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

the electroweak interaction 2

¢ Experimental studies of multiboson interactions are v/Z
therefore important tests of the SM electroweak theory w-

¢ Effective Field Theory (EFT) frameworks are typically used
in model independent searches for new physics effects
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 According to the SM, the massive electroweak bosons obtain their masses and hence,
can have 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

1 The latest measurements and first observations of the production of different
multiboson final states in the ATLAS detector are presented
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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
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q2 qa o “ q2 qa q2 / qa g q2 g q2
J Fiducial and differential cross sections as functions of > AN
. 0] B wWWHj EW (bin 1) JlIW*WFjj EW (bin 2)
different observables are measured for both electroweak © g5 [gurh e tana) B o B EN (on)
H . + + L . -'g [ ] [ | on-prom
and inclusive (EW+QCD) W*W=jj production et fit <R 5 Conversors WOmerpompt Tt unoan,
OSTtT-TI L
i ) ) distribution ' ATLAS }
J Good agreement is found for the fiducial of event f5= 13 TeV. 1991
cross sections with the SM predictions yields from  mmp
Description oEW [ib) GEW+IN-+QCD gy differential
Measured cross section  2.92 + 0.22 (stat.) & 0.19 (syst.)  3.38 4+ 0.22 (stat.) £ 0.19 (syst.) cross section (%
MG5_AMC+HERWIGT  2.53 £ 0.04 (PDF) 1075 (scale) 292+ 0.05 (PDF) * 037 (scale) extraction as 3
MG5_AMCAHPYTHIA8  2.53 £ 0.04 (PDF) T 322 (scale)  2.90 + 0.05 (PDF) © 033 (scale) . g
SHERPA 2.48 +0.04 (PDF) 032 (scale)  2.92 4 0.03 (PDF) * 50 (scale) a function of
SHERPA ® NLO EW 2.10 + 0.03 (PDF) T35 (scale)  2.54 + 0.03 (PDF) 059 (scale) 50 100 150 200 250 300 350 400 450 500

my
POwHEG BOX+PYTHIA 2.64

My, [GeV]
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ATLAS
Vs=13TeV, 139 fb’!
pp — W W

SM prefit

Same Sign W=W=jj Measurement

(J Competitive limits (@ 95% C.L.) are set on the Wilson
coefficients of the relevant EFT dimension-8 operators
that have large effects on the WWWW coupling

Events/250 GeV
2

e Data B WHWH EW
B WEWHj Int WAWHj QCD
Non-prompt Conversions
B WZ QCD B WZ EW
Other prompt 77/ Tot. Uncert.
— fy/A* =4 Tev*
fug/A* =140 Tev*, m, <07 TeV

Sl

RN
Lo

400 600 800 1000 1200 1400

m,. [GeV]

T T ‘ T T T T ‘ T T T T ‘ T T T
ATLAS =
Vs=13TeV, 139 fo b

fr /A

—— Obs. 95% CL limit
--= Exp. 95% CL limit
Unitarity bounds

¢ The reconstructed m;; distribution is used in the EFT 10 'F
measurements f(6) f(s) 10 1
_ i) J_A®) £
Leﬁ_LSM-'_Z A2 0, +Z A4 0; %15— )
1 ] g 1: b7
0.5;—| Ll
Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound 0 200
[TeV ™ [TeV ™
4 Exp. -3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV I s
Faro/A Obs. 4.1, 4.1] ~140 at 0.7 TeV, 117 at 0.8 TeV 3 4t
4 Exp. -6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV ~
F /A Obs. [-6.8, 7.0] 45 at 1.4 TeV, 54 at 1.3 TeV = 3
A4 Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV A
Fur/ Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV =R
4 Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV 1=
Tso2/A Obs. -5.9, 5.9] - ok
4 Exp. [-22.0, 22.5] - :
Tsa/A Obs. [-23.5, 23.6] - -1
A4 Exp. [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV _ok.
. _{T_Of ______ Obs.______ 10.36,036] ___________-7T4at10TeV,124at 09 TeV q
i A Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV i ‘ -3
L I/ Obs. [-0.174, 0.186] 20.38 at 2.5 TeV, 0.49 at 2.4 TeV ! .
""" ;XZ"":E}E)._"""[-_OEG_, 070] 7T T T T T T T 260 at 1.7 eV, 103 at 1.2 TeV. T T P
Fra/ Obs. -0.63, 0.74] . -5 5
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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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] 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
% CEO 0 TR £ C_EWK W W7y 15827 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 CWajets 37197 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

1 Control region for the top quark background is defined by requiring one of the two
leading jets to be b-tagged
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Observation of Opposite Sign W™ W~ jj

(J Neural Network based discriminant is used to distinguish the signal from background
+* 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 the 1 control and 2 signal regions

