits) that is a free parameter of the fit

4 Only one ¢; (or ¢; and ¢; pair) is taken

as non-zero at a time

4 Nominal predictions for the SM signal
and backgrounds are assumed

n
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==l same Sign WEW=jj Measurement

%zg
@ L
cwne . * *
5 W Simulated and reconstructed EFT [Asul® + ) ci2Re(AjyA) + ) e lAil + ) cicj2Re(AiA])
samples are fitted to the detector-level ’ ’ AR
" " ° - > T T T T T T T T T T T T T T T T T T T T T T
my; distributions in the SR and CRs to 3 10° ATLAS . Dba __ | -WlW”ﬁ! A
obtain limits on a corresponding c; (or 2 F Vs=13TeV, 139" MW Wijint WW3Qch 3
- imensi S 10 vy e e 1
¢; and ¢; in case of two-dimensional € ol SMpre O e ot e i -
limits) that is a free parameter of the fit i — /A =4Tev?
. ] 102 fuo/ A" =140 TeV", m . < 0.7 TeV_;I
4 Only one ¢; (or ¢; and ¢; pair) is taken
as non-zero at a time 10 ;
4 Nominal predictions for the SM signal ] .
and backgrounds are assumed o
. . —25
O EFT samples are simulated without and -
with different cut-off scales applied to = & + L E
. . . . Y2 1.5 —
the invariant mass of the final state di- g ‘r; . % , 7 7
boson SYStem’ mWV’ in every event at D 0.5§_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |4I 1 1 | 1 1 1 | 1 1 1 | I/i‘f

O

200 400 600 800 1000 1200 1400
m.. [GeV]

the truth particle level
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|_| Same Sign W=W=jj Measurement
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J Competitive limits (@ 95% CL) are set WWWW [WWZZ|ZZZZ|WWAZ|WWAA | ZZZA | ZZAK|ZAAA[AKAA
.« . O0s,0, Os.1 X X X
on the coefficients of the relevant EFT v OO O X | X | X | XX XX
dimension-8 operators that have large Oro O Ora | X X TR T X XTI
X X X X X

effects on the WIWWW coupling Ors Ors

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
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Same Sign W=W=jj Measurement

[ Competitive limits (@ 95% C.L.) are set — WWNW W[ W7 WA ZZZA ZZAA  ZARATAAAR
. . S,0, S,1
on the coefficients of the relevant EFT Onio. OnaOvo Oz | X | X | X | X | X | X X
di ion-8 tors that have | b O T X T X TX X X XX XX
- 7,0 ,“T1T,1 ,T 2
Imension-o operators thd dave large o e e = N A
effects on the WWIWW coupling Ors Ors X X[ X[ X[X
TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound
[TeV ™ [TeV ™
AL Exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
Fuo/ Obs. -4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
AL Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV
Far/ Obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV
AL Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
Fur/ Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV
AL Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
Tsoz/ Obs. -5.9, 5.9] —
4 Exp [-22.0, 22.5] -
Fs1/A Obs. [-23.5, 23.6] —
f X Exp [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV
T0/ Obs. [-0.36, 0.36] 7.4 at 1.0 TeV, 12.4 at 0.9 TeV
A Exp [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
Jri/ Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
AL Exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
Fra/ Obs. 0.63, 0.74] -
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|_| Same Sign W=W=jj Measurement
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D Competitive ||mits (@ 95% C |_) are set — WWXWW W?ZZ szzz WWAZ[WWAA|ZZZA[ZZAA[ZAAATAAAA
. . S,0, S,1
on the coefficients of the relevant EFT a0 Ori1Onwo Onir | X | X | X [ X [ X X [X
di ion-8 tors that have | b O T X T X TX X X XX XX
- 7,0 ,“T1T,1 ,T 2
Imension-o operators thd dave large o e e = N A
effects on the WWIWW coupling Ors Ors X X[ X[ X[X
TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound — 5: B e S e = s
[TeV ™ [TeV ™ > at ATLAS -
= i E
R Exp. -3.9, 3.8] ~64 at 0.9 TeV, 40 at 1.0 TeV £ A Vs =13 TeV, 139 fo :
o/ Obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV S 3F e
AL Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV < 2; .f
fun/ Obs. -6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV o .
A4 Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV 1= E
Fuar/ Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV ok =
A4 Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV s ]
Tsoz/ Obs. -5.9, 5.9] — -1= =
A Exp [-22.0, 22.5] - 3 =
Fsi/A Obs. [-23.5, 23.6] - ‘2;.' . :
A4 Exp [-0.34, 0.34] 3.2 at 1.2 TeV, 4.9 at 1.1 TeV _3f fri /A -
R Qbs._______ 1036, 036 _____________ T4t L0 TeN, 12426 09TV __________ — gos. s climi
i A Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV l -4 Unitarity bounds
: le/ Obs. [ 0. 174 0. 186] -0.38 at 2.5 TeV 0.49 at 2.4 TeV : _5:4L pexpedpedrodredredrodeodeodradrodoodoodnedrodoodoodrodoodgoodoodoo :
"""" /{ ;"'"Eiﬁ.'"""I0'5'6"0'7@"'"""'""—?'(SD'aIt'I'7'Té\7"1(')'3'51{1'2'Té\7""""" 1 2 3 4 5 ©
Fra/ Obs. 0.63, 0.74] -

m,,, cut-off [TeV]
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ZZ(— 4l)jj Differential Cross Sections JHEP 01 (2024) 004

Vs =13TeV, 140 fb~!

Inf

[ Differential cross sections are measured in VBS- ¢ 7
enhanced (¢ < 0.4) and VBS-suppressed (¢ > 0.4)
regions

¢ Three types of observables are measured

o VBS observables " g
o Polarisation, charge conjugation and parity observables
o QCD-sensitive observables [)’45 - 0.5(yj, + yjz)]

¢ Both EW and QCD production mechanisms are probed Ayjj

DANEGZANM
LYLISY3AINN
-SUBI|IWIXe-SN!

