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Standard Model landscape

April2017 CMS Preliminary
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The Standard Model (SM), has been extensively studied and experimentally verified to an unprecedented precision
There are still unanswered questions; which suggest that there might be New Physics
SM physics measurements are important to these searches as they are the foundations on which new physics might sit on

Gauge boson self-coupling (TGC/QGC) are very powerful tool for indirect searches of New Physics contributions



Outline : SM Electroweak landscape

Introduction A Standard Model Production Cross Section Measurements Status: May 2017
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Common signatures and backgrounds

Measurement of (multi)-boson processes involving combinations of W, Z and photons

Focus on well-known and recent results of fully leptonic and semileptonic decays

Common signatures:

» High-pT isolated electrons, muons and/or photons

» WhenaW — ¢vorZ — vv decay is involved :
Large Et™iss cuts to account for the neutrino
» High-pr jets

Common backgrounds:

» Diboson processes can be backgrounds to each other — estimated mainly from MC

» Lepton(s) from heavy flavor decays .
» Jet mis-identified as an electron or a photon use data driven methods
» Bad Et™iss reconstruction _

Different data driven methods and control region definitions depend on the analysis.




Dibosons
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Provides direct test of the electroweak sector of the SM at the TeV scale
Measurement of the fiducial, total and differential cross sections (few a < J\/\/\/\/
Kinematic variables) t-channel
Sensitive to new physics in the EW sector S
7|
Limits on anomalous Triple and Quartic Gauge Couplings (aTGC
and aQGC) Y
Irreducible background to Higgs and beyond-SM searches < B
Test NLO EW corrections and of QCD calculations (NNLO) el
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/7 production cross section

24
New results from ATLAS and CMS using the complete run 2 dataset! a = LHC Data 201642015 (13=13 TeV) ,
Q22— ¢ ATLASZZ- il (m 66-116 GeV) 36.1 fb ATLAS Prelim
. . — - relimina
Two pairs of oppositely charged, same flavor leptons =N 20 LHC Data 2015 (1s=13 TeV) Y
O N ~ & CMS ZZ- Ilil (m_60-120 GeV) 2.6 fb”
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dr techni O ATLAS ZZ- li(llivv) (m 66-116 GeV) 20.3 fb’
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10E evatron Data (1s=1.96 TeV)
~ @ CDF ZZ- lI(ll/vv) (on-shell) 9.7 fb”
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ATLAS: ATLAS-CONF-2017-031 CMS: CMS-PAS-SMP-16-017 CMS: CMS-PAS-SMP-16-019



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-017/index.html
https://cds.cern.ch/record/2262622/files/ATLAS-COM-CONF-2017-042.pdf
https://cds.cern.ch/record/2264556?ln=en

/7 production cross section e

Differential cross section measured in many observables, most for the first time e.g. Jet kinematics (highest pT jet), single lepton
kinematics, dilepton kinematic

Jet multiplicity results from ATLAS and CMS
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ATLAS: ATLAS-CONF-2017-031 CMS: CMS-PAS-SMP-16-019



https://cds.cern.ch/record/2262622/files/ATLAS-COM-CONF-2017-042.pdf
https://cds.cern.ch/record/2264556?ln=en

WW and WZ semileptonic ot

Why measuring semi-leptonic when we have full leptonic ?

| ~ ATLASPrelminay |
» Branching fraction six times higher compared to fully-leptonic channel \s =8 TeV, 20.2 fb’

» Possible to probe higher pt(V) = more sensitive to aTGC o Data === W=
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html