D Ob d ﬂ TTTTNTTTTNTTTT{TTTTNTTTTNTTTT{TTTT‘TTTTNTTTTNTTTT ﬂ }L) TTTTNTTTTNTTTT{TTTTNTTTTNTTTT{TTTTNTTTTNTTTTNTTTT
Se rve § 10° ATLAS Preliminary -#-Data [JEWK W'Wijj| § [ ATLAS Preliminary -#-Data [ ]EWK W'Wj §  ATLAS Preliminary -@-Data [ JEWK W'Wjj
m F {s=13TeV, 140 fo -~ EWKWWij [Top E T F {s=13TeV, 140 fo! ~EWKWWiji [JTop W 10t Vs =13 TeV, 140 fo” - EWKW'Wijj [JTop -
: C []Stron gW*WJ,-th ] 4l []Stron: gWWJ].ZJt [JStro gWWJ]-Z]t E
expecte Slgna I Multibosons [l W-+jets E E [ Multibosons [l W-+jets E [ Multibosons [l W-+jets
104;TopCF§ 7/ Uncertai ty - F 2jets SR 7/ Uncertai ty r 3jets SR 7/ Uncertai ty

E Post-Fit 3 [ Post-Fit | Post-Fit
F . 10° E

significance is 7.10 :
(6.20)
%* Statistical M-
uncertainty of the ’
measured signal

10°E

1:

normalisationis £ 1= - J B st % oo
R & I e e ™ I DO Ayt

12.3% with 18.5% i 0-75¢ 8 075 E 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
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I_I Opposite Sign WTW ™ Cross-Sections ATLAS-CONF-2023-012

EEE J5 = 13 Tev, 140 fb~
f’%ﬁg 4 Fiducial and differential cross sections are - o o N
measured in WTW™ — etvutv final states ) ]
¢ The fiducial cross section is extrapolated to 7
the full phase-space of W W™ production C C 1 :

Provides ~5% contibution in
the WW production rate

J Top-quark background is precisely
estimated in bins of the signal region with

the help of two dedicated control regions freo  Wor fre ot -

¢ Defined by requiring exactly 1 and s proi e 1% sl o - onesnany ;

exactly 2 b-jets, respectively : ] ’

¢ No constraints on the jet multiplicity

[ T T N T T T T T L N
L ATLAS Preliminary ¢-Data CJww

1000+ Vs =13 TeV, 140 b []Top M Drell-Yan —

[ T T N T T T T T L N
L ATLAS Preliminary ¢-Data CJww

1000+ Vs =13 TeV, 140 b []Top M Drell-Yan —

Events / GeV
Events / GeV

600 = 600

400

|

400

 Fiducial cross section is measured using
profile-likelihood fit with the free signal

= 200

normalisation to the detector-level St ////////W#WW///// e
distribution R i — -
S, [GeV] S, [GeV]

% S - scalar sum of all jet and lepton

transverse momenta
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1 Fiducial cross section is
measured with the 3.1% (!)
total uncertainty

*** Excellent agreement

with the MATRIX 2.0.1
prediction at nNNLO

|n QCD NNLO qq - WW + NLO gg » WW

ofg = 707 £ 7 (stat.) = 20 (syst.) tb

ATLAS Preliminary Data
{s =13 TeV, 140 fb" [ Statistical Uncertainty

pp — e*vu'v [ ] Total Uncertainty

—e— Predictions
This measurement
707 = 7 (stat) + 20 (syst) fb

Powheg MiNNLO + Pythia8, NNPDF3.0 (*)
654 + 10 (PDF) = 15 (scale) fb

Sherpa 2.2,12 (0-1/@NLO, 2:3{@LO), NNPDF3.0 (")
660 = 10 (PDF) = 48 (scale) fb t

MATRIX 2.0 nNNLO, NNPDF3.1
711+ 7 (PDF) = 16 (scale) fb

MATRIX 2.0 nNNLO ® NLO EW, NNPDF3.1
688 + 7 (PDF) = 15 (scale) fb

(*) + Sherpa 2.2.2 gg—WW x 1.7
+ Sherpa 2.2.12 EW qq—=WWjj
1 1 1 | 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1
500 550 600 650 700
Integrated fiducial cross-section [fb]

———t—
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Opposite Sign WTW ™ Cross-Sections

 Total cross section of
W*W~ production is
calculated using the
acceptance of the
Wtw~- - efvutv
events: 23.7% 4+ 0.3%,
and the leptonic W
branching ratio: 10.86%

Ototal = 127 + 1 (stat.) + 4 (syst.) pb

ATLAS Preliminary
Vs =13 TeV, 140 fb
pp — W'W~

I TheoryIPrediction

[ PDF Uncertainty

[ Total Uncertainty

—e— Measurements
MATRIX 2.0 nNNLO ® NLO EW
123 + 1 (pdf) = 2 (scale) pb

This measurement
127 + 1 (stat.) = 4

CMS 36 fb' [1]
118 = 1 (stat.) = 7 (syst.) pb

ATLAS 36 fb' [2]
137 + 2 (stat.) = 10 (syst.) pb

[1] Phys. Rev. D 102 (2020) 092001
[2] Eur. Phys. J. C 79 (2019) 884

(syst.) pb

80 90 100 110 120 130 140 150
Total cross-section [pb]

