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Scope: Electroweak (EW) Gauge Couplings

Exploration at the LHC of electroweak symmetry breaking in all aspects. In v
particular, the self-couplings of the vector gauge bosons are completely 5 .
specified in the Standard Model (SM), as are the couplings of the Higgs boson H
to the vector bosons (V=W,Z) once the Higgs mass is known. Vv

Vector Boson Fusion (VBF)

The only triple gauge couplings (TGC) allowed in the SM
are WWZ and WWYy. There are no ZZZ, ZZy, Zyy, or yyy
couplings in the SM.

W'L_’ ‘\)W‘Z/)/

'lii The only quartic gauge couplings (QGC) allowed in the SM
JJI ) are WWWW, WW2ZZ, WW2Zy and WWYyy. There are no 72777

1 | o i
qu 1 WiZ/y or yyyy couplings in the SM.
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Goals in general

1.

EW VBF production mechanism of Higgs created a vast interest in
H+jets and Z+jets production as a function of N, in the final states.

. Better understand strong QCD V/jj and as background for Higgs

and electroweak physics, as well as for other precise Standard
Model (SM) measurements and searches at the LHC. Thus, tuning of

event generators at NLO.

. Extract the rare electroweak (EW) production of Vjj and

. Triple and Quartic Gauge couplings precise probe for testing the SM.
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Goals in practice: VBF and VBS measurements

Standard Model Production Cross Section Measurements
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* Electroweak Vjj and VVjj and
vy = WW production are all
very rare

 Rate relative toinel. pp —» X

o 1—12
0zjj/0Oinel = 10

o 10—14
0z7ji/Oinel = 10

i ¢ Challenging analysis 13 TeV:

small signal swamped by
backgrounds; often poorly
modelled

Al* 50 observation for W =W *jj

and ,ZZjj etc.

Phys. Rev. Lett. 123 (2019) 161801
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Strong vs Electroweak Zjj Production at 13 TeV

q Z 9 9 Strongp+p—->Z+2jets+X
Gstrong(Z‘l' 2 2 jEtS) ~ 27 pb
& Z ATLAS, Eur. Phys. ]. C 75.2 (2015)
q q g q

Electroweak (EW) is O(100) smaller
Goal: Differential cross-sections!!!

q q q 7
; EWp+p—> Z+2jets+X
. 7 ” orw(Z+ = 2jets) ~ 119 fb
W W=
ATLAS, Eur. Phys.]. C77.6 (2017)
q q 4 q/

Vector Boson Fusion (VBF) Z Bremsstrahlung

Z Bremsstrahlung Quark-Quark fusion



Strong vs Electroweak Zjj Production at 13 TeV
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Z Bremsstrahlung Quark-Quark fusion . . .
FoTTTTTTmTTmTmoosmsmootooooooes Goal: Differential cross-sections!!!
g q/

EWp+p—> Z+2jets+X
+ .
id z opw(Z+ = 2 jets) ~ 119 fb
Wi
ATLAS, Eur. Phys.]. C77.6 (2017)
. q q/

' Vector Boson Fusion (VBF) VA Bremsstrahlung



Strong vs Electroweak ZZjj Production at 13 TeV

Strong ZZjj
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Rarest EW VVjj with the goal to observe it!!!
EW ZZjj
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Strong vs Electroweak ZZjj Production at 13 TeV

Strong ZZjj
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Topology EW (Z)Zjj with at least one Z —

Gap region VA

transverse

The strategy is to study EW Vjj and production ‘ ]
via which the VBF and diagram contribution. SIDE ViEw

Signature of EW (7)Zjj:

» Rapidity of observables y = % In [E + Dz

]

E—p, Jet 1

> Centrality ¢ = (yy oy — ¥;;)/Ayj;
> Large rapidity gap between jets Ay;;

Dijet System

¢A Z
» Large dijet invariant mass m;; ®

RAPIDITY-AZIMUTH VIEW

» Little hadronic activity (few extra jets),
within rapidity gap between two leading jets y

<t - - >

» Low pr (or lack) of third jet / low pt of (V) V]j system :
» Boost (rapidity) of (di)boson and dijet system similar @ Diict System A

