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Introduction

Multibosons Vector boson scattering
Two or more electroweak bosons V: W, Z, y VvV - VV
Dibosons Tribosons

Why measure multibosons & VBS:
* Test the Standard Model predictions for gauge boson self-interactions and
electroweak (EW) symmetry breaking with the Higgs mechanism
» Study for deviations from the Standard Model
» Typically parametrized using Effective Field Theory (EFT)

6
Lger = Loy + Z —69 + Z ~ @(8)

» Expect high sensitivity for operators generating anomalous triple (TGC) and
qguartic (QGC) gauge couplings



Outline

* Recent ATLAS full Run 2 (139 fb!) based measurements using pp
data at 13 TeV:

>W*tW ™ +> 1 jet, JHEP 06 (2021) 003

» Four-lepton differential (ZZ), JHEP 07 (2021) 005

» Observation of WWW, ATLAS-CONF-2021-039

»Z(— Ill)y jj electroweak, ATLAS-CONF-2021-038

»Z (= vv)y jj electroweak, arXiv:2109.00925, submitted to
EPJC

* Combined EFT interpretation of WW, WZ, four-lepton, and Zjj
VBF cross sections, ATL-PHYS-PUB-2021-022
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Events / GeV

Data/SM

WW + 21 jet

etut, m(ep) > 85 GeV
b-jet veto (20 GeV)
>=1 jet (35 GeV)

JHEP 06 (2021) 003

* Extra jet: enhance EFT-SM interference

* Robust estimate of the (dominant) tt background using
b-jet counting method in 1- and 2 b-jet regions:

tt others

17 thers 2
N3, = Nop = N3, = Lovigey - Cpey,
Ny, = Loyi€ep - (1 —2&p + Cbgzzo) ;

Technique of Eur. Phys. J. C 80 (2020) 528

= -!:O'rfgeﬂ 2ep (1 = Cpep)

Derive Loigeu and g
from data

Use Cp, = epp/e;, from
tt simulation

q q
g wt
Signal region

Data 89239

Total SM 91 600 + 2500

ww 28100+ 1200  31%
Total bkg. 63500+ 1800 69%
Top 55800+ 1500 61%
Drell-Yan 2200+ 700 2%
Fake leptons 2700+ 1100 3%
WZ,ZZ,Vy 2800+ 500 3%

5000} s T ® F s 0T J 3 Flamas 0 T ~Dat
:%TﬂssTev,mgfb" - Data 850002 %T:’:gmv,wssfb" = Data 1 & 180 is=13Tev, 13910 Pt EE Data-d |". en b-ta
r fiCR 1 b-jet [ (e g I ttCR 2 b-jets [ (e ] — 150:— Top enriched [ITop EE AV g
40001~ £ 4000 = 4 g E Br"’: EE
Single top Wi r Single top Wi — akes 3 H .
: el I ooty & 140 mww i | counting method:
3000 Others 3000 thers 3 1200 WDrel-van 2 _
: satosyst. : Siatesyst. J 1001 swess22 | - correct the tt
2000 2000} 3 80 El
; z : e E mismodelling
1000] 1000F - 40— 3
U: L gi ————— ] 235:-— E - d faCtor 5
1260~ 7 ‘ 3 12 T ] 3 1280 ] ' = . —
i - F L - reduction of tt
1= . - < a 1E = - e . ol 1E 7 = + T
0.9F * .= 8 oer . 4 ® o9 : E .
08E. ., .. ‘ L Y ‘ E Y . E uncertalnty!
30 40 60 80 102 3x10° 30 40 60 80 102 3x10° 30 40 60 80 10° 3x102
pITead. lep. [GE\>I'(] pITead. lep. [GEV] pI:ad. lep. [GGV]
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WW + 21 jet

JHEP 06 (2021) 003

* Precise measurement: 10% fiducial cross section uncertainty
» Dominant systematic uncertainty: jet calibration (6%)

 Measurement agrees with state-of-the art theory predictions

Nobs — kag

vT C x L
Uncertainty source Relative effect
Total uncertainty 10%
Signal region statistical uncertainty 1.1%
Data-driven background and MC statistics 1.2%
Jet calibration 6.3%
Top modelling 4.5%
Fake-lepton background 4.3%
Signal modelling 2.7%
Other background 2.3%
Flavour tagging 2.3%
Luminosity 1.9%
Other systematic uncertainties 0.6%