Dibosons production at the LHC

Diboson Cross Section Measurements Status: May 2017
! ) ' o boooo OOROOADD OO ) !
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Wr—[’l' vy 0 RRIRL o ATLAS Preliminary March 2017 — e LS Erelrminany
= [Njer = R - CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——o—+—
Zy—={ly RRRRXR ‘_ Run 1.2 \/E =77813TeV vs. NNLO nwo) theory 8 TeV CMS measurement (stat,stat+sys) e+
_ [“jet — 0] 13 TeV CMS measurement (stat,stat+sys) ——e —«1
YY D e am— 1.06 £0.01 £0.12 5.0fb
= Zy—=wvy 2 Wy, (NLO th) B—o+— 1.16+0.03+0.13 5.0 fb
WV —6jj ZY, (NLO th.) = 0.98+0.01+0.05 501"
~WV-={v) " LALDAAALS '.0.0.0.:».0.0.0.00.0.0.0.0.0.0.0.0.0.0 ZY, (NLO th.) =it 0.98+0.01 £0.05 19.5 fb1
- NNLOGCD WW+WZ — = - 1.01+0.13+0.14 49fb"
WW 2 o ww —_— 1.07+0.04 +0.09 4.9fb"
R 8888 nLoaco WW e 1.00+ 0.02 + 0.08 19.4 fb"
- pu— — e — -1
WW ey, [njge = 0] LHC pp ¥E=7TeV WwW = 0.96 +0.05 +0.08 2.3 fb )
—~ WW sep, [nje = 0 o Data WZ —a—o——— 1.05+0.07+£0.06 491
— WW ey, [nj = 1 stat WZ e 1.02+0.04 £0.07 19.6 fb™
v e ey Wz — 0.80 +0.06 +0.07 2.3 b’
- . : 7z —— 0.97+0.13+0.07 4.9 fb"
—WZstvit " —— o 2z — e 0.97 +0.06 +0.08 19.6 fb"
P stat @ syst -1
. | na— v . 1.10+£0.04 +0.05 35.9fb
77 r—] LHC pp Vs=13TeV ! ; . . . ! : . : . ! : . . .
0.5 1 1.5 2
e o 2{;‘," hnp:ﬁgf:g"hfggpw Production Cross Section Ratio: 6,/ 6y,
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- ZZ-4(
R ¢ B
| Y W
~ZZ-={lvy
7 2NY, -
0.6 0.8 1.0 1.2 14 1.6

ratio to best theory
Almost all recent measurements are limited by systematic uncertainties
Generally good agreement between measurement and theory
» NNLO QCD improves agreement substantially in some cases

» New NNLO calculations for WZ (arXiv:1604.08576) and Vy (arXiv:1504.01330)
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Summary

Tribosons

VBF, VBS, and Triboson Cross Section Measurements status: May 2017

W_U EWK (M(jj) > 1 TeV)
— M(jj) > 500 GeV

Zjj EWK
Zyy—tlyy

= [njet = 0]
Wyy—tvyy

= [njet = 0]
WWy—evuvy
WWW —évevjj

WWW - tvevey

vy —» WW

Hjj EWK, (tot.)
- H—-WW);; EWK
Zyjj EWK
W=W=jj EWK
WZjj EWK

I 1 I

MCFM NLO (theory)

o= 3.48+0.61-0.56+0.3-0.26 fo (data)
MCFM NLO (theory)

r=061+11~121.2 (data)
MCFM NLO (thaory)

r=294+08-0.7+1-091b (data)
MCFM NLO (theory)

VBFNLO+CT14 (NLO) (theory)

r=0.2440.39-0.33+0.19 b (data)
Madgraph$ + aMCNLO (theory)

r=0314035-0334032-0.35 b (data)
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Reference

PRD 93, 112002 (2016)
PRD 93, 112002 (2016)
PRL 115, 031802 (2015)
PRL 115, 031802 (2015)
ATLAS-STDM-2016-05
EPJC 77, 141 (2017)

EPJC 77,141 (2017)




Tribosons : Wyy and Z yy

New CMS W(v)yy / Z(ll)yy production measurements at 8 TeV _ CMS 19.4 fb™' (8 TeV)
5 160" w(siv
Zyy (Wyy) signal significance measured to be 5.90 (2.60) 2 Gy Eata , L] W_YY 3
2 140 rompt diphoton [ Misidentified electrons
C - e - =) .
Channel Measured fiducial cross section @ g 190 [ ] MlSldentlflfeTc: jets k\d\ Total uncertainty
n : L - == Expected, —; =50 TeV
Wyy = e“vyy 424 2.0(stat) + 1.6 (syst) £ 0.1 (lumi) fb A
Wyy = pfvyy 6.0+ 18 (stat) + 2.3 (syst) £ 0.2 (lumi) fb 100
Wyr = vy 494 1.4 (stat) £ 1.6 (syst) £ 0.1 (lumi) fb
Zyy —eTeyy 125+ 2.1(stat) £2.1 (syst) £ 0.3 (lumi) fb
Zyy = wu yy 128 £ 1.8(stat) £ 1.7 (syst) £ 0.3 (lumi) fb
Zyy = 070y 127 £ 1.4(stat) = 1.8 (syst) = 0.3 (lumi) fb
Channel Prediction
Wy = (=vyy 48+0.5fb
Zyy —+ 0y 13.0£15fb 030 40 50 60 70 g 100
P27 [GeV]
ot | L L L L L L L L L L L L L
ATLAS ATLAS Fiducial cross-
P2 N2 \s=8TeV, 203 fb’ P2t New=0 \s=8TeV, 203 fb’ sections consistent w/
. * Measurement _ * Measurement NLO theory
ek b — Tot. uncertainty eery — Tot. uncertainty
- Stat. uncertainty Stat. uncertainty
HRYY —— MCFM (NLO) Weyy ey —— MCFM (NLO)
. L ERN L ERN
Myy . 426 My 95
vVYY . VVYY
PR T T P PO TR T TN W T TN AT TN W N TN N AN PO (TN W T T A W A N 1
1 0 1 2 3 4 5 6 -1 4 5 6
Gdata/ Gtheory 0.data/ 0-theory