Testing the Electroweak Theory in Mutliboson Measurements in ATLAS

[ Differential cross
sections are measured
for twelve observables

+** Iterative Bayesian
unfolding used

** Good agreement with
predictions observed

> 10°F 10t 2
(05) E ATLAS Pre||m|nary [ Data and Stat. Uncertainty 3 -E-
= F 1 Total Uncertainty ]
ey : Vs=13TeV, 140 fb ¢+ Shema2ai12* 1 <Q
) pp — e* th v ¢ MINNLO+Pythia8 * 5
E Vs 5 MATRIX20nNNLOQcD 310
\b o ﬂ.@ A nNNLO QCD ® NLO EW
© mﬂ, * 4+ Sherpa 2.2.2 gg — WW x 1.7 |
: Sh 2.2.12 EW qq — WWjj
1 - — + Sherpa qq IJ_E 102
E -voels ]
10E st 410
L ceeg-oeHA 4
10_25‘ ”’7’°+’D’A’_E1
S T E
T 17
© 1.4+ i
© L
S 11&bqgupaﬁﬁ%&~miw e R *"t
5 0.8 E
o 0.6— | E
90l o2 2x10®  3x10° =8.5x10°
me, [GeV]
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ZZ(—> 41)jj Differential Cross Sections

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

¢ Three types of observables are measured
o VBS observables
o Polarisation, charge conjugation and parity observables
o QCD-sensitive observables

»* Both EW and QCD production mechanisms are probed

» Centralities, m;;, |Ay]]| and multiplicity of jets (n

between the two leading jets are most important
observables in EW VBS measurements

]ets) In

Events / GeV

J Two Z bosons are selected o

Event yield + stat. + syst.

VBS-enhanced VBS-suppressed
from the same-flavour ong 457 S

989+05+252 455+03+12.9
241+0.1 +1.8 2.12+0.02+0.14

opposite-charge Iepton pairs EW 4¢jj (MG5+Pv8) 800 can

Prompt background

55+£0.1+04
® — Non-prompt background 3.0 + 0.6 + 3.2 1.1+0.5=+1.2
** Have smallest |mll mz | Total prediction 144+ 1426 S4:1+13
s Are formed from different _Pa 169 53

Data / Pred.

leptons

19/02/2024

JHEP 01 (2024) 004

Vs =13TeV, 140 fb~!

q q

I =

q q

_ | [yae =05y, + 3]

Ayjj
ATLAS T 'VBIS-Enhanced region', <04 '
10 £ {s=13TeV, 140 -o-Data 77, Pred. syst.
Strong 4ljj EW 4ljj
1 . Other . Non-prompt
777
» e
10 P
107
107°
1.6F 3
1.4E 3
1.2 =
o //%%/ .
0.6 F E
0.4E i
4102 103 2410° 3><1o3

m, [GeV]

Gia Khoriauli on behalf of ATLAS Collaboration Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24 9


https://arxiv.org/abs/2308.12324
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ZZ(— 4l)jj Differential Cross Sections

J EFT samples combined with the SM
signal are fitted to the unfolded m,; and <

m;; distributions and limits (@ 95% C.L.)
on anomalous couplings of dimension-8
operators are obtained

Much stronger
limits are set on
these three
couplings by the
same sign WIWijj
measurement
(presented on
the slide #4)

19/02/2024

Wilson IMag]>  95% confidence interval [TeV ]
_ _coefficient _Included Expected Observed
L fro/A*T T yes” T 1-0.98,0.93] T [-1.00,0.97] |
: ' no [-23, 17] [-19, 19]
Lo fra/AY ) yes [-1.2,1.2] [-1.3, 1.3]
| ! no [-160, 120] [-140, 140]
fra/A* ! yes [-2.5,2.4] [-2.6,2.5]
---------- ' no [-74, 56] [-63, 62]
fr.s/A* yes [-2.5,2.4] [-2.6,2.5]
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%

T.i
Or,i
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[fb/GeV]

107"

~
- 1072

1
IS

-
o
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|
)

Ratio to Data
I

coo

roowoavr O
TR

1= T
E ATLAS

[ Vs=13TeV, 140fb"

E EW 4ljj (MG5+PY8)

VBS-

----------- EW 4ljj (POWHEG+PY8) + ZZV(V— jj) (SHERPA)

" |
Enhanced region, £ < 0.4

—o- Data, stat. unc.

Total unc.

5| =A== Strong 4ljj (SHERPA) + EW 4ljj (MG5+PY8)
E m==o=== Strong 4ljj (MG5_NLO+PY8) + EW 4ljj (MG5+Pv8)

1§

0]

g 6]

2x10° 3x10°

ATLAS
Vs =13TeV, 140 fo"

— — Expected 95% confidence interval
Observed 95% confidence interval
Unitarity Bound

P IR

Testing the Electroweak Theory in Mutliboson Measurements in ATLAS

4

5
E; [TeV]

 Iterative Bayesian unfolding is used to measure differential cross sections

— = . . — . .
%, r ATLAS VBS-Enhanced region, ¢ < 0.4
S -1 R
5 107E (s=13Tev, 14010 -e- Data, stat. unc.
o| &= F Total unc.
2lE j0eL
o° E
1075 ;+ Strong 4ljj (SHERPA) + EW 41jj (MG5+Py8)
E m==g=== Strong 4ljj (MG5_NLO+PY8) + EW 4ljj (MG5+Pv8)
C EW 41 (MG5+Py8)
1078 —eureeeee- EW 4ljj (POWHEG+PY8) + ZZV(V— jj) (SHERPA)
S 16F s . ‘ =
[ E
o 1.4E
o 1.2E | J.
- 1E I
2 o8k - Bl -
= OF (6] ]
B 06f o
0.4 i i p—— i i
4x10? 10° 2x10° 3x10°
m, [GeV]
T I e e L e e e e
o
= ATLAS

HLTIT

Vs=13TeV, 140 fb™

~e

.-

— — Expected 95% confidence interval
Observed 95% confidence interval
Unitarity Bound

P IR S T S RS SR R

—_

2 3 4 5 6
E. [TeV]
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I'I ZZ — 4l Polarisation and CP Properties JHEP 12 (2023) 107

==
EE; J5 = 13 Tev, 140 fb~
2= O Production of longitudinally polarised AVAS i z 9 z &
) bosons is measured in ZZ — [T17U't]'~ %% ffﬁ 7
final stateswith [, = e, u
[ Profile-likelihood fit to the Boosted Decision , g&"y \\Z . .