ATLAS
{s=13TeV, 1239 fb"
pp — eFviiv j

Data
258 + 4 (stat) £ 25 (syst) tb

MATRIX 2.0 nNNLO
279 + 2 (PDF) £ 18 (scale) fb

MATRIX 2.0 nNNLO ® NLO EW
278 + 2 (PDF) = 18 (scale) b

Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*

| | T | T T T
— Data
[ stat. Unc.
[ ]Tot. Unc.
§ Predictions

277 £ 3 (PDF) = 44 (scale) b I

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
263 £ 3 (PDF) * 16 (scale) fb

Powheg MiNLO + Pythia8 (0-1j@NLO)*
254 + 3 (PDF) = 21 (scale) fb

*+ Sherpa & Op‘)enLoops gg—>‘T'VW |
| | | | | | | | | | | |
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WW + 21 jet

* Fiducial and differential cross sections (12 variables)

» Also: extra differential cross sections in high-p lead. et (5200 GeV) and high-py lead. lep
(>200 GeV) regions

* Interpreted within the EFT dim-6 using unfolded m,,,
> High-pT,]-e'c region helps to
further enhance SM-EFT
interference term:

o(cw) = Osy + CwOint + ClyOpsu

stronger limits for
the linear-only fit

Limits on ¢y, for linearized and
quadratlc EFT fit (A 1 TeV)
I [ T
ATLAS — 68% CL
s = 13 TeV, 139 fb-1 .............. 95% CL
ENE —— Linear
PP = ek —— Linear + Quadratic
P > 30 GeV 1
"""""""""""""""""""""""""""""""""""""""" High jet py:
P > 200 GeV —
L L L
—_4 -2 0 2 4
Cy/A? [TeV?
21.10.2021

do/dme, [fb/GeV]

Prediction/Data

—

14
1.2

—

0.8
0.6
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3

ATLAS

- {s=13TeV, 139 fb

T pp — efvuty |

p'fad-"e‘ > 200 GeV

iﬂi 3

M

{ Data and Stat. Uncertainty

Total Uncertainty
Sherpa 2.2.2"

A MG5_aMC+Pythia8 FxFx *
MINLO+Pythia8 *

MATRIX nNNLO

* plus Sherpa+OL gg — WW

i

® NLO EW
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JHEP 07 (2021) 005

Four-lepton measurement

* 4 |leptons with two same-flavour opposite-charge dileptons

 Signal includes on- and off-shell ZZ, resonant Z and H decays, tribosons
and ttV (V) events -> broad definition, good for reinterpretations

* Background = non-prompt leptons
€+

X axis logarithmic for m, > 225 GeV

10°

% FATLAS 7 e Da mHo 4 ]
«—L—T0¢ V() ATAVA

L%E —=Background ]

| o=

B~ A

S

0

o

o

3

W

(] L

0.5

56700 150 200 300 500 700 1000 5000
my [GeV]

21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/

JHEP 07 (2021) 005

Four-lepton measurement

* Integrated and differential cross sections (also in different regions of my;)
 Comprehensive interpretation of results:

1. Most precise to date Z — 4l branching ratio measurement
Bz s = (4.41 £ 0.13 (stat.) £ 0.23 (syst.) £ 0.09 (theory) + 0.12 (lumi.)) x 107°

— (4.41 +0.30) x 10~
» Thanks to 130% acceptance gain compared to previous ATLAS measurement

2. EFT dim-6 limits (22 parameters) using Warsaw basis
3. Limits on parameters of a BSM with a spontaneously broken B-L gauge symmetry

ATLAS full model
s=13 TeV, 139 fb Expected 95% CL === Observed 95% CL
Coeff. Observable Draw Scale Obs. 95% interval = LI L L L B B O A I A
P Qe — X [-0.20,-0.029] U [-0.010,0.012] - 0.7=" ATLAS -
G M — x5 | [-0.033,0.033] k7 B {s=13TeV, 139 " — Expected exclusion |
o p—— oso 0a0] 0.6 B-Lmodel (m, =35 GeV, g'= 10% = £ 1o (expected) -
-------- + 26 (expected)
Coa Prpp —— x0.05 | [-2.6,83] = all limits at 95% CL E
Cpu APy J— — x0.05 | [-13.0,-6.9] U [-1.5,4.4] C Observed exclusion—
Cpp AD e [-0.70,021] 0.5 m;, < 2m, —
) AD —— [-0.19,0.55] B ]
” AD, — [-0.47,0.142] C 7]
c‘,;; Mg 05| [-1.6,0.43] 0.4 ]
Clia APs o —— [-0.15,0.52] C ]
Ceq My [-0.51,041] PP i
Coe My —— % 0.01] [-33.0,42.0] 0.3 . ]
Cou My — [-0.14,0.21] C ‘-..\___._-——f'—
Ca M P — [-0.41,0.36 ] C D ETTIRTLL L L L
Ce Mgy x0.02 | [-21.0,26.0] 02F S et et .
¢ My x0.02 | [-20.0,25.0] L i
o) AD, —— [-0.17,0.50] C ]
@ m, x 2| [-0.086,0.17] 0.1— .
o my, ——— x 4 | [-0.064,0.081] C B ]
Cu my — x 2| [-0.16,0.20] AT -|I|'| Lo v o b bvoaa b by oo
co M —— x2| [-0.11,014] 0 100 200 300 400 500 600 700 800
| | |

-1 -0.5 0 0.5 1 mh [GeV]
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Events

Data / Pred.

