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Overview 2

® Phenomenology of W and Z bosons physics at the LHC

® Measurements of the W and Z properties
® Associated production with jets and heavy flavours

® Electroweak W and Z production

® \/ector Boson Fusions modes
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June 1st, 1983. The first Z boson ever observed by humans



Phenomenology of W and Z bosons at LHC

LHC pp collisions
@ 13 TeV

millions of W/Z
boson events
recorded

proton I jet

recorded 189.3 fb-1 CMS
2.06 x 10%4cm—=2s-1,

X2 design luminosity!
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Phenomenology of W and Z bosons at LHC

Z and W productions at LHC are sensitive to key aspects of the Standard Model

g x 2 (become two jets)
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This is a laboratory for the experimental study and test of the Standard Model!

X QCD modelling plays a prime role: impact of the initial state (PDF, strong coupling, scales)
X  Huge phenomenology: V+jets/HF, multiboson interactions, EW production (VBF/VBS)...
X  Precision tests of the SM with W/Z: quark sea, PDFs, NNLL, higher orders in QCD

X Data-driven way to “tune” our simulation and improve perturbative calculations



Standard Model measurements in 2020

Standard Model Production Cross Section Measurements

Status: May 2020 LAT LAS
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Standard Model measurements in 2020
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Data efficiency

Data / MC
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How all of this is possible

precision SM tests, differential
spectra and sensitivity to very rare
processes are possible exploiting
the ATLAS and CMS excellent
detector performances
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How all of

this Is possible
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Electroweak bosons physics at the LHC is a
super productive factory of scientific results... a
lot of amazing publications are available!

what comes next is my
personal overview of the

most recent results at 13 TeV
from ATLAS and CMS

you can have a look at the full Standard Model
gallery of results from the two experiments here:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
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Eur. Phys. J. C 80 (2020) 616

/ properties
Precision measurements of the Drell-Yan dilepton pair p;f and ¢*
£ =e,u;pT>27 GeV;|n| <2.5and 66<m<116 GeV

fundamental measurement to understand pQCD at 13 TeV, initial state composition and
crucial for the future W mass measurements
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sensitive to the gluon ¢* — tan ¢ x sin(07)
resummation and parton g 4

intrinsic momentum through independent on the lepton scale and resolution
non-perturbative effects (important at low dilepton momentum)
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Eur. Phys. J. C 80 (2020) 616

Unfolded results compared to Pythia8 with the AZ tune,
Powheg+Pythia8 with the AZNLO tune, Sherpa v2.2.1 and
RadISH with the Born level combined measurement.
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The relative precision of the combined result is
better than 0.2% for pT<30 GeV
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W properties

new!

W boson cross section as a function of the 3 helicity states
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c,we,@*%“”V W properties

W boson cross section as a function of the 3 helicity states
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W and Z plus jets

2.2fb" (13 TeV)
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a Z plus b quarks

new!

Inclusive unfolded Z+=1 b-jet and Z+=2 b-jets x-sections  JHEP 07 (2020) 44

5FNS

discriminate the effect of the b
quark PDF of the proton (5/4-FS)

important test of pQCD: gluon
splitting, HF mass, NLO effects

crucial background for VH->bbll, V’

combined MVA-based b-tagging
reaching 70% efficiency for high pt jets

mistag rate c-quarks and light 8% and
O.26°/g J

15

do / dp_ [pb/GeV]