Tree classifier is employed to measure the

Z;Z; and the joined Z; Z1 + Z1Z polarisation 5 e0of T AR
components of the signal £ ool i Tev, ot mzz
* The polarisation templates are obtained at the mmp Post-Fit 22,
NLO accuracy in both QCD and EW o B Nom prompt
o Advanced re-weighting scheme of the LO templates 300“ %Saieeﬁainty
] Observed significance of Z; Z; is 4.30 “ : M
“* 3.80 expected 100F
 Fiducial cross sectionof Z; Z; is 2.45 £ 0.60 fb ¢ 13j////,i////// 4//+A+//+,i//w///+///////}/////t
** Consistent with the SM value of 2.10 £+ 0.09 fb § o A ¥ ;

-1 —08 —06 —04 —02 0 0.2 0.4 06 08
BDT Score
19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24 11

o Includes QCD and electroweak NLO corrections


https://link.springer.com/article/10.1007/JHEP12(2023)107

I'I ZZ — 4l Polarisation and CP Properties

[ Differential cross section as a function of CP-sensitive Optimal Observable is measured

nm
NN
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X
* Angular observables: T, , 1(3) = sm(¢1(3)) X cos(91(3)) t
| '
o N ing: i ¥
* ZD 1D mapplng TyZ 1 T OTyZ,lTyZ,B I / Zl rest frame
gm65"A'Tl'.AIS""I""I—'¢—DataH"I""IE o Pl
> 5 Vs=13TeV, 140 fb” SM pred. (Sherpa qq — Z22) —] A :
L E pp—ZZ-4l SM pred. (Powheg qq — 2Z)
g N
S £ &= y \si AT
- - - -3
2E = & * = =
1:_ -+ ** =¢= =E. =
- _._-r =, 3 ,
o T T /
§ 1:2_ "7, rest frame /-/
; 0;ﬂ+m+f%ﬂ%+ﬂ+¥ﬁ+m++ﬁ
" 0:6-—— Y
5 10 15 20 25 30 R
OTyz,1Tyz,3 0- - O-SM tC 1nterference tC 'O-quadratic
 First limits (@ 95% C.L.) on anomalous CP-odd ..o interference only Ful
. . 4 4 . P Expected Observed Expected Observed
neUtraI trlple gauge Coupllngsl fZ and f’}/I USIng fé [-0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012]
only the linear interference terms are obtained 7y [-0.30,0.30] [-0.34,0.28] [-0.015,0.015] [-0.015.0.015]

19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24 12



rl ZZ — 41 Cross Sections at /s =13.6 TeV arXiv:2311.09715

s=
Eﬁg Vs =13.6TeV, 29 fb~1
§§f Q ZZ production is measured first time by the ATLAS in pp-collisions at /s =13.6 TeV

¢ Fiducial and differential cross sections are measured in 4! final states
o Fiducial cross-section is extrapolated to the total cross section satisfying 66 < m, < 116 GeV for both Z

> - I T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T = . .
$ 100F arias eoia mw-z 7 [ Cut-and-count [ Iterative Bayesian
& [ {s=13.6TeV, 29 fb™ gg — ZZ EW ZZjj i . . .
g pE-e B neducivlo []Reducible approach is used unfolding is used
= C 72 Uncertainty ]
g 120 ] S : : : {
- ] _ [ 10 ata 3
100 ] _ NObS kag % - ATLAS §:&gh:erpaqul.O+ggL0x1.7(—>ZZ) a0 =
. O-fl' d= 2 C Vs=13.6TeV,29f5" & Sherpa qqINLOXNLO EWl+ggLOX1.7(>22) ()
_ L X CZZ 53 - 77 —4| ¥ MATRIX ggNNLO+ggNLO(— ZZ) (*) —
7 _g 1 A MATRIX qg[NNLOXNLO EWl+ggNLO(— 22) (*) __|
= Czz = 0.555 £ 0.022 3 E (rrmm SO -
] 2z - N Lot :
- s
. 107 Qpﬂ»’é E
] - e SN =
B o | = O-f id B &&W* i
i total = v
N ; O Azz X BR(ZZ — 41) 102 A .
& 1.25¢ % %/// = - 82%8882 =
- A 9 e 11, B 7]
L Azz = 0.482 + 0.003 o o
a 5 E ) B ? WWWW
05555 300 200 500 500 =00 MATRIX calculations @ = T
m, [GeV] nNNLO QCD ® NLO EW g '
©
Measurement MC prediction | MATRIX prediction %
S
Fiducial | 36.7 + 1.6(stat) = 1.5(syst) + 0.8(lumi) fb | 36.8 732 fb 36.5 4 0.7 fb g
(O] L
Total | 16.8 & 0.7(stat) & 0.7(syst) = 0.4(lumi) pb | 17.0 *1 pb 16.7 + 0.5 pb & % 7 aid0? anio? 0
m,, [GeV]
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https://arxiv.org/abs/2311.09715