» pr of (di)boson and dijet system similar, so back-to-back 2y,
in q’) ' Jet 2 10




Typical Signal Region for VBF and VBS Topology
Slgnature of EW S|gnal and Strong background
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» EW Zjjand ZZjj : Lack of colour connection means little hadronic activity
between outgoing internal quarks. Thus larger 4y;;, larger m;; and lager p%
for EW signal, with more Nj,= 0 in gap region and centrality § < 0.5. 1




Dataset Run-2
EW Zjj
Eur. Phys. J. C81 (2021) 163

EW ZZjj
arXiv.2004.10612
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Measurement of EW Zjj with Z — ¢¢ (1/4)™""""

>EW Zjj was first observed by ATLAS using Run-1 data JHEP 04 (2014) 031

> Full Run-2 dataset, measured differential cross sections of four characteristic observables:
Dijet mass m;; / rapidity separation Ay ;; / azimuthal dijet separation A¢;; / leptons p?{)

>7Z - ete” and Z — utu~, with p% > 25 GeV, my, € (81 — 101) GeV and p+* > 20 GeV
>pl > 25 GeV, pi'U? > 85 (80) GeV, Ay;; > 2 and m;;> 1000 GeV

Signal Extraction

»Main challenge: separate strong Zjj and EW Zjj NE2P 4
»>EW Zjj enhanced signal region using VBF topology cuts =~ %
»Strong Zjj poorly modelled in VBF topology region |

» Control regions used to constrain strong Zjj prediction

Strong Zjj
enhanced

CRa

9780 events

Strong Zjj
enhanced

CRb

3286 events

> Likelihood fit measures EW Zjj bin-by-bin

lnﬁz—Zvri(O)—l—ZNfiata lnvri(ﬂ)—ze—zsz =0

EW Zjj
enhanced

SR

7937 events

Strong Zjj
enhanced

CRc

1992 events

EW ,MC

with Vi = Ui ])”.

strong other,MC
+ v, TV,

ri

>
1.0 fZ
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Measurement of EW Zjj
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* 144 measurement bins / 110 free parameters

Main uncertainties:
e Data statistics

e Strong generator choice (switching between 3)

» Jet systematics (JES, JER)
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Measurement of EW ij with Z - ¢¢ (3/4) EPJC 81 (2021) 163
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Measurement of EW Zjj with Z — ¢¢ (4/4)™""""
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Overall, the results are consistent with the SM.
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EW ZZjj candidate arXiv.2004.10612

ATLAS

EXPERIMENT

Run: 340368
Event: 454611985
2017-11-09 04:06:14 CEST
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Observation of EW ZZjj (1/3) arXiv.2004.10612

» EW ZZjj: very rare; unique sensitivity to non-SM quartic ZZZZ coupling

> Main challenge: separate EW ZZjj from strong ZZjj production / Use b-jet veto to reduce tt
> Decay channels: ZZjj — 4€jj and ZZjj — €€vvjj [OSSF = opposite-sign, same-flavour leptons]
» Modelling of strong ZZjj validated in EW-suppressed CR defined by ¢ > 0.5 for at least one Z

> Multivariate Discriminants (MDs) based on Gradient Boosted Decision Tree algorithm are
trained with simulated events using TMVA framework to separate EW ZZjj from backgrounds
000t j (v
pr > 7 GeV, |n| < 247

Setrons |do/04,| <5 and |zy x sinf| < 0.5 mm

, pr > 7 GeV, |n| < 2.7 pr > T7 GeV, |n| < 2.5

Muons . i
|do/0q4,| <3 and |z, x sinf| < 0.5 mm
Jets pr > 30 (40) GeV for |n| < 2.4 (2.4 < |n| < 4.5) pr > 60 (40) GeV for the leading (sub-leading) jet
pr > 20, 20, 10 GeV for the leading, sub-leading and third leptons pr > 30 (20) GeV for the leading (sub-leading) lepton
Two OSSF lepton pairs with smallest |m,+,~ —myz| + |m,€/ b - T m 7| One OSSF lepton pair and no third leptons
Z Z selection m,+,~ > 10 GeV for lepton pairs 80 < m,+,~ < 100 GeV
AR((,0") > 0.2 No b-tagged jets
66 < m,+,- < 116 GeV ET*-significance > 12