MC/Data MC/Data

MC/Data

VVIIIIIIUIITIIIIIIIIIIIIll'lIIIIlTlII]I'I
ATLAS Preliminary Ziy* (= )+ 2 1 b-jet
10— Vs=13TeV,3561b" e Data
anti-k; jets, R = 0.4 —a— ALPGEN+Py6 4FNS (LO)
jet et
1 pJT >20 GeV, I)) |<2.5 =+ Sherpa 5FNS (NLO)
-1
10 A
-y
= ¥
102 =
—-—
il
-3 ——
10 S
PR
IIIIIY TIIIIN
107 S—
5 .
105 . =
=TI U B I I I S S
1.5--<-- MGAMC+Py8 5FNS (NLO) —&— Sherpa Fusing 4FNS+5FNS (NLO)—
1 '(‘_6 v
3"-,:,. y — 4 7
X
. TEEEEEAmTT 1
o5~ 7 — e TP ——
.“!..'..%.A‘A.!A.'.‘{..'..s.._..%AA‘A.i..". ;;;;;;
1.5 —=— ALPGEN+Py6 (rew. NNPDF3.0lo) ---*-- MGAMC+Py8 5FNS (LO) =
=4
1w *
--------------- v---.----.-_----
0 5fmens——o_o , — o #
P W SN [ WA W W [ U U U R W U —
15‘l‘lIIIlllll"llllllllllIllllllll'l'lll]‘lll
A [ MGAMC+Py8 Zbb 4FNS (NLO) —=— Sherpa Zbb 4FNS (NLO)
1
BoN-a
050 S T —— : -
| TRy |

T T T B S S Y W O
100 260 300 400 500 600 700 800 900
Leading b-jet P, [GeV]


https://link.springer.com/article/10.1007/JHEP07(2020)044?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200711
https://link.springer.com/article/10.1007/JHEP07(2020)044?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200711

new!

A Z plus b quarks
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Phenomenology of EVW production

Exploiting the non-Abelian nature of the SU(2)XU(1)

a __ a a . ra Ab pc
symmetry group: vector bosons interact! 3 pr Ay 31/14“ 19 f bcA,uAl/

single boson
diboson

very clean signature at colliders: 2 isolated leptons + 2 high energy jet highly separated in An

e pure EW production: order a%ew versus Drell-Yan order a2qcp 02gw

¢ includes diagrams with VBF processes: highly sensitive to EWSB and potential New Physics
e constrain SM-forbidden diagrams including higher order operators:
anomalous triple/quartic gauge couplings
Zawoce = Lsu+ Z
i

A model-independent way of searching forW;\lew Physics

i
0
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Vector Boson Fusion Z topology:

® Central W decay plus 2 forward-backward jets
® | arge dijet An separation

® [nvariant dijet mass > 200 GeV

® Jet pr > 50,30 GeV

Eur. Phys. J. C 80, 43 (2020)
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pure EW production: only g-jets initiated
DY production: ~50% jets produced are
gluon-induced g-Gluon Likelihood discrimination

(QGL)

e Limits on cWWW,CW, CB
anomalous couplings from

the sigle lepton pr
(with mild BDT>0.5 selection)
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ZZ+JJ is a rare process: Qyy, - important test of the SM

testing anomalous quartic gauge couplings also possible
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final state with 42 + jj (e/p)
VBS sub-region with A#n, m;; cuts

MVA/MELA to discriminate EW signal
SM prediction: 0 = 0.275 = 0.021
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G\\J\ . . accepted for publication
first observation Phy. Rev. Lett
combined VVV production, V=W,Z
WWW, WWZ, WZZ, and ZZZ production are performed in final states with three, four, five, and six leptons
(electrons or muons), or with two same-sign leptons plus one or two jets
CMS 137 fb' (13 TeV)
n i : —
£ 100 Same-sign/3 leptons 3594/5/6 leptons Data and prediction
g) . . 30 C ¢ Data =+ stat. uncertainty
1 80- N Background * systematics
60 ¥ || Triboson signals
: e 23 o BWWW &, = 11555
40- 2§ - WWWZ v, = 08653
20- - || mwzz e, -224i
1 L ] WZZZ (v, =00
e ' —— | Bkg. in same-sign / 3 leptons
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50 O -
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SM@NLO predicts 509, 354, 91.6, and 37.1 fb for WWW, WWZ, WZZ, and ZZZ
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Evidence of Triboson

CMS experiment at the LHC, CERN [@IY%RS
Data recorded: 2016-Jul-02 14:25:40.606976 GMT _
Run 276242, Event No. 96020969 LS 52 V==,
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Summary and conclusions

Impressive set of electroweak bosons results from LHC at 13 TeV!