ATLAS-CONF-2021-039

WWW observation ;

o [Evitvjj (21) and [EviTviTy (31) channels LN
» No same-flavour opposite-sign leptons

* Signal from the fit of the BDT score distribution
» Simultaneous fit of BDT in 2| and 3| SRs and m(3l) in

W Off-shell WH is
part of the signal

three WZ CRs v
oE of P W 37
WWwWWw 203 +£44 128+ 19 84 + 12 358 £ 5.2
Wz 80.6 £ 5.7 344 + 22 171 &+ 10 164 + 14
[T [ TT T [T T [T T T[T T T[T T T[T T T [ TI T [T T IT 17171 E :||H||||‘\|||||H\|II\IlllH‘IIII‘Hllll\\\'Illl: Chdlg&'-ﬁlp 30.3 + 7.2 18.8 + 4.5 — 1.7+ 04
- ATLAS Preliminary @ Data  [JWWW(u=166){ & “° ATLAS Preliminary Data [CIWWW(u=1.66)] 7 comversions | 62187 142=15 - - ) 15+0.1
120[~ (5= 13 TeV. 139 fo ' owz @Non-prompt 1 11} 4ok 15 =13 TeV, 139 b mWZ @Non-prompt  §  Non-prompt 16.6 + 41 15.‘5 + 24 08 4+ 21 | 26.3 + 2.9
[ SR @Other ~ Uncertainty 1 SR al @y conv. MCharge-fip  —  Other 228 £37 102415 59.7+£9.0 | 80£09
100k Poct R - Pro-Fit Brgd Y a5t Post.Fit WOther _-uncenainty - 3 "Tofal predicted | 212 £ 11 872 £22 414 17 | 89.7 £ 54
C ] : ac. ] TData 212 885 118 79
- . 301 -
80 ; 7 3 ] @ : : : : : :
A— + . 250 E 5 ATLAS Preliminary o Data CIWWW(u=1.66)
60 - ] 10k fs=13TeV, 130 b7 EIWZ =3 Non-prompt
N i ] 20 — Post-Fit Byconv. O Charge-flip
C ] - i mm Other 2 Uncertainty
B ; ] - * 3 , ---- Pre-Fit Bkgd.
401 : — 158 o
L [ - C |
C 3 ] 10 =
20— E 3
- B 5 - —
0 T T T T T T T T T 5 0
1.4j + - o 1.4? 7
1.2 + i . SL_J 1.2r ) o
1f‘~%///;$‘-‘/;§*?7/--%/#/--+//+--*«%/+//- . I g 1
0.8F + — o 0.8F + 7 a M
0.6 ; ‘ ‘ . ‘ ‘ . . . 1 S 0.6F . ‘ . ‘ . ‘ ‘ . . 7 o 0;%//{v*%-/-#/J/ycu-/--/ﬁ//%////»%---vo-‘-w-/-u,ow»/-/-fuy«-u
0 01 02 03 04 05 06 07 08 09 1 o 0 01 02 03 04 05 06 07 08 09 1 § 08
S| C C C
21 BDT output 31 BDT output SR oty SRo Fuy SRy Ruzy Rus, CR i,
p )j /j )
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WWW observation

ATLAS-CONF-2021-039

The WWW process is observed for the first time at LHC, with a significance of 8.2c

Uncertainty source

Ao o [%]

Fit Observed (expected) significances [o] | u(WWW)
ete” 2.3(1.4) 1.69 = 0.79
et 4.6 (3.1) 1.57 = 0.40
w 5.6(2.8) 2.13 +0.47

2¢ 6.9 (4.1) 1.80 = 0.33

3¢ 4.8 (3.7) 1.33 + 0.39

Combined 8.2(54) 1.66 = 0.28
GMC - 511 fb

 Measured total cross section:

o(pp » WWW) = 850 + 100 (stat.) + 80(syst.) fb

* Higher-order predictions:

Data-driven background 53
Prompt-lepton-background modeling 33
Jets and E 2.8
MC statistics 2.8
Lepton 2.1
Luminosity 1.9
Signal modeling 1.5
Pile-up modeling 0.9
Total systematic uncertainty 9.5
Data statistics 11.2
W Z normalizations 3.3
Total statistical uncertainty 11.6

[1] JHEP 2017, 34

[2] CERN-2017-002

o Scale unc. PDF unc. a, unc. Calculation order Ratio NLO to LO or
(fb) (fb) (fb) (fb) NNLO to NLO

WIWTWT 136 +6/5 N NLO in QCD and EW [1 ~1.7
WW-W~ 76  +4/-3 2 in QCDand EW (1] ‘

WH 293  +1/-2 +6/-5 3 NNLO QCD, NLO EW [2] 1.00...1.05

Total 505 > 2.50 tension with the SM
* Measured cross section consistent between 2| and 3| channels, and between different data taking

periods

21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS
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Electroweak production of Zyjj ...

by Philip Sommer

* Electroweak production mode includes VBS and non-VBS contributions

q

q

Z

q

Y

q

VBS

Electroweak

QCD

Contributions from VBS and non-VBS diagrams are not separable from
each other in a gauge invariant way -> measure electroweak production

EW and QCD production modes interfere (if same initial and final states)

EW, QCD, and interference terms are separable from each other at LO

EW mode: quarks not colour-connected, low hadronic activity expected in
the gap between two jets -> rapidity gap and high dijet invariant mass



Electroweak production of Z(=>/l)y jj

. ATLAS-CONF-2021-038
* Considered are Z boson decays to electrons or muons

140

(2020) 054

T

Lepton pT > 20,30(leading) GeV, || < 2.47 E 130%— ATLAS JHEPOB_ : .:-I‘:-
Nf > 9 ,g 120;_ {s=13TeV, 139 T o 70
Photon EL > 25 GeV, |n,| < 2.37 = o=
E5e® < 0.07E7 "oE
AR(L,v) > 04 "3
Jet Pt > 50 GeV,  |yje| < 4.4 T0E
|Ay| > 1.0 } Select VBS topology | ° Zd
m,; > 150 GeV 202 ¥
remove jets if AR(% ) < 0.4 orif AR(¢,5) < 0.3 07080 90 - D 110|20 130140 150 160 170 °
FEvent Mgy > 40 GeV M(uny) [GeV]

Mg + myge, > 182 GeV__| Suppress QED FSR
((tt~) < 0.4 |Central Zand gamma: region dominated by EW mode
NP =0

jets

Zgamma centrality:

{(tly) =

yeey — (Vi + Vi, )/2‘
Yin = Vi

 Signal modelling:
» EW: MadGrapn5_aMC@NLO at LO

» QCD: MadGraEhS aMC@NLO merged with 0,1 extra jets at NLO; Sherpa 2.2.2
for cross chec

» Interference: MadGraph5_aMC@NLO at LO (assigned as uncertainty on EW)

21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS 12
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Electroweak production of Z(=>/l)y jj

ATLAS-CONF-2021-038
» Zgamma centrality used to separate signal and QCD control regions

* SR dominated by QCD-induced mode:

10001

L B B I
. ATLAS Preliminary e Data

3 0 i\ ! {5=13TeV,139fb" CJEW-Zyjj :
§ 8005 | Preit - oD i Sample SR CR Source Size [%]
- 3 SRiCR -&(z Npw— 7451 300 = 36 55+ 7 Electron/photon calibration =+ 0.3
A\ Totalune. Nocp-zvj;  987£55 1352£60  Photon +0.3
Nigy 72+11 59+9 Backgrounds + 1.0
Ny z 1743 14+3
NZ+jets ]5 + 3() 143+ 43 Electron + 1.1
Total 1461 +38 1624440  Flavour tagging =11
5§ 14F t
§§ 1'21 I-.MQLN\W\!“N“!NMq.mN‘\~W\m!m\W\\*\\*\\\*\\w\\\\\\\\\%\\i\\\\\\\\é NObS 1461 1624 Muon =11
« 980702 04 06 08 1 12 14 16 18 2 22 MC stat. + 14
Sdi) Pileup + 2.6
* Use m; as a template variable in SR and CR Jets =47
QCD-Zvjj modelling iy

* Fit normalization of the EW signal in SR, and (separate)

k : ¢ EW-Zvjj modelling By
normalizations of QCD mode in SR and CR Data stat. Lo
* Largest systematics due to signal modelling and jets Total Sty

* Measured cross section: opw = 4.49 + 0.40 (stat.) £ 0.42 (syst.) b
* Theory (MC) prediction: /¢ = 4.73 + 0.01 (stat.) + 0.15 (PDF)*)-23 (scale) tb.