Two most energetic jets with y; x y;, <0

Dijet:selection m; > 300 GeV and Ay(jj) > 2 m; > 400 GeV and Ay(jj) > 2



https://arxiv.org/abs/2004.10612

Observation of EW ZZjj (1/3) arXiv.2004.10612
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Observatlon of EW Z (2/3) arXiv.2004.10612
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Observation of EW ZZjj (3/3)

arXiv.2004.10612

> EW and strong ZZjj measurements: (ipyy = 1.35 + 0.34 and pgpong = 0.96 + 0.22

» EW ZZjj significance: 5.50 (4.30 expected)
Statistical Fit

Process il vvjg
EW ZZj4 206 2.5 12.3=£0.7
QCD ZZjj ({ =25 172 == 3.5
QCD ggZZjj 181 dd 3511
Non-resonant-¢/ — 21.44+4.8
W2z = 22.8 +1.1
Others 3 2= 2.1 1.24+0.9
Total 114 +26 78.41+ 6.2
Data 127 82

> Inclusive EW + Strong fiducial cross sections measured for 4€jj and £€vvjj separately

Measured fiducial o [fb]

Predicted fiducial o [fb]

000055 | 1.27 £ 0.12(stat) £ 0.02(theo) + 0.07(exp) £ 0.01(bkg) 4 0.03(lumi)

1.14 + 0.04(stat) + 0.20(theo)

Pvvjj | 1.22 £ 0.30(stat) £ 0.04(theo) + 0.06(exp) = 0.16(bkg) 4 0.03(lumi)

1.07 £ 0.01(stat) + 0.12(theo)



https://arxiv.org/abs/2004.10612

Observation of EW ZZjj (3/3) ariv.2004.10612

> EW and strong ZZjj measurements: (ipyy = 1.35 + 0.34 and pgpong = 0.96 + 0.22
» EW ZZjj significance: 5. 50 (4.30 expected)

Statistical Fit

Process il vvjg
EW ZZ353 20060 2.5 123F=0.7
QCD ZZjj id{ ==25 1724 3.5
QCD ggZZjj 181 dd 3511
Non-resonant-¢/ — 21.4+4.8
Wz -~ 22.8 +1.1
Others 32« 2.1 1.24+0.9
Total 114 +26 78.4+6.2
Data 127 82

> Inclusive EW + Strong fiducial cross sections measured for 4€jj and £€vvjj separately

Measured fiducial o [fb] Predicted fiducial o [fb]

000055 | 1.27 +£0.12(stat) = 0.02(theo) = 0.07(exp) £ 0.01(bkg) £ 0.03(lumi) | 1.14 4 0.04(stat) &= 0.20(theo)

vvjj | 1.22 £ 0.30(stat) == 0.04(theo) £ 0.06(exp) £ 0.16(bkg) £ 0.03(lumi) | 1.07 £ 0.01(stat) = 0.12(theo)



https://arxiv.org/abs/2004.10612

vy - WW
Physics Letters B

Volume 816, 10 May 2021, 136190
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Observation of photon-induced W* W~

production in pp collisions at /s = 13
TeV using the ATLAS detector

The ATLAS Collaboration™

3 , Cal'letOIl WG3: Electroweak Physics and Beyond the Standard Model
W UNIVERSITY
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https://www.sciencedirect.com/science/article/pii/S0370269321001301