n YJj Measurement Phys. Lett. B 846 (2023) 138222

=
Eﬁg P Vs =13TeV, 140 fb~!
§§f J EW (sensitive to VBS) and extended EW (EW+QCD) ; ﬁf " q
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 % q ' :
constrain the QCD background [(zy) = [P = Wi +yjz)/2’ 3 14;_'AT'LA'S' - " Btoae. '_;
o SR: {(Zy) < 0.4, CR:{(Zy) > 0.4 Y S
= ' 7 ewzivG 72
A Profile-likelihood fit to m;; distributions in the SRand g% "¢
CR (in case of the EW measurement) is used to extract s P .
signal normalisation = evaluate fiducial cross sections °F E
¢ Both EW and extended EW fiducial cross sections are 3 E
in a good agreement with the SM predictions 3 _
EW Tew = 3.6 £0.51b Extended EW 07y = 16875 b é% - '
(mj; > 500 GeV) pred _ 35,02 fb (mj; > 150 GeV)  gpred = 15759 fb g e e )

1A ¢ (Zy, jj)l [rad]

1 Differential cross sections are measured using profile-likelihood unfolding
% Unfolded observables are in a good agreement with SM distributions except of |A¢(Zy, jj)]

o About two standard deviation is observed in the lowest bin of the EW measurement
19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24 14
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Observation of Wyy

Phys. Lett. B 848 (2024) 138400

U Wyy production in e/u final states is observed first time
with significance of 5.60 (observed and expected)

** Main background is due to the jet-to-photon and electron-
to-photon misidentification

Vs =13TeV, 140 fb~!

4

L

w

TopCR TopVR SR
£ F ATLAS ] F 3 4 Dsa
e [ Vs=13Tev, 140" - A 183 Wry
w 10° g W(=I = E =Ji—v
E (—=W)yy 3 = = Oe -+
- Post-Fit . E e —
B i = =3 !
102 = [ Multiboson
= 2 @ Top
il Pileup
10 O_e/y _ Nsignal
fia. = rxc
O 14F ar - ga}a/Post-Fit ‘
-.(-U' 1 2 I~ . r - —] atio
o . é] _ﬁi&i&&k\\\\\ \\\\\\\\\\\}\\\\\f R f\ i ~ . . Q B%tt:aénainty
0.6 L L L _| — Pre-Fit/Post-Fi
20 40 70 /20 o /20 00
v
.’ [GeV]

[ Fiducial cross section is measured for combined
W — ev/uv events with total 17% uncertainty

¢ Leptonically decaying T-leptons are not considered

19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration
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ATLAS
{s=13TeV, 140 fo’'
W(— Ivyy

Data 2015-2018 [ (stat) | (total)
122+ 1.0 (stat)* |7 (syst) = 0.1 (lumi) fb

Sherpa 2.2.10 NLO
12.0"7} (scale) "7 (stat+PDF+ay) fo

MadGraph5_aMC@NLO
13.0" ] (scale) .7 (stat+PDF+ay) fb

III|III|III|III|I
0O 2 4 o6 8

II|II
10 12 14

ofd x Br(W— e/u v) [fb]
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https://www.sciencedirect.com/science/article/pii/S0370269323007335
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I-I Observation of WZy Phys. Rev. Lett. 132 (2024) 021802

EEE J5 = 13 Tev, 140 fb~
?:ﬁf A WZy - U'vl*l-vy production, where () = e, u, ° T AN Y
is observed first time with significance of 6.30 VA p | .

(expected 5.00) , ¢ —»—'\W
» . 1 w W

** Dominant background stems from the non-prompt

leptons and photons from hadronic decays and from 3 100 7T T g
misidentified jets SZ L (5 =13 TeV, 140 b mwzy
; 80_— \éVF(: v)Z(- 1) y =§2( ) ]
. . . oy o . w ey
 Profile-likelihood fit is done to the signal and two & [ Posti =
Lﬁ [l Pileup vy

[JNonprompt —
772 Uncertainty b

control regions for ZZy and ZZ (e — y) backgrounds

*** Three normalization parameters for the signal and
the two backgrounds are fitted simultaneously

¢ All leptonic final state events (eee, uuu, eeu, eupt) 20/
are combined in the fit

(e2]
o
1 1

40

. OF
[ Fitted signal normalization parameter is used to 125
5 : , P : Hwzy S e {%/// /W/
measure the fiducial cross section =075 %
obs 8 05 0 100 105 110 115 120

“0fig =2.0%0. 30 (stat.) £+ 0.16 (syst.) fb

o Consistent with the aﬁd = 1.50 £+ 0.06 (tot.) fb within 1.50
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021802

|_| Summary

(J Measurements of multiboson production processes allow to test the gauge
interactions of the SM electroweak theory and its symmetry breaking mechanism

nMm
NN
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1yLISY3AI
-suef)iwixep-snin