ATLAS: arXiv:1604.05232

CMS: CMS-SMP-15-008



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-01/

Tribosons : WWy and WZy

New ATLAS WWy / WZy production measurement at 8 TeV

» Fully leptonic final state used for the WWy (evuv y only)

W q W q
O-jets W/z W/Z AN\ Y

VIV W/Z
ql

» Semileptonic channel used for the WZy

The signal significance in the the evuvy final state

measured to be 1.40 (1.60) oey . = (1.5 +0.9(stat.) + 0.5(syst.)) fb,

NLO prediction ~ 2.0 £ 0.1 fb

0 10° ET T D 1( ' l LR R L E = S e e ey ] =
E —— wwy ATLAS Preliminary - 8 [ ATLAS Prelimnary e Data -
“ L oty \s=8TeV,20.2fb" - o [ \s=8TeV,2021b" Wy+jets )
102 & Fake y from jets WWy — evavy 000" . P 10 3 WVy = eviiy Fake y from jets IE
- _(r)thelf backgrounds = € - - > B Fake e from jets =
— otal uncertainty _ > — her karoun .
I fyo/A* =-1876 TeV* - L - — %Vi backgrounds
2 e
10 5= = 10 Total uncertainty =
’ :

. 1 '
S SN N ge! ' I I Y IR
a F L R B R * """ fT A
! S S S B R N o Ched TR 34 13 H* + } f +
s A .. |
Y 100 200 300 400 500
E; [GeV] m; [GeV]

ATLAS: STDM-2016-05 CMS: arXiv1404.4619



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05
https://arxiv.org/abs/1404.4619

Electroweak production: Vector Bosons +2jets

EWK V(V) + 2 jets production is essential to probe the nature of the EWSB
> » Characteristic signature: two high pr jets in the forward-backward region with:

r\g\) » Large rapidity separation

» Low hadronic activity in-between

S, (\g\} /Z/Z/ V(V) + 2 jets production is dominated by O(as2) QCD processes

\ » Evaluated from data in control region or from simultaneous fit

ATLAS and CMS have shown observation of EWK V+2 jets

VBS
ATLAS CMS
EWK measurements:
PRL 113, 141803, arxiv:1611.02428 PRL 114 (2015) 051801 CMS PAS SMP-17-004 @
W Evidence: EWK signal significance 3.60 (exp 2.30) EWK signal significance 1.90 (exp 2.90) Observation: EWK signal significance 5.50 (exp 5.70)

SMP-16-019

ZZ = EWK signal significance 2.70 (exp 1.60) @

CMS-PAS-SMP-14-011
W(lv)y - EWK signal significance 2.76 (exp 1.50)

STDM-2015-21
Z(Il)y EWK signal significance 2.00 (exp 1.80)

CMS-PAS-SMP-14-018
Evidence: EWK signal significance 3.00 (exp 2.10)

arxiv:1603.02151

wz EWK signal significance 2.00 (exp 1.80)




o

Same-sign W bosons pair production in association with 2 jets

W=W= has highest EW/QCD ratio
Clean signature by looking at the fully leptonic final state ( W—Il | = y,e,T(H,e decays))
Few other backgrounds WZ and non prompt — constrained by control regions

A two-dimensional fit fusing the mjj and mll
Observation of EWK ssWWijj production

Fiducial cross section measurement
» M;>500GeV and An;j>2.5

» Significance 5.7¢ (exp 5.50)

Electroweak processes - 0.66 (stat) &
1 3 LO prediction 4.25 + 0.21
“' ] 35.9 fo™ (13 TeV) 35.9 o' (13 TeV) preqetion 1o
L R e e e e ) | — T T T T -
F - e Data —m,,.. = 200 GeV — --e-Data —fro / A=0.42 TeV*
150 EW WW ===m,.. = 600 GeVCM.S. _ O 150 EW WW wenfr, /A =0.61TeV* -
Wz Preliminary > Wz
. N\ 7 LL L N
- [ Non-prompt \\ Bkg. unc. | [ Non-prompt A\ Bkg. unc.
Others Others C M S
i 100 - - - Data
100 - \ — . Preliminary
\\\\\W N EW WW
mwz
50 AN SN _
\\\\\\\?\\\\\\\\\\\\\\\&\\?\\\\\\\\\E ~ Non-prompt
....................... - Othel’S