® Selected measurement of cross sections for V, V+ets, EW VJJ and
VVV in Run?2 data presented

® Overall very good agreement with the Standard Model predictions at
LO and NLO, first observations of processes such as ZZ+JJ and VWV

® Several EFT higher order operators describing anomalous couplings
constrained with high precision using single and diboson channels

® A continuous effort of making new measurements with new ideas,
new techniques exploring the most farthest corners of the SM

much more to come... stay tuned for the future of the Standard Model is here!
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Phenomenology of V+Jets production

adding jets to V production allows to precisely test pQCD at higher
perturbative orders up to NNLO, test generators and improve modelling

adding heavy flavours tagging opens a new world of SM phenomenology

———

perturbative QCD

« We : access the strange quark content
of the proton

* Higgs background HZ, HW

* Zb : understand the production mechanism
- tree level vs NLO « Differential Cross sections

- 4FS (mp#0) vs 5FS (mp=0)
« Zb polarization asymmetry
« PDF studies, NLO effects | sin?@wef, couplings

Beyond the Standard Model

| * 4th generation heavy b’t" quarks decaying to Vb * Multi Higgs-doublets Models

* supersymmetry with sbottoms
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.a>™ Same-Sign VBF WW mode

NS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
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Electroweak production of W+JJ Vs=13TeV

| L=35.9 fo!

aTGC combination EW ZJJ + WJJ
enhancing sensitivity on the common WW.Z vertex

L =35.9 fb', \s = 13 TeV

_1 00 _..A... ..... ExpectedA.sa?A“CL“.é AAAAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAAAA _ -20

—f Expected 95% CL -—' EXpeCted 68% CL ....................... ......... - R B9 ( ________________________ ]
- __._ Expected 99% CL - - Expected 95% CL - -100—-~- Eﬁggg{gg o8 SIL‘
| —— Observed 95% CL ; : | --:- Expected 99% CL | - - - Expected 99% CL -
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-4 _2 O 2 2 4 1 I4 1 1 1 |2 L 1 L I 1 1 1 |2 1 1 1 4' 1 [~ , , | , , . I -
Coww /A [TeV?] ] - A2 [TeV?) -20 0 20
Coww/A”[Te cy/N° [TeV?]

simultaneous fit to pt4 (EW-2) and ptler (EW-W)
Most stringent experimental constrain on cy//\2 so far!
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Vs =13 TeV

Electroweak production of Z+JJ

| L=35.9 fb
d ut d U a )
A | Signal definition
it oT()>25 GeV.
I InG)l< 5, m(j)>120
| I GeV, m(l)>50 GeV
and Cross section
VBF Signal Pure Electroweak DY background \_ )

pure EW production: only g-jets initiated
DY production: ~50% jets produced are g-induced
Quark-Gluon Likelohood discrimination (QGL)

Vector Boson Fusion Z topology:
® Central Z decay +2 forward-backward jets
® | arge dijet An separation

® | arge invariant dijet mass

Signal is generally covered by the DY background

35.9 o (13 TeV)
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Electroweak production of Z+JJ Vs=13TeV

| L=35.9 fo!
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.y : : =13 TeV
Rapidity Gap in VBF topologies A
Rapidity Gap
e | ow hadronic activity is expected in the AnddJ region due to the pure EW nature of the interaction

e No color flow between the two tagged highly separated jets

additional jets produced and generated powerful test of the Parton
by the Parton Shower (Pythia and Herwig++) Shower model in Generators
1
2 [u+eevents:BDT >0.95 O [ u+eevents:BDT <0.95
.q_) 1 4__ + Data GC) 1 4_— } Data
:f__) - Background-only :(:) - Background-only
o 12 N Background + EWK W] (MG5_aMC LO + Pythias) % 1.9 Background + EW Wjj (MG5_aMGC LO + Pythia8)
_9 . B Background + EWK W (MG5_aMC LO + Hervig) o - B Background + EW W (MG5_aMC LO + Herwig)
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— Pythia not describing the rapidity gap 33 — good agreement