S
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ZZ(— 4l)jj Differential Cross Sections

JHEP 01 (2024) 004

Vs =13TeV, 140 fb~!

[ Differential cross sections are measured in VBS- y
enhanced (¢ < 0.4) and VBS-suppressed (¢ > 0.4)

regions v
¢ Three types of observables are measured 7
o VBS observables g
o Polarisation, charge conjugation and parity observables
o QCD-sensitive observables B [)’45 - 0.5(yj, + yjz)]
¢ Both EW and QCD production mechanisms are probed B Ayjj
 Two Z bosons are selected Process Event yield + stat. + syst.

from the same-flavour
opposite-charge lepton pairs
** Have smallest |[m;; — m,|

** Are formed from different
leptons

VBS-enhanced VBS-suppressed

989+05+252 455+03+129
241+£0.1 £1.8 2.12+0.02+0.14

strong 4£jj (SHERPA)
EW 4£jj (MG5+PY8)

Prompt background 18.8+£0.2 £2.2 55+£0.1+£04
Non-prompt background 3.0+ 0.6 + 3.2 1.1£05+1.2
Total prediction 144 + 1 + 26 54+1+£13
Data 169 53
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I_I ZZ(— 4l)jj Differential Cross Sections

J Event distributions of the invariant masses of four leptons (left) and two leading jets
(right) in the VBS-enhanced signal region
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T T T T T T T T I [ T T T T T T I T ]
%_) 10° |;r ATLAS VBS-Enhanced region, ¢ < 0.4 g: %) - ATLAS VBS-Enhanced region, T < 0.4 -
O = s=13TeV, 140" - Data 7/ Pred. syst. 3 O 10E Vs=13Tev, 1400 --Data 7/ Pred.syst. =
8L 10 Strong 4ljj EW 4ljj E i - Strong 4ljj EW 4ljj .
(e = = C
0>J C . Other - Non-prompt G>> 1 = . Other . Non-prompt 3
L = = L > 2 =
S 3 - ////////// —
= ////,///////‘/////. 3 1l VZZZ. ZZ4 |
B: . 107 E rm -
10° = =
ez J
_ 102 e e ?
1072 =
107° 107°
o 1.6E ol
O 14E o
(I B . S, TS S SS PsusIsu T o
S~ 1 ~~
8 gl e i I
BB 3 5
0.4 :_| ............ | .......... ||| ....... r__ . : ; | i A ; | 3
3 3 3 3
2x10° 3x10° 10 4x10? 10 2><1O 3><1O
m, [GeV] m, [GeV]
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I'I ZZ(— 4l)jj Differential Cross Sections

 Iterative Bayesian unfolding is used to measure differential cross sections

DdNgzy
1YLISH3IAI
suerjiwixep-snin

= =— T T T T T T T I —= L] : T T T I T :

> = ATLAS VBS-Enhanced region, L < 0.4 = > ~ ATLAS VBS-Enhanced region, < 0.4 ]

Q) - . _ Q) 1l ] _

S oL /s=13Tev, 140 fo! —e- Data, stat. unc. _| S 107! = Vs=13TeV, 140 fo” —&-Data, stat. unc. 3

o| & - Total unc. . olg~. [ Total unc. ]

Clo 107 To—— = oo 107 S

= oA = FR & —eo— .

E—EQO— © 7 . S S .

< _ 107 = — =

107 = T e e E = 6 =

e e yaR 4 = e —— e .

1074 & s e g 107 P E-.’..? ........ =

10-5 : =—A—— Strong 4ljj (SHERPA) + EW 4ljj (MG5+PY 8) _: 10-5 ;——A— Strong 4ljj (SHERPA) + EW 4ljj (MG5+PY 8) —;

= mmmgmms Strong 4ljj (MG5_NLO+PY8) + EW 4ljj (MG5+PY 8) E E m==gmee= Strong 4ljj (MG5_NLO+PY8) + EW 4ljj (MG5+PY8) 3

- EW 4ljj (MG5+Py8) - - EW 4ljj (MG5+Py8) .

108 =" EW 4ljj (POWHEG+PY8) + ZZV(V— jj) (SHERPA) — 1078 et EW 4ljj (POWHEG+PY8) + ZZV(V—> jj) (SHERPA) —

© 16 ; ; ; S B O O S = © 160 ; ——t—t—t—+—] : =

®© = 3 ®© = 3

S it S 14t

"9 . 1 - E -9 ' 1 E =

2 08F = 2 0.8 -

T 0.6F - S 0.6F E

m 04 T PSP e e e I._: m 04 :_I .............. e e e [ I ..................................................................... I.._:
2><1o2 3><1o2 10° 4x10? 10° 2><1o3 3x10°

m,, [GeV] m, [GeV]
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ZZ(— 4l)jj Differential Cross Sections

J EFT samples combined with the SM
signal are fitted simultaneously to the
unfolded my; and m;; distributions
and limits (@ 95% C.L.) on anomalous
couplings of dimension-8 operators

WWWW |\WWZZI|2Z7Z72Z7Z|\WWAZ | WWAA |ZZZA|ZZAA | ZAAA|AAAA
Os,0, Os1 X X X
(91\/[707 OMJ,OM,G ,OM,7 X X X X X X X
Owm,2 ,Om,3, Oma O X X X X X X
Oro 071 072 X X [ X | X X | X | X [ X | X
Ors ,Or6 ,Orn X [ X | X X | X | X [ X | X
Ors ,0r9 X X X X X

are obtained ;- LSM+ZfT‘

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
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I'I ZZ(— 4l)jj Differential Cross Sections
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D EFT samples Combined Wlth the SM WWWW [WWZZ|ZZZZ | WWAZ [ WWAA [ZZZA [ ZZAA| ZAAA[AAAA
Os,0, Os1 X X X
signal are fitted simultaneously to the N —_——
unfolded my; and m;; distributions T e B
Ors ,0r9 X X X X X

and limits (@ 95% C.L.) on anomalous
couplings of dimension-8 operators

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

are obtained frig,

L ‘Z:SM + Z < 40 _'_ | T T T T T T T T T T T T | T T T T | T T T I_

R ATLAS :