0

500

CMS: PAS SMP-17-004

1000

1500 2000
m. [GeV]



https://cds.cern.ch/record/2048148

ZZ7jj production in association with 2 jets <

Fully leptonic channel

CMS Preliminary 359 fo' (13 TeV)

Two regions: 22
g. .n . —+— Data
> Mjj > 100 GeV (Zjj region) S 20 Zjj region o 2zij EW
. , : 218 Mgy ~2Z
» Mjj>400 GeV and |Anjl >2.4 (VBS region) S I qq — 22
[ Z+X
BDT used in Zjj region to separate EWK and QCD (variables ' Q CD ] tiz, wwz
include mijj, |Anjjl, mzz, Zeppenfeld variables of the two Z 100 Gev
ﬂ\) e
bosons, event balance Rprthard and others) 12 ,
10
EWK signal significance 2.7 (exp 1.60) o E/\NK
o
=——_ _ ___ e e e e ‘, 6
2 g s +0.21 +0.13 “ 4
0aq.(EW pp — ZZjj — Lel'0fj) = 0.407 7. (stat.)"yoq(syst.) fb ﬂ
e e ———— =
predlctlon029:I:003fb oCLialeiely +&
0 01 02 03 04 05 06 07 08 09 1
BDT score

CMS: PAS SMP-16-019




Zy EWK production in association with high mass di-jet system ot

- VBFNLO
Two channels: Z—ll and Z—vv Z(I*17)yij EW Data
;e
N _ o stat @ syst
Mjj cuts used to increase EWK sensitivity
EWK only cross section extracted by fitting signal strength p Z(I*1)yjj
using centrality including control region—constrains on QCD part =~ ™i>%006eV
Electroweak processes
T ’ | Observed EWK signal significance ~2¢
Z(1* 1)y
ATLAS
150 < mjj< 500 GeV
Vs=8 TeV, 20.2 fb’
s 250”"I""l""l'"'I""l”;"_"[')'at'é”' """" i 22 T |llll|llll|llll|llll|llll!llDll!t'l"!'lllllg'l'll:- | | | II 161 f'c; 0.5d1/1.5 2
O . T 700F —— Data — o9 [fb] ata/theory
2 ATLAS B Z("Tyji EWK 1 3 ; ATLAS B Z(ITyyjj EWK -
ye (s=8 TeV,20.2 fb' B Z("yjQCD 1 £ 600 ys_gTev,20.2 fo' B0 Z(TyjjQCD -
~ B Z+jets i — = B Z+jets ]
2 3 i v S00E z =
= tty 4 € | tty -
o Bl WZj; 1 2 400 Bl WZj; 3
L T Tot. unc. 1 W y Tot. unc. :
Search Region - 300 Control Region - —— Data
mjj> 500 GeV 200F 150 <mjj<500 GeV [l Z(I'T)yjj EWK
: 100 ] Z(I"I }yjj QCD
. - R e
© O [
)] ) »
o a 1.5F —
o I 1%@&0‘@@&@@%)
= ST AHRRTHRTINNINRY 8 , Ny Tot. unc.
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 354455
Zy Centrality Zy Centrality

ATLAS: ATLAS-STDM-2015-21
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Zy EWK production in association with high mass di-jet system et

Similar analysis from CMS
» Leptonic channel Z— Il (I = y,e)

» Two bins: 400 < mjj < 800 GeV; mjj > 800 GeV
Evidence of EWK Zyjj production

» Significance ~3c (exp 2.10)
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Look at beyond the SM physics

Low energy effect from beyond SM physics can be modeled
by effective theories (SM+higher dimension operators)

E: Z " (d)
Leff = L )
Anomalous coupling approach: effective Lagrangian with eff SM + ANd—4 "1
dimension d i

anomalous triple or quartic gauge couplings (aTGC, aQGC)
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Anomalous gauge couplings

A single channel is not sensible to all the parameters

Need to study various processes to put constraints
on all operators

ATLAS WZ: ATLAS-CONF-2016-043

CMS: CMS-SMP-15-008
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Charged aTGC

Sensitivity depends on the reach of the
channel

»  ex: WZ/WW semileptonic resolved and
boosted analysis
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LHC limits are already slightly better than LEP limit
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aTGC Limits @95% C.L.
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Neutral aTGC

_HC limits for neutral couplings are far stricter than
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anomalous Quartic Gauge Couplings
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Closing remarks

The LHC proton-proton runs have produced exceptional Standard Model results at 7, 8 and 13 TeV

The SM is more healthy than ever

» The dibosons are there we started to see the tribosons, the production modes and couplings just
fit, no sign of crack at the moment..

13 TeV data taking will soon be resumed and we have to continue looking!
» Precision measurements will further challenge theorists for improved/higher-order predictions

» New physics can be around the corner! The SM measurements and searches will play

complementary role in this route
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