0 w+
[ ]
Observation of Yy — VW VA/ Phys. Lett. B 816 (2021) 136190
— P
p > w
> Photon-photon scattering: incoming protons intact or
fragment outside acceptance " .
> WW — evuv very clean; opposite charged £, no other tracks L W
> Analysis selects T¢7 events, fulfilling: p :
e
pil > 27 GeV, pt? > 20 GeV, my, > 30 GeV, SR: pi¥' > 30 GeV
> Expect -, = 0 additional tracks from yy — WW\ Ofig = 3.13 £ 0.31(stat) £ 0.28(syst) fb | » W
> Backgrounds constrained using CRs: 3 :_% T \ A | T EZOOO T T T tas §
eu > o 150 — Vs =13 TeV, 139 fb" — 0 (s =13 TeV, 139 fb" -
pT < 30 GeV and ntrk - 1 T@ S|gna| Ny =0 ] §2) ContrOI 1SntrkSD4 N
. . & —e— Data _| < . —e— Data _
> Background-only hypothesis rejected 3 Region = mww 1 1500 Regions 1 moww -
. . - 100 > — - .
with 8. 40 significance ‘ ~oc. N Drelven : SN Ol Yer .
on-prom Bl 1000 on-prom Bl
Signal region = (’\;therr)qq ir?ittiated : = gthe?qq irr:ittiated _
Nk Nk = 0 50 <4444 Total uncertainty ] 44444 Total uncertainty .
23 > 30 GeV <30 GeV g 500 —
vy > WW 174 +20 45 + 6 ; -
yy — €€ 55 + 03 396+ 19
Drell-Yan 45 + 09 280 +40 < 1A e g
gq — WW (incl. gg and VBS) 101 =+ 17 55 +10 & At &
Non-prompt 14 +14 36 +£35 g % <
Other backgrounds 71 £ 1.7 1.9+ 04 8§ O 7 //f 5 O
Total 305 + 18 459 + 19 0.6 | - | v . 0.6 ! R | | Y
Data 307 449 0 20 40 60 80 100 120 20 40 60 80 100 120
P [GeV] P [GeV]



https://www.sciencedirect.com/science/article/pii/S0370269321001301

LARGE HADACN COLLDEFR

LHC /HL-LHC Plan C HiLu Y

Update 07 March, 2022

. LHC HL-LHC -
Run 1 Run 2 Run 3 Rund-5.
—_— 12.6 TeV 136140V
Dloges Comsolidation
sploe cormolidalion powTel LIV nstalion o
7 TeV 8 TeV bulloﬁ:ol:mnlut :-i-m - inner Nkl HL-LHC
R2E project raghite Civil Eng. P1-P4 Pt beam rackuton berit installation

S 7. 5xnoming Lemi

ATLAS - CMS '
eperiment porade phese 1 ATLAS - CMS /
DRSPS nomeilum 2% nominalLumi, ALICE - LHCb L i o b : B

umnosity ODOECR

HL-LHC TECHNICAL EQUIPMENT: here

5% nomined Larmd J / = g e

DESIGN STUDY . PROTOTYPES : CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

https://hilumilhc.web.cern.ch/article/Is3-schedule-change 29



EW Vjj & V] measurements in global BSM fits

John Ellis, Maeve Madigan, Ken Mimasu, Veronica Sanz & Tevong You JHEP 04 (2021) 278
SU(3)°: EWPO + Diboson + Higgs

0.05 ;
2018 data I 2020 data Sensitivitywith thesigned A¢ 0 T ] .(1TeV)2
0.041 mm No STXS M No Zjj JJ 95%CL individual; C; T
0.03;
0.021
0.01: ] \ _
—0.01: ' [
—0.021
—0.031
—0.04
PTTE R 5 5: 3 & sy ¢ ® o: g & 3o o&@ 5 9 E 5 3 =
g O © v Vv U U o o 20 g ¢ & J ¢ O o O
T TS L L
S 2 3 % SRS 3

The ATLAS EW Zjj measurements helps constrain di-boson Cy, in particular with 30


https://link.springer.com/article/10.1007/JHEP04(2021)279

Unfolding to particle-level

EW Zjj

EPJC 81 (2021) 163

L ! ! ! ! ! ! L
= .| ATLAS s=13TeV, 139fb" -
Q) TEEW Zj — I Nie =0, &, < 0.5 (EW SR)
é E :Iﬁ :-o- © ¢ Data, stat. unc. -
=“10_1 — % Total unc. i
= A E
S W s o
~~ Z “ E i
B107E Do L7
_ w - X N 7/ :
- [A] SHERPA 2.2.1 X . .
107° i [B] Herwig7+VBFNLO Cartoon’ of a new
- [B] Powneg+PY8 physics scenario
®  2f : ———— % : : ———
(] i B (<]
1.5
O o
o 1=y [ 4 [ EIERN
s o5 ~— " | -
T 30 40 50 102 2102 10

pry [GeV]