Wilson IMag]>  95% confidence interval [TeV ] q_:" 30 = Vs =13TeV, 140 fb"
coefficient  Included Expected Observed - \ -
fro/A* yes [-0.98,0.93]  [-1.00, 0.97] 20K —
no [-23, 17] [-19, 19] n ]

AT T Tyes T T T 12012 T T A3 I3 T 10 -]
o no____[I60120] (oo | E > -
fra/ A yes [-2.5,2.4] [-2.6, 2.5] )= TTitIzzzsmmssseeseeoooooooooooooooos =
no [-74, 56] [-63, 62] - ~ ]

fr.s/A* yes [-2.5,2.4] [-2.6,2.5] 10 —
no [-79, 60] [-68, 67] - .

fr.o/A* yes [-3.9,3.9] [-4.1,4.1] _ool-+ ]
no [-64, 48] [-55, 54] = — — Expected 95% confidence interval -

fra/A? yes [-8.5, 8.1] [-8.8, 8.4] _30& Observed 95% confidence interval—
o [-260.200  [-220,220) E Unitarity Bound .

frs/A* yes [-2.1,2.1] [-2.2,2.2] _40H- | | | | | =
no [-4.6, 31])(104 [_3‘9’ 38])(104 1 L1 1 2 L1 1 3 [ N | 4 [ N | 5 [ N | 6

fro/A* yes [-4.5,4.5] [-4.7, 4.7]

1o [-7.5,5.5]x10* [-6.4, 6.3]x10* E. [TeV]
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J EFT samples combined with the SM
signal are fitted simultaneously to the
unfolded my; and m;; distributions
and limits (@ 95% C.L.) on anomalous
couplings of dimension-8 operators

I'I ZZ(— 4l)jj Differential Cross Sections

WWWW | WWZZ\|ZZ7ZZ|\WWAZ | WWAA |ZZZA | ZZAA | ZAAA|AAAA
Os,0, Os1 X X X
Own,0, Oum,1,0m,6 ,Om,7 X X X X X X X
Owm2 ,0m3, Oma ,Oms X X X X X X
Oro 071 072 X X [ X | X X | X | X [ X | X
Ors ,Or6 ,Orn X [ X | X X | X | X [ X | X
Ors ,0r9 X X X X X

are obtained -2 frig,
= Lsm + Z A4 T
15
Wilson IMag]>  95% confidence interval [TeV ]
_ _coefficient _Included Expected Observed
Much stronger  "==c" Ad 1 o [-0.98,0.93]  [-1.00, 0.97]
limits are set on ! ' no [-23, 17] [-19, 19]
these three TTRLAT yes . [12.02] 3,13
couplings by the 1, ' no [-160,120]  [-140,140] ! -
samesigh WWjj 1 ™ £ 7AT ™ Uyes | [2.5,24] | [2.6,25]
measurement e e e oo ' no [-74, 56] [-63, 62]
(see earlier fr.s/A* yes [-2.5, 2.4] [-2.6,2.5]
slides) no [-79, 60] [-68, 67]
fr.e/A* yes [-3.9,3.9] [-4.1,4.1]
no [-64, 48] [-55, 54]
fr.7/A* yes [-8.5,8.1] [-8.8, 8.4]
no [-260, 200] [-220, 220]
frs/A* yes [-2.1,2.1] [-2.2,2.2]
no [-4.6,3.1]1x10* [-3.9, 3.8]x10*
fro/A* yes [-4.5,4.5] [-4.7, 4.7]

no [-7.5,5.5]x10* [-6.4, 6.3]x10%

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

<|'< 40 f | T T T T T T T T T T T T | T T T T | T T T T

B ATLAS

30, /s =13 TeV, 140 b
20K

-
-
------=
______
-

o
II|IIII|IIII|II

— — Expected 95% confidence interval

]
1
I
1

-30 - Observed 95% confidence interval—
e Unitarity Bound ]
4000 o
1 2 3 4 5 6

E. [TeV]
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I'I Z(— vv)yjj Measurement JHEP06 (2023) 082

==
555 ) J5 = 13 Tev, 140 fb~
?:ﬁ: (d Measurement in the high photon transverse q ﬁf " q
momentum phase-space: Er, > 150 GeV E ”/
** Enhanced sensitivity to a possible aQGC q % q q Z

¢ Tighter threshold values in EFT fits
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I'I Z(— vv)yjj Measurement JHEP06 (2023) 082

==
Eﬁg P Vs =13TeV, 140 fb~!
§§f (d Measurement in the high photon transverse q ;g " q
momentum phase-space: Er, > 150 GeV é ”/
** Enhanced sensitivity to a possible aQGC q % q q Z

¢ Tighter threshold values in EFT fits

[ Profile-likelihood fit to the Boosted Decision Tree
classifier in the SR and m;j distributions in all three CRs

** Free signal and two main background normalisations
g g

ﬁ y-centrality

21 lepton

0.6 [RARIED)

/

0 leptons

m(jj) [GeV] 300 m(jj))[GeV]
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I'I Z(— vv)yjj Measurement JHEP06 (2023) 082

==
§§f (d Measurement in the high photon transverse q ;g " q
momentum phase-space: Er, > 150 GeV é ”/
** Enhanced sensitivity to a possible aQGC q q g
¢ Tighter threshold values in EFT fits % q q
g 104§_ATL‘AS | | J—Data‘ | Z(‘\/V)yjj I‘EWK_E
1 Profile-likelihood fit to the Boosted Decision Tree oo e et Mz aon M a0
classifier in the SR and m;; distributions in all three CRs 10 penesen R J

7~ Uncertainty ---- Pre-Fit Bkgd.

¢ Free signal and two main background normalisations

10?