1 Multiboson production final states have relatively small cross sections even at the LHC
energy and can be very sensitive to new physics effects leading to anomalous triple and
qguartic gauge couplings

 First time observations and precise measurements of various multiboson production
processes became possible in proton-proton collision data collected by the LHC
experiments, CMS and ATLAS

J Latest results of the experimental studies of multiboson interactions in the ATLAS
detector were discussed

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

Tthank you!
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I_I Electroweak Vector Boson Scattering
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U Electroweak VBS processes I/, V, = V3V, have not been studied experimentally
before the LHC experiments

¢ Low production cross sections even at the LHC energies
o Sensitivity to possible new physics effects leading to anomalous quartic gauge couplings

1 VBS can involve all or some of the leading order diagrams shown below
¢ Depending on the involved vector bosons

O=H L X
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Electroweak Vector Boson Scattering

n

J Diagrams with Higgs boson are crucial to avoid a unitarity violation due to the rising
scattering cross section of the longitudinally polarized W bosons: W, W, - W W,

2¥NIZy
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-suefjiwixep-snin{

A. Denner & T. Hahn, Nucl.Phys.B525:27-50,1998
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10* | | | |
o (8) oo -l

pb 1012 L (b) ______ ///_, —

1010 (@)+(b) ==~ s j}ii

’ (a)+(b)+(¢)

108 |- -

-

104 T..;/// //‘/'/-/-/ o .

O e L e S S

10 My = 100 GeV

| | | |

200 500
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I'I New Physics Searches — Anomalous Gauge Couplings

J Low energy effective field theory (EFT) to parameterize indirect new physics effects
with the help of high dimension (n>4) operators Oi(n) - aTGC and aQGC

¢ Linear realization of the SM su(2), ® U(1), gauge symmetry . A ~ O(TeV)

nMm
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— Lenr E (E /7 NU Bsm BSM
eff SM An 4 1 (resonant)

Eboli et al,, 2020 ‘ ’ ~i,

E E = Erw

J Lowest order operators that generate aQGC (but not aTGC) are dimension-8 operators

Z|WWAZ|\WWAA |ZZZA |ZZAA|ZAAA|AAAA

WWWW | WWZZ|7Z

Os,0, Os1 X
Onr,0, On,1,001,6 ,00,7 X
Oz ,Om3, Ona ,Oms

pe| 4l e 4] e
P S P RS N
D] 4l e 4
| b o] 4
D] 4| pei| 4l e
D] 4| pe| 4l e

Or,0 ,0r,1 ,072 X X X
Ors ,Or6 ,Or,7 X X
Org ,Or9 X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.
Degrande et al.,, 2013

J Precise measurements of VBS processes allow to measure the corresponding Wilson
coefficients fi(S) (look for significant deviations from zero, or set limits)

19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003
https://arxiv.org/abs/1309.7890

I'I EFT Samples in EW Measurements L= &mzf@
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 EFT “model” for the new physics: only dimension-8 operators have non-zero coeff|C|ents
4 New physics affects only the quartic gauge couplings

1 Amplitude of a VBS process with EFT contributions:  Asu+ ) ciAil ¢ = 1

A4

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

2
Asm+ Y cidil = |Asul® + ) ci2Re(AfyA) + ) ¢ |AilP+ ) cic;2Re(AiA})
i i i Lj,i#]

J MC 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;, Cl-z, or C;C;
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Same Sign W=W=jj Measurement

OUNEZUNM
LYLIS¥IAINN

-suefjiwixep-snin{

(J Monte-Carlo signal and background samples

Process, short description

ME Generator + parton shower Order Tune PDF set in ME
EW, Int, QCD WEW® 4, nominal signal MADGRAPH5_AMC@NLO2.6.7 + HERWIGT.2 LO HeErwiG ~ NNPDF3.0NLO
EW, Int, QCD WiWijj, alternative shower MADGRAPH5_AMCQNLO2.6.7 + PYTHIAS.244 LO Al4 NNPDF3.0NLO
Lot . SHERPA2.2.11 & SHERPA2.22(WWW) & +0,1jQLO SHERPA
EW WZW=jj, NLO pQCD approx. PowHEG Box2+PyTHIA8.235 (W H) NLO Al4 NNPDES.ONNLO
EW WiWijj, NLO pQCD approx. PowHEG Boxv2 + PyYTHIAS8.230 NLO (VBS approx.) AZNLO  NNPDF3.0NLO
QCD WEW*jj, NLO pQCD approx. SHERPA2.2.2 40,1jGLO SHERPA NNPDF3.0NNLO
QCD VVyjj SHERPA2.2.2 +0,1jQNLO; +2,3jQLO SHErRPA NNPDF3.0NNLO
EW WiZ/’y*jj MADGRAPH5_AMCQNLO2.6.24+PYTHIA8.235 LO Al4 NNPDF3.0NLO
EW Z/v*Z/~"jj SHERPA2.2.2 LO SHERPA NNPDF3.0NNLO
QCD V~jj SHERPA2.2.11 +0,1j@QNLO; +2,3jQLO Al4 NNPDF3.0NNLO
EW V~i5 MADGRAPH5_AMCQNLO2.6.5+PYTHIAS8.240 LO Al4 NNPDF3.0NLO
VvV SHERPA2.2.1 (leptonic) & SHERPA2.2.2 (one V — jj) +0,1;QLO SHERPA ~ NNPDF3.0NNLO
A% MADGRAPH5_AMCQNLO2.3.3.p0 + PYTHIAS.210 NLO Al4 NNPDF3.0NLO
tZq MADGRAPHS _ AMCQNLO2.3.3.p1 + PYTHIAS8.212 LO Al4 NNPDF2.3L0
WEW*jj EFT MADGRAPH5_AMC@NLO 2.6.5 + PYTHIAS.235 LO Al4 NNPDF3.0NLO
HE* MADGRAPH5_AMC@NLO 2.9.5 + PYTHIAS.245 LO Al4 NNPDF3.0NLO