Parton-level Inclusive

fiducial corrections
Parton-level Fiducial
NP corrections

Particle-level Fiducial

unfolding

Reconstruction-level Fiducial



https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

Yellow Report CERN-2019-007

PfOSpECt at HL-LHC: https://doi.org/10.23731/CYRM-2019-007
2 22:_ LAS Slmulatlon Pre;llmllnal -7 7T "3 > VBS offers a sensitive means to search for
% 203_ Qtlat rexp. syst+ 0% theo. st NEW phenomena related to anomalies in
2 L of Is=14TeV, 3000 fy? - Stat.+exp.syst+10%theo.syst. | the weak-boson self-interactions
C 8:_ —— Stat. + exp. syst + 5% theo. syst. "

O 1RE ZZj I —— Stat. +exp. syst i , , ,
0 65 22~ ) St 0n|yp y - » Supersymmetry, Little Higgs, or Composite
'4:— - Higgs models, offer alternative EWSB
T ;__|_|_|_|_—_ mechanisms that would manifest as
105 —  deviations from the SM VBS production
8:_ _,_’_,_'_,_'_,_.— . - cross-sections at high energies.
6— :,_I_,_n—'_'_'— _ » Precision measurements of high-mass VBS
4 3| ZZproduction also allow an almost model-
2 = independent measurement of the Higgs
O: AR TN N RN SN SN AN TN NN SO AN SN TN N N ] boson Width

600 800 1000 1200 1400
m, cut [GeV] 32



https://doi.org/10.23731/CYRM-2019-007

Summary

Today: a suite of full Run-2 ATLAS results on vector-boson fusion and scattering

Conclusion: pp — Vjj and VVjj via VBF and VBS topologies provide:
» Acute exploration of electroweak symmetry breaking in all aspects
» Self-couplings of the vector gauge bosons are completely specified in the SM, as are the
couplings of the Higgs boson to the vector bosons once the Higgs mass is known.
» Sensitivity to searches for new phenomena (physics beyond the Standard Model)
» Crucial input to Effective Field Theory (EFT) fits
» Typically, the associated EW production cross sections are very small —
small signal swamped by large & challenging backgrounds
» Precision analyses only recently possible due to large dataset acquired at Run-2
» Most measurements are statistics limited
» 50 observation established for major VBF and VBS sensitive processes & channels
» Focus shifting to precision differential cross section measurements
» Fiducial and differential cross sections are the most model independent characterization
of the events (from detector to particle-level fiducial phase space)
» Exciting prospect at the LHC with the larger datasets of Run-3 and beyond at HL-LHC
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Observation of EW Z({1)yjj q | ATLAS-CONF-2021-03

%4 ¢

» EW Zyjj measured in the eeyjj and puyjj channels

> Analysis targets VBF topology + Z — £{ +y:
prfl > 50 GeV, prfz > 50 GeV, pr}/ > 25 GeV, mj; > 150 GeV, Ay;; > 1
mypp > 40 GeV, and mypp + myp > 2my (veto Z — yt¥)

Z/“," Z/","

Veey — Vi1 + Yj2/2)

. o . _ t Seey = = ~ Ueey = Y5/ AYjj
> Main backgrounds: Strong Zyjj, Z+jets with fake y, tty LAl
> Key observable: Zy centrality {pp, and SR: §pp,, < 0.4 - _
> Fit performed to m;; spectrum
» Observation of EW Z(£{)yjj with " 2 Centrality
ignifi well Y ~ 100) e 80— <
significance well above 50 ( ) . ?‘Tﬁgi F\’/re:i;ng;r:tz-ry _’:_I E\?\tﬁzyjj 33 ATLAS Preliminary _’:_] E\%‘f‘zyﬂ 3
> Fiducial cross section is measured: 5 "~ B D2y ER- 518 TeV. 139707 s aCD-2yj E
fld m = SR tfﬂe S 1 @ CR Z+jets E
o =4.49 + 0.58 f b 500 Post-Fit — Wz = Post-Fit - =
EWZ)/ o = Total unc. 3 =

gy = 4.73 £ 0.27fb
» The EW Zyjj + strong cross section

is measured to be:
20.6112fb (predicted: 20.47%-8fb)