OB SO

¢ y-centrality

4

21 lepton 10 L

////////

1 I%jllll 1 1 IIIIII|

0.6 [RARIED)

/

0 leptons

\ﬂ

—

o
(0]
fud

o

-
O]

—
GS

0.5
m(jj) [GeV] 300 m(jj))[GeV] -1 0.30 0.53 0.71 0.81 0.86 0.90 0:93 0.95 1
BDT classifier response

A
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(1 Observed (expected) significance: 3.20 (3.70)

s After combination with the ATLAS previous measurement in a low energy phase-space of
15 < Ep,, <115 GeV: 6.30 (6.60)

U Predicted and measured fiducial cross sections:
pred _
07 EWK = 0.98 + 0.02 (stat.) + 0.09 (scale) = 0.02 (PDF) b

ozyEwk = 077703 b = 0.77102) (stat.)*%3% (syst.) fb
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2¥NJZAN

(1 Observed (expected) significance: 3.20 (3.70)

s After combination with the ATLAS previous measurement in a low energy phase-space of
15 < Ep,, <115 GeV: 6.30 (6.60)

L1YLISYIAI
suefjIwpepw-sniny

I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T =
—e— Data Z(V)yji EWK 3

) Predicted and measured fiducial cross sections: g [ anas -z 00D vy QCD
10°5=13 TeV, 139 " mmdij -
O'ET;EWK =0.98 +£0.02 (stat.) + 0.09 (scale) = 0.02 (PDF)fb Ee :szJO [ oy ; ﬁﬂ%ﬁh -
102 —— fyo/ A*=4.6 TeV*
ozyEwk = 077703 b = 0.77102) (stat.)*%3% (syst.) fb P

 EFT interpretation performed in the signal region

* Adjusting (tightening) the event selection Er,, 10°

threshold by optimisation of the expected limits
for the considered dim-8 operators

D

Data/Pred.
Lo

.
1.8 2
E; [TeV]
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Z(— vv)yjj Measurement

(J Competitive limits (@ 95% C.L.) are
obtained on the coefficients of seven
relevant EFT dimension-8 operators
without and with applying an energy
cut-off scale to the invariant mass myg,

WWWW |\WWZZI|2Z7Z72Z7Z|\WWAZ | WWAA |ZZZA|ZZAA | ZAAA|AAAA
Os,0, Os1 X X X
Own,0, Oum,1,0m,6 ,Om,7 X X X X X X X
Owm,2 ,Om,3, Oma O X X X X X X
Oro 011,07 X X [ X | X X X | X | X | X
Ors Ors Orn X [ X | X X X | X | X | X
Ors ,0r9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
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|

Z(— vv)yjj Measurement

(J Competitive limits (@ 95% C.L.) are
obtained on the coefficients of seven
relevant EFT dimension-8 operators
without and with applying an energy
cut-off scale to the invariant mass myg,

WWWW | WWZZ\|ZZ7ZZ|\WWAZ | WWAA |ZZZA | ZZAA | ZAAA|AAAA
Os,0, Os1 X X X
Own,0, Oum,1,0m,6 ,Om,7 X X X X X X X
Owm2 ,0m3, Oma ,Oms X X X X X X
Oro 071 072 X X [ X | X X | X | X [ X | X
Ors ,Or6 ,Orn X [ X | X X | X | X [ X | X
Ors ,0r9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

> m ATLAS .
t 08__ ..................................................................................................................................... 1__
vsm 0.6 :_ V_ ..... 1 3TeV139fb ....... :
Coefficient ~ Observed limit [TeV™*] ~ Expected limit [TeV~*] R - =
 fro/At [-9.4,84] x1072  [-1.3,1.2]x1070 0.2 e e T R =
_frs/AY[-8.8,99]x107°  [-1.2,13]x 107" e n .
fT8/A4 [_5.9,5 9] X 10 2 [ 8 1 8 O] X 10 2 O:_ ..................................................................................................................................... :
fro/A* [-1.3,1.3] x 10~ [-1.7,1.7] x 10~ T S =
fuo/A* [4.6,4.6] [-6.2,6.2] I E
fui /A [-7.7,7.7] [-1.0,1.0] x 10 = —— Expected =
Fara) A [-1.9,1.9] [-2.6,2.6] -0.6 R Observed =
—0.8_— ........................................................................... Unitarity bound _:
_1_ | | | i
1.4 2 3 4 5 00
E. [TeV]
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|_| Summary

(J Measurements of electroweak processes sensitive to vector boson scattering allow to
test the gauge interactions of the SM electroweak theory and its symmetry breaking
mechanism
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J ATLAS public results of the electroweak VBS measurements using the full Run-2
dataset of proton-proton collisions collected at v/s = 13 TeV were reviewed

 All presented results are consistent with the Standard Model predictions within the
measurement uncertainties

(J More VBS measurements using the full Run-2 dataset should be available for public
this year

Tuesday 05.03., T.38: Standard model 1 (electroweak/bosons)

Tthank you!
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Content

] Electroweak vector boson self-interactions in the Standard Model
*¢* Vector boson scattering (VBS)

J VBS as a probe of the SM electroweak symmetry breaking mechanism

(1 Searches for anomalous quartic gauge couplings in VBS processes
¢ Effective field theory (EFT) framework

J EWK VBS-sensitive measurements in the ATLAS detector using the full Run-2 dataset

¢ Highlights of the measurement methods and results 140 fb! roton-proton
o Same sign WWjj, fully leptonic collision data collected
o—Oppositesign- WU ijfullyleptonie aty/s = 13 TeV
o ZZ(- 4D)jj
o Z(= wW)yjj
NPT

J Summary
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I'I New Physics Searches — Anomalous Gauge Couplings
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(J Dimension-8 operators

— ; o/ . 1
) DrD) x [(D,®)! D D] D,® = (0, + igW, 5 + ig B, 3)®

x [(D;®)! DF ], Wo=Wis o (j=1,2,3)

"]
7]