19/02/2024

Gia Khoriauli on behalf of ATLAS Collaboration

Testing the Electroweak Theory in Mutliboson Measurements in ATLAS

LLWI24



|

M
NN

2ANAZAN
1YLISH3AI
suefjIwIxep-sninf

J Event selection signal and control
regions
4 CRs for constraining WZjj , non-

prompt and charge miss-identified
lepton backgrounds

1 Data, signal and background pre-fit
event yields in the SR

4 Sub-regions defined by the same sign
lepton flavours

o 2 sub-regions for electron-muon pairs by
distinguished by the leading pT lepton
flavour

19/02/2024 Gia Khoriauli on behalf of ATLAS Collaboration

Same Sign W=W=jj Measurement

Requirement SR Low-my; CR WZ CR
Leading and subleading lepton pr > 27 GeV
Electron |n| < 247 (1.37 in ee), excluding 1.37 < |n| < 1.52
Muon |n| <25
Leading (subleading) jet pr > 65 (35) GeV
Additional jet pp > 25 GeV
Jet |n| <4.5
meg > 20 GeV
ET™ > 30 GeV
Charge misid. Z — ee veto |Mee —my| > 15 GeV
b-jet veto Nyjor = 0, p3®* > 20 GeV, [n"7| < 2.5
Nvetoleptons =0 =0 =1,pr>15 GeV
Mype - - > 106 GeV
my; > 500 GeV' 200 < mj; < 500 GeV > 200 GeV
Process ee e e I Combined
WEW*j; EW 276 + 09 682 +16 61.3 +£1.5 778 +1.7 235 45
WEW*ji QCD 1.6 £ 05 73 £22 64 £19 88 £25 24 &7
WiWijj Int 0.93+ 0.20 22 +0.5 20 04 2.5 =£0.5 76 +1.6
W*Zjj QCD 84 + 1.0 268 +£30 267 +30 209 +22 8  +9
Wiij EW 1.71+ 0.14 49 404 41 +04 42 =+04 149 +1.2
Non-prompt 89 + 2.6 15 +4 10.2 +3.2 21 +7 56 +12
Vo 1.3 £ 0.8 5.1 £2.2 46 +2.6 — 11 +5
Charge misid. 3.8 £ 2.0 50 =+1.3 1.2 +£04 — 10 +4
Other prompt 1.024+ 0.29 25 +0.6 1.8 +£0.5 1.7 £2.2 71 2.8
Total expected 5 + 4 137 +7 118 +6 137 +8 448 + 20
Data 52 149 127 147 475
Testing the Electroweak Theory in Mutliboson Measurements in ATLAS  LLWI24
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Same Sign W=W=jj Measurement

J Unfolding results obtained with maximum likelihood fit method

> 0.2
o
o 0.18
30.16
§0'14
©0.12
3 0.1
0.08
0.06
0.04
0.02
0
©
5 15
Q
>
(@]
£ 05
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2
_ ot miss ) 2 >ff | 7~miss
mT—\/(ET + ER'SS) —‘pT +EX

:I T | T TTT | T TTT T T TT1 | T TTT | T TTT | T TTT | T TTT | T TTT T TT I: ; 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—]
— ATLAS e Data - 8 . ATLAS e Data i
- 1 = MG5_aMC+Herwig7 B - -1 = MG5_aMC-+Herwig7 7
- (s =13TeV, 139 fb ® V™>- . = L Vs=13TeV, 139 fb - i
- s . o MG5_aMC+Pythia8 . - 0.2+ Is o MG5_aMC+Pythia8 —
— EW W W] o Powheg+Pythia8 E 2 - EW W W) o Powheg+Pythia8 ]
- A Sherpa 2.2.11 ] = - A Sherpa 2.2.11 .
- B v Sherpa 2.2.11 ® NLO EW . _% 0.1 5__ v Sherpa 2.2.11 ® NLO EW ]
o . Total Uncertainty = ) i % Total Uncertainty ]
%% ; 7, Systematic Uncertainty 3 © - Ho% Z 7 Systematic Uncertainty -
: f (w E 0.1 ! | .
F el E : } :
: " sy - 0.05 W — E
- LR . ' WM%&/ :
— | el el Wf”"”"’"/"“’/@ i ¥ RGN A{//Z//////%é
L v -
C1 1 | L 111 | 111 | L1 11 | L1 11 | L1 11 | 111 | L 111 | L 111 | L1117 i | | | | | | | | | | | | | | | | | | | | | | | | | | | Iv | ]
:I T | T TTT | T TTT | T T TT1 | T TTT | T TTT | T TTT | T TTT | T TTT | T TT I: 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
/ ¢/ 4',zr",ahy/ﬂz')"f/, 4 74 ;, 1 D
Z &K Z — L o / 7 4
HROVEY L 0 1 - o WZZ il Z 7 i 7 . Z
- ] A
11 | | | | | | | 1111 | 1111 | 1111 | | | | 1111 | 1111 | 111171 l_ ) 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 v| 1 1 1 1 | 1 1 1 1
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m,.[GeV] m[GeV]
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|_| Same Sign W=W=jj Measurement