* EW-induced production observed with a significance of 100 (110 expected)

21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS 13
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Electroweak production of Z(->vv)y jj

* Z bosons decays to neutrinos considered

Observable Requirements
Njet with pt > 25 GeV > 2
(o)l <435
pr(j1) [GeV] > 60
pt(j2) [GeV] > 50
AR(j. () > 0.4
|An;| > 3.0

Cy < 0.7
mij [TeV] > 0.5
truth-E3"™ [GeV] > 150
A¢(truth-ED, j;) > 1.0
pr(y) [GeV] > 15, < 110
|r}(y)l <237
ESne20/EY < 0.07
AR(vy.jet-or-{) > 0.4
Cy > 0.4
A¢(truth-EMS, 5) > 1.8
N¢ with pt > 4 GeV and || < 2.47 0

Events / Bin

Ratio

arXiv:2109.00925, submitted to EPIC

L e B e e B B s B B
160:— ATLAS Post-fit E
F {s=13TeV, 139 fb™ N | -e-Daia
140 EW Z(=vT)y ji {{ 4 230 Uncertainty
. B 10 Ewzsy
120 - [ Strong Z+y
100F- ‘ i I mEW Wy
- i 1 | Strong W+y
r ! .
80 : 2 Ty Vyy
1 = . t
60— h\\ . yje
: 4] ey
40 - \ ‘- n _— Jet_>}"
o . ) 4 Mjet—e
20 = §-ar = —
'|-21§ NS R : I R 1do _ L g N N R &
06 E == Data/Post-fit § . Uncertainty } = Pre-/Postfit } H

. . . 1 L . .
025 05 10 154502505 10 15502505 _ 10 15 5."[1.2551.5 10 15502505 10 15 5§ m” [TeV]

Fake-e CR W[,CR W}, CR Z{,cen CR SR-m,

e Largest backgrounds normalizations
constrained in dedicated control regions

EW Z(— vv)y jj process observed with a significance 5.20 (expected 5.10)

fid.

Measured cross section O () yEW
Theory (MC with NLO K-factors):
Upper limit of 0.37 at 95% C.L. set on Higgs branching ratio to invisible particles

21.10.2021

= 1.31 £ 0.20(stat) £ 0.20(syst) tb
.27 £ 0.17 tb.
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ATL-PHYS-PUB-2021-022

EFT interpretation

* Combined analysis of ATLAS published measurements:
» Zjj via Vector Boson Fusion (VBF) with 139 fb!, Eur. Phys. J. C 81 (2021) 163
» Diboson WW with 36 fb-1, Eur. Phys. J. C 79 (2019) 884
» Diboson WZ with 36 fb™1, Eur. Phys. J. C 79 (2019) 535
» Inclusive four-lepton with 139 fb-%, JHEP 07 (2021) 005

EFT dimension-6 with 33 CP-even operators, using Warsaw basis
The information contained in data is not sufficient to constrain all 33 operators

Identify sensitive directions from eigenvalue decomposition of the covariance
matrix

» Construct a modified basis with linear combinations of the Warsaw basis operators

» Linear combinations of operators constrained (two Wilson coefficients ¢y, and clggq) and

13 combinations of other Wilson coefficients)
The expansion of the gross section contains linear and quadratic terms in
Wilson coefficients(fgi( ). ( _(6}]2 o ©
3 c - ¢

o o< | Msmer = |[Msm |~ + Z

;i‘l 2Re (Mi(ﬁ}‘;\,{;_\f[) + Z __(;'\4_ )M,-{m‘j . Z 15A4j Re (A/{}ﬁ)M}ﬁ}*) +O (A_J')

[ i<j
* Quadratic terms are of the same order as those of EFT dimension-8 interfering with the SM

» EFT dim-8 not considered in the model -> report limits based on linear and

linear+quadratic fits; difference gives estimate of missing 1/A% terms
21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS 15
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EFT interpretatio