B*] x [(Ds®) D/ @],
[

OM,Z - [B,uu
OM,3 - [B/M/Byﬁ] X (Dﬂq))TD”(D]’
Ouya = (D, @) Wy, D'®] x B¥,
Ous = (D, @) W, D'®] x B# + H.c.,
A WWWW [WWZZ|ZZZZ|WWAZ|WWAA[ZZZA|ZZAA[ZAAATAAAA
Oyz = (D, @) W, WHD D). 055 0o < <%
Om0, On1,00m6 ,0M,7 X X X X X X X
A NN Otz O3, Orra ,Onrs X X X X X X
Oro = Tr[W,, W*] x Tr[Wz W], Or,0 01,1 ,Or2 X X | X | X X X | X | X X
— 1 up T Trav OT75 ,OT,G ,OT,7 X X X X X X X X
OTI Tr[WWW ] X Tr[Wﬂ/;W ] Ors ,Org9 X X X X X

Ora = Tr[W,,, W] x Tr[W,, W],

Ors = Tt[W,,W*] x B,;BY

Org = Tr[W,, W] x B, ;B™,

Or7 = Tr[W,,W*] x By, B*

Org = B,,B"B,sBY, Ory = B,,B"’B;,B*".
05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
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Same Sign W=W=jj Measurement

(J Monte-Carlo signal and background samples

Process, short description

ME Generator + parton shower

PDF set in ME

EW, Int, QCD WiWijj, nominal signal
EW, Int, QCD wEw* 77, alternative shower

EW WiWijj, NLO pQCD approx.

EW WEWjj, NLO pQCD approx.
QCD WlLWijj, NLO pQCD approx.

MADGRAPH5_AMCQNLO2.6.7 + HERWIGT.2
MADGRAPH5_AMCQNLO2.6.7 + PYTHIAS.244
SHERPA2.2.11 & SHERPA2.22(WWW) &
PowHEG Box2+PyTHIA8.235 (W H)
PowHEG Boxv2 + PYTHIAR.230
SHERPA2.2.2

NNPDF3.0NLO
NNPDF3.0NLO

NNPDF3.0NNLO

NNPDF3.0NLO
NNPDF3.0NNLO

QCD VVjj
EW W*Z/~*jj
EW Z/~"Z/v"jj

QCD Vvjj

EW V~jj

VVV
1V
tZq

SHERPA2.2.2
MADGRAPH5_AMCQNLO2.6.24+PYTHIA8.235
SHERPA2.2.2
SHERPA2.2.11
MADGRAPH5_AMCQNLO2.6.5+PyYTHIA8.240
SHERPA2.2.1 (leptonic) & SHERPA2.2.2 (one V — jj)
MADGRAPH5_AMCQNLO2.3.3.p0 + PYTHIAS.210
MADGRAPHS _ AMCQNLO2.3.3.p1 + PYTHIAS8.212

NNPDF3.0NNLO
NNPDF3.0NLO
NNPDF3.0NNLO
NNPDF3.0NNLO
NNPDF3.0NLO
NNPDF3.0NNLO
NNPDF3.0NLO
NNPDF2.3L0

MADGRAPHS_AMCQNLO 2.6.5 + PYTHIAR.235

NNPDF3.0NLO

MADGRAPHS_AMCQNLO 2.9.5 + PYTHIAR.245

NNPDF3.0NLO

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector

Order Tune
LO HERrRWIG

LO Al4
+0,1jQLO SHERPA

NLO Al4
NLO (VBS approx.) AZNLO
+0,1jQLO SHERPA
+0,1jQNLO; +2,3j@QLO  SHERPA

LO Al4
LO SHERPA

+0,1j@QNLO; +2,3jQLO Al4

LO Al4
+0,1jQLO SHERPA

NLO Al4

LO Al4

LO Al4

LO Al4
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Same Sign WiW

W-=jj Measurement

 Event selection signal and control regions

Requirement SR Low-m;; CR WZ7Z CR
Leading and subleading lepton pr > 27 GeV
Electron |n| < 2.47 (1.37 in ee), excluding 1.37 < |n| < 1.52
Muon |7] < 2.5
Leading (subleading) jet pr > 65 (35) GeV
Additional jet pp > 25 GeV
Jet |n)| <4.5
mgg > 20 GeV
ETF > 30 GeV

Charge misid. Z — ee veto

Mo —my| > 15 GeV —

b-jet veto Nyiet =0, P > 20 GeV, ™| < 2.5
Nvetoleptons =0 =0 =1,pr>15 GeV
Myppp — — > 106 GeV
m;; > 9500 GeV 200 < m;; < 500 GeV > 200 GeV
[ Ayl > 2

05/03/2024
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35
30
25

Events/10 GeV

Data/SM
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40¢

B WAWHj EW (bin 1) JlIWWHj EW (bin 2)
- B WAWH EW (bin 3) B WAWHjj EW (bin 4) [l W*Wjj EW (bin 5)
- WAWHj EW (bin 6) [l WEWHj Int W*WHjj QCD

~ @wz Qcb BwzEw Non-prompt

- [ Conversions Other prompt 7/ Tot. Uncert.

ATLAS

Vs=13TeV, 139 fb™

OO S T—

NN

50 100 150 200 250 300 350 400 450 500

nTKf[Cie\/]

Gia Khoriauli

Events/50 GeV

Data/SM

Same Sign W=W=jj Measurement
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Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector

 Differential cross section messurement with profile-likelihood unfolding

4 Post-fit distributions obtained in the fit of differential cross section as a function of my;
o Signal from different particle-level m;; slices (numbered in brackets) is shown in different shades of blue

T | T T T T | T T T T | T T T T | T T T T
- e Data B WAWHj EW (bin 1) [lIWSWHj EW (bin 2)
C WAWH EW (bin 3) B W*WHjj EW (bin 4) [l W*Wjj EW (bin 5)

- W W EW (bin 6) [ll W W Int W*W*jj QCD
- Blwz Qcb Bwz Ew Non-prompt
L | Conversions Other prompt 7 Tot. Uncert.
— ATLAS
Vs =13 TeV, 139 fb”
SR