Same-Sign W=W=+JJ production If;;;;;_1

/

q q

VBS EW production of same sign WW in
ee,pe, pu final states: probe of the
quartic 4W coupling

selection criteria

e Exactly 2 S.S. isolated leptons pT>25,20 GeV and |n|<2.5
e VBS selection: 2 jets with pr > 30 GeV

e My, > 500 GeV |Any > 2.5

e pb-jet veto + 3rd lepton veto for ttbar/\WZ

CMS 39T (13TeV)  _ CMS 35,91 (13 TeV)
= o Data o o Data | * signal strength
~ 450 EW WW 1 150 EW WW - U = 0/0SM from
[2 0| mwz | o mwz _ | |
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ol L —— (from non-prompt
500 1000 1500 2000 0
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Same-Sign W=W=+JJ production

dominant systematics:
jet energy scale (~7%)

non-prompt background (WZ, lepton mis-id, 30-40%))

Vs =13 TeV
| L=35.9 fb

/

q q

e e e _ e e e

= 3.83 = 0.66(stat) + 0.35(syst) fb
MadGraph LO

meas.

o(W=W=)
o(W=\Wx)

= 4.25+0.27 1o

e —

limits on dim-8 operators in aQGC EFT

-_ e e e e S ———

Observed limits Expected limits

(TeV %) (TeV —4)
foo/ A® —7.7,7.7 —7.0,7.2
fg1/A*  [-21.6,21.8] [—19.9,20.2]
favo/ A —6.0,5.9) —5.6,5.5
far /A —8.7,9.1] —7.9,8.5
fme/A* [-11.9,11.8] —11.1,11.0]
fyy/A* [—13.3,12.9] —12.4,11.8
fro/A*  [—0.62,0.65] —0.58,0.61]
fri/A*  [—0.28,0.31] —0.26,0.29
fro/A*  [-0.89,1.02] —0.80, 0.95]

Georgi—Machacek Higgs Triplet Model —

95% CL limits on H*t — W= W=

VBF H s W*W* 35.9 fb" (13 TeV)
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Electroweak W+xZ+JJ production

q q’ q g q q q
W= W=+ W=
7 Z V4
q q’ q g q q’ q

(a) (b) ()

Vs =13 TeV

| L=35.9 fo!
q probing
wt the WWZZ
{ coupling
7 3-lepton
, final state
q

(d)

(e,u)

selection criteria

main background: QCD-WZ+dijet, tri-bosons

Electroweak Signal

Loose Fiducial
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Signal extraction:
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Electroweak WxZ+JJ production Vi=13Tev

| L=35.9fb"

359 ' (13 TeV)

£ Tom’ 7 Signal extraction:
@ o3 2-Dmygvs, [Anyd|
0 maNemeomet T combined fit w/ control region
L] T AAY 7
B VWY -
gg?égfgt ] Systematics
—|  biggest contribution from
An.>5 4 JES, non prompt statistics
i -
: 1=
L[y o e o -
O 2 2 —
5. ,'07-0 ,57-5-25\20
m; [TeV]
— 0.72 0.57
Oy zji = 4.01_0.68(stat)_0. 17 (Syst) Measured
610 = 4.51%)22(scale) £ 0.18(PDF)  MadGraph5_aMC@NLO @LO
S EW-+QCD NLO
expected significance: 2.70, observed: 1.90 corrections

not included
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Electroweak WxZ+JJ production Vi=13Tev

| L=35.9 fb
35.9 b (13 TeV)
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