Data / Pred
[ 7 |
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%
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2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038

Eur. Phys. J. C 82 (2022) 105

First Observation of EW Z(vv)yjj

EmISS

> Strategy ta rget VBF topology+

q q
pT > 60 GeV, pT > 50 GeV, Agj; < 2.5|" § w4,
Ny = 1, Ng = O, m” > 250 GEV, 7 v ¢
y between jets (i.e. central) ) . L,
> Multiple control regions to constrain ver 4 R

backgrounds

c 180 ——m—mF———— T
pe . . m - ATLAS Post-fit ]
> EW Z(vv)yjj signal established with o °F fs=13Tev, 139 10" {70
T 140k EW Z(—=vP)y i 1 2\ Uncertainty
5.20 (5.10) observed (expected) s f 1 ewzy
L 120: ; B Strong Z+y
» Measurements: 100f A mEw way
- 4 B Strong W+y
EW ”Zy — 1. 03 i O. 25 80: ; =tTJ//V}/y
C ] y+jet
O'fld =1.31 i 029fb o J Ml ey
40 E q [ jetoy
> In addition to EW Zyjj measurements, 20f e .- { W jet—e
also sets limits on invisible / partially inv. B
decays of Higgs boson (VBF H—invisible) 5 i+ b
08 P re-/Post-fi :
025-.0_5Da1ta0/P013;fg/025\0\5 UqCOer e:Iri];(yS/OlZS 05P 1/(})D 1t;t5/0l25 0.5 10 15 5/025 05 10 15 5 m” [TeV]

Fake-e CR W], CR CR Z CR SR-m,

Rev.Cen.


https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z

Extra backup slides



St rate gy at t h e LH C “Produce as many collisions as possible as fast as possible”
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The ATLAS Detector

Muon Detectors

Tile Calorimeter Liquid Argon Calorimeter

Electromagnetic and Hadronic
Calorimeters

Charged particle tracking system

Muon spectrometer

SCT Tracker

Toroid Magnets | | Solenoid Magnet Pixel Detector TRT Tracker




Dataset

EW Zjj
Eur. Phys. J. C 81 (2021) 163

EW ZZjj
arXiv.2004.10612

Vs =13 TeV
Run2 period: 2015 - 2018

Recorded Luminosity [pb "/0.1]

Total recorded: 147 fb1
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ATLAS Online, 13 TeV det=146.9 fio !

2015: <u>=13.4
2016: <u> = 25.1
2017: <u> = 37.8
2018: <u> = 36.1
Total: <u> = 33.7
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VBF, VBS, and Triboson Cross Section Measurements staus: February 2022

YvvY
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Systematic Uncertainties of EW Zjj

Fractional uncertainty

- ATLAS

0.4EEW Zjj—lijj

Bl © Lepton & pile-up ® Jet —~
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https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

arXiv.2004.10612

Multivariate Discriminants (MDs)

MD input variables

MD input variables m;j
m;; AYZJ'J'

g J
AY{J . Pt
pr and pr Vi1 X Yjz
Yj1X Yj2 ETHISS

Zi . _ iSs . .p
p7 With mg; closet to Mz (i = 1,2) EMISS_sjgnificance
and o ) .

yf}% Y72 12271\ ith sum over the two Z’s and two jets
pT 2 pT
Meree 277{)3

3
PT ¥y,

with sum over the two Z’s and two jets

2P My

pt! and pf?

Multivariate Discriminants (MDs) based on Gradient Boosted Decision Tree algorithm are
trained with simulated events using TMVA framework to separate from backgrounds


https://arxiv.org/abs/2004.10612

Control Regions for Z7jj analysis
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