¢ , | )
T

TN T
-8
.\
—

I|III|II1\§II|III|I

1000 1500 2000 2500

3000

m; [GeV]

DPG2024
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|_| Same Sign W=W=jj Measurement

[ Differential cross sections obtained using the profile-likelihood unfolding method

DdNgzy
1YLISH3IAI
suerjiwixep-snin

. > . |2
mr = \/(ng + Efrnlss) ﬁ%ﬁ + Ef[‘n1ss
;‘ 0.25_I T T T | T T T T | T T T T | T T T T | T T T T | T T T T—] E 7 __ | __
8 . ATLAS e Data ] :<'n - ATLAS e Data .
. _ -1 m MG5_aMC+Herwig7 ] S BE (e -1 m MG5_aMC+Herwig7 ]
g 0.2 s 1? TE_V’ 139 1o o MG5_aMC+Pythia8 — @ - Is= 1? TE_V’ 139 1o o MG5_aMC+Pythia8 N
2 - EW W W7 o Powheg+Pythia8 ] Z 53_ EW W-W-jj o Powheg+Pythia8 E
- - A Sherpa 2.2.11 . ® C A Sherpa 2.2.11 ]
% 0.15— v Sherpa 2.2.11® NLO EW _' LS N v Sherpa 2.2.11® NLO EW .
o) . % Total Uncertainty ] 4:_ Total Uncertainty B
© - H]oh % 7 Systematic Uncertainty - C % Systematic Uncertainty ]
- — 3_ ]
0.1- . : ]
i i i = .
[ ﬁ ] e ]
i 'WW ] 2; # E
0.05 - . ]
WWW o4 ] 1B -
i v W;{éf’///ﬁy///fgﬁf//{///////ﬁ - //////%// %/ M/ /%/ %///é
L v ] B
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 C
0
m T T T T | T T T T | T T T T | T T T T | T T T T | T T T T - | E
T 2 #Oﬁ % 1.5 —
Q 15 | Q - 7 7
. , I | G 7
T sy 5 L . -
- mO Aoy < 0.5+ . —
= 05 PR R NI NN SO N A A NN S T SAN R <|> A| Lo v by = C T
0 100 200 300 400 500 600 0 1
mr [GeV] Ngap jets
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|_| Same Sign W=W=jj Measurement
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[ Differential cross sections obtained using the profile-likelihood unfolding method

M ~ %(njl +1]j,)
&y = —
M = M

S 5_ T T T | T T T T T T | T T T | T T T | T T T ] ;‘ : T T T T | T T T T T T T T | T T T T | T T T T | T T T T :

= - ATLAS e Data ] 8 0.5 ATLAS e Data -

[ le-taTevreon’ SNEMOen | S T s iaTey, jag ! TUSSeo e

_8 4:_ EW Wiwijj o Powh_eg+Pythia8 _: 5 0_4_— EW WiWijj 0 Powh_eg+Pythia8 |

_  Sherpa 2.2.11 ] = L A Sherpa 2.2.11 i

. v Sherpa 2.2.11 ® NLO EW N £ v Sherpa 2.2.11 ® NLO EW i

3 Total Uncertainty . S 03 %% Total Uncertainty ]

i 7 Systematic Uncertainty ] -8 - % Systematic Uncertainty ]

2r ] 0204 5,1, .

i %] % ) . V sol Y -

N . [ *% g

— B % O 4

1% e sslal : o B ]

» : Y ) 3«.«.«.« S — ;

O i | | | | | | | | | | | | | | | | | I%%/I %/M | /ﬁ O i | | | | | | | | | | | | | | | | | | | él‘ Ivl | T’ | ?‘”i‘ Y‘_

m - T T T | T T T | T T ?<I> | T T T | T T i | T T B (U - 1T 11 | T T 171 | T 1T T 1 | T 1T T 1 | 1T 11 | T T 171 E

5 1.5 | %‘ . vy 5 1.5 #90 , —

= 1 / _ /7;/‘/5//,/ 44, // /"// %% = 1 7 7722 77797 % 0 WY, A

3 . v o 2 S . 0% o - L

£ o050 " | | | | g o500 ; | | L
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I'I Same Sign WiW

1 Search for the doubly charged Higgs boson of the GM (Georgi and Machacek) model

W-=jj Measurement

] Excess observed at m; = 450 GeV with the local (global) significance of 3.30 (2.50)

30

25

Events /10 GeV

20

Data / SM

05/03/2024

/)

® Data

o= H™ (300), sin(6,,) = 0.21
— H™* (450), sin(0 ) =0.25
[ (1000), sin(9 ) = 0.32
[ | WiW i Conversions
e wz Other prompt
Non-prompt 7/ / Tot. Uncert.

.*.

%9// » /////)(/////// S
0 500. - 1000 mT I:Ge\1/5]OO

10

ATLAS

Vs =13 TeV, 139 fb™

—— Obs. 95% CL upper limit

— = Exp. 95% CL upper limit

- Expected limit (+15)

Expected limit (+20)

500

1000

1500 2000 2500 3000
m, . [GeV]
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Same Sign W=W=jj Measurement

1 To dimensional scan for limits in the fit with contributions of two different EFT operators

to the SM signal

é‘—l B T T T I T T T T I T T I T T T
% 200 - ATLAS m
= - Vs =13TeV,139fb7 !
. .
< 100F -
R
oF ’
- Obs. 95% CL limit
- — = Exp. 95% CL limit 1
_100__ mmm Expected (+10) |
i Expected (+=20)
- Unitarity bound
-200- - muyy<1.5TeV -
C 1 I 1 I 1 I 1 7
-100 0 100
fMl//\4 [1/TeV4]
05/03/2024 Gia Khoriauli

fra/ A4 [1/TeV4]

15

10

-10

-15

Obs. 95% CL limit
Exp. 95% CL limit

Expected (+=10)
Expected (+=20)

Unitarity bound
muyy <1.5TeV

ATLAS

Vs =13 TeV, 139 fo~?