ATLAS Preliminary
Vs =13 TeV, 36-139 fb''
Relative Effect of Wilson Coefficient, for A = 1 TeV

n

Linear Effect of Wilson Coefficient

Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty

0.4 _ H
03ey=020 o o
0 — —
-02
-0
R
03 ci=011 1
0 __;
0.1
-0.2|
—-0.3]
R ]
%%1 Cy=0.17 . :
02 i i
04 4 sy 1 pr ol IFNERERRR RN O AR T N N SN N N S SN SO SO SO N 1
27 >3000 >6005 505 955 90 1100-n T
p‘:ad' P [Gev] m¥% [GeV] m,, in m, regions [GeV] Ag,
pp — evuy pp — liv pp — 4l pp — lIjj
- ATLAS Preliminary ys=13TeV, 36-139 b’ —*— Lin, individual .
11— —&— | in, profiled —
- A=1TeV . . 7]
I~ —— Lin+quad, indiv -
L " _
5 05— —¥— Lin+quad, prof 7
@ — |
> - | ]
‘:G:J [ —
)] I _
2 s
E — |
s | _
o B ]
- - 58% CL -
05— —
B — 95% CL ]
- (3) (0] 1] (2] 0] 0] i
1 Cw Chq C s C s Cvs Coqal 4q —
Sl = 0.81¢, +0.38¢,, +0.13¢,, +0.37c,, - 0.14¢,” +0.12¢;,) Chiy =~ 0.37¢, +0.89¢, - 0.11¢, ~ 0.21c,,  0.13¢q,

¢y = 0.73c,, ~0.28¢yy - 0.48c,,, +0.38¢, "+ 0.13¢;,) o

e = 0.37c, 5 +0.17¢,, — 0.31c), ~0.53c,, +0.25¢,, +0.59c) - 0.21c,

21.10.2021

Claq=0.1eyq +0.22¢,, +0.95¢,

an (18) 31 (38)
-0.2¢
a9

ATL-PHYS-PUB-2021-022

Correlation of systematics
between measurements
taken into account

Correlated Uncertainty Source wWw Wz 4¢ VBFZ
Luminosity (correlated part) v v v
Luminosity 2015/16 v v Y v
Luminosity 2017/18 v v
Lepton efficiency (correlated part) v v v v
Pile-up modelling v v v
Pile-up jet suppression v v
Jet energy scale (Pile-up modelling) v v
Jet energy scale n-inter-calibration e v

e Limits at 95% CL for linear

and linear+quadratic fits (to
illustrate the effect of
truncation of EFT expansion)

* Fits of individual coefficients

(with others set to zero) as
well as combined fit

* No deviations from SM found

O. Kuprash - Multibosons & VBS at ATLAS

Step forward
towards global EFT
interpretations!
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Summary

* Run 2 ATLAS measurements and interpretations continuing to come

* Presented today:
>W*TW ™ +>1jet, JHEP 06 (2021) 003
» Four-lepton differential, JHEP 07 (2021) 005
» 8.20 observation of WIWW, ATLAS-CONF-2021-039
» Observation of the electroweak production:
v Z(- Iy jj with 100, ATLAS-CONF-2021-038
v Z(— vv)y jj with 5.20, arXiv:2109.00925, submitted to EPJC

» Combined EFT interpretation of WW, WZ, four-lepton, and Zjj VBF cross
sections, ATL-PHYS-PUB-2021-022 -> important step forward towards larger
joint EFT interpretations (multiboson+Higgs+top)

* Looking forward to higher precision results and new observations
with Run 3 data!

21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS 17
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c,, limit comparison

ATLAS EFT interpretation

Ordered from most
to least constrained
when considering
both linear and
guadratic terms
Warsaw or HISZ basis

Cyw = Cyyww/ 14.2

ATLAS WW+0 jets 36 fb-1

95% CL (linear and quadratic terms) 95% CL (linear terms only)

| [-34TeV—2,33TevV?] |

[-179 TeV-2, —17 TeV 2]

[-7.4 TeV2 4.1 TeV2]
[-21 TeV 2, 18 TeV 2]

[—13.1 TeV2, 7.1 TeV 2]
[—104 TeV~2, 101 TeV 2]

Parameter Linear fit Linear-plus-quadratic fit
68% CI Bound.  95% CI Bound. 68% CI Bound. 95% CI Bound.
Bestfit  Lower Upper Lower Upper Best fit  Lower Upper Lower  Upper
CW 0.11 -0.04 0.26 -0.19 0.40 0.01 -0.09 0.10 -0.14 0.15
ATLAS Zjj VBF 139 fb-1
Wilson Includes 95% confidence interval [TeV 2] p-value (SM)
coefficient | Myg|? Expected Observed
cw /A no [-0.30, 0.30] | [-0.19, 0.41] 45.9%
yes [-0.31, 0.29] [ [-0.19, 0.41] 43.2%
N no [-0.12, 0.12]  [-0.11, 0.14] 82.0%
yes [-0.12, 0.12] [-0.11, 0.14] 81.8%
cuwp/A® no [-2.45, 2.45] [-3.78, 1.13] 29.0%
yes [-3.11, 2.10] [-6.31, 1.01] 25.0%
éuwpl A’ no [-1.06, 1.06]  [0.23, 2.34] 1.7%
yes [-1.06, 1.06] [0.23, 2.35] 1.6%
CMS WW 35 fb-1
Coefficients  68% confidence interval  95% confidence interval Operator
(TeV—2) expected observed expected observed
2
CWWW /A2 [—1.8,1.8] [—0.93,0.99] [-2.7,2.7] [—1.8,1.8] CWWW/?
cw/A* [-37,27]  [-20,13] [-5.3,42] [-3.6,28 cw /A
CB/A2 [—9.4,8.4] [—5.1,4.3] [—14,13] [—9.4,8.5] TS
ATLAS WW+>=1 jet 139 fb-1
Jet pr Linear only 68% CI obs. 95% CIobs. 68% Clexp. 95% CI exp.
> 30 GeV yes [-1.64,2.86] [=385 497] [-2.30,2.27] [-4.53,4.41]
> 30 GeV no [-0.20, 0.20] |[-0.33,0.33] | [-0.28,0.27] [-0.39,0.38]
> 200 GeV yes [-0.29, 1.84] [=137.281] [-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]
21.10.2021 O. Kuprash - Multibosons & VBS at ATLAS
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Diboson measurements overview

Diboson Cross Section Measurements Status: July 2021
| T | T T T T
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data/theory

- Multibosons & VBS at ATLAS

ATL-PHYS-PUB-2021-032

Remarkable
agreement between
measured diboson
cross sections and
NNLO QCD
predictions
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Triboson measurements overview

ATL-PHYS-PUB-2021-032

VBEWBS and[Triboson Cross Section Measurements| sass: s 20er

Lyy—tlyy
= e = 0]
Wl =0 e ~2sigma
WWW, (fot) ATLAS Preliminary disagreement
V5=7.813Te&V
between
measurement and
theory for Wyy
and WWW
> No NNLO

calculations (yet)

00 05 10 15 20 25 30 35 40
data/theory
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Partial decay width Z to four leptons

F(ere=etem)/Tiotal e/l
Here ¢ indicates either e or 1. The branching fractions in this node are given within
the phase-space defined by the requirements that (i) the 4-lepton invariant mass is
between 80 GeV and 100 GeV, and (ii) any opposite-sign same-flavor lepton pair has
a di-lepton invariant mass larger than 4 GeV.

VALUE (units 10_6) EVTS DOCUMENT ID TECN COMMENT

4.63+0.21 OUR AVERAGE

4.7040.32+£0.25 1 AABOUD 19N ATLS EPP =13 Tev |
+0.23+0.35 2 pp

48370557033 509 SIRUNYAN  188TCMS EFPP — 13 Tev I
+0.8 +0.4 3 PP _

49 155 105 39 KHACHATRY..16cc CMS  EPP — 13 TeV

4.31+0.34+0.17 172 AAD 14N ATLS EPP =7 8Tev

46 T30 +o2 28 4CHATRCHYAN12BN CMS EPP =7 Tev

* ATLAS new result:
Bz s = (4.41 £ 0.13 (stat.) 4 0.23 (syst.) £ 0.09 (theory) + 0.12 (lumi.)) x 10~°

— (4.41 £ 0.30) x 1079, p; thresholds | p; thresholds
old (GeV) new (GeV)

3 10 5(7)
4 5 or 15 (7) 5(7)
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Z to four leptons - uncertainties
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Combined EFT interpretation - parameter correlations

21.10.2021
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ATLAS Preliminary Vs =13 TeV, 36-139 o'

Cw Gﬁ) 01 W11 21 81 W41 W8] 6] [7] 01 L[] 2] .[3] (0]
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o Phys. Lett. B 816 (2021) 136190
Observation of yy>WW .50 0 o

7 W 7 W
* Opposite-sign, opposite-flavour eiuJ_r -
* Intact or dissociated protons
g W=
* Exclusive production; exclusivity

~

W=

i i 21200 o paa ATLAS ]
defined using central detector cuts, ;3 S ey, e .
1000 - e e -
ntrk - O’ pT'traCk > 500 Mev = (C})cllh_::v;zinitiated Pr 20 Ge =
800 I  Non-prompt
I Drell-Yan

* At LO, process only proceeds via EW
gauge boson self-couplings

=== Total uncertainty
600

_____

400

* Largest background: inclusive qq —
WW 200

* Proton dissociation not included in ¢ 14f ]

. ) A & 1.2f _

the S|gpal model -> data-driven S e . —

correction 5 osf :
0.6 . . . . l

Number of reconstructed tracks, n.
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o Phys. Lett. B 816 (2021) 136190
Observation of yy>WW .50 0 o

* Many non-standard corrections:

» Vertex definition (ATLAS vertex
reconstruction biased for exclusive
vertices)

» MC beamspot width rescaled to data
» MC pileup mismodelling correction
» Charged particle multiplicity correction — 100

* Fit to data yields in SR and 3 CRs
based on values of and

Observed signal significance: 8.4c

L L T T T
ATLAS

Vs=13TeV, 139 fb’

Ny, = 0

—&— Data

1 vy=Ww

YY—=TT

I Drell-Yan
. B qg->WW
! I Non-prompt
I Other qq initiated
<zzz2 Total uncertainty

150—%

Events /5 GeV

50

 Measured fiducial cross section e ittt e ]
3.13 +0.31(stat.) +0.28(syst.) fb B oF iil‘ T *9’"'///{ :

s 1A
» Agrees with theory corrected fora & %% | ? ﬁﬁﬂﬁ . v
proton survival factor 020 40 0 80 100 120
Pt [GeV]
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Zy

JHEP 03 (2020) 054

ATLAS, 13 TeV, 139 fb'!

+,- +,,-
« efeTy, ptuTy
* NoVZy TGCin SM -> LO diagrams are ISR and FSR *—— o
T ondition
» Small contribution from VBS at higher EW orders IIPNVF&NT m(ll) + m(lly) > 182 GeV
. . . o applied to suppress FSR
* Pileup photon background estimated using
converted photons ATLAS .
10 Vs= 13 TeV, 139 fb
. . . Z(= )y
* Integrated and differential cross sections 1
compared to a number of MC and fixed-order oE
. . =55 Sherpa
predictions R -J-<Jriae WS
> Generally good description by MATRIX NNLO <
S mteaneseiecane e e /TR
[0 2.9% precision! | 5337 451 uncorr) £ 11.6 (corr) £ 9.1 (lumi) - * 0 0 . £ [Gle:,?w
SHERPA LO 438.9 =+ 0.6 (stat) EL ATLAS '
S 10 {s= 13 TeV, 139 fb '
SHERPA NLO 514.2 = 1 Z(» )y
MADGRAPH NLO 503.4 107 B s MATRIXNNLO
MATRIX NLO 4442 + 43 (Ciheory) £ 8.8 (PDF) 7198 (scale)  10% fﬁﬁfﬁigﬁﬁﬁgngv
MATRIX NNLO 518.9 + 5.1 (Cepeory) £ 10.8 (PDF) F108 (scale) . 10°
MATRIX NNLO x NLO EW  513.5 + 2.7 (Ciheory) + 10.8 (PDF) 11973 (scale) g =
MaTRIX NNLO + NLO EW  518.3 + 2.7 (Ciiwory) % 10.8 (PDF) 164 (scale) &

Ctheory is a parton-to-particle level correction factor (~0.9, obtained from Sherpa) =

21.10.2021
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Entries

YY

STDM-2017-30

Submitted
to JHEP

ATLAS, 13 TeV, 139 fb?!
i

 Signal includes direct and fragmentation photons direct fragmentation
* Dominant background: non-prompt photons from hadron decays e o= "O"POMP
* Pileup background normalization from events with double Ty
conversions, by fitting |Az| = |zy1 —zy2| e
. 5L L ATLAS  /5=13TeV, 139 fo' Data —— 1
10— U E ANRARR AR RARRS RN AR AR RN | AR g103; DIPHOX ]
- Vs=13TeV, 58,5 fb" ﬁ]d“f{“:"z';fac"“’”ve”ed‘f 7 laTLas - data 2 NNLOJET —— |
10 ATLAS . b < |fs=13Tev 130/ DO g 0%k SHERRA T
o ZZ Plep comporen B Sherpa MEPS@NLO - S ot f:
E NNLOJET NNLO - TE
3l 5 Ap, >3 ;
10 : w2 : NNLOJET NLO - 10" E
10;— et —; NNLOJET LO . s 1S
E “'H- E T 12F
B ] , S 1E
1 f Diphox NLO —— }3 8:25:
Eo 1 T I " | SRR R 11 1| I S = R BTN RURTE BT FUUTE ETRE RN DU B o
0 50 100 0 50 100 150 0 10 20 30 40 O'S’ ‘ ‘
Az| [mm] Integrated fiducial cross section [pb] 1o o 1t1—A¢»W [rad]
* Integrated cross section described well by Sherpa NLO and NNLOJET NNLO
» LO and NNLO results differ by a factor of 6!
» Differential cross sections described best by Sherpa
» Fixed-order predictions fail when the photons are back-to-back -> region sensitive to
resummation effects
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