 Unfolding results obtained with maximum likelihood fit method
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;‘ : 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 7__ | __
8 0.5 ATLAS e Data -] = - ATLAS e Data ]
N _ -1 m MG5_aMC+Herwig7 ] o gE -1 m MG5_aMC+Herwig7 ]
o - s = 1? TE_V’ 1391b o MG5_aMC+Pythia8 i} 8 - Is= 1? TE_V’ 13910 o MG5_aMC+Pythia8 -
5 0.4 EW W-W7jj ¢ Powheg+Pythia8 - % 5:_ EW W-W-jj ¢ Powheg+Pythia8 E
"-—f_- L A Sherpa 2.2.11 i > C A Sherpa 2.2.11 ]
=3 v Sherpa 2.2.11® NLO EW i © C v Sherpa 2.2.11® NLO EW ]
RS 0.3%% Total Uncertainty . 4:_ Total Uncertainty .
-8 - 7 Systematic Uncertainty - C % Systematic Uncertainty ]
i ] 3 =
0.2f+¢, 1 7 2 .
0 : p——— _;
0.1 vl LR 7 - ]
B e i = .
- ———— . S
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S &t (e \ ‘ e s I ' " i /
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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 the m; = 450 GeV with a local (global) significance of 3.30 (2.50)

30

25

Events /10 GeV

20

Data / SM

19/02/2024

® Data

E )
PP — WWj = H(300), sin(6,) = 0.21 ] = 3 ATLAS — Obs. 95% CL upper limit
— SR:inclusive m, — H* (450), sin(6,) = 0.25 —] 4°10° & —
© PostFit ** (1000), sin(6),) = 0.32 . +|§ = {s=13TeV, 139 fb —— Exp. 95% CL upper limit
- [ | WiW il Conversions ] ; L .
C / e Wz Other prompt 7] T B - Expected limit (110) 7]
- Non-prompt ’// Tot.Uncert. ] B T
E_ _E %LO = Expected limit (+2c) .
C . m
3 E 2 10? -
: 5 i o -
- ] E _
C ] . ]
T— —— - 3 - i
* 10 E
__ ] | | | | | | | | | | | | | | | | | | | | | | | | | | | .
0 ' 560 : : 1000 : 1500 500 1000 1500 2000 2500 3000
m, . [GeV]
m, [GeV] 5
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I'I ZZ — 4l Polarisation and CP Properties

U gq — ZZ polarisation samples for three g z 9 z o g
helicity states Z; Z;, Z; Z and ZZ 1 are %"% ;ﬂ/ﬁ ’
generated with MadGraph5 at the LO

accuracy in QCD yy z

q Z g 7 @ q4

d gg — ZZ polarisation samples are
obtained with dedicated MC event
reweighting method from the inclusive

1 Boosted Decision Tree classifier is used
to discriminate signal from background

N 0.22
= ATLAS Simulation — 2,2, ---.2,Z(w/o NLO correction)
Sherpa Sample L?>j 02 \E=13TGV —Z.Z ----Z,Z (w/o NLO correction)
0.18 g ™ .
5 g — ZZ — 4l )
g 0.16 polarisation states —2ZZ ----Z,Z (w/o NLO correction)
. . o . = 0.14E= shape-only
1 Polarisation and their interference samples g
L

are corrected to the NLO accuracy in both -
QCD and EW

09 ——58 =06 —04 02 ) 02 04 06 08
BDT Score
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==l ZZ — 4l Polarisation and CP Properties
g-%g D Supporting material ATLAS Simulation ATLAS Simulation

Vs=13 TeV SM qg— ZZ— 4

Vs =13 TeV BSM qg—>2Z— 41 x10~°
T

g 1 T 3 =
Pre-fit Post-fit e = 04 To
77 1893 + 87 220 + 54 = =
LoL ) £l 05 NEE
77 Z17Z;. 710 £ 29 711 + 29 l_; 0.2 |_§
Z1Zt 2170 + 120 2147 + 60 © ©
Interference 337 £ 28 334 + 2.7 0
Non-prompt 187 £ 7.1 185 £ 7.0
-0.2
Others 200 + 37 199 + 37 05 05
Total 3140 + 150 3149 + 57 04
Data 3149 3149 '
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Tyz,1 Tyz,1
Vs= 0—> ZZ— 4l L | T T L B A L |
o : 3 305 < ATLAS —pp-77 4
|_> 'g f2) Vs=13 TeV, 140 o™ mmmm Non-prompt
5 % Others
252 2 SM+B_SMf;=1
< + + Uncer;amty
20m§
=
150
10 © * +
-0.5 &
= b4 * * — *
3 el
-1 -0.5 0 0.5 1 5 10 15 20 25
Tyzt Or T
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