75

1 1 | 1 1
-5.0

1 I 1 1
-2.5

Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector

00 25

DPG2024

1 1 I 1 1 1 I
50 7.5
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3 Expected significance of the W,W,* VBS production at 3000 fb™ :

Total uncertainty on cross-section [%]

4
2 \\-
0 | I I | | | I I | | L1 1 1 | | I I I | | | I I I | | | I I | | | I I | | | I I | | 11 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Luminosity [fb™]
05/03/2024 Gia Khoriauli

| Prospects of wiw

W=jj Measurement at HL-LHC

J 6-7% total uncertainty in the cross-section measurement at 3000 fb!

- 1.80

4 CMS expects 2.70 at the same integrated luminosity

12

ATLAS Simulation Preliminary
(s=14 TeV
pp — WHWHjj

10
—— Statistical sources of uncertainty

———— Theoretical sources of uncertainty

Systematic sources of uncertainty

All sources of uncertainty

~
N
~.
.....
..................
.....................

»
III|III|III|III|III|III
]
.
.
.
.
.
4
.
L4
.

Expected Significance

Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector

6_

- ATLAS Simulation Preliminary

5_

- (s=14 TeV

n WEWH]

Jo PP WW

3
o e

= ——— with all sources of uncertainty

B with only statistical uncertainties
O_IllllllII|IIII|IIII|IIII|IIII|IIII|IIII|III
0 1000 2000 3000 4000 5000 6000 7000 8000

Luminosity [fb™|
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I_I Observation of Opposite Sign W W~ jj ATLAS-CONF-2023-039

Vs =13TeV, 140 fb~!
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suerjiwixep-snin

] ATLAS observed the electroweak VBS
W*W~jj production in fully leptonic
final states

¢ Leptons are required to have
different flavours

QA Top quark (mainly the tt) along with QCD W W ~jj Event yields
production make huge background to the signal Process Mjets =2 Miets = 3
* GEO 0 bt fi C_EWK WIWTjj  158+27 5413
** 66% and 2.4/? cqntnbu’gons t.o thg total (ppst fit) " Top quark 3885 1214 i851 & 191
event prediction in the inclusive signal region, | Strong WIW™jj 12144256 514+ 121 |
respectively, in contrast with 3% signal contribution W +jets 37 +£97 19 + 48
Z+jets 216 + 62 65 £ 25
. . ] o ] ] Multiboson 101 £5 42+ 3
 Signal region is split into the exclu5|v.e.2.- and 3-jet SM prodiction 461077 2546 = 48
event categories to enhance the sensitivity Data 4610 2533

 Control region for the top quark background combines 2- and 3-jet events and is
defined by requiring one of the two leading jets to be b-tagged

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024 17
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|

Observation of Opposite Sign W+W_jj

(J Neural Network (TMVA) is trained separately in the 2- and 3-jet signal regions
+* Signal, top quark and QCD background events are used in the NN training

 Profile-likelihood fit method is used to fit simultaneously the signal, top and QCD
background normalisations in the NN output in 1 control and 2 signal regions

D Ob d ‘9 TTTT‘TTTTNTTTT{TTTT‘TTTTNTTTT‘TTTT‘TTTT{TTTT{TTTT ‘9 TTTT‘TTTTNTTTT{TTTT‘TTTTNTTTT‘TTTT‘TTTT{TTTT{TTTT }L) TTTT‘TTTT{TTTT{TTTT‘TTTTNTTTT‘TTTTNTTTT{TTTT‘TTTT
Se rve § 10°= ATLAS Preliminary --Data CJEWKW'Wij § [ ATLAS Preliminary -#-Data CJEWKW'Wjj J §  ATLAS Preliminary -#-Data [CJEWKW'Wjj -
. it F (s=13TeV, 140 b ""EWKW*WV:; 3 Top E - Vs =13TeV, 140 b ""EWKW*WV:; 3 Top G 4ot {s=13TeV, 140fp! ~EWKWWi [ATop -
(expected) signal * A U =i - At
104;TopCF§ ~// Uncertainty . F 2jets SR ~// Uncertainty 3 F 3jets SR 7/ Uncertainty
. L ol . E_Post-Fit E [ Post-Fit 1 | Post-Fit
significance is 7.10 : : ok @
10°E
(6.20’) :
"’ S 1 H | 102;
»* Statistica :
uncertainty of the
measured signal = Filme. - SRl D

1»

normalisationis £ 1= - J B st % oo
< 1M...’*“MW b % meyw_&%*myj‘w % ST, ,%//4«;#4/%% / 4:/{? 2%

12 3% W|th 18 5% S 0-75¢ a 0.75f 5 075
05O 01 02 03 04 05 06 07 08 09 1 05O 01 02 03 04 05 06 07 08 09 1 050 01 02 03 04 05 06 07 08 09 1
total uncertainty N ot N ot NN outp

3 Signal fiducial cross section is measured to 2. 651022 fb vs. predicted 2.207012 fb

¢ Fiducial volume defined closely to detector level selection but requiring m;; > 500 GeV
05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024 18
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I_I Observation of Opposite Sign W™ W™ jj

(J Object and event selection for the signal region at the detector level (left) and the

definition of the measurement fiducial region at the particle level (right)

Category Requirements

Leptons  pp > 27GeV and |n| < 2.5
b-jets pr > 20GeV and |n| < 2.5
Jets pr > 25GeV and |n| < 4.5
Events One electron and one muon with opposite electric charges

No additional lepton
¢>0.5

me,, > 80 GeV

ET™ > 15GeV
Two or three jets

no b-jet

mj; > 500 GeV

Category Requirements
Leptons  pp > 27GeV
In| < 2.47 excluding 1.37 < |n| < 1.52 (electrons)
In| < 2.5 (muons)
Identification: TightLH (electrons), Tight (muons)
Isolation: Gradient (electrons), Tight FixedRad (muons)
dy/oa,| <5 (electrons), |dy/og, | < 3 (muons)
|z sinf| < 0.5 mm
b-jets pr > 20GeV and |n| < 2.5 (DL1ir b-tagging with 85% efficiency)
Jets pr > 25GeV and |n| < 4.5
Events One electron and one muon with opposite electric charges
No additional lepton with pp > 10 GeV, Loose isolation,
TightLH/MediumLH (electrons) and Loose (muons) identification
¢ >0.5
me, > 80 GeV
B 5 15 GeV
Two or three jets
No b-jet
05/03/2024
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I'I EFT Limits on Coefficients of Dimension-8 Operators
d ss WWjj (left) and ZZjj in 4 leptons final state (right)

Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound

Wilson IMag|>  95% confidence interval [TeV %]

—4 —4
[TeV] [TeV ] coefficient Included Expected Observed
., Exp. 3.9, 3.8] 64 at 0.9 TeV, 40 at 1.0 TeV Fro/A yes  [-098,093]  [-1.00,0.97]
Fyio/A Obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV no [-23, 17] [-19, 19]
A Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV fra/At yes [-1.2, 1.2] [-1.3, 1.3]
Far/A Obs. 6.8, 7.0] 45 at 1.4 TeV, 54 at 1.3 TeV o [-160,120]  [-140, 140]
., Exp. 9.3, 8.8] “33 at 1.8 TeV, 20.1 at 1.8 TeV fral N yes [25.24] [-2.6,2.5]
Fuar /A Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV no [-74, 56] [-63, 62]
fson/ A" Exp. [-5.5, 5.7] 94 at 0.8 TeV, 122 at 0.7 TeV frs/At yes [[273 2(;4]1 [[-26-2, 2-75]]
Obs. 5.9, 5.9 - no 79, -68,
) Exp. [_[22.0’ 22.]5] N Fro/A? yes [-3.9,3.9] [-4.1,4.1]
Js1/A Obs. £23.5. 23.6] _ no [-64, 48] [-55, 54]
A Exp. -0.34, 0.34] 3.2 at 1.2 TeV, 4.9 at 1.1 TeV fralAt - yes [-8.5,8.1] 8.8, 8.4]
Jro/A Obs. [-0.36, 0.36] 7.4 at 1.0 TeV, 12.4 at 0.9 TeV B -260,2001  [-220, 220]
.  Exp -0.158, 0.174] -0.32 at 2.6 TeV, 0.4 at 2.4 TeV fro/htoves o LRI T2
Jri/A Obs. 0174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV TR ;eos b s f;] b S f;]
fon /A l(a)iz. {-8.23, 8.;% 22,60 at 1.7 TeV, 10.3 at 1.2 TeV ’ no  [-7.5,55]x10* [-6.4, 6.3]x10*

05/03/2024 Gia Khoriauli ~ Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector DPG2024
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EFT Limits on Coefficients of Dimension-8 Operators
 ss WWjj (top) and Z(vv)yijj (bottom)

Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound
[TeV ™ [TeV ™
4 Exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
Faao/A Obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
4 Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV
S /A Obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV
4 Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
Fuar/A Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV
X Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
Tso2/ Obs. -5.9, 5.9] -
4 Exp. [-22.0, 22.5] —
Ts1/A Obs. [-23.5, 23.6] -
4 Exp. [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV
Fro/A Obs. [-0.36, 0.36] 7.4 at 1.0 TeV, 12.4 at 0.9 TeV
4 Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
Fru/A Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
AL Exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
Fra/ Obs. 0.63, 0.74] .

Coefficient Observed limit [TeV ] Expected limit [TeV] Coefficient E. [TeV] Observed limit [TeV™] Expected limit [TeV~4]
fro/A* [-9.4,8.4] x 1072 [-1.3,1.2] x 107! fro/A* 1.7 [-8.7,7.1] x 107! [-8.9,7.3] x 107!
frs/A* [-8.8,9.9] x 1072 [ 3] x 107! frs/A* 2.4 [-3.4,4.2] x 107! [-3.5,4.3] x 107!
frg/A* [-5.9,5.9] x 10~ [-8.1,8.0] x 10~ frg/A* 1.7 [-5.2,5.2] x 107! [-5.3,5.3] x 107!
fro/A* [-1.3,1.3] x 107! [- x 107! fro/A* 1.9 [-7.9,7.9] x 107! [-8.1,8.1] x 107!
fuo/ A [-4.6,4.6] [ fuo/A* 0.7 [-1.6,1.6] x 10% [-1.5,1.5] x 10%
fur /A [-7.7,7.7] [ x 10! far1/A* 1.0 [-1.6,1.5] x 102 [-1.4,1.4] x 102
fua /A [-1.9,1.9] [ fua /A 1.0 [-3.3,3.2] x 10! [-3.0,3.0] x 10!
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M
INN

EEE P Vs =13TeV, 140 fb~*

zc's‘_é: d EW (sensitive to VBS) and extended EW (EW+QCD) : ﬁf " :
production fiducial and differential cross sections are é ”/
measured in leptonic final states, ee and uu y
* The EW measurements employ a control region to q %ﬁ q ' :

constrain the QCD background [z, Po=Catinl]  §  Eirse " T e

o SR: {(Zy) < 0.4, CR:{(Zy) > 0.4 YT & mz_sfgn;"’RL‘;VC;;“Ofb f o et

= °F 7 EW-Zyjj MG %

4 Profile-likelihood fit to m;; distributions in the SRand g o :

CR (in case of the EW measurement) is used to extract S g

signal normalisation = evaluate fiducial cross sections 6 -

¢ Both EW and extended EW fiducial cross sections are N3 E

in a good agreement with the SM predictions 2_ E

Ew caw =3.6+050 | [ 72y = 16874 ] g, S

my; > 500 GeV) o (7! =3.54020 | |my; >150GeV)  glred = 15750 b | B ospr

1A ¢ (Zy, jj)! [rad]

[ Differential cross sections are measured using profile-likelihood unfolding

% Unfolded observables are in a good agreement with SM distributions except of |A¢p(Zy, jj)|

o About two standard deviation is observed in the lowest bin of the EW